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A B S T R A C T   

Alkali metasomatism is a common overprint in Archean medium- to high-grade metamorphic terranes. Since 
mafic-intermediate rocks are able to host ore mineralization, it is important to understand the effect of meta-
somatism on its distribution. This study presents field, petrographic, mineralogical, geochemical, and U- 
Pb/40Ar-39Ar geochronologic characteristics of metasomatized amphibolite, amphibole gneiss and gabbro along 
a regional E-W section of the southeastern Motloutse Complex in eastern Botswana. The progressive meta-
somatism accompanies shear deformation and is visually manifested by varying degrees of pinkish discoloration 
of the host rocks. The metasomatic reactions in amphibolite, amphibole gneiss and gabbro are manifested in 
replacement of amphibole, clinopyroxene, ilmenite and plagioclase by the assemblages of chlorite, epidote, 
titanite, magnetite, sericite, albite and K-feldspar, up to near complete albitization and K-feldspathization with 
few relics of earlier minerals. Mineral compositions reflect the effects of a progressive metasomatic overprint. 
The metasomatic overprint resulted in the break down and dispersal of primary Cu-Ni sulphides. The pseudo-
section modelling (PERPLE_X) in terms of lg(aK2O) and lg(aH2O) parameters for representative compositions of 
leucocratic and melanocratic amphibolites, amphibole gneiss and gabbro indicates that the metasomatic process 
involved an increase of potassium activity followed by hydration. The modelling explains variable extent of 
metasomatism in different rock types. Whole-rock compositional variations indicate a general enrichment in 
Na2O, K2O and SiO2, and depletion in FeO and MgO in rocks during the metasomatism. 40Ar/39Ar amphibole and 
U-Pb titanite geochronology from metasomatized amphibolite and gabbro gave comparable ages of c.2.01–1.96 
Ga. Alkaline fluids producing metasomatism were likely of crustal origin and moved along the reactivated 
regional c.2.01–1.95 Ga shear zones at the boundaries of the Motloutse-Limpopo complexes with the adjacent 
Zimbabwe and Kaapvaal cratons. Implications for a Paleoproterozoic Large Alkali Metasomatic Province (LAMP) 
in southern Africa, and its relation to the Bushveld large igneous province (LIP) is explored.   

1. Introduction 

Archean amphibolite- to granulite-facies metamorphic terranes 
usually show extensive reworking due to post-peak deformational, 
thermal, anatectic and metasomatic events. The metasomatic overprint 
events accompanying shear deformation are usually the last ones. 
Outcrop- to regional-scale albitization of granitoid gneisses is a widely 

reported example of such late metasomatism (e.g., Oliver et al., 1994; 
Engvik et al., 2008; Kaur et al., 2014). In comparison to granitoids, 
mafic-intermediate rocks in Archean medium–high-grade metamorphic 
terranes are less studied in terms of effect of metasomatism on them. 
Since the mafic-intermediate rocks are common host for Cu-Ni sulphide 
mineralization (Naldrett, 2004; Ernst, 2014; Smith and Maier, 2021), it 
is important to evaluate the role of metasomatism on redistribution and 
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accumulation of ore components. Metasomatic fluids could both assist 
the transport of ore components and their concentration into mineral 
deposits, and result in the breakdown of ore minerals and dispersal of 
ore components. 

The present study characterizes the effect of alkali metasomatism on 
amphibolite, amphibole gneiss and gabbro from the Motloutse Complex 
terrane in eastern Botswana. Field, petrographic, mineral chemical and 
whole-rock geochemical data of samples from a regional E-W section 
evaluates the nature and extent of metasomatism, as well as its effect on 
the host rocks. Phase equilibria modelling is applied to describe the 
metasomatic process in terms of K2O and H2O activities. A combination 
of 40Ar/39Ar geochronology on amphibole and U-Pb geochronology on 
titanite provide time constraints. The results have implications for ore 
exploration of mafic-intermediate rocks in Archean medium–high-grade 
metamorphic terranes, and delineating a large alkali metasomatic 
province in southern Africa. 

2. Geologic setting 

The present study concerns the medium- and high-grade meta-
morphic terranes of the Motloutse and Limpopo complexes situated 
between the Zimbabwe and Kaapvaal cratons in southern Africa (Fig. 1a, 
b). The focus is on southeastern Motloutse Complex, with extrapolation 
of results to a regional context covering the nearby Limpopo Complex. 

2.1. Limpopo complex 

The Limpopo Complex is a collage of Paleoarchean to Paleoproter-
ozoic high-grade metamorphic terranes between the Zimbabwe and 

Kaapvaal cratons (Fig. 1a, b). It is primarily divided into the Northern 
Marginal Zone to the SE of the Zimbabwe Craton, the Southern Marginal 
Zone to the NE of the Kaapvaal Craton and the Central Zone between the 
two marginal zones (Fig. 1a, b; reviews in Blenkinsop, 2011; Smit et al., 
2011; Van Reenen et al., 2011). The Central Zone is further subdivided 
into the Beit Bridge Complex, Phikwe Complex and the Mahalapye 
Complex (Fig. 1a, b; Aldiss, 1991). The different zones are separated 
from each other and adjacent cratons by the North Limpopo Thrust 
Zone, Triangle Shear Zone, Palala-Tshipise shear zones, and the Hout 
River Shear Zone (Fig. 1a, b; McCourt and Vearncombe, 1992; Smit 
et al., 1992; Blenkinsop et al., 1995). Both the marginal zones are 
dominated by pyroxene-bearing granitoid gneisses (charnockites) with 
less dominant meta-mafic, − ultramafic and − sedimentary lithologies, 
and are respectively thrust on to the adjacent cratonic domains (reviews 
in Blenkinsop, 2011; Van Reenen et al., 2011). In comparison, conti-
nental shelf type meta-supracrustal rocks and granitoid gneisses are 
dominant rocks in the Central Zone. Among the granitoid gneisses, 
Paleoarchean rocks occur in the Beit Bridge Complex, Neoarchean ones 
comprise both the Beit Bridge and Phikwe complexes, while mappable 
units of the Paleoproterozoic rocks are restricted to the Mahalapye 
Complex (reviews in Smit et al., 2011). Prominent episodes of Neo-
archean granulite-facies metamorphism and localized Paleoproterozoic 
metamorphism are reported from the different terranes (reviews in 
Rigby et al., 2008; Blenkinsop, 2011; Smit et al., 2011; Van Reenen et al., 
2011; Brandt et al., 2018). 

2.2. Motloutse complex 

The Motloutse Complex in eastern Botswana is an Archean 

Fig. 1. Generalized outline map (a) and geologic map (b) of the known extents of the medium–high-grade metamorphic terranes and sub-terranes of the Limpopo 
and Motloutse complexes and adjacent regions of the Zimbabwe and Kaapvaal cratons in southern Africa [modified from Watkeys (1983), Aldiss (1991), Rajesh et al., 
(2022a)]. The present study focuses on a E-W transect [red horizontally elongate rectangle in (b)] in southeastern Motloutse Complex. The vertically elongate orange 
rectangle covers the extent of area covered in Fig. 2a, b. sz – shear zone; Dsz – Dikalate Shear Zone; Msz – Magogaphate Shear Zone; Grp – Group; SupGrp – Su-
pergroup. Inset in (b) is a satellite image of southern Africa showing the known extents of Zimbabwe and Kaapvaal cratons. The orange rectangle indicate the 
approximate extent of the area covered in the main map. 
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allochthonous terrane at the southwestern margin of the Zimbabwe 
Craton and to the west of the Limpopo Complex (Fig. 1a, b; Aldiss, 1991; 
Carney et al., 1994; McCourt et al., 2004; Rajesh et al., 2024). The 
northern margin of the Motloutse Complex is thrust northeastwards on 
to the Zimbabwe Craton margin along the SW-dipping Shashe Shear 
Zone (Fig. 1a, b; Aldiss, 1991; Carney et al., 1994; Paya et al., 1997; 
McCourt et al., 2004). The ENE-WSW-trending Magogaphate and N-S 
trending Dikalate shear zones separate the Motloutse Complex from the 
Phikwe Complex to the east (Fig. 1a, b; Aldiss, 1991; Key et al., 1994; 
Paya et al., 1997; McCourt et al., 2004). To the southwest, the Motloutse 
Complex is faulted against cover rocks of the Palapye Group and Karoo 
Supergroup but is interpreted to extend under cover as far as the 
Mahalapye Complex (Fig. 1a, b; NW-SE trending Sunnyside Shear Zone; 
Rajesh et al., 2022a). The western margin of the Motloutse Complex is 
obscured under cover rocks. 

The Motloutse Complex consists of c.3.02–2.82 Ga mafic–ultramafic 
rocks, c.2.71–2.63 Ga granitoid gneisses, and c.2.66–2.64 Ga meta- 
sedimentary rocks (Fig. 1b; Aldiss, 1991; Carney et al., 1994; Key et al., 
1994; Holzer et al., 1999; McCourt et al., 2004; Zeh et al., 2009; Rajesh 
et al., 2020a). The Mesoarchean mafic–ultramafic rocks of the Lechana 
layered complex and massive amphibolite in the southeastern part of the 
terrane occur as inclusions within the granitoid gneisses (Rajesh et al., 
2020a, 2022b). The Neoarchean granitoid varieties include tonalitic 
gneisses, migmatitic granodioritic to granitic gneisses, and porphyritic 
granites (Key, 1976; Smith and Phofuetsile, 1985; Aldiss, 1989, 1991; 
Carney et al., 1994; Key et al., 1994). The Neoarchean Shashe Group of 
metasedimentary rocks in the northern-central parts of the terrane 
include quartzites, quartz-mica schists, marbles, calc-silicates, with 
minor pelites and ironstones (Fig. 1b; Key, 1976; Smith and Phofuetsile, 
1985; Aldiss, 1989, 1991; Key et al., 1994). Metamorphic conditions in 
the Motloutse Complex vary from lower greenschist-facies in the meta-
sedimentary rocks to amphibolite-facies in the metabasic rocks (Key, 
1976; Aldiss, 1989, 1991; Smith and Phofuetsile, 1985; Key et al., 1994; 
Holzer et al., 1999; Buick et al., 2007). A localized Paleoproterozoic 
overprint involving concomitant anatexis, shear deformation, and alkali 
metasomatism is reported from the southeastern part of the Motloutse 
Complex (Rajesh et al., 2020a). Basupi et al. (2022) reported tempera-
tures of 850–910 ◦C for the Paleoproterozoic anatectic overprint. In 
comparison to the adjacent Limpopo Complex, no evidence for Neo-
archean granulite-facies metamorphism and charnockites are reported 
from the Motloutse Complex. 

3. Amphibolite-hosted Selebi-Phikwe sulphide deposit 

The Selebi-Phikwe Ni-Cu sulphide deposit in eastern Botswana is 
part of the high-grade Phikwe Complex (Fig. 1a, b). Massive and 
disseminated sulphides primarily occur in amphibolite sequences with 
or without associated minor peridotite and pyroxenite, and are sur-
rounded by granitoid gneisses [supplementary online material Fig. DR1; 
Gordon, 1973; Key, 1976; Wakefield, 1976; Marsh, 1978; Lear, 1979; 
Brown, 1988; Maier et al., 2008]. In comparison to amphibolite, the 
ultramafic rocks are weakly mineralized with sulphides. The amphibo-
lite sequences comprise massive amphibole-rich mafic* amphibolite and 
feldspathic* amphibolite, with varying proportion of amphibole and 
plagioclase [Fig. DR1; *nomenclature following Brown (1988)]. Both 
types of rocks could be variants of the same rock unit or separate units. 
Field relations indicate gradation from amphibole-rich rock to a 
plagioclase-dominant one (Fig. DR1; Brown, 1988). Garnet prominently 
occurs adjacent to the massive sulphide layers in amphibole-rich mafic 
amphibolite (Fig. DR1). There is remobilization of sulphide into the 
garnet porphyroclasts. The content of disseminated sulphide decreases 
to the plagioclase-dominant rock (Fig. DR1; Brown, 1988). The protolith 
of the amphibolite sequences are tholeiitic basalts (Brown, 1988; Maier 
et al., 2008). They could be either volcanic flows and/or sill-like in-
trusions, which now occur as dismembered units within granitoid 
gneisses (Gordon, 1973; Wakefield, 1976; Marsh, 1978; Lear, 1979; 

Brown, 1988). In view of the intrusive field relation of the granitoid 
gneisses with the amphibolites, the latter are older than c.2.65–2.61 Ga 
(Wakefield, 1976; Brown, 1988; McCourt and Armstrong, 1998; Holzer 
et al., 1999; Chavagnac et al., 2001; Zeh et al., 2009). There is evidence 
for granulite-facies metamorphic overprint in the mafic rocks (Lear, 
1971; Brown, 1988; Key et al., 1976; Aldiss, 1983), and could be related 
to c.2.61 Ga and/or c.2.04 Ga high-grade event in the Phikwe Complex 
(Hickman and Wakefield, 1975; Holzer et al., 1999; Zeh, 2008 unpub-
lished U-Pb monazite age quoted in Millonig, 2009; Zeh et al., 2009). 
Despite varying degree of hydrothermal alteration, no prominent alkali 
metasomatic overprint is reported from the host rocks of the Selebi- 
Phikwe sulphide deposit. 

The Bamangwato Concessions Limited, which mined the Selebi- 
Phikwe sulphide deposit, carried out regional soil sampling program 
in southeastern Motloutse Complex (Lindsay et al., 1969; Rawle, 1969), 
the region to which the present study area belongs. Although high Ni +
Cr ± Cu anomalies were reported (Lindsay et al., 1969; Rawle, 1969), 
detailed exploration is yet to be conducted. In view of the similarity of 
rock types between the Selebi-Phikwe region and southeastern Mot-
loutse Complex, the results presented here could be of use for future 
exploration activities. 

4. Methodology 

Field mapping of the study area in southeastern Motloutse Complex 
was supplemented with aeromagnetic data derived maps. Various 
analytical methods were employed on representative rock samples 
collected from the study area. After detailed petrography study using 
transmitted-light, reflected-light and back-scattered (BSE) imaging, 
mineral chemical analyses were obtained using electron microprobe 
analyser (EPMA). Bulk rock major, trace and rare earth element contents 
were respectively obtained using X-ray fluorescence (XRF) and induc-
tively coupled plasma mass spectrometry (ICP-MS). To clarify time 
constraints, 40Ar/39Ar amphibole and U-Pb titanite geochronology data 
were respectively obtained using noble gas spectrometry and laser 
ablation multi-collector inductively coupled plasma mass spectrometry 
(LA-MC-ICPMS). Finally, phase equilibria modelling using the 
PERPLE_X software (Connolly, 2005) was carried out to evaluate the 
progress of metasomatism. Details of the different methods employed in 
the study are given in supplementary online material Fig. DR2. 

5. Results 

5.1. Field relations of the Masikate-Maope section, southeastern 
Motloutse Complex 

The present study focuses on an E-W section of the southeastern 
Motloutse Complex between the N-S trending Dikalate Shear Zone along 
the Masikate Hill, and its branches, up to the Maope Hills (Fig. 1 and 
2a–d). In addition, the study concerns rock types exposed at the Maope 
quarry located in the west of the study area (Fig. 2c). Various rock types 
are well exposed along the hills and ridges (Fig. 2c), but exposure in the 
surrounding low-lying areas is poor (Fig. 2c). 

The major rock types in the study area are tonalite gneiss, amphib-
olite, gabbro-leucogabbro-anorthosite sequences, and peridotite- 
pyroxenite sequences (Fig. 2c, d and supplementary online material 
DR3). The dominant 2645 ± 22 Ma (U-Pb zircon; Zeh et al., 2009) 
tonalite gneiss occupy the low- and high-lands, whereas the 
mafic–ultramafic rocks dominate the hills and ridges (Fig. 2c, d). Xe-
noliths of mafic–ultramafic rocks in tonalite gneiss indicate that they are 
older than the felsic rock (Figs. DR3a, b). The gabbro-leucogabbro- 
anorthosite and peridotite-pyroxenite sequences form part of the 
c.2817–3020 Ma (U-Pb zircon) Lechana layered complex (Figs. DR3c–f; 
Rajesh et al., 2020a, 2022b). Magmatic field relations of the mafic and 
ultramafic layered sequences are variably preserved in the hills and 
ridges. No geochronologic data is available on the spatially associated 
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amphibolite. But the intrusive field relation, including the presence of 
amphibolite enclaves in the mafic–ultramafic rocks, argue for a 
contemporaneous, but slightly older age (>3.02 Ga) for the amphibolite 
(Rajesh et al., 2020a). Concomitant anatexis, shear deformation and 
metasomatism variably overprint the different rock types in the study 
area. The anatectic overprint is dated between 2056 ± 12 Ma (anatectic 
leucocratic vein-bearing tonalite gneiss; U-Pb zircon overgrowth; Zeh 
et al., 2009), and 2020 ± 5 Ma (garnet-bearing amphibolite; U-Pb zircon 
overgrowth; Basupi et al., 2022). The shear deformation is related to the 
N-S trending Dikalate Shear Zone (Dsz), and its branches (Fig. 2a–d). A 
U-Pb zircon overgrowth age of 2013 ± 8 Ma dates the shear deformation 
(Fig. 2c, d; Rajesh et al., 2020a). Metasomatic overprint is associated 
with the shear deformation. However, no geochronologic data is avail-
able on it. 

A set of NW-SE trending, undeformed, dolerite dykes cut across all 
other rock types (Fig. 2a–d). The dykes are mostly not exposed (except 
across the Masikate Hill; Fig. 2c, d), but are discernible in aeromagnetic 

images (Fig. 2a, b). Taking into account the similarity of trend to the 
Okavango dyke swarm in eastern Botswana (Carney et al., 1994; Le Gall 
et al., 2002), the NW-SE dykes likely belong to the Phanerozoic Karoo 
Group. 

Rocks in the Masikate-Maope areas show variable degree of pinkish 
discoloration manifesting alkali metasomatism. The degree of meta-
somatism generally increases towards the Dikalate Shear Zone and its 
branches. The effect of metasomatism on the tonalite gneiss is presented 
first, followed by that of amphibolite, gabbro and amphibole gneiss; the 
later rock type is newly reported in this study. Ultramafic rocks, which 
do not exhibit any visible effect of alkali metasomatism, are not 
considered in this study. 

5.1.1. Tonalite gneiss 
The banded greyish biotite-bearing tonalite gneiss show tight folds 

with well-developed limbs (supplementary online material Figs. DR4a, 
b). The anatectic overprint is manifested by irregular leucocratic 

Fig. 2. Aeromagnetic data derived maps of southeastern Motloutse Complex showing the extent of the Dikalate Shear Zone (Dsz) and its branches. (a) Reduction to 
magnetic pole (RTP) map; (b) Greyscale first vertical derivative (1VD) map. The different geologic features indicated include the NW-SE trending Lechana Fault, ENE- 
WSW trending Magogaphate Shear Zone (Msz), N-S trending Dikalate Shear Zone (Dsz), and the WNW-ESE trending mafic dykes (linear high magnetic bodies in 2a). 
The large magnetic body (reddish to pinkish) that occurs around Dikalate and extends up to the east of Masikate in 2a is a porphyritic alkali granite pluton with 
xenoliths of tonalite gneiss and amphibolite. See DR2 for details of aeromagnetic image analyses. The white rectangle indicate the extent of area covered in (c) and 
(d). Landsat 8 satellite image (c) and geologic map (d) of the study area from southeastern Motloutse Complex. The mapped extent of the N-S trending Dikalate Shear 
Zone along the Masikate Hill and its branches are shown in (b). Approximate location of samples (stars) for geochronology in this study and Rajesh et al., (2020a), 
respective ages and geochronology methods (in parentheses) are indicated in (c). 
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domains and boudin structures concordant to the gneissic fabric, as well 
as by the local presence of garnet (Figs. DR4a, c). No anatectic domains 
discordant to the deformation features were observed. Both the tight 
folds and anatectic veins are offset by pervasive shear deformation, 
expressed in a reorientation of the gneissic banding into cm-scale shear 
zones (Figs. DR4d–f). A dominant right with minor left lateral sense of 
movement is inferred for the shear deformation (Figs. DR4d–f). 

The shear deformation is accompanied by pervasive alkali meta-
somatic overprint. It grades from pinkish discoloration along gneissic 
layering, tight folds, anatectic veins-boudins and shear planes in the less 
metasomatized greyish gneiss (Figs. DR4a–f) through large pinkish do-
mains with greyish gneissic relics (Fig. DR4g) to the near complete 
replacement of the gneiss by the deep pinkish rocks (Fig. DR4h). Veins of 
yellowish-green to greenish epidote commonly fill fractures within the 
metasomatized tonalite gneiss. The contact zone between the tonalite 
gneiss and amphibolite serve as a potential site of extensive meta-
somatism (Fig. 3a). The contact between the pinkish and greyish (host 
rock) domains is in general gradational. 

5.1.2. Amphibolite-gabbro 
The next dominant rock in the study area is amphibolite, which occur 

as xenoliths of variable size in the tonalite gneiss (Fig. 2d and DR3a, b). 
Amphibolites are massive melanocratic (amphibole-rich) or leucocratic 
(plagioclase-dominant) gneissic rocks, with a sharp contact between the 
two rock types (Fig. 3b). Enclaves of the dark amphibole-rich rock 
locally occur within the greyish plagioclase-dominant one. Amphibolite 
is closely associated with gabbro-leucogabbro-anorthosite (Fig. 2d), and 
occurs as enclaves within the individual gabbroic rocks. Like in the 
tonalite gneiss, tight folds and boudin structures deform the planar 
fabric in the amphibolite. An anatectic overprint in the amphibolite and 
gabbro is manifested by irregular garnet-bearing leucocratic veins that 
are concordant to the host rock fabric. The size of garnet in amphibolite 
reaches up to 5 cm. The effect of shear deformation in amphibolite and 
gabbro is expressed by asymmetric folded veins, porphyroclasts and 
high strain zones. Pervasive alkali metasomatism accompanying shear 
deformation is expressed in the pinkish discoloration along pathways 
defined by earlier structures in the amphibolite (Fig. 3c–e). In compar-
ison to the melanocratic amphibolite, the extent of metasomatic over-
print is prominent in the leucocratic amphibolite. The contact between 
the pinkish and host rock domains are in general gradational. Deep 
pinkish discoloration characterize the most extensively metasomatized 
amphibolite (Fig. 3f). Deep pinkish bands with amphibolite inclusions, 
locally cuts across the rock, and are characterized by sharp contacts 
(Fig. 3g). Centimeter- to meter-scale epidote veins/bands/aggregates 
are commonly associated with metasomatized amphibolite (supple-
mentary online material Fig. DR5). In contrast to tonalite gneiss and 
amphibolite, evidence for alkali metasomatic overprint (pinkish 
discoloration) is scarce in gabbro, leucogabbro and anorthosite. But, 
yellowish green to greenish epidote-rich veins are associated with 
gabbroic rocks (Fig. 3h and DR5). 

5.1.3. Amphibole gneiss 
Different stages of metasomatism of the above rock types are widely 

represented in the regional E-W section between the Masikate and 
Maope hills (Fig. 2c). In addition, a near continuous traverse showing 
the progression of metasomatism is preserved in amphibole gneiss that is 
exposed at the Maope quarry (location in Fig. 2c). The mesocratic 
amphibole gneiss with dioritic texture exhibit intrusive contact relation 
with amphibolite (Fig. 4a). The contact between amphibole gneiss and 
biotite-bearing tonalite gneiss is not exposed. But amphibolite xenoliths 
occur in both gneiss. The different stages of metasomatism of amphibole 
gneiss varies from a dark-greyish (least metasomatized) rock through 
greyish-pink and pinkish to a deep pinkish (most metasomatized) rock. 
The metasomatism progresses from pinkish patches through irregular 
and regular outlined veins to bands (Fig. 4b–e). The pinkish veins and 
bands form a network in the host rocks (Fig. 4f, g). The most extensively 

metasomatized domains show deep pinkish to (locally) reddish discol-
oration, and contain quartz- and epidote-rich aggregates (Fig. 4h–j). 

5.2. Petrography 

5.2.1. Amphibolite and amphibole gneiss 
Amphibolite vary from amphibole-rich rock with minor plagioclase 

(Fig. 5a; melanocratic amphibolite) to a plagioclase-dominant rock 
(Fig. 5e; leucocratic amphibolite). The rocks show variable content of 
quartz, contain accessory ilmenite, apatite and zircon. Garnet (after 
amphibole) and associated felsic domains with irregular lobate grain 
margins reflect anatectic overprint. Elongated quartz, amphibole, 
plagioclase and garnet aligned parallel to the ductile fabric mark effect 
of shear deformation. They contain recrystallized quartz with or without 
sutured grain margins, and locally plagioclase grains with bent twin 
planes. The amphibole gneiss is similar in mineralogy to the amphibo-
lite, but richer in plagioclase. These rocks show a dioritic texture 
(Fig. 6a). 

Effects of metasomatism are considered for melanocratic amphibo-
lite (Fig. 5a–d and supplementary online material DR6), leucocratic 
amphibolite (Fig. 5e–h and supplementary online material DR7), 
amphibole gneiss (Fig. 6a–d and supplementary online material DR8) 
and associated deep pinkish rock (Fig. 6e–h and supplementary online 
material DR9). In contrast to the amphibole-rich rock (Fig. 5a–d and 
DR6), the effect of metasomatism is prominent in the plagioclase-rich 
rocks (Fig. 5e–h, 6a–d and DR7, 8). However, the pattern and progres-
sion of metasomatism are comparable in the different rock types (Figs. 5, 
6 and DR6 to 8). The original rock fabric is almost completely obliter-
ated in the most metasomatized rocks (Fig. 6e–h and DR9). In the least 
metasomatized rocks, chlorite (Fig. 5a) or epidote (Fig. 6a) locally form 
after amphibole. In the more metasomatized rocks, amphibole is 
extensively replaced by chlorite and epidote either separately or by 
aggregates of these minerals, whereas plagioclase is replaced by sericite, 
albite and K-feldspar (Fig. 5b–d, 5f–h, 6b–d and DR6 to 9). Titanite 
usually accompanies the partially replaced amphibole, and is prominent 
in the amphibole gneiss (Fig. 6a and DR8). Magnetite is a common oxide 
phase in the more metasomatized rocks. Epidote ± chlorite-rich veins 
crisscross the albite-K-feldspar-quartz dominant rocks and, locally, 
converge into bands (Fig. DR9). With increasing fluid pathways, meta-
somatized grains get broken down or elongated and dispersed (Fig. 6e, f 
and DR9). Albite is prominent, but K-feldspar is absent in the amphibole- 
rich rock. In comparison, both albite and K-feldspar modal contents 
increase during metasomatism of the plagioclase-rich rocks. The albiti-
zation and K-feldspathization of the rock progresses to near completion 
with few relics of earlier minerals (Fig. 6g, h and DR9). In the garnet- 
bearing amphibolite, the metasomatism results in fragmentation of 
garnet porphyroblasts into smaller grains associated with chlorite, 
epidote and sericite aggregates (supplementary online material 
Fig. DR10). 

5.2.2. Gabbro 
The mineral assemblage of gabbro is clinopyroxene + plagioclase 

with minor quartz and accessory ilmenite apatite and zircon (Fig. 7a). 
Brownish amphibole replaces clinopyroxene (Fig. 7a, e). The extent of 
metasomatism of gabbro is less compared to the amphibolite and 
amphibole gneiss. However, the pattern and progression of meta-
somatism of the rocks are comparable (Fig. 7a–d and supplementary 
online material DR11). In the least metasomatized gabbro, epidote 
locally replace clinopyroxene and amphibole along its margins (Fig. 7a). 
With increase in the degree of metasomatism, epidote and chlorite 
replace clinopyroxene and amphibole, being accompanied by titanite 
along the clinopyroxene-plagioclase and plagioclase-plagioclase in-
terfaces (Fig. 7b–f and DR11). Clinopyroxene and amphibole are 
extensively altered, plagioclase is sericitized and albite forms locally in 
the more metasomatized gabbro (Fig. 7g, h). No K-feldspar occurs in the 
gabbro. 
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Fig. 3. Representative field photos illustrating the progression of pinkish discoloration related to pervasive alkali metasomatism of amphibolite (a to g) and gabbro 
(h) in the E-W transect shown in Fig. 2d. (a) The contact zone of greyish tonalite gneiss and amphibolite are potential sites of extensive metasomatism. (b) 
Amphibole-rich melanocratic amphibolite and plagioclase-dominant leucocratic amphibolite, with sharp contact between them. (c)–(e) Pinkish discoloration 
following earlier structures including layering, tight folds and boudin structures in amphibolite. (f) The most extensively metasomatized amphibolite is characterized 
by deep pinkish domains. (g) Deep pinkish bands with inclusions of amphibolite, locally cuts across the rock. (h) Yellowish-green to greenish epidote-rich domains 
associated with gabbroic rocks. 

H.M. Rajesh et al.                                                                                                                                                                                                                              



Precambrian Research 406 (2024) 107402

7

Fig. 4. Representative field photos characterizing the progression of metasomatism of amphibole gneiss at the Maope quarry. (a) Intrusive contact relation of 
amphibole gneiss and amphibolite. (b)–(e) The metasomatism in amphibole gneiss progresses from pinkish patches to irregular outlined veins to more regular 
outlined veins to bands. (f) The veins and bands invade the host rock and form a network. (g), (h) Quartz-rich and epidote-rich domains becomes prominent with 
increase in the degree of metasomatism. (h)–(j) Deep pinkish to (locally) reddish discoloration, with associated quartz- and epidote-rich domains characterize the 
most extensively metasomatized amphibole gneiss. 
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Fig. 5. Representative photomicrographs illustrating the progression of metasomatism in melanocratic (a–d) and leucocratic (e–h) amphibolite. (a) Melanocratic 
amphibolite is amphibole(Amp)-rich with minor plagioclase (Pl) in a granoblastic polygonal texture. The least metasomatized rocks can show local replacement of 
amphibole by chlorite (Chl). (b)–(d) In more metasomatized rocks, amphibole is replaced by chlorite and epidote (Ep) either separately or together as intergrowths. 
Albite (Ab) increases in modal content. (e) Leucocratic amphibolite is characterized by dominant plagioclase and less amphibole in a granoblastic polygonal texture. 
The least metasomatized leucocratic amphibolite can show local replacement of amphibole by epidote. (f)–(h) Amphibole is replaced by epidote and chlorite either 
separately or together as intergrowths. Albite (Ab) and K-feldspar (Kfs) increases in modal content. Qz – quartz; Ilm – ilmenite. All images taken under plane 
polarized light (PPL). Additional images in DR6 and 7. 
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Fig. 6. Representative photomicrographs illustrating the progression of metasomatism in amphibole gneiss (a–d) and associated deep pinkish rock (e–h). (a) Titanite 
(Ttn) grains conspicuously follow metasomatized amphibole. (b)–(d) Amphibole can be replaced by epidote and chlorite either separately or together as in-
tergrowths. Albite and K-feldspar increases in modal content. (e), (f) With increasing fluid pathways, metasomatized grains get broken down or elongated and 
dispersed. (g), (h) The albitization and K-feldspathization of the rock progresses to near completion with few relics of earlier minerals. All images taken under PPL. 
Additional images in DR8 and 9. 

H.M. Rajesh et al.                                                                                                                                                                                                                              



Precambrian Research 406 (2024) 107402

10

Fig. 7. Representative photomicrographs (a–d) and back scattered electron (BSE) (e–h) images illustrating the progression of metasomatism and occurrence of 
sulphides in gabbro. (a) Least metasomatized gabbro with clinopyroxene (Cpx) and plagioclase. Amphibole occurs along the margin of clinopyroxene. Sulphides are 
widely distributed. Epidote locally replace clinopyroxene and amphibole along its margins (inset), and rims sulphide. (b)–(d) Pattern of progression of metasomatism 
in gabbro. Titanite conspicuously follow metasomatism, and typically occur at the clinopyroxene-plagioclase and plagioclase-plagioclase interfaces. (e)–(h) Sul-
phides occur interstitial to plagioclase or along clinopyroxene-plagioclase interface. Amphibole replacing clinopyroxene is seen in (e). Epidote and chlorite replace 
clinopyroxene and amphibole, being accompanied by titanite forming along the clinopyroxene-plagioclase and plagioclase-plagioclase interfaces. Epidote form 
conspicuous rims around sulphides (e, f). (a)–(d) taken under PPL. Additional images in DR11. 
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5.2.3. Sulphides 
Sulphides are common in amphibolite and amphibole gneiss (Figs. 5 

and 6). They are more abundant in the melanocratic amphibolite than in 
the leucocratic amphibolite or amphibole gneiss (Figs. 5 and 6). Sul-
phides in these rock types are dominantly interstitial, and locally form 
inclusions (Fig. 5a, b, e, f, h, 6a–d and DR10). Sulphides along the 
plagioclase-plagioclase and clinopyroxene-plagioclase interfaces are 
common in the gabbro, as well (Fig. 7a–h and DR11). The sulphide 
content in amphibolite and gabbro reaches up to 5 modal%, and up to 3 
modal% in amphibole gneiss. In all the rocks, sulphides are represented 
by pyrrhotite (70–80 %), pyrite (5–15 %), chalcopyrite (5–8 %), and 
pentlandite (1–3 %) (Fig. 7e–h, 8a–h, 9n and supplementary online 
material DR12a). Locally, chalcopyrite is replaced by covellite and 
pyrrhotite is replaced by marcasite. 

Epidote form conspicuous rims around sulphides in the metasomat-
ized gabbro (Fig. 7e, f). With an increase in the degree of metasomatism, 
the margins of sulphide grains are broken down and dispersed around 
epidote ± chlorite-rich domains (Fig. 8a, b). In comparison, the effect of 
metasomatism is prominent and widespread on sulphides in the mela-
nocratic and leucocratic amphibolite, and amphibole gneiss; more so in 
plagioclase-rich rocks than the amphibole-rich one. Three patterns are 
observed in these rocks (Fig. 8c–h and DR12): (1) sulphide grains are 
broken down into smaller fragments, and carried away by chlorite ±
epidote aggregates (Fig. 8c, d and DR12b–h); (2) sulphide grain margins 
are dusted to smaller grains and scattered by chlorite ± epidote aggre-
gates (Fig. 8e, f and DR12i–p); (3) sulphide grains are thinned down 
parallel to chlorite ± epidote microveins and carried away (Fig. 8g, h 
and DR12q–x). The breaking down, scattering and dispersal of sulphide 
grains increases with the extent of metasomatism. 

5.3. Mineral chemistry 

This section describes compositional variations of minerals from the 
least metasomatized to the more metasomatized rock varieties 
(Fig. 9a–f). The term “partly metasomatized” is applied to rocks whose 
degree of metasomatism is intermediate between least and more meta-
somatized rocks. The mineral chemical data are listed in supplementary 
online material Tables DRT1 to 8. In the case of amphibolite, the least 
metasomatized group primarily consists of analyses from the melano-
cratic amphibolite. On the other hand, analyses from the leucocratic 
amphibolite and amphibole gneiss dominate the more metasomatized 
group. The mineral assemblage of highly metasomatized rocks include 
albite, K-feldspar, chlorite, epidote, titanite and magnetite; if present, 
the rare relics of primary minerals are heavily altered. 

5.3.1. Amphibole 
Amphibole in the least metasomatized amphibolite shows XMg [=

Mg/(Mg + Fe2+)] = 0.53–0.57, Ti = 0.15–0.21 atoms per formula unit 
(apfu), Al = 1.87–2.18 apfu, (Na + K)A = 0.43–0.5 and Cl/K = 0.16–0.27 
(Fig. 9a, b; Table DRT1a). In comparison, amphibole from the more 
metasomatized amphibolite and amphibole gneiss have wider range of 
XMg (0.52–0.67), higher Cl/K (0.45–0.79; one at 1.03), and lower Ti 
(0.02–0.2 apfu), Al (0.71–2.02 apfu), and (Na + K)A (0.06–0.57) 
(Fig. 9a, b; Table DRT1a). Amphibole (replacing clinopyroxene) from 
the least metasomatized gabbro is characterized by XMg = 0.36–0.43, Ti 
= 0.25–0.34 apfu, Al = 2.16–2.49 apfu, (Na + K)A = 0.73–0.83 and Cl/K 
= 0.01–0.08 (Fig. 9a, b; Table DRT1b), while amphibole (replacing 
clinopyroxene) from the more metasomatized gabbro shows higher and 
wider range of XMg (0.43–0.55) and Cl/K (0.05–0.16), and lower Ti 
(0.05–0.24 apfu), Al (1.05–1.87 apfu), and (Na + K)A (0.18–0.53) 
(Fig. 9a, b; Table DRT1b). 

5.3.2. Clinopyroxene 
The composition of clinopyroxene varies from 

Wo49–51.7En22.6–31Fs18.9–26.5 in the least metasomatized gabbro to Wo47- 

3–49.2En28.6–34Fs18.2–22.6 in the more metasomatized varieties (Fig. 9c; 

Table DRT2). In addition to the difference in the Wo content, the cli-
nopyroxene in the more metasomatized gabbro has lower XMg 
(0.56–0.65) and MnO content (0.28–0.63 wt%) than clinopyroxene in 
the least metasomatized gabbro (XMg = 0.46–0.62; MnO = 0.6–0.75 wt 
%) (Fig. 9c; Table DRT2). The Al2O3 content of clinopyroxene is com-
parable in the variants of gabbro [0.34–1.51 wt% (least metasomatized); 
0.19–1.71 wt% (more metasomatized); Table DRT2]. 

5.3.3. Feldspar 
The anorthite [An = Ca/Ca + Na + K)*100] content of plagioclase in 

amphibolite and amphibole gneiss varies in the range 53–71 mol% 
(Table DRT3a). It is 42–66 mol% in plagioclase from gabbro 
(Table DRT3b). Albite (1–8 mol% An) is present in the metasomatized 
amphibolite and amphibole gneiss (Table DRT3a). It is more common in 
leucocratic amphibolite than in the melanocratic one, and amphibole 
gneiss Albite (1–11 mol % An) is less common in the metasomatized 
gabbro (Table DRT3b). Orthoclase content of K-feldspar varies within 
75–98 mol % in the leucocratic amphibolite and amphibole gneiss 
(Table DRT3a). 

5.3.4. Chlorite 
Chlorite is abundant in the metasomatized rocks. It is more common 

in leucocratic amphibolite than the melanocratic one, amphibole gneiss 
and gabbro (Figs. 5, 6, 8a, 9g–i, k, m–o and DR6 to 11). Different modes 
of occurrence of chlorite (replacing amphibole/clinopyroxene, inter-
grown with epidote, crisscrossing veins and bands) form two groups in 
terms of XFe [= Fe/(Fe + Mg)]: low XFe (0.35–0.43) and high XFe 
(0.58–0.73) (Table DRT4). Fe-rich chlorites occur in the more meta-
somatized rocks. Both groups of chlorite have comparable Al [4.46–4.99 
apfu (low XFe); 4.59–5.25 apfu (high XFe)], Mn [0.04–0.05 apfu (low 
XFe); 0.04–0.08 apfu (high XFe)], and Ca [0.004–0.144 apfu (low XFe); 
0.007–0.043 apfu (high XFe)] contents (Table DRT4). 

5.3.5. Epidote 
Epidote is more common in leucocratic amphibolite than the mela-

nocratic one, amphibole gneiss and gabbro. Similar to chlorite, the 
different modes of occurrence of epidote (replacing amphibole/clino-
pyroxene, riming earlier minerals, intergrown with chlorite, criss-
crossing veins and bands; Figs. 5–7, 9g–k and DR6 to 11) form two 
groups in terms of Fe content – low-Fe (0.07–2.58 wt%) and high-Fe 
(7.7–15.29 wt%) (Fig. 9d; Table DRT5a,b). High-Fe epidote is promi-
nent in more metasomatized amphibolite and amphibole gneiss, while 
low-Fe epidote occurs in partly–more metasomatized gabbro and partly 
metasomatized amphibolite–amphibole gneiss (Fig. 9d). Few epidote 
analyses from amphibolite and gabbro fall between the two groups 
(Fig. 9d). The low-Fe epidote have a restricted Al2O3 (21.97–24.11 wt%) 
and higher CaO (24.91–26.98 wt%) content than the high-Fe epidote 
(Al2O3 = 20.21–26.6 wt%; CaO = 22.11–23.95 wt%; Table DRT5a,b). 

5.3.6. Titanite 
Similar to epidote, titanite is more common in leucocratic amphib-

olite than the melanocratic one, amphibole gneiss and gabbro. The 
titanite in metasomatized gabbro (Fig. 7b–f and DR11) are characterized 
by low Fe (0.01–0.03 apfu) and Al (0.04–0.06 apfu) (Fig. 9e; 
Table DRT6a). In comparison, the titanite in metasomatized amphibolite 
and amphibole gneiss (Fig. 6a, b, d, 9i, k and DR8) are characterized by 
high and wider ranges of Fe (0.02–0.05 apfu) and Al (0.05–0.23 apfu) 
than gabbro (Fig. 9e; Table DRT6b). The low Fe/Al ratio of titanite in 
gabbro, amphibolite and amphibole gneiss (<0.6; Table DRT6a,b) is 
comparable to that of titanite of hydrothermal origin (inset in Fig. 9e; 
Kowallis et al., 2022). 

5.3.7. Apatite 
The apatite in the partly metasomatized amphibolite, amphibole 

gneiss, and gabbro have lower F (1.33–2.91 wt%) and higher and wider 
Cl (0.07–1.44 wt%) content in comparison to those in the more 
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Fig. 8. Representative BSE images (a, b) and photomicrographs (c–h) illustrating the prominent effect of metasomatism on sulphides in gabbro, amphibolite and 
amphibole gneiss. (a), (b) Locally, the margins of sulphide grains are broken down and dispersed in gabbro. In comparison to gabbro, there is widespread effect of 
metasomatism in amphibolite and amphibole gneiss. Three patterns are observed in these rocks. (c), (d) Pattern 1 – sulphide grains were broken down into smaller 
fragments, and carried away by chlorite ± epidote aggregates. (e), (f) Pattern 2 – sulphide grain margins are dusted to smaller grains and scattered by chlorite ±
epidote aggregates. (g), (h) Pattern 3 – sulphide grains are thinned down parallel to chlorite ± epidote microveins and carried away. Po – pyrrhotite; Pn – Pent-
landite; Cpy – chalcopyrite. (c)–(h) taken under reflected light. Inset in (g) taken under PPL. Additional images in DR12. 
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Fig. 9. Representative mineral chemistry based diagrams illustrating the compositional variation of individual minerals from less to the more metasomatized 
amphibolite, amphibole gneiss and gabbro. (a) XMg versus Cl/K of amphibole. (b) XMg versus Altot (apfu) of amphibole. (c) XMg versus Ca/(Ca + Mg + Fe2+) of 
clinopyroxene. (d) Al2O3 versus FeO (wt. %) of epidote. (e) Al (apfu) versus Fe (apfu) of titanite. Inset (axes same as the main diagram) is a compilation of titanite of 
hydrothermal origin from Kowallis et al. (2022). (f) F (wt. %) versus Cl (wt. %) of apatite. Insets are respectively lower right portions of triangular plots Mn-Na-Ca/ 
100 and Mn-Fe-Ca/100, illustrating the comparison of apatite in the studied samples to those of altered apatite from low-T hydrothermal systems [fields from Dorais 
et al. (1997) and Piccoli and Candela (2002)]. (g)–(o) BSE images illustrating the effect of metasomatism in amphibolite and amphibole gneiss. (g) Epidote + chlorite 
intergrowth. (h) Epidote + chlorite veins crisscross the metasomatized rocks. (i), (j) Altered apatite (Ap) is commonly associated with titanite, epidote and chlorite. 
(k) Epidote, chlorite, titanite, albite and K-feldspar are conspicuous of more metasomatized rocks. (l) ilmenite is often altered in metasomatized rocks. (m)–(o) 
Magnetite (Mt) is commonly associated with chlorite and are often broken down into smaller grains. Pyrite (Py) can be seen in (n). 
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metasomatized rocks (F = 3.82–6.18 wt%; Cl = 0.01–0.2 wt%) (Fig. 9f; 
Table DRT7). Apatite in the more metasomatized rocks is commonly 
associated with chlorite, epidote and titanite (Fig. 9i, j, m). In general, 
the Si-, Na- and Fe-rich composition (Table DRT7) is comparable to that 
of altered apatite (insets in Fig. 9f; Dorais et al., 1997; Piccoli and 
Candela, 2002). No monazite was found associated with apatite. 

5.3.8. Ilmenite and magnetite 
Ilmenite in the least metasomatized amphibolite and gabbro are 

characterized by higher Ti (7.93–8 apfu) and Mg (0.012–0.021 apfu), 
and lower Fe (7.44–7.91 apfu) than those in the more metasomatized 
rocks (Ti = 7.5–7.6 apfu; Mg = 0.003–0.006 apfu; Fe = 8.23–8.42 apfu) 
(Table DRT8); the latter can be altered (Fig. 9l). Magnetite is associated 
with chlorite and epidote in the more metasomatized amphibolite 
(common in leucocratic amphibolite than the melanocratic one) and 
amphibole gneiss, and are often broken into smaller grains (Fig. 9m–o). 
In terms of composition, magnetite is characterized by a wide range of Ti 
(0.002–0.48 apfu) and Fe (22.41–23.91 apfu) (Table DRT8). 

5.4. Whole-rock geochemistry 

Variations of whole-rock composition between less metasomatized 
and more metasomatized rocks allow specification of the elemental loss- 
gain pattern during metasomatism of amphibolite, amphibole gneiss and 
gabbro. Mass balance during metasomatism was evaluated for four sets 
of rock types: (1) (amphibole-rich) melanocratic amphibolite – less 
metasomatized rock GB10 versus more metasomatized rock GB11 from a 
c.1 m wide exposure from the Maope Hills, (2) (plagioclase-dominant) 
leucocratic amphibolite – less metasomatized rock MA1 versus more 
metasomatized rock GA1 from a c.1 m wide exposure from the Maope 
Hills, (3) amphibole gneiss – greyish-pink rock LCMQ7 versus pinkish 
rock LCMQ8 / pinkish rock LCMQ9 from a c.2 m wide exposure from the 
Maope quarry (degree of metasomatism increases from greyish-pink to 
pinkish rock; K-feldspathization is prominent in LCMQ8; albitization is 
prominent in LCMQ9); and (3) gabbro – less metasomatized rock GB13 
versus more metasomatized rock GB14 from a c.1 m wide exposure from 
the Masikate Hills. In addition, two deep pinkish rocks (LCMQ10, 
LCMQ13) associated with the amphibole gneiss, and representing 
extreme stage of metasomatism (degree of metasomatism: LCMQ13 >
LCMQ10), from the Maope quarry were also sampled. LCMQ10 is 
interbanded with amphibole gneiss, while LCMQ13 represents a massive 
domain associated with the gneiss. Garnet is absent in all the studied 
samples. The major, trace and REE data are listed in supplementary 
online material Table DRT9. 

Following the Zr/Ti versus Nb/Y classification (Winchester and 
Floyd, 1977; Pearce, 1996) (inset in Fig. 10a; Table DRT9) the mela-
nocratic amphibolite [SiO2 = c.44–47 wt%; TiO2 = c.0.4–1.9 wt%; Mg# 
[100xMg/(Mg + Fe2+); FeO = Fe2O3/1.15] = c.52–59], leucocratic 
amphibolite [SiO2 = c.51 wt%; TiO2 = c.0.3–0.4 wt%; Mg# = c.62–68] 
and gabbro [SiO2 = c.49 wt%; TiO2 = c.1 wt%; Mg# = c.53–54] are 
basaltic in composition, whereas the amphibole gneiss [SiO2 = c.52–56 
wt%; TiO2 = c.0.7–1.2 wt%; Mg# = c.50–52] is andesitic-dacitic in 
composition. Amphibole gneiss shows more fractionated REE pattern 
than amphibolite and gabbro (Fig. 10b; Table DRT9). The deep pinkish 
rocks associated with the amphibole gneiss [SiO2 = c.58–68 wt%; TiO2 
= c.0.4–1 wt%; Mg# = c.54–57] show comparable fractionated REE 
pattern (Fig. 10b). The primitive mantle-normalized multi-element di-
agram clearly demonstrates the enrichment of the different rock types in 
LILE like Rb, Ba and K (Fig. 10a), that correlates with the observed 
extent of metasomatism inferred from petrography. The Cu, Ni and Co 
contents decrease from the less metasomatized rocks (65.2– 29.2 ppm; 
219–49 ppm; 91.7–24.7 ppm, respectively) to the more metasomatized 
ones (54.2– 6.8 ppm; 135–24 ppm; 71.4–10 ppm, respectively) 
(Table DRT9). Simple mass balance analysis (Gresens, 1967; Grant, 
1986) between the less and more metasomatized varieties of the four 
rock types indicates that Na2O, K2O and SiO2 were gained, while FeO 

and MgO were lost during metasomatism (Fig. 10c–f; Table DRT9). The 
progress of albitization and/or K-feldspathization results in the gain of 
Na2O or K2O and loss of MgO, FeO, MnO, TiO2 [Fig. 10g, h; MgO + FeO 
+ MnO + TiO2 = c.12 wt% (LCMQ7) to c.4 wt% (LCMQ13)]; 
Table DRT9). The gain/loss pattern of the deep pinkish rock LCMQ13 
represents the extreme stage of metasomatism (Fig. 10h). 

5.5. Geochronology 

5.5.1. 40Ar/39Ar amphibole geochronology 
40Ar/39Ar geochronology on fabric-forming minerals (e.g., amphi-

bole, mica) is a method commonly used to date overprint events like 
metasomatism (McDougall and Harrison, 1999; Kelley, 2002; Reiners 
et al., 2005). Amphibole from two metasomatized amphibolite (GB15, 
GB17), and amphibole replacing clinopyroxene respectively from a least 
metasomatized (MA2) and a more metasomatized (MA4) gabbro (Fig. 2c 
for locations) were subjected to 40Ar/39Ar analysis. Amphibole is locally 
replaced by epidote along its margins in the least metasomatized gabbro 
MA2 (e.g., Fig. 7a). Amphibole in the metasomatized amphibolite GB15 
and GB17, and gabbro MA4 are variably replaced by chlorite ± epidote. 
There is no evidence for anatectic overprint in the dated amphibolite 
and gabbro. The Ar analytical data, including Ca/K and Cl/K ratios, 
whch are useful to get a better approximation of overprint ages (e.g., 
Villa et al., 2000), are listed in supplementary online material 
Table DRT10. In the 40Ar/39Ar spectra, a plateau age is characterized by 
at least five or more consecutive apparent age segments that are equal 
within the 2σ error, and that account for more than 50 % of total 39Ar 
released (Schaen et al., 2021). In this study, the terms pseudo-plateau 
and plateau are respectively used to highlight relatively fewer consec-
utive steps in the age spectrum. 40Ar/39Ar step heating of amphibole 
grains from the two metasomatized amphibolite respectively yielded 
plateau [78 % of 39Ar (GB15)] and pseudo-plateau [74 % of 39Ar 
(GB17)] with integrated ages of 2013 ± 14 Ma (GB15; Fig. 11a) and 
2006 ± 14 Ma (GB17; Fig. 11b). The corresponding Ca/K and Cl/K ra-
tios are 40.66 and 0.54 (GB15), and 24.47 and 0.43 (GB17) 
(Table DRT10). 40Ar/39Ar step heating of an amphibole grain from the 
least metasomatized gabbro MA2 yielded a plateau (94 % of 39Ar) with 
an integrated age of 2013 ± 12 Ma (Fig. 11c), while that from the 
metasomatized gabbro MA4 yielded a pseudo-plateau (79 % of 39Ar) 
with an integrated age of 1882 ± 19 Ma (Fig. 11d). The corresponding 
Ca/K and Cl/K ratios are 10.17 and 0.04 (MA2), and 16.5 and 0.11 
(MA4) (Table DRT10). In all the cases, minor low-temperature heating 
steps include older ages (Table DRT10). Also, there is good correspon-
dence of Cl/K and Ca/K ratios from amphibole mineral chemical data 
and 40Ar/39Ar geochronology (Fig. 11e, f; Tables DRT1a, b and 10). 

5.5.2. U-Pb titanite geochronology 
Because of its ability to grow in magmatic, metamorphic and meta-

somatic environments, titanite is increasingly used for U-Pb geochro-
nology (Corfu, 1996; Frost et al., 2001; Kohn, 2017). Titanite in a 
metasomatized gabbro slightly away from the eastern branch of the 
Dikalate Shear Zone (Fig. 2c for location) was subjected to U-Pb 
geochronology. Analyses were performed in situ in thin section of the 
metasomatized gabbro (LC5) using LA-MC-ICPMS. The isotopic 
composition of titanite from LC5 are listed in supplementary online 
material Table DRT11, and plotted in the Tera-Wasserburg concordia 
diagram (Fig. 11h). Errors in corrected ratios are reported as 1σ, and 
uncertainties in intercept ages are reported as 95 % confidence limits. 
Representative BSE image of titanite with analytical spots and numbers, 
corresponding to the data in Tables DRT11, are given in Fig. 11g. 

Thirty-three LA-ICPMS analyses were carried out on titanite grains 
from sample LC5. The common Pb in these grains are negligible. Thirty- 
two least discordant (<16 %) analyses of titanites gave apparent 
206Pb/238Pb ages between 1974 Ma and 2057 Ma. They correspond to U 
contents of 14–26 ppm, Th contents of 62–131 ppm and Th/U ratios of 
3.3–5.0 (Tables DRT11). One analysis with lower U (3 ppm) and Th (13 
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Fig. 10. Primitive mantle normalized trace element spider (a) and chondrite normalized REE (b) diagrams (Sun and McDonough, 1989) of less and more meta-
somatized variants of melanocratic amphibolite, leucocratic amphibolite, gabbro, amphibole gneiss and deep pinkish rock associated with amphibole gneiss. Inset in 
(a) shows the same rock compositions in a Zr/Ti (TiO2*0.0001) versus Nb/Y volcanic classification diagram of Winchester and Floyd (1977) and Pearce (1996). (c)– 
(h) Diagrams highlighting whole-rock major element gain/loss pattern (ΔCi/Ci

0) related to metasomatism for the less-more metasomatized rock pairs used in the 
study. ΔCi/Ci

0 represents change for elements between the less and more metasomatized rock assuming no volume change. Abbreviations in terms of cation elements 
used in the diagrams. The respective rock types and degree of metasomatism in each case is indicated in the diagrams. 
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ppm) contents, and Th/U of 4.3 is more discordant (c.31 %). In a Tera- 
Wasserburg diagram, the bulk of the data points cluster together close to 
the concordia while the discordant point spread out, all lying on or close 
to a single chord that gives a lower intercept age of 1964 ± 14 Ma [mean 
squared weighted deviation (MSWD) = 6.6], and a meaningless upper 
intercept of c.4.3 Ga (Fig. 11h). 

6. Discussion 

6.1. Sequence of overprint events in the Masikate-Maope areas 

Field relations and geochronologic data indicate three events which 
variably overprinted the rocks in the Masikate-Maope areas. 

Fig. 11. 40Ar/39Ar spectra of amphibole in metasomatized amphibolite GB15 (a) and GB17 (b), and that of amphibole replacing clinopyroxene in least meta-
somatized gabbro MA2 (c) and more metasomatized gabbro MA4 (d). Uncertainty limits are indicated in 95% confidence. Ca/K versus Cl/K diagrams comparing the 
amphibole mineral chemical characteristics obtained from electron microprobe and 40Ar/39Ar analyses for amphibolite (e) and gabbro (f). (g) Representative BSE 
image of titanites in metasomatized gabbro LC5 with analytical spots and numbers, corresponding to the data in Table DRT11. (h) Tera-Wasserburg diagram of all U- 
Pb titanite data from the metasomatized gabbro LC5. Ellipses indicate 1σ uncertainty. 
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• Alkali metasomatism (2013 ± 12 Ma; 2013 ± 14 Ma; 2006 ± 11 Ma; 
1964 ± 14 Ma; 1882 ± 19 Ma; this study)  

• Shear deformation (2013 ± 8 Ma; Rajesh et al., 2020a)  
• Anatectic overprint (2056 ± 12 Ma; 2020 ± 5 Ma; Zeh et al., 2009; 

Basupi et al., 2022) 

6.2. Amphibole replacing clinopyroxene in gabbro 

The formation of brownish amphibole after clinopyroxene in gabbro 
(Fig. 7a, e) is earlier than the pervasive metasomatism forming epidote, 
chlorite, titanite, albite and sericite, and need to be addressed sepa-
rately. Similar textures (e.g., brownish amphibole rimming pyroxene) 
have been reported from a gabbronorite in the southern Maope Hill 
(Basupi et al., 2022; Rajesh et al., 2023). Significantly, the chemical 
characteristics of amphibole replacing pyroxene in the gabbro and 
gabbronorite are comparable. Phase equilibria modelling showed pres-
sure about 5 kbars and temperature 770–780 ◦C for the formation of 
amphibole after pyroxene in gabbronorite, while 40Ar/39Ar geochro-
nologic data attested an age of 2037 ± 27 Ma for the process (Rajesh 
et al., 2023). Thus, as inferred for the gabbronorite (Basupi et al., 2022; 
Rajesh et al., 2023), the formation of brownish amphibole after clino-
pyroxene in gabbro (Fig. 7a, e) is likely related to the infiltration of 
aqueous fluids during the retrograde stage of evolution in the Masikate- 
Maope areas. 

6.3. Sequence of metasomatic assemblages in the rocks 

Amphibole and clinopyroxene in the different rocks are replaced by 
chlorite and epidote. The progress of metasomatism results in a perva-
sive formation of these minerals (Figs. 5 to 7, 9 and DR6 to 11). In view 
of the replacement of amphibole along grain margins by chlorite or 
epidote in the least metasomatized rocks, chlorite seems to form before 
epidote in the melanocratic amphibolite, while it is later than epidote in 
the leucocratic amphibolite, amphibole gneiss and gabbro (Figs. 5 to 7 
and DR6 to 11). Titanite forms during metasomatic reactions (Figs. 6, 7 
and DR8, 11), whereas magnetite becomes characteristic for the more 
metasomatized rocks (Fig. 9). Sericite, albite and K-feldspar progres-
sively replace plagioclase, with K-feldspar restricted to leucocratic 
amphibolite and amphibole gneiss (Figs. 5 to 7, 9 and DR6 to 11). The 
metasomatic replacement is most prominent in the plagioclase- 
dominant rocks in comparison to the amphibole and/or 
clinopyroxene-rich ones. The number of phases decreases from the least 
metasomatized to more metasomatized rocks (Figs. 5 to 7 and DR6 to 
11) in accordance with the Korzhinskii theory of metasomatism (Korz-
hinskii, 1968). In addition, there are clear progressive compositional 
changes of rocks from the least metasomatized to more metasomatized 
rocks (Fig. 9). The enrichment of Na, K, Si and depletion of Fe, Mg 
(Fig. 10) can be accounted by the dissolution of mafic phases accom-
panied by albitization and K-feldspathization during alkali meta-
somatism. The prominent role of aqueous fluids in causing dissolution- 
precipitation in feldspars is well understood (Putnis et al., 2007; Eng-
vik et al., 2008; Hövelmann et al., 2010). Involvement of an aqueous 
fluid is substantiated by the formation of hydrous minerals in the studied 
rocks. The extent of sericitization indicates that the studied plagioclase- 
bearing rocks have undergone extensive recrystallization and sub- 
solidus re-equilibration (Plümper and Putnis, 2009). Local reddish 
variant of the extensively metasomatized rock is likely due to the pres-
ence of iron oxides (Nakano et al., 2005; Putnis et al., 2007: Norberg 
et al., 2014). 

6.4. Phase equilibria modelling 

To evaluate the progress of the metasomatic reactions and sequences 
of mineral assemblages in different rock types, lg(aK2O)–lg(aH2O) dia-
grams (pseudosections) have been constructed for representative rock 
compositions of melanocratic amphibolite (GB10), leucocratic 

amphibolite (GA1), amphibole gneiss (LCMQ7) and gabbro (GB14) 
(Tables DRT9 for compositions; Figa. 12a–d). Details of pseudosection 
modelling are given in supplementary online material DR2. Pseudo-
sections were computed in the system 
Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 
(NCKFMASHTO) using the PERPLE_X software (Connolly, 2005) for 
temperature 440 ◦C as average temperature responsible for formation of 
the Ep + Chl + Ab assemblage in the studied rocks (based on P-T 
pseudosection for the amphibolite GB10). In addition, albitization of 
plagioclase, which is common in all the studied metasomatized rocks, 
typically occurs at temperatures below 450 ◦C (Nijland and Touret, 
2001). Pressure 5 kbar was taken for the calculation based on our pre-
vious study of high-temperature hydration of gabbronorite from the 
Maope Hill (Rajesh et al., 2023). 

The diagrams for four samples show comparable topology 
(Fig. 12a–d). The fields involving K-feldspar (pale pink fields) and the 
fields involving chlorite never overlap being separated by the region 
involving mica (sericite). The widest K-feldspar-bearing regions are 
observed for the leucocratic amphibolite GA1 (Fig. 12a) and the 
amphibole gneiss LCMQ7 (Fig. 12b), whereas it is strongly reduced 
(displaced toward higher aK2O values) for the melanocratic amphibolite 
GB10 (Fig. 12c). This represents the formation of K-feldspar via pre-
dominant replacement of plagioclase. The higher the plagioclase content 
in the starting rock, the more active formation of K-feldspar in it. This 
fact reliably explains why leucocratic amphibolite and amphibole gneiss 
are visually more affected by pinkish discoloration manifesting K-feld-
spar development in comparison to melanocratic varieties. 

An influx of a K-bearing fluid with the arbitrary aH2O and aK2O 
marked by a yellow star on the pseudosections results in formation of 
new assemblage of Ep + Kfs + Ab in both leucocratic rock types 
(Fig. 12a, b). Epidote (without K-feldspar) could be formed also via in-
crease of aH2O at constant low aK2O (Fig. 12a–d). Nevertheless, it is 
clearly seen from the pseudosection of GA1 (Fig. 12a) that epidote can 
appear at lower water activity via the increase of aK2O. This phenomenon 
can be explained by an operation of the model reaction (abbreviations 
after Whitney and Evans, 2010).  

2An (in Pl) + 2Qz + [1/2K2O + 1/2H2O] (in fluid) = Czo (in Ep) + Kfs (1) 

Decomposition of anorthite component of plagioclase results in the 
formation of albite, which is common mineral in the metasomatized 
rocks. The reaction (1) is low-temperature analogy for the reaction 
forming grossular-rich garnet and K-feldspar after plagioclase via 
increasing alkali activity recorded in plagioclase-rich rocks interacting 
with salt-bearing fluids under granulite and amphibolite facies condi-
tions (e.g., Safonov and Aranovich, 2014; Aranovich and Safonov, 
2018). 

An arbitrary evolution of the fluid shown by a white dashed arrow in 
the pseudosections (increase of aH2O and decrease of aK2O) results in 
formation of mica (sericite) and, eventually, chlorite (Fig. 12a, b). The 
final assemblage Ep + Chl + Ms + Ab + Ttn + Qz in the leucocratic rocks 
forms at the highest aH2O, which is probably related to a decrease of 
alkali activity. The same variations of aK2O and aH2O would produce no 
K-feldspar in the melanocratic amphibolite, although albite forms 
because of extraction of Ca from plagioclase to form epidote (Fig. 12c). 
The same trend of the aK2O and aH2O variation would visually resemble 
the hydration process in the melanocratic rock. In contrast to leucocratic 
rocks, chlorite forms before epidote in the melanocratic amphibolite, 
whereas the final assemblage is Amph + Ep + Chl + Ttn + Ab ± Qz 
(Fig. 12c). This sequence fully agrees with petrographic observations on 
the melanocratic amphibolite GB10. The effect of fluid variation in this 
case is recorded just in a slight decrease of the Ti, Al, Na + K contents of 
amphibole because of the formation of epidote, chlorite, albite and 
titanite. 

K-feldspar is not observed (or very minor) in the gabbro manifesting 
no visible effect of metasomatism. The aH2O-aK2O space of K-feldspar- 
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bearing assemblages in the pseudosection for the gabbro GB14 is com-
parable to that for the leucocratic amphibolite and the amphibole gneiss 
(Fig. 12d). Nevertheless, there is still a relatively narrow aH2O-aK2O re-
gion, which is within the K-feldspar bearing assemblages for the leuco-
cratic amphibolite and the amphibole gneiss, but is beyond the K- 
feldspar bearing assemblages for gabbro (compare Fig. 12d and 12a, b). 
Thus, a possible increase of aK2O would show no visible effect in the 
gabbro (i.e., K-feldspatization) or it would be negligible. Further hy-
dration produces Ep + Ab + Ttn and, subsequently, chlorite, so the final 
assemblage in the gabbro is Ep + Chl + Ab + Ttn ± Qz replacing 

clinopyroxene and amphibole (Fig. 12d), consistent with petrographic 
observations. 

6.5. Extent of metasomatism in southeastern Motloutse Complex 

Different stages of metasomatism are widely distributed along an E- 
W section between the Masikate-Maope areas (Fig. 2c, d). Metasomat-
ized rocks are conspicuously located within and proximal to the Dikalate 
Shear Zone and its branches (the mapped extent of the shear zones are 
shown as dashed lines in Fig. 2d). However, not all sheared rocks are 

Fig. 12. The lg(aK2O)–lg(aH2O) pseudosections constructed at 440 ◦C and 5 kbar for representative rock compositions of leucocratic amphibolite GA1 (a), amphibole 
gneiss LCMQ7 (b), melanocratic amphibolite GB10 (c), and gabbro GB14 (d). Transparent pale pink field combines phase fields involving K-feldspar. Pink line marks 
the Kfs-in phase boundaries, magenta line marks the Ep-in phase boundaries, green line marks the Chl-in phase boundaries. Yellow star shows an arbitrary parameters 
of a fluid interacting with the rocks, and white dashed line is an arbitrary trend of the fluid evolution (see text). 
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metasomatized. For example, although a progressive increase of strain is 
seen in sheared ultramafic rocks (supplementary online material 
Fig. DR13) exposed along the eastern branch of the Dikalate Shear Zone, 
they do not exhibit any visible effect of alkali metasomatic overprint. 
Another exception to the rule is the dioritic amphibole gneiss exposed at 
the Maope quarry, towards the western extremity of the study area 
(Fig. 2c). Although these rocks are not associated with any shear 
structures, they are heavily metasomatized (Fig. 4). In tonalite gneiss 
and amphibolite, the pinkish discoloration marks earlier structures such 
as layering, folds, boudins, shear planes etc. (Fig. 3 and DR4). Contacts 
between rock types is another important site for infiltration of meta-
somatic fluids (e.g., between tonalite gneiss and amphibolite; Fig. 3a). 
However, contacts between the melanocratic and leucocratic amphib-
olite, as well as with gabbroic rocks are not visibly affected by meta-
somatism. Active fluid infiltration at a local scale is highlighted by the 
massive epidote-rich zones following pre-existing fabric (Fig. DR5c). 
Thus, in spite of the active role of earlier structures, including shear 
zones, it is important to take into account the difference in rock 
composition, the fluid/rock ratio and the relative duration and intensity 
of fluid influx as additional factors defining the spatial distribution of 
metasomatism. Example of the ultramafic rock versus dioritic amphibole 
gneiss demonstrate that the presence or absence of feldspar likely played 
a major role in recording the effect of alkali metasomatism. In terms of 
the fluid/rock ratio, although the voluminous felsic rocks (tonalite 
gneisses) experienced extensive fluid infiltration, the less voluminous 
mafic rocks (amphibolites) facilitated massive concentration of miner-
alized (epidote) zones related to metasomatism. Last, but not least, in 
view of the progressive nature of metasomatism, the impact of the 
relative duration and intensity of fluid influx is important to understand, 
as more intensive influx of fluids likely occurred during the later stages 
of metasomatic overprint. In the case of rapid fluid influx, structures 
related to fluid overpressure (e.g., Boudreau, 1992; Boorman et al., 
2003) could be formed at a local scale, and need to be kept in mind in 
future studies in the Masikate-Maope areas. 

6.6. Timing of metasomatism in southeastern Motloutse Complex 

Garnet porphyroblasts associated with anatexis in amphibolite are 
broken down into smaller grains, and carried away by chlorite +
epidote + sericite aggregates (Fig. DR10), indicating that the meta-
somatism is younger than c.2.02 Ga. The conspicuous following of the 
pinkish discoloration of shear planes (Figs. DR4d–f, h) argue for a time 
frame of c.2.01 Ga or younger for the metasomatism. The composition of 
amphibole progressively replaced by epidote and chlorite in the more 
metasomatized amphibolite (Fig. 5 and DR6, 7) is different from that of 
amphibole in least metasomatized amphibolite (Fig. 9a, b). Thus the 
40Ar/39Ar ages of 2013 ± 14 Ma and 2006 ± 14 Ma obtained from these 
amphiboles are argued to date metasomatism. The pseudo-plateau 
(Fig. 11b) is likely due to the relatively high altered nature of amphi-
bole in the respective metasomatized amphibolite (Fig. 11e). In the case 
of least metasomatized gabbro, epidote locally replace brownish 
amphibole along its margins (e.g., Fig. 7a). Hence, the 40Ar/39Ar age of 
2013 ± 12 Ma obtained from amphibole replacing clinopyroxene likely 
dates the beginning of metasomatic overprint in gabbro. The plateau 
nature of the age (Fig. 11c) correlates with the less metasomatized na-
ture of the dated gabbro (Fig. 11f). In comparison, the pseudo-plateau 
40Ar/39Ar age of 1882 ± 19 Ma correlates with the highly metasomat-
ized nature of the dated gabbro (Fig. 11f), thereby defining a younger 
limit to the metasomatic event. The U-Pb age of 1964 ± 14 Ma for 
titanite, which forms at the expense of clinopyroxene, amphibole and 
ilmenite in metasomatized gabbro, melanocratic-leucocratic amphibo-
lite and amphibole gneiss (Figs. 6, 7, 9 and DR8, 11) brackets the 
metasomatic event in southeastern Motloutse Complex to c.2.01–1.96 
Ga. 

6.7. Implications for sulphide mineralization (and exploration) 

Both the Selebi-Phikwe (within the Phikwe Complex) and the 
Masikate-Maope (within the Motloutse Complex) areas have compara-
ble geological structure including ultramafic (peridotite-pyroxenite) and 
mafic (amphibolite, gabbro, anorthosite) rocks occurring as dismem-
bered remnants within granitoid gneiss. Like in the Selebi-Phikwe de-
posits, sulphides are primarily hosted in amphibolite from the 
southeastern Motloutse Complex. The prominence of sulphide in mela-
nocratic amphibolite than the leucocratic one from the Masikate-Maope 
areas (this study) is comparable to the scenario at Selebi-Phikwe, where 
massive sulphide layers occur in amphibole-rich mafic amphibolite with 
the content of disseminated sulphide decreasing towards the 
plagioclase-dominant feldspathic amphibolite (Fig. DR1; Brown, 1988). 
Other noticeable sulphide occurrence in the Selebi-Phikwe area are in 
gabbronorite, peridotite and pyroxenite (Gordon, 1973; Wakefield, 
1976; Marsh, 1978; Brown, 1988; Maier et al., 2008). Although no 
sulphides occur within the ultramafics (Rajesh et al., 2022b), they are 
prominent in gabbro from the Masikate-Maope areas. But there are 
important differences between the Selebi-Phikwe and the Masikate- 
Maope scenarios. There is evidence for a prominent granulite-facies 
metamorphic overprint in mafic rocks of the Phikwe Complex (Hick-
man and Wakefield, 1975; Lear, 1971; Key et al., 1976; Aldiss, 1983; 
Holzer et al., 1999; Zeh et al., 2009). Effects of high-grade tectono- 
metamorphic and polyphase deformation are preserved in the Selebi- 
Phikwe host rocks and ore textures (Gordon, 1973; Wakefield, 1976; 
Marsh, 1978; Brown, 1988). No such pervasive granulite-facies meta-
morphic overprint is seen in the southeastern Motloutse Complex. 
Significantly, there is no report on the alkali metasomatic overprint from 
the Selebi-Phikwe Ni-Cu sulphide deposits. Notwithstanding the role of 
hydrothermal fluids in remobilizing, transporting and reprecipitating 
the sulphide-bearing elements in amphibolite at Selebi-Phikwe, in the 
case of the Masikate-Maope rocks, the sulphides were broken down and 
dispersed by the prominent alkali metasomatic overprint (Fig. 8 and 
DR12). A probable reason for this difference in overprint events is 
because unlike the scenario for southeastern Motloutse Complex, the 
sulphide deposits within the Phikwe Complex are not spatially related to 
a terrane boundary. This brings into picture the role of the Dikalate 
Shear Zone and its branches (Fig. 2c, d) in promoting alkali meta-
somatism in southeastern Motloutse Complex. 

6.8. Possible source and setting for metasomatic fluids 

The medium-grade Motloutse Complex and adjacent high-grade 
terranes of Phikwe Complex and Beit Bridge Complex (Fig. 13) repre-
sents different Paleoproterozoic crustal levels (Holzer et al., 1998; Van 
Reenen et al., 2008; Brandt et al., 2023). High-pressure (P > 10 kbar) 
rocks characterize the lower crustal Beit Bridge Complex, whereas the 
Motloutse Complex is composed of medium-pressure (P = 7 kbar) upper- 
middle crustal rocks (Brandt et al., 2023; Rajesh et al., 2023). There is 
evidence for the presence of lower crustal alkaline fluids underneath the 
Beit Bridge Complex in Paleoproterozoic. For example, the Madiapala 
syenite massif (M in Fig. 13) is considered as the result of 2010 ± 5 Ma 
(U-Pb titanite; Rigby and Armstrong, 2011) syenitization of the regional 
(Alldays) TTG gneiss by alkali fluids (Seliutina et al., 2020). In such a 
scenario, the fluids that caused metasomatism at c.2.01–1.96 Ga in 
southeastern Motloutse Complex are likely of upper crustal origin. 

If the metasomatic overprint affected both the Limpopo and Mot-
loutse complexes (Fig. 13; next section), then the source of fluids has to 
be from a larger geologic entity that is proximal to both terranes. This 
suggests the role of fluids exsolved from the c.2.06–2.04 Ga Bushveld 
large igneous province (Bushveld LIP), which covers a large area in 
southern Africa including adjacent regions of the Limpopo Complex 
(dashed line in inset of Fig. 13; Rajesh et al., 2013a; Ernst, 2014). There 
is evidence for the voluminous action of aqueous and saline fluids 
released from magmas to contact aureoles of the Bushveld LIP (Mathez 
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et al., 1994; Willmore et al., 2000; Gleason et al., 2011; Benson et al., 
2021; Zhou et al., 2021). However, there is a notable time gap between 
the waning phase of the Bushveld LIP (c.2.04 Ga) and the beginning of 
the metasomatic overprint deduced for the Motloutse Complex (c.2.01 
Ga). This can be reconciled by taking into consideration the meta-
somatic and shear deformation events that happened during the period 
c.2.04–2.01 Ga. Different studies argued for a c.2.04–2.03 Ga meta-
somatic overprint involving aqueous and saline fluids from wide local-
ities in the Southern Marginal Zone and Beit Bridge Complex (Fig. 13; 
Buick et al., 2007; Safonov et al., 2012; Belyanin et al., 2014; Rajesh 
et al., 2013b, 2014; Zeh and Gerdes, 2014). These include granulites 
from the Southern Marginal Zone (G in Fig. 13; 2043 ± 8 Ma; 40Ar/39Ar 
biotite; Belyanin et al., 2014), amphibolites and schists from the Venetia 
Klippe (V in Fig. 13; 2040 ± 3 Ma; Lu-Hf zircon-garnet-whole rock 
isochron; Zeh and Gerdes, 2014), orthopyroxene-bearing dehydration 
zones from the Causeway locality, SE of Musina (C in Fig. 13; 2037 ± 10 
Ma; 40Ar/39Ar amphibole; Rajesh et al., 2014) and alteration zones in 
amphibolites from near the Tshipise Shear Zone (T in Fig. 13; 2030 ± 2 
Ma; U-Pb titanite; Buick et al., 2007). This was followed by a prominent 
c.2.01–1.95 Ga (details in next section) transpressive event involving 
strike-slip shearing along the shear zones that crisscross the Limpopo- 
Motloutse complexes and separate them from adjacent cratonic do-
mains (Fig. 13; Barton et al., 1994; Kamber et al., 1995a; Jaeckel et al., 
1997; Holzer et al., 1998, 1999). Combining the above information, we 
propose a model where the fluids exsolved from the Bushveld LIP 
penetrated the adjacent medium–high-grade terranes. The Paleo-
proterozoic reactivation of the regional shear zones that crisscross the 

terranes facilitated the pervasive infiltration of these fluids, with the 
consequent effects of metasomatism covering a wide area (next section). 

6.9. Arguments for a large alkali metasomatic province (LAMP) in 
southern Africa 

A summary of available ages on Paleoproterozoic shear deformation 
and metasomatic overprint from the Limpopo and Motloutse complexes 
is given in Fig. 13. There is a prominent alkali metasomatic event in the 
southeastern Motloutse Complex (2013 ± 12 Ma to 1964 ± 14 Ma; this 
study) related to the Dikalate Shear Zone (2013 ± 8 Ma; Rajesh et al., 
2020a), which separates the Motloutse and Phikwe complexes (Fig. 13). 
Similar extensive alkali metasomatism proximal to the Magogaphate 
Shear Zone near its contact with the Dikalate Shear Zone is primarily 
manifested in the pinkish to reddish discoloration of the large porphy-
ritic alkali granite body at the Dikalate Hills [large magnetic body 
around Dikalate up to the east of Masikate in Fig. 2a, b (reddish to 
pinkish in 2a)]. Available geochronologic constraints from the Mago-
gaphate Shear Zone include c.2 Ga Rb-Sr biotite, 2001 ± 6 Ma PbSL 
titanite and 1997 ± 7 Ma Pb-Pb apatite ages (Fig. 13; Van Breemen and 
Dodson, 1972; Holzer et al., 1999). Alkali metasomatism accompanying 
shear deformation and related to the Sunnyside Shear Zone is a promi-
nent overprint in the southern part of the Motloutse Complex, near the 
contact with the northern Mahalapye Complex (Fig. 13). The shear 
deformation and metasomatism along the southern Motloutse Complex 
are respectively dated at 1987 ± 7 Ma and 1951 ± 11 Ma (Fig. 13; 
40Ar/39Ar biotite; Rajesh et al., 2022a). 

Fig. 13. Generalized outline map of the medium–high-grade metamorphic terranes and sub-terranes of the Limpopo and Motloutse complexes between the 
Zimbabwe and Kaapvaal cratons in southern Africa summarizing the available ages on Paleoproterozoic shear deformation (in purple color) and metasomatic 
overprint (in blue color). c.2.04–2.03 Ga ages on metasomatic overprint from the Southern Marginal Zone and Beit Bridge Complex are separately indicated (in green 
color). The approximate extent of the large alkali metasomatic province (LAMP) defined in the study is shown as grey filled region. Nsz – Nthabalala Shear Zone. Inset 
in (b) is a satellite image of southern Africa showing the known extents of Zimbabwe and Kaapvaal cratons. The dashed line and the highlighted (yellow) units 
indicate the known extent of the Bushveld large igneous province (LIP) (Rajesh et al., 2013a; Ernst, 2014). The orange rectangle indicate the approximate extent of 
the area covered in the main map. 
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Alkali metasomatic overprint is reported from the southeastern part 
of the Phikwe Complex near its contact with the Beit Bridge Complex, 
and available geochronologic data indicate an age of c.1.93 Ga (Fig. 13; 
unpublished U-Pb zircon overgrowth age; Thatayaone, 2021). Although 
the nature of the contact is not clear, shear deformation and associated 
pinkish discoloration of rocks is reported from the contact zone of the 
Phikwe and Beit Bridge complexes (Thatayaone, 2021). Alkali meta-
somatic overprint is widely distributed in the Beit Bridge Complex, 
which is the largest unit of the Central Zone of the Limpopo Complex. 
The 2010 ± 5 Ma age (U-Pb titanite; Rigby and Armstrong, 2011) from 
the Madiapala syenite massif dates the alkali metasomatism event 
(Fig. 13). Ages of 2020 ± 8 Ma to 1971 ± 26 Ma are reported for shear 
deformation within the > 20 km wide Tshipise Shear Zone/Palala Shear 
Zone, that separates the Central Zone from the Southern Marginal Zone 
(Fig. 13; McCourt and Vearncombe, 1992; Holzer et al., 1998, 1999; 
Schaller et al., 1999; Belluso et al., 2000). Metasomatic alteration within 
and near the Tshipise Shear Zone is dated between 2015 ± 7 Ma and 
2007 ± 5 Ma [Pb-Pb/Pb-Pb step wise leaching (PbSL) titanite; Holzer 
et al., 1998; Buick et al., 2003]. Pinkish discoloration of rocks occurs 
proximal to the Palala Shear Zone and Mahalapye Shear Zone (Fig. 13; 
Key, 1979; Rabewu, 2016; Ntema, 2016). This metasomatic overprint 
has to be younger than c.2.02 Ga, i.e., the age of sheared alkali granites 
in the region (McCourt and Armstrong, 1988). 

Metasomatic alteration marked by pinkish discoloration of host 
rocks along shear zones (Hout River Shear Zone, Nthabalala Shear Zone, 
Petronella Shear Zone) is prominent in the Southern Marginal Zone of 
the Limpopo Complex (Fig. 13; Du Toit, 1994; Smit and Van Reenen, 
1997; Tsunogae and Van Reenen, 2014; Van Reenen et al., 2014). Both 
Neoarchean and Paleoproterozoic ages are available for the meta-
somatic overprint in Southern Marginal Zone. In contrast to the Neo-
archean fluid activity of CO2-rich fluids (e.g., Huizenga et al., 2014; 
Safonov et al., 2014, 2018), the Paleoproterozoic alkali metasomatic 
overprint was related to shear deformation [2027 ± 11 Ma to 2013 ± 8 
Ma (40Ar/39Ar amphibole, mica; Belyanin et al., 2014); 1976 ± 11 Ma to 
1925 ± 19 Ma (U-Pb zircon overgrowth; Rajesh et al., 2020b); c.1.9 Ga 
(Rb-Sr mica; Barton and Van Reenen, 1992)], but its extent within the 
Southern Marginal Zone need to be clarified. 

In contrast to the Southern Marginal Zone, alkali metasomatic 
overprint is not known from the Northern Marginal Zone of the Limpopo 
Complex. Nevertheless, there is evidence for shear deformation in the 
Paleoproterozoic. Ages of 1971 ± 11 Ma to 1951 ± 17 Ma reported from 
local shear zones in the northeastern part of the Northern Marginal Zone 
are related to retrograde fluid evolution (Fig. 13; PbSL titanite; 
40Ar/39Ar biotite; Kamber et al., 1996). Shear deformation along the 
c.30–50 km wide Triangle Shear Zone that separates the Northern 
Marginal Zone and the Central Zone, is dated between 2040 ± 15 Ma to 
1984 ± 12 Ma, with a prominent set of ages from 2001 ± 11 Ma to 1955 
± 8 Ma (Fig. 13; 40Ar/39Ar amphibole; Kamber et al., 1995a, 1995b). In 
the suggested model of the Paleoproterozoic alkali metasomatism 
related to the Bushveld LIP, the difference in the extent of metasomatic 
overprint between the two marginal zones of the Limpopo Complex can 
be explained by their different proximity to the LIP (Fig. 13). 

In summary, the alkali metasomatism reported in this study from the 
southeastern Motloutse Complex is not an isolated event, but part of a 
regional event, which covers the adjacent medium–high-grade terranes 
of the Limpopo and Motloutse complexes (Fig. 13). Based on the extent 
of this phenomenon and available ages, we argue for a c.2.01–1.95 Ga 
large alkali metasomatic province (LAMP) in southern Africa (Fig. 13). 
The broadly contemporaneous timing of the shear deformation along the 
different terrane boundaries and metasomatic overprint argues for the 
shear zones as leading pathways for fluid migration (e.g., Newton, 1990; 
Fossen and Cavalcante, 2017). Nevertheless, additional age data are 
necessary from other areas to further delineate the southern African 
LAMP (Fig. 13). 

7. Concluding remarks  

• Alkali metasomatic overprint marked by varying degrees of pinkish 
discoloration and associated yellowish green to greenish epidote 
veins/bands/aggregates is prominent in rocks exposed within and 
closer to the Dikalate Shear Zone and its branches in Masikate-Maope 
areas, southeastern Motloutse Complex.  

• The metasomatic reactions in amphibolites, gabbro and amphibole 
gneiss involved replacement of amphibole, clinopyroxene, ilmenite 
and plagioclase with chlorite, epidote, titanite, magnetite, sericite, 
albite and K-feldspar. With increasing degrees of metasomatism, 
earlier minerals get broken down and dispersed. 

• Mineral chemical characteristics highlight a progressive composi-
tional evolution from the less to more metasomatized rocks. Whole 
rock geochemical trends of enrichment of Na, K, Si and depletion of 
Fe, Mg between the less and more metasomatized rocks indicate the 
dissolution of mafic phases accompanied by albitization and K- 
feldspathization during alkali metasomatism.  

• The modeling of mineral assemblages in terms of the lg(aK2O)–lg 
(aH2O) pseudosections indicates that the metasomatic process 
involved an increase of potassium activity followed by hydration. 
Chloritization, epidotization, sericitization and albitization pro-
ceeded in amphibole ± clinopyroxene-bearing rocks, while K-feld-
spathization became active later on in plagioclase-dominant rocks.  

• According to the proposed model, alkaline fluids migrating along 
shear zones progressively metasomatized the rocks. The model is 
supported by geochronologic data on shear deformation (c.2.01 Ga) 
and metasomatic overprint (c.2.01–1.96 Ga) from the Masikate- 
Maope areas.  

• The results highlight the cause-and-effect antithetic relation between 
metasomatism and ore sulphide mineralization: the metasomatic 
overprint resulting in the break down and dispersal of the Cu-Ni 
sulphide minerals in the amphibolite, gabbro and amphibole gneiss.  

• It is suggested that the alkali metasomatic event recognized in 
southeastern Motloutse Complex is not isolated, but part of a wider 
c.2.01–1.95 Ga Large Alkali Metasomatic Province (LAMP) in 
southern Africa covering the medium–high-grade terranes of Lim-
popo and Motloutse complexes between the Zimbabwe and Kaapvaal 
cratons.  

• The fluids are likely sourced from post-emplacement exsolution of 
the c.2.06–2.04 Ga Bushveld LIP, while the c.2.01–1.95 Ga reac-
tivation of shear zones that crisscross the medium–high-grade ter-
ranes facilitated the pervasive migration of fluids, leaving behind 
footprint over a wide area. 
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Le Gall, B., Tshoso, G., Jourdan, F., Féraud, G., Bertrand, H., Tiercelin, J.J., 
Kampunzu, A.B., Modisi, M.P., Dyment, M., Maia, J., 2002. 40Ar/39Ar geochronology 
and structural data from the giant Okavango and related mafic dyke swarms, Karoo 
igneous province, Botswana. Earth Planet. Sci. Lett. 202, 595–606. 

Lear, P.A., 1979. The ore mineralogy of the Phikwe and Selebi nickel – copper deposits, 
Botswana. Geol. Soc. South Africa, Special Publication 5, 117–132. 

Lear, P.A., 1971. A Geological Investigation of Some Precambrian Ultramafic Rocks in 
Eastern Botswana. MSc Thesis, unpublished, University of Manchester. 

Lindsay, R., Lear, P.A., Chaplin, R.C., 1969. Geology of the Sherwood Sheet, Drawings 
1012 to 1014E. Maps Bamangwato Concessions Limited, Botswana.  

Maier, W.D., Barnes, S.J., Chinyepi, G., Barton Jr., J.M., Eglington, B., Setshedi, I., 2008. 
The composition of magmatic Ni-Cu-, PGE sulfide deposits in the Tati and Selebi- 
Phikwe belts of eastern Botswana. Miner. Deposita 43, 37–60. 

Marsh, S.C.K., 1978. Nickel-copper occurrences at Dikoloti and Lentswe, eastern 
Botswana. In: Verwoerd, W.J. (Ed.), Mineralization in Metamorphic Terranes, 4. 
Geological Society of South Africa. Special Publication, pp. 131–148. 

Mathez, E.A., Agrinier, P., Hutchinson, R., 1994. Hydrogen isotope composition of the 
Merensky Reef and related rocks, Atok section, Bushveld Complex. Econ. Geol. 89, 
791–802. 

McCourt, S., Armstrong, R.A., 1998. SHRIMP U-Pb zircon chronology of granites from 
the Central Zone, Limpopo Belt, southern Africa: Implications for the age of the 
Limpopo Orogeny. S. Afr. J. Geol. 101, 329–337. 

McCourt, S., Kampunzu, A.B., Bagai, Z., Armstrong, R.A., 2004. The crustal architecture 
of Archean terranes in Northeastern Botswana. S. Afr. J. Geol. 107, 147–158. 

McCourt, S., Vearncombe, J.R., 1992. Shear zones of the Limpopo Belt and adjacent 
granitoid-greenstone terranes: implications for late Archaean collision tectonics in 
southern Africa. Precambr. Res. 55, 553–570. 

McDougall, I., Harrison, T.M., 1999. Geochronology and Thermochronology by the 
40Ar/39Ar Method. Oxford University Press, Oxford.  

Millonig, L.J., 2009. The Neoarchean and Palaeoproterozoic Metamorphic Evolution of 
the Limpopo Belt’s Central Zone in Southern Africa. PhD study. University 
Würzburg, p. 122. 

Nakano, S., Akai, J., Shimobayashi, N., 2005. Contrasting Fe-Ca distributions and related 
microtextures in syenite alkali feldspar from the Patagonian Andes, Chile. Mineral. 
Mag. 69, 521–535. 

Naldrett, A.J., 2004. Magmatic Sulfide Deposits. Springer, p. 727. Berlin Heidelberg New 
York. 

Newton, R.C., 1990. Fluids and shear zones in the deep crust. Tectonophysics 182, 
21–37. 

Nijland, T.G., Touret, J.L.R., 2001. Replacement of graphic pegmatite by graphic albite- 
actinolite-clinopyroxene intergrowths, Mjåtvan, southern Norway. Eur. J. Mineral. 
13, 41–50. 

Norberg, N., Harlov, D., Neusser, G., Wirth, R., Rhede, D., 2014. Element mobilization 
during feldspar metasomatism: an experimental study. Eur. J. Mineral. 26, 71–82. 

Ntema, D.O., 2016. Geologic mapping of Taupye river, Mahalapye. Unpublished Final 
year BSc thesis, Botswana International University of Science and Technology. 

Oliver, N.H.S., Rawling, T.J., Cartwright, I., Pearson, P.J., 1994. High-temperature 
fluid–rock interaction and scapolitisation in an extension-related hydrothermal 
system, Mary Kathleen, Australia. J. Petrol. 35, 1455–1491. 

Paya, B.K., Key, R., Majaule, T., 1997. Shear zones of NE Botswana: Their tectonic 
significance in the evolution of the Zimbabwe craton and the Limpopo belt. In: 
Dirks, P.H.G.M., Jelsma, A.A. (Eds.), Abstracts. Intraplate Magmatism and Tectonics 
of Southern Africa, Harare, pp. 38–40. 

Pearce, J.A., 1996. A users guide to basalt discrimination diagrams. In: Wyman, D.A. , 
Ed., Trace Element Geochemistry of Volcanic Rocks: Applications for Massive 
Sulphide Exploration, vol. 12. Geological Association of Canada, Short Course Notes, 
pp. 79 – 113. 

Piccoli, P.M., Candela, P.A., 2002. Apatite in igneous systems. Rev. Mineral. Geochem. 
48, 255–292. 

Plümper, O., Putnis, A., 2009. The complex hydrothermal history of granitic rocks: 
multiple feldspar replacement reactions under subsolidus conditions. J. Petrol. 50 
(5), 967–987. 

Putnis, A., Hinrichs, R., Putnis, C.V., Golla-Schindler, U., Collins, L., 2007. Hematite in 
porous red-clouded feldspars: evidence of large-scale crustal fluid-rock interaction. 
Lithos 95, 10–18. 

Rabewu, B., 2016. Nature of Shear deformation along the south-western boundary of the 
Mahalapye complex. Unpublished Final year BSc thesis, Botswana International 
University of Science and Technology. 

Rajesh, H.M., Chisonga, B.C., Shindo, K., Beukes, N.J., Armstrong, R.A., 2013a. 
Petrographic, geochemical and SHRIMP U-Pb titanite age characterization of the 
Thabazimbi mafic sills: extended time frame and a unifying petrogenetic model for 
the Bushveld Large Igneous Province. Precambr. Res. 230, 79–102. 

Rajesh, H.M., Belyanin, G.A., Safonov, O.G., Kovaleva, E.I., Golunova, M.A., Van 
Reenen, D.D., 2013b. Fluid-induced dehydration of the Paleoarchean Sand River 
biotite-hornblende gneiss, Central Zone, Limpopo Complex, South Africa. J. Petrol. 
54, 41–74. 

Rajesh, H.M., Safonov, O.G., Belyanin, G.A., Kramers, J.D., 2014. Monazite-fluorapatite 
characteristics as evidence for interplay between ~2.04 Ga fluid-induced 
dehydration and melting of the Sand river gneiss, Limpopo Complex, South Africa. 
S. Afr. J. Geol. 117 (2), 237–254. 

Rajesh, H.M., Mokatse, T., Wan, Y., 2020a. Complexity of characterizing mafic- 
ultramafic remnants of Archean layered complexes in high-grade terranes: the 
scenario from Motloutse Complex, southwestern Zimbabwe craton. Lithos 352–353, 
105255. 

Rajesh, H.M., Liu, S.J., Wan, Y., 2020b. Mesoarchean TTG magmatism from the 
northeastern margin of the Kaapvaal Craton, southern Africa: Arguments for an 
exotic terrane, remnant of Pilbara Craton? Precambr. Res. 337, 105552. 

Rajesh, H.M., Mosokomani, V.S., Belyanin, G.A., Vorster, C., Selepeng, A.T., 2022a. 
Defining the contact zone between Archean-Proterozoic terranes with distinct 
geologic histories: The scenario from eastern Botswana. Precambr. Res. 378, 106769. 

Rajesh, H.M., Mosokomani, V.S., Selepeng, A.T., 2022b. Delineating the dismembered 
remnants of Archean layered complexes in medium-high-grade terranes: Scenario 
from the Motloutse Complex, eastern Botswana. J. Afr. Earth Sc. 196, 104747. 

Rajesh, H.M., Safonov, O.G., Mfa, D.T., Belyanin, G.A., 2023. Paleoproterozoic hydration 
of gabbronorite from the Mesoarchean Lechana layered complex, eastern Botswana. 
J. Afr. Earth Sc. 199, 104849. 

Rajesh, H.M., Keeditse, M., Mfa, D.T., Vorster, C., Belyanin, G.A., 2024. How not to use 
U–Pb detrital zircon geochronology to infer regional tectonics: Comment on Basupi 
et al. (2023), J. African Earth Sci. 104942. Journal of African Earth Sciences 210, 
105153. 

Rawle, C., 1969. Mahalapye West Area, 1969 Final Report. Bamangwato Concessions 
Limited Southern Sector. Report CR3/5/5. 

Reiners, P.W., Ehlers, T.A., Zeitler, P.K., 2005. Past, present, and future of 
thermochronology. Rev. Mineral. Geochem. 58, 1–18. 

Rigby, M., Armstrong, R.A., 2011. SHRIMP dating of titanite from metasyenites in the 
Central Zone of the Limpopo Belt, South Africa. J. Afr. Earth Sc. 59, 149–154. 

Rigby, M.J., Mouri, H., Brandl, G., 2008. A review of the P-T – t evolution of the Limpopo 
Belt: constraints for a tectonic model. J. Afr. Earth Sc. 50, 120–132. 

Safonov, O.G., Aranovich, L.Y., 2014. Alkali control of high-grade metamorphism and 
granitization. Geosci. Front. 5, 711–727. 

Safonov, O.G., Kovaleva, E.I., Kosova, S.A., Rajesh, H.M., Belyanin, G.A., Golunova, M. 
A., Van Reenen, D.D., 2012. Experimental and petrological constraints on local-scale 
interaction of biotite-amphibole gneiss with H2O-CO2-, K, NaCl fluids at middle- 
crustal conditions: Example from the Limpopo Complex, South Africa. Geosci. Front. 
3, 829–841. 

Safonov, O.G., Tatarinova, D.S., van Reenen, D.D., Golunova, M.A., Yapaskurt, V.O., 
2014. Fluid-assisted interaction of peraluminous metapelites with trondhjemitic 
magma within the Petronella shear-zone, Limpopo Complex, South Africa. 
Precambr. Res. 253, 114–145. 

Safonov, O.G., Reutsky, V.N., Varlamov, D.A., Yapaskurt, V.O., Golunova, M.A., 
Shcherbakov, V.D., Smit, C.A., Butvina, V.G., 2018. Composition and source of fluids 
in high-temperature graphite-bearing granitoids associated with granulites: 
Examples from the Southern Marginal Zone, Limpopo Complex, South Africa. 
Gondw. Res. 60, 129–152. 

Schaen, A.J., Jicha, B.R., Hodges, K.V., Vermeesch, P., Stelten, M.E., Mercer, C.M., 
Phillips, D., Rivera, T.A., Jourdan, F., Matchan, E.I., Hemming, S.R., Morgan, L.E., 
Kelley, S.P., Cassata, W.S., Heizler, M.T., Vasconcelos, P.M., Benowitz, J.A., 
Koppers, A.A.P., Mark, D.F., Niespolo, E.M., Sprain, C.J., Hames, W.E., Kuiper, K.F., 
Turrin, B.D., Renne, P.R., Ross, J., Nomade, S., Guillou, H., Webb, L.E., Cohen, B.A., 
Calvert, A.T., Joyce, N., Ganerød, M., Wijbrans, J., Ishizuka, O., He, H., Ramirez, A., 
Pfänder, J.A., Lopez-Martinez, M., Qiu, H., Singer, B.S., 2021. Interpreting and 
reporting 40Ar/39Ar geochronologic data. Geol. Soc. Am. Bull. 133, 461–487. 

Schaller, M., Steiner, O., Studer, I., Holzer, L., Herwegh, M., Kramers, J.D., 1999. 
Exhumation of Limpopo Central Zone granulites and dextral continent-scale 
transcurrent movement at 2.0 Ga along the Palala shear zone, Northern Province, 
South Africa. Precambr. Res. 96, 263–288. 

Seliutina, N., Safonov, O.G., Varlamov, D., 2020. Syenite formation after TTG gneiss: 
evidence from the Madiapala massif, Limpopo complex, South Africa and 
experiment. EGU General Assembly Conference Abstracts 137. 

Smit, C.A., Van Reenen, D.D., 1997. Deep crustal shear zones, high grade tectonites, and 
associated metasomatic alteration in the Limpopo belt, South Africa: Implications for 
deep crustal processes. J. Geol. 105, 37–57. 

Smit, C.A., Roering, C., Van Reenen, D.D., 1992. The structural framework of the 
southern margin of the Limpopo Belt, South Africa. Precambr. Res. 55, 51–67. 

Smit, C.A., Van Reenen, D.D., Roering, C., Boshoff, R., Perchuk, L.L., 2011. Neoarchean 
to Paleoproterozoic evolution of the polymetamorphic Central Zone of the Limpopo 
Complex. Geol. Soc. Am. Mem. 207, 213–244. 

Smith, W.D., Maier, W.D., 2021. The geotectonic setting, age and mineral deposit 
inventory of global layered intrusions. Earth Sci. Rev. 220, 103736. 

Smith, R.A., Phofuetsile, P., 1985. The Geology of the Foley area. Bull. Geol. Surv. 
Botswana 31, 107 p. 

Sun, S.-S., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts: 
implications for mantle composition and processes. In: Saunders, A.D., Norry, M.J. 
Eds., Magmatism in Ocean Basins. Geological Society of London Special Publication, 
pp. 313–345. 

Thatayaone, O., 2021. Selective mapping, petrological and geochemical characterization 
and U-Pb zircon dating of , meta-granitoids from the Beit Bridge Complex of the 
Limpopo Belt in Botswana. Unpublished MSc thesis, Botswana International 
University of Science and Technology. 170 p. 

Tsunogae, T., Van Reenen, D.D., 2014. High- to ultrahigh-temperature metasomatism 
related to brine infiltration in the Neoarchaean Limpopo Complex. Petrology and 
phase equilibrium modeling. Precambr. Res. 253, 157–170. 

Van Breemen, O., Dodson, M.H., 1972. Metamorphic chronology of the Limpopo belt, 
southern Africa. Geol. Soc. Am. Bull. 83, 2005–2018. 

Van Reenen, D.D., Boshoff, R., Smit, C.A., Perchuk, L.L., Kramers, J.D., McCourt, S., 
Armstrong, R.A., 2008. Geochronological problems related to polymetamorphism in 
the Limpopo Complex, South Africa. Gondw. Res. 14, 644–662. 

Van Reenen, D.D., Smit, C.A., Perchuk, L.L., Roering, C., Boshoff, R., 2011. Thrust 
exhumation of the Neoarchean ultrahigh-temperature Southern Marginal Zone, 

H.M. Rajesh et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0301-9268(24)00115-3/h0260
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0260
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0260
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0260
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0265
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0265
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0275
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0275
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0280
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0280
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0280
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0285
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0285
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0285
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0290
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0290
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0290
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0295
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0295
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0295
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0300
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0300
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0305
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0305
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0305
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0310
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0310
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0320
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0320
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0320
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0330
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0330
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0335
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0335
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0335
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0340
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0340
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0350
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0350
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0350
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0355
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0355
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0355
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0355
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0365
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0365
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0370
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0370
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0370
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0375
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0375
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0375
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0385
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0385
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0385
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0385
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0390
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0390
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0390
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0390
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0400
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0400
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0400
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0400
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0405
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0405
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0405
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0405
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0410
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0410
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0410
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0415
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0415
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0415
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0420
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0420
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0420
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0425
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0425
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0425
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0435
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0435
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0440
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0440
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0445
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0445
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0450
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0450
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0455
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0455
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0455
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0455
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0455
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0460
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0460
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0460
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0460
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0465
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0465
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0465
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0465
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0465
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0581
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0470
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0470
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0470
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0470
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0475
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0475
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0475
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0480
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0480
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0480
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0485
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0485
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0490
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0490
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0490
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0495
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0495
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0500
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0500
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0515
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0515
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0515
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0520
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0520
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0525
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0525
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0525
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0530
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0530


Precambrian Research 406 (2024) 107402

24

Limpopo Complex: Convergence of dempression-cooling paths in the hanging wall 
and prograde-P-T paths in the footwall. Geol. Soc. Am. Mem. 207, 189–212. 

Van Reenen, D.D., Huizenga, J.-M., Smit, C.A., Roering, C., 2014. Fluid-rock interaction 
during high-grade metamorphism: instructive examples from the Southern Marginal 
Zone of the Limpopo Complex, South Africa. Precambr. Res. 253, 63–80. 

Villa, I., Hermann, J., Müntener, O., Trommsdorff, V., 2000. The 39Ar-40Ar dating of 
multiply zoned amphibole generations, Malenco, Italy. Contrib. Miner. Petrol. 140, 
363–381. 

Wakefield, J., 1976. The structural and metamorphic evolution of the Phikwe Ni – Cu 
sulfide deposit, Selebi-Phikwe, eastern Botswana. Econ. Geol. 71, 988–1005. 

Watkeys, M.K., 1983. Brief explanatory notes on the provisional geological map of the 
Limpopo Belt and environs. Special Publication Geological Society of South Africa 8, 
5–8. 

Whitney, D.L., Evans, B.W., 2010. Abbreviations for names of rock-forming minerals. 
Am. Mineral. 95, 185–187. 

Willmore, C.C., Boudreau, A.E., Kruger, F.J., 2000. The halogen geochemistry of the 
Bushveld Complex, Republic of South Africa: Implications for chalcophile element 
distribution in the lower and critical zones. J. Petrol. 41, 1517–1539. 

Winchester, J.A., Floyd, P.A., 1977. Geochemical discrimination of different magma 
series and their differentiation products using immobile elements. Chem. Geol. 20, 
325–343. 

Zeh, A., Gerdes, A., 2014. HFSE, High Field Strength Elements-transport and U-Pb–Hf 
isotope homogenization mediated by Ca-bearing aqueous fluids at 2.04 Ga: 
Constraints from zircon, monazite, and garnet of the Venetia Klippe, Limpopo Belt, 
South Africa. Geochimica Et Cosmochimica Acta 138, 81–100. 

Zeh, A., Gerdes, A., Barton Jr., J.M., 2009. Archean accretion and crustal evolution of the 
Kalahari Craton – the zircon age and Hf isotope record of granitic rocks from 
Barberton/Swaziland to the Francistown Arc. J. Petrol. 50, 933–966. 

Zhou, H., Trumbull, R.H., Veksler, I.V., Bindeman, I.N., Glodny, J., Kaufmann, F.E.D., 
Rammlmair, D., 2021. Contamination of the Bushveld Complex, South Africa 
magmas by basinal brines: Stable isotopes in phlogopite from the UG2 chromitite. 
Geology 49 (11), 1272–1276. 

H.M. Rajesh et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0301-9268(24)00115-3/h0530
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0530
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0535
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0535
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0535
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0540
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0540
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0540
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0545
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0545
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0550
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0550
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0550
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0555
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0555
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0560
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0560
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0560
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0565
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0565
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0565
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0570
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0570
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0570
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0570
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0575
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0575
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0575
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0580
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0580
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0580
http://refhub.elsevier.com/S0301-9268(24)00115-3/h0580

	Metasomatism of mafic-intermediate rocks in the Motloutse Complex, Botswana: Effect on ore mineralization and implication f ...
	1 Introduction
	2 Geologic setting
	2.1 Limpopo complex
	2.2 Motloutse complex

	3 Amphibolite-hosted Selebi-Phikwe sulphide deposit
	4 Methodology
	5 Results
	5.1 Field relations of the Masikate-Maope section, southeastern Motloutse Complex
	5.1.1 Tonalite gneiss
	5.1.2 Amphibolite-gabbro
	5.1.3 Amphibole gneiss

	5.2 Petrography
	5.2.1 Amphibolite and amphibole gneiss
	5.2.2 Gabbro
	5.2.3 Sulphides

	5.3 Mineral chemistry
	5.3.1 Amphibole
	5.3.2 Clinopyroxene
	5.3.3 Feldspar
	5.3.4 Chlorite
	5.3.5 Epidote
	5.3.6 Titanite
	5.3.7 Apatite
	5.3.8 Ilmenite and magnetite

	5.4 Whole-rock geochemistry
	5.5 Geochronology
	5.5.1 40Ar/39Ar amphibole geochronology
	5.5.2 U-Pb titanite geochronology


	6 Discussion
	6.1 Sequence of overprint events in the Masikate-Maope areas
	6.2 Amphibole replacing clinopyroxene in gabbro
	6.3 Sequence of metasomatic assemblages in the rocks
	6.4 Phase equilibria modelling
	6.5 Extent of metasomatism in southeastern Motloutse Complex
	6.6 Timing of metasomatism in southeastern Motloutse Complex
	6.7 Implications for sulphide mineralization (and exploration)
	6.8 Possible source and setting for metasomatic fluids
	6.9 Arguments for a large alkali metasomatic province (LAMP) in southern Africa

	7 Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary material
	References


