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Geochemical and zircon isotope data reveal a complex petrogenetic history of the Neoarchean granitoids 
of the Geita Greenstone Belt (GGB), northern Tanzania Craton. Geochemically, the granitoids are catego-
rized into: (1) tonalite-low-silica trondhjemite; (2) high-silica trondhjemite; (3) transitional granitoids; 
and (4) potassic granite. Compared to tonalite-low-silica trondhjemite, the high-silica trondhjemite dis-
plays significant depletion in HREE and HFSE, and have an exceptional high Sr/Y and LaN/YbN ratios. Both 
categories display similar LREE and LILE patterns. Transitional granitoids comprise dykes and dyke-like 
bodies of low-silica trondhjemite and quartz monzonite. Characteristically, they have low LaN/YbN and 
Sr/Y ratios, and are strongly-enriched in LREE and LILE and less depleted in HREE and HFSE. Potassic gran-
ite is represented by small intrusions and dykes that exhibit low LaN/YbN and low to moderate Sr/Y ratios, 
and are moderately-enriched in LREE, strongly-enriched in LILE, and moderately-depleted in HREE and 
HFSE. The tonalite and low-silica trondhjemite generated (∼2699–2714 Ma) by partial melting of basaltic 
rock at amphibolite facies metamorphic condition. The high-silica trondhjemite evolved from fractiona-
tion of the tonalitic melt. Lithospheric delamination produced high-K mafic magma that fractionated into 
the transitional granitoids (∼2660–2683 Ma), and caused partial melting of the tonalite-trondhjemites to 
generate the potassic granite (∼2646–2685 Ma). Geochemical signature of the tonalite-trondhjemites 
and potassic granite, as indicated by the negative Nb-Ta-Ti anomalies, and strongly-fractionated REEs, 
supported with the structural style near and at the contact between the felsic gneisses and the green-
stone belt infer generation of the gneisses at a convergent plate boundary. Partial melting at the base
of an oceanic plateau or a flat subducting slab has been suggested to interpret the evolution of the north-
ern Tanzania Craton (2700–2650 Ma). A metasomatized mantle was introduced by lower crustal
delamination/break-off of the down-going slab.
© 2026 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on 

behalf of China University of Geosciences (Beijing). Thi s is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n 

The nuclei of continental masses are occupied by granite-
greenstone/Archean terranes and cratons having limited surface
exposures (Fig. 1) compared to the Proterozoic terranes. The 
Archean terranes consist of complexly deformed felsic gneisses, 
granites and greenstone belts. The gneisses are marked by amphi-
bolite to granulite facies assemblages originated mostly from the
melting of a mafic igneous source (Almeida et al., 2011, 2013), 
and are dominated by tonalite-trondhjemite-granodiorite (TTG) 
rocks reflecting an early crustal differentiation. The granites consist 
of late-tectonic high-K usually undeformed intrusions derived 
from melting of the TTG parental magma, and mark the stabiliza-
tion of the craton (e.g. Mshiu and Maboko, 2012; Almeida et al.,
2013; Laurent et al., 2014; Marimon et al., 2022). The greenstone 
belts are dominated by greenschist facies mafic volcanics and 
ultramafic rocks with subordinate felsic volcanics and volcano-
metasedimentary successions. The gneisses and greenstone rocks 
are intruded by Neoarchean high-K granites (Moyen and Martin, 
2012; Mshiu and Maboko, 2012; Laurent et al., 2014; Sanislav
et al., 2014; Hastie et al., 2023).
g). 
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Fig. 1. (a) The distribution of Archean cratons in Africa. (b) A simplified geologic map of northern Tanzania Craton shows WNW–ESE-trending super-terranes exposing 
Archean granitic gneisses and greenstone belts (after Sanislav et al., 2018b). Greenstone Belts: Sukumaland (SGB); Nzega (NZGB), Shynianga-Malita (SMGB), Iramba-Sekenke 
(ISGB), Kilimafedha (KFGB), Musoma-Mara (MMGB); Super-Terranes: East Lake Victoria (ELVST), Mwanza Lake Eyasi (MLEST), Lake Nyanza (LNST), Moyowosi-Manyoni 
(MMST), Dodoma Basement (DBST), Mbulu-Masai (MAST), Nyakahura-Burigi (NBT). (c) The main lithostratigraphic units of Geita Greenstone Belt, inset (c) in (b), separated 
from the southern Archean gneiss by a major E–W-trending shear zone (GShZ), and intruded by a number of intrusives (after Sanislav et al., 2018b). 
Archean granitoids have no modern-day analogues. Conse-
quently, the genesis, mechanism and tectonic setting of the 
Archean TTGs have long been controversial (Smithies, 2000; 
Hawkesworth et al., 2010; Sanislav et al., 2014; Roberts et al.,
2015). For instance, whether the TTGs were generated by fractional
2

crystallization of a basaltic magma (Kamber et al., 2002; 
Kleinhanns et al., 2003; Martin and Sigmarsson, 2005; Jagoutz
et al., 2013; Liou and Guo, 2019; Smithies et al., 2019) or partial 
melting of a crystalline mafic rock (Halla et al., 2009; Smithies 
et al., 2009; Almeida et al., 2011; Martin et al., 2014; Wu et al.,
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2023) at orogenic (Martin et al., 2005, 2014; Manya, 2016;
Marimon et al., 2022; Wu et al., 2023) or anorogenic/within plate 
(Whalen et al., 2002; Bédard, 2006; Smithies et al., 2009; Keller
and Schoene, 2012) tectonic settings is debatable. Moreover, at a 
convergent plate boundary, the subduction style and metamorphic 
condition responsible for generating the TTG melt are controversial
(Moyen and Martin, 2012). At amphibolite facies condition, the 
rocks are buoyant enough to favor shallow and flat subduction
(Foley et al., 2002), and hence the melt is produced at relatively 
shallow crustal levels. On the other hand, with progressive eclogi-
tization, the denser rocks formed would steepen the subducting 
slap, and hence the melt is produced at deeper crustal levels
(Rapp et al., 2003; Condie, 2005). Furthermore, the geochemical 
diversity and heterogeneity of the Archean granitoids and TTGs 
composition, i.e., low- and high-HREE groups (Halla et al., 2009) 
deepen the controversy. Although Archean TTGs share common 
geochemical characteristics with modern-day adakites (Martin, 
1999; Kamber et al., 2002; Martin and Moyen, 2002; Condie,
2005; Martin and Sigmarsson, 2005; Maboko et al., 2006; Martin
et al., 2014; Ganade et al., 2017; Wu et al., 2023), significant differ-
ences in REE fractionation, Mg# values and SiO2 contents (Martin, 
1999; Smithies, 2000; Smithies et al., 2003) suggest a different tec-
tonic process (Condie, 1997; Martin, 1999; Smithies, 2000; 
Smithies et al., 2003; Condie, 2005; Harris and Bédard, 2014;
Ganade et al., 2017; Sanislav et al., 2018a).

The Geita Greenstone Belt (GGB; Fig. 1a–c), located in the north-
ern part of the Archean Tanzania Craton, is dominated by mafic 
amphibolites intercalated with volcaniclastics and schists, and 
bounded to the south by a major E–W-trending shear zone (Cook 
et al., 2016; Sanislav et al., 2018b; Kwelwa et al., 2018a) that sep-
arates it from felsic gneisses of tonalitic and trondhjemitic compo-
sition. The greenstone belt is intruded by a series of syn-tectonic 
intermediate to felsic intrusive complexes (Sanislav et al., 2015; 
Kwelwa et al., 2018b). The northern, eastern and western margins 
of the greenstone belt are intruded by late tectonic high-K granites.

This contribution presents a detailed whole-rock geochemical 
investigation complemented with Lu-Hf isotope systematics in zir-
con grains of the TTGs and granites occupying the southern part of 
the greenstone belt, to decipher the genesis, formation, crustal
growth and tectonic implications of the Archean granitoids.

2. Geologic setting 

The Archean Tanzania Craton occupies the central and northern 
parts of Tanzania, western part of Kenya, and southeastern Uganda
(Fig. 1a and b; Clifford, 1970). The northern part of the Craton, 
known as the Lake Victoria Region, is subdivided, into WNW–ESE 
trending super-terranes bounded by NW-trending shear zones
(Kabete et al., 2012; Fig. 1b). From north to south, the super-
terranes are: East Lake Victoria (ELVST), Mwanza Lake Eyasi 
(MLEST) and Lake Nyanza (LNST). They enclose nearly E–W-
trending granitoids-greenstone belts: Musoma-Mara (MMGB), Kil-
imafedha (KGB), Sukumaland (SGB), Shinyanga-Ma lita (SMGB),
Nzega (NGB) and Iramba-Sekenke (ISGB) (Borg and Shackleton, 
1997; Kabete et al., 2012), that vary considerably in the stratigra-
phy, geochemical signature, age and tectonic evolution (Kwelwa 
et al., 2018a; and references therein). The lens-shaped greenstone 
belts, up to 30 km wide and up to several hundred km long
(Sanislav et al., 2014), are interpreted to be originated in back-
arc basin, island or continental arc, and oceanic plateaus tectonic
settings (Manya and Maboko, 2003, 2008; Manya et al., 2007;
Mtoro et al., 2009; Messo et al., 2012; Cook et al., 2016). 

The Geita Greenstone Belt (GGB), located in the northern mar-
gin of the (SGB), the extreme northwestern part of the Lake Nyanza
3

supper-terrane (Fig. 1c), is differentiated into two main tectonos-
tratigraphic units: the Nyanzian supergroups, at the base, and 
the Kavirondian supergroups, at the top (Borg and Shackleton, 
1997). The former supergroup is distinguished into Lower and 
Upper Nyanzian groups separated by a structura l discontinuity
(Cook et al., 2016). The lower group comprises mafic amphibolites 
with subordinate felsic metavolcan ics and ultramafic rocks 
referred to as Kiziba Formation (Manya and Maboko, 2003; Cook 
et al., 2016). The upper group comprises greenschist facies volcani-
clastics, turbidities and ironstones (Sanislav et al., 2015; Kwelwa 
et al., 2018b). The Kavirondian supergroup (2640–2790 Ma; 
Sanislav et al., 2018a) unconformably overlies the Nyanzian super-
group, and is compose d of quartzite, grit and basal conglomerate
(Gabert, 1990; Borg and Shackleton, 1997; Manya and Maboko,
2003; and references therein). To the north of the study area, the 
Nyanzian -Kavirondian supergroups are intruded by syn- and
late-tectonic intrusives (Barth, 1990; Borg and Shackleton,1997; 
Manya and Maboko, 2003; Kabete et al., 2012; Sanislav et al.,
2014). The southern margin of the GGB consists of a major, ∼1 
km-wide E–W-trending shear zone that separates Kiziba Forma-
tion to the north from coarse-grained felsic gneisses to the south
(Fig. 1c; Sanislav et al., 2018b). The gneisses are marked by a strong 
SL fabric that extends for ∼0.5 km, and represented by steeply dip-
ping E–W-trending mylonitic foliation with pronounced E–W-
trending sub-horizontal stretched mineral lineations. Southwards, 
away from the contact, the SL fabric decreases in intensity. At a dis-
tance greater than ∼1 km, the gneisses show no sign of stretched 
lineations. The gneisses and the southern part of the Kibiza Forma-
tion are intruded by undeformed xenolithic Nyankumbu granite
(Fig. 3j; Sanislav et al., 2018b). The xenoliths, a few to tens of cen-
timeters across, have composition similar to that of the gneisses. In 
high strain zones, the gneisses are dissected by dyke-like to len-
soidal bodies of granite and granodiorite composition preserving 
an SL fabric consistent with that of the gneisses (Fig. 3b, h and i; 
Sanislav et al., 2018b). 

3. Methodol ogy 

Representative samples were milled, in a tungsten carbide ring 
mill and analyzed at the Advanced Analytical Centre at James Cook 
University (JCU). Major elements were determined by X-ray fluo-
rescence (XRF) spectroscopy using a Bruker-AXS, S4 Pioneer XRF 
Spectrometer. Trace elements analyses were conducted via induc-
tively coupled plasma mass spectrometry (ICP-MS) using a Varian 
ICP-MS 820 spectrometer. For zircon chemistry, representative 
samples were milled, in a tungsten carbide disk mill, and sieved 
to <500 lm. The fraction <500 lm was run through a Frantz mag-
netic separator. Zircon grains were separated from the non-
magnetic fraction, mounted in epoxy resin and polished. The grains 
were examined by a Jeol JSM5410LV with attached cathodolumi-
nescence detector, and dated by LA-ICP MS. Zircon Hf–Lu ages 
and trace-element data were acquired by LA-ICP-MS. Hafnium iso-
topic compositions were measured on a Thermo-Scientific Nep-
tune multi-collector ICP-MS attached to a Coherent GeoLas
193 nm ArF laser with 60 m laser beam diameters at a repetition
rate of 4 Hz. The analytical procedures are detailed in Sanislav 
et al. (2014). 

4. Results 

4.1. Whole-rock g eochemistry 

The major and trace elements of 57 representative samples are 
listed in Supplementary Data 1, Table S1. According to O’Connor
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(1965) discrimination diagram (Fig. 2a), the samples are discrimi-
nated into trondhjemites (41 samples) tonalites (4 samples) and
granites (12 samples).

4.1.1. Tonalite-trond hjemites 
The tonalite-trondhjemites samples are characterized by vari-

able SiO2 (63.9–74.4 wt.%) content, high Na2O (4.5–7.2 wt.%) and 
Al2O3 (14.4–17.8 wt.%) contents, low TiO2 (0.10–0.41 wt.%), MgO 
(0.17–1.05 wt.%), CaO (1.2–3.8 wt.%), P2O5 (0.03–0.12 wt.%) and 
K2O (0.61–3.5 wt.%) contents, and by low Mg# (Mg 2+/(Mg2++
Fe2+) = 12–53) value (Supplementary Data 1, Table S1). The low 
K2O content accounts for the low K 2O/Na2O (0.08–0.76 wt.%) ratio
(Supplementary Data 1, Table S1). 

In terms of silica, total alkali and calcium contents, the trond-
hjemite can be loosely distinguished into two subvarieties: high-
silica (71.1–74.4 wt.%) and low-silica (63.9–72.6 wt.%) trond-
hjemites. At the mesoscopic scale, high-silica trondhjemite occurs 
mainly near the metavolcanic contact. The low-silica trondhjemite 
together with the tonalite represents the main mass of the felsic 
gneisses. A few small intrusions of low-silica trondhjemite have 
been recorded as dykes cutting across the felsic gneisses. The 
two sub-varieties of low-silica trondhjemites are further distin-
guished by their (FeOT + MgO + MnO + TiO2), and K2O and Na2O
contents (Supplementary Data 1, Table S1). A sample with a very 
low-silica (SM34; SiO2 = 63.9 wt.%) content is identified as quartz 
monzonite using TAS diagram of (Middlemost, 1985; Fig. 2b). 
Fig. 2. (a) Normative Ab-An-Or classification diagram of O’Connor (1965) (modified by Ba
(TAS) diagram after Middlemost (1985) shows the classification of Neorchean Geita gra
index (MALI) and (d) alumina saturation index of the TTs and potassic granite. A/NK: m
Na2O + K2O)].

4

On granite discrimination diagrams (Frost et al., 2001), the 
majority of tonalite-trondhjemites samples are calcic to calc-
alkalic (Fig. 2c). Based on the molar alkalis, aluminum, and calcium, 
the samples show low A/CNK ratio. In terms of the aluminum sat-
uration index (ASI), they range from 0.87 to 1.05 indicative of a
slightly peraluminous to metaluminous character (Fig. 2d). On 
the Harker diagrams, Al2O3, FeOT , MgO, TiO2,  P2O5, CaO, and 
Na2O display a negative correlation with SiO2 (Fig. 3a–i), whereas 
K2O, (Na2O  +  K2O) and K2O/Na2 O ratio positively correlate with 
SiO2 (Fig. 3j–l). The low-silica trondhjemites and tonalites display 
an overlap in the FeOT , MgO, TiO2 and P2 O5 contents, whereas 
the high-silica trondhjemite overlaps with potassic granite in the
latter values (Fig. 3b–f). Major elements geochemistry of the 
tonalite-trondhjemites demonstrates a typical characteristic of 
the Archean TTG (Fig. 4a and b; e.g. Martin et al., 2005; Huang 
et al., 2013; Laurent et al., 2014; and references therein). On the 
Na2O-K2O-CaO ternary diagram of Moyen et al. (2003), samples 
of the main gneissic trondhjemites and tonalites are restricted to 
the TTG field, whereas the low-silica (dyke-like) trondhjemites 
and quartz monzonite belong to the sanukitoids and enriched
TTG field (Fig. 4a). The high-silica trondhjemites occupy the TTG 
and sanukitoids and enriched TTG fields (Fig. 4a). The dyke-like 
low-silica trondhjemite and quartz monzonite have higher SiO2 

and lower FeOT + MgO contents and lower Mg# value relative to
the sanikitoids (e.g., Laurent et al., 2014; Sun et al., 2020). Accord-
ingly, they fit into the enriched TTG category of Laurent et al.
ker, 1979) displays the different varieties of Geita granitoid. (b) Total alkalis vs. silica 
nitoids. Binary diagrams (after Frost et al., 2001) show (c) modified the alkali-lime 
olar [Al2O3 /(Na2O  +  K2O)]; ASI (aluminum saturation index): molar [Al 2O3/(CaO +

move_f0015
move_f0030
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Fig. 3. (a–l) Harker variation diagrams of selected major elements vs. SiO2 for the TTs, low-silica trondhjemite (TRANG) and potassic granite.
(2014), and equivalent to the transitional TTG (e.g., Moyen, 2011). 
The dyke-like low-silica trondhjemite and quartz monzonite (tran-
sitional granitoid) are denoted as TRANG, and the tonalite-
trondhjemites as TTs (e.g., Marimon et al., 2022). Moreover, on 
the basis of Al2O3 and SiO2 contents, the majority of Geita TTs 
and TRANG belong to the high-Al2O3 group of the TTGs of Baker 
(1979).

On the chondrite- and primitive mantle-normalized trace ele-
ment diagrams (Anders and Grevesse, 1989; Sun and 
McDonough, 1989), the TTs are enriched in LREEs and LILEs rela-
tive to HREEs and HFSEs, respectively (Figs. 5a–c and 6a–c). The
5

chondrite-normalized REE diagrams display moderately fraction-
ated LREE pattern and slight inclination for HREE reflected by the 
ratios of LaN/SmN (2.0–9.9) and GdN/YbN (1.4–6.3), respectively
(Fig. 5a–c). The TTs and TRAN.G exhibit a wide range of the LaN/ 
YbN ratios (7.8–159) and Sr/Y (25.5–333.09) ratios coupled with 
the low contents of YbN (0.98–8.57 ppm) and Y (2.27–
16.79 ppm), respectively (Fig. 7a and b). Together with the strong 
depletion of HREEs, the high-silica trondhjemite demonstrates 
higher ratios of LaN/YbN (21–114.8) relative to the tonalites 
(LaN/YbN 8–19.2). The majority of TTs and TRANG samples are 
characterized by moderately negative to no Eu anomalies

move_f0035
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Fig. 4. (a) Na2O-K2O-CaO ternary diagram of Moyen et al. (2003). The tonalite and 
low-silica trondhjemite (the main gneissic mass), and low-silica trondhjemite 
(TRANG) occupy the TTG and sanukitoids and enriched TTG fields, respectively. (For 
more details, see field description). High-silica trondhjemite plots in both the TTG 
and sanukitoids and enriched TTG fields. Potassic granite plots within the biotite 
granite field. (b) Geita granitoids plots within the K2 O/Na2O vs. Al2O3 diagram. The
potassic granite overlap with the high K-granite of Mshiu and Maboko (2012; light 
blue field) from Musoma-Mara Greenstone Belt (MMGB), northern Tanzania Craton; 
and with the Archean potassic granite range of Moyen and Martin (2012; grey field). 
(Eu/Eu*= 0.62–1.08). Five outliers of TTs and a TRANG sample have 
slightly positive Eu anomalies (Eu/Eu*=1.10–1.44). The Eu anoma-
lies show no correlation with (Na2O + CaO) or K2O contents , except
for the TRANG samples (Fig. 8a and b), and display strong correla-
tion with Sr/Y ratio particularly for the high-silica trondhjemite
(Fig. 8c). On the multi-elements spidergram, the TTs and TRANG 
samples display strong positive Pb-U anomalies and negative 
Nb-Ti-P anomalies (Fig. 6a–c). Compared to the TTs that have con-
sistent positive Sr anomalies (Sr/Sr*= SrN/[(PrN +  NdN)/2]) = 1.16– 
11.68), the TRANG has anomalies that range from strong negative 
to slightly positive (Sr/Sr*= 0.64–1.84). The TTs and TRANG have 
low K/Rb (98–459), Nb/Ta (1.4–9.5) and Nb/La (0.065–0.539)
ratios, and high Zr/Sm (18.3–91.5) and Sr/Y (25.5–333.09) ratios
6

(e.g. Foley et al., 2002; Condie, 2005; Maboko et al., 2006;
Laurent et al., 2014). Compared to the trace elements averages of 
the upper continental crust of Rudnick and Gao (2014), the TTs 
and TRANG samples have similar Th (1.2–17.6 ppm; Av. = 8.7 
ppm) and U (0.45–7.44 ppm; Av. = 2.6 ppm) values, and lower Cr 
(9.25–45.57 ppm; Av. = 26 ppm) and V (38.23–94.33 ppm; 
Av. = 56.5 ppm) contents. The results show that, except for the rel-
atively low MgO (and Mg#) and Cr contents, and slightly higher
SiO2 content (e.g. Smithies, 2000; Foley et al., 2002; Martin et al.,
2005, 2014), the Neoarchean Geita TTs and TRANG share geochem-
ical characteristics that are consistent with the modern high silica
adakites (HSA).

4.1.2. Potassic granites 
Granite samples, compared to the tonalites-trondhjemites, have 

higher SiO2 (73.3–76.5 wt.%; Av. = 74.46 wt.%), and K2O 
(3.57–5.04 wt.%) contents, lower Na2O (3.78–4.73 wt.%), Al2O3 

(13.3–14.7 wt.%), MgO (0.03–0.42 wt.%), Mg# (6.89–12 .13), CaO 
(0.74–1.71 wt.%) and P2O5 (0.01–0.08 wt.%) contents, higher 
K2O/Na2O (0.75–1.3 3) ratio, and similar TiO2 (0.06–0.25 wt.%)
contents (Fig. 3a–l). The granite is calc-alkali to alkali-calcic, and 
weakly peraluminous, with ASI that ranges from 1.00 to 1.05
(Fig. 2c and d). 

Akin to the TTs and TRANG, the potassic granite has low con-
tents of Cr (19–31.2) and V (32.69–54.08). It is depleted in the 
HREEs and HFSEs (Nb, P, Ti, Zr and Y) and enriched in the LREEs
and LILEs (Figs. 5d and 6d). The potassic granite and TTs share a 
common trace element pattern (Fig. 5c and d). However, although 
the granite and the TTs show a considerable overlap in the majority 
of the REEs, the granite is slightly enriched in LREEs (Rb, K and Pb) 
and a slightly depleted in HREEs relative to the TTs (Fig. 5a and d). 
Moreover, the granite has a slightly lower LaN/YbN (7.2–56.4), LaN/ 
SmN (2.67–7.09) and GdN/YbN (1.22–3.86) ratios (Fig. 5d; Supple-
mentary Data 1, Table S1). 

Moreover, the granite generally has a moderately negative Eu 
(Eu/Eu*= 0.71–0.93) anomaly except one sample that shows a 
strong negative anomaly (0.47 in one sample), and three outlier 
samples with no Eu anomalies (Eu/Eu* = 1.04–1.07). The primitive 
mantle-normalized pattern displays strong enrichment in the LILEs 
(Rb, K and Pb), and heavy depletion in Sr, P and Ti relative to those
of the TTs (Fig. 6d). It also displays a negative Nb anomaly, and 
slightly negative to slightly positive Sr anomalies (Sr/Sr* = 0.995– 
2.12). The granite has low K/Rb (179–326), Nb/Ta (1.8–5.5) and 
Nb/La (0.106–0.806) ratios, and high Zr/Sm (30.7–62.2), and Sr/Y 
(20.97–174.2) ratios. Compared to the TTs, the latter ratio is rela-
tively low whereas that of the Th/Nb (1.37–6.79) is higher. Accord-
ing to the Neoarchean granitoids’ classification of Moyen et al. 
(2003) and Laurent et al. (2014), the granite belongs to the 
biotite-bearing granites that are equivalent to the potassic granites
of Moyen (2011) and Moyen and Martin (2012) (Fig. 4a and c). 

4.2. Zircon trace elements and Lu–Hf isotopic composition s

Six samples from the tonalite (TTs), trondhjemite (TRANG), and 
potassic granite are analyzed for zircon trace elements, and Lu-Hf 
isotopic composition. Fourteen chemical analyses from one tona-
lite (SM02), and one potassic granite (SM01) samples, and thirty-
two Lu–Hf isotopic compositions from two tonalite (SM02 and 
SM25), one trondhjemite (TRANG; SM07), and two potassic granite
(SM23 and SM27) samples are listed in Tables 1 and 2, respectively. 
207 Pb/206 Pb zircon data (Table 2) is presented in Sanislav et al. 
(2018b). Zircon temperature, based on Ti content of zircon, is esti-
mated by the equation of Watson et al. (2006):

(Table 1).Tzircon C 5080 30 
6 01 0 03 log Ti 273
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Fig. 5. (a–d) Chondrite normalized REE diagram for Geita TTs, TRANG and potassic granite. Two proposed equilibrium melting models (a, b and d) and Rayleigh fractionation 
model (c) to match the suggested source rocks. Chondrite values from Anders and Grevesse (1989). Afs: Alkali feldspar; Aln: Allanite; Amp: Amphibole; Ap: apatite; Bt: 
biotite; Cpx: Clinopyroxene; Grt: Garnet; Hb: hornblende; Ilm: Ilmenite; Pl: plagioclase; Mag, magnetite; Tit: titanite; Zrn, zircon (Whitney and Evan, 2010).
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Fig. 6. (a–d) Primitive mantle normalized multi-elements spidergrams for Geita TTs, TRANG and potassic granite. Two equilibrium melting models and Rayleigh fractionation 
model attempting to match the suggested source rocks. Primitive mantle values from Sun and McDonough (1989). Afs: Alkali feldspar; Aln: Allanite; Amp: Amphibole; Ap: 
apatite; Bt: biotite; Cpx: Clinopyroxene; Grt: Garnet; Ilm: Ilmenite; Pl: plagioclase; Mag, magnetite; Tit: titanite; Zrn, zircon (Whitney and Evan, 2010). (Note: The strong Ti 
depletion in model (c) relative to that of Geita is attributed to the estimated calcic amphibole (after Bédard, 2006) rather than the residual low Mg# amphibole).

8
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Fig. 7. TTs and TRANG plots on the LaN/YbN vs. Yb N (a) and Sr/Y vs. Y (b) diagrams
(after Martin et al., 2005; Drummond and Defant, 1990, respectively). The majority 
of the TTs and TRANG belong to the TTG field whereas a few TRANG samples plot 
within the island arc field. The red and pink curves represent the partial melting 
(PM1 and PM2) and fractionation (FC) paths of Kiziba mafic source (blue star) and 
parental tonalitic melt (yellow square; SM09), respectively. The grey field in (b)
shows the outline of trondhjemite samples from Minto Block, NE Superior Province
(Bédard, 2006). Outliers of low-silica trondhjemite are most probably the remains 
left after the melting of TTs that generated potassic granite. Amp: Amphibole; Ap: 
apatite; Cpx: Clinopyroxene; Grt: Garnet; Ilm: Ilmenite (Whitney and Evan, 2010).

Fig. 8. (a–c) K2O, (Na2O + CaO) and Sr/Y vs. Eu anomalies (Eu/Eu*) variation 
diagrams of Geita granitoids. Transitional granitoid (TRANG) plots exhibit marked 
negative K2O (a) and positive (Na2O + CaO) (b) correlations with Eu/Eu*. The Eu 
anomalies vary independently with (Na2O + CaO) and K2O for the other varieties of 
Geita granitoids. (c) High silica trondhjemite displays a strong positive correlation
of Sr/Y with Eu anomalies.
4.2.1. Tonalite-trond hjemites 
Zircon from tonalites (TTs) are represented by sub- to euhedral 

elongated crystals, most of which display a weakly-devel oped
oscillatory zoning (Fig. 9a–d) with bright outermost discontinuo us 
rims (Fig. 9a and d). A few mostly subhedral and relatively short, 
zoned crystals are recorded (Fig. 9c). In a few crystals, less lumines-
cent unzoned cores with resorbed grain edges (e.g., Olierook et al., 
2020) are overgrown by oscillatory-zoned rims (Fig. 9e). Zircons 
from trondhjemite (TRANG) are sub- to euhedral elongated to 
equant oscillatory-zoned crystals (Fig. 9c). One zircon grain has a 
weakly luminescent unzoned core mantled by a well-developed 
growth zoning (Fig. 9e). Brighter unzoned metamorphic zircons 
have been recorded in a few samples (e.g. Corfu et al., 2003). Based 
on 207 Pb/206 Pb zircon ages, Sanislav et al. (2018b) recorded inher-
ited Meso-Archean cores overgrown by Neoarchean rims from 
tonalite and trondhjemite samples (Fig. 9c and e).

Trace element analyses of zircons (spots 1–8; Fig. 9a and b), 
from the tonalite (TTs) show low Th (7.5–102 ppm) and high U 
(401.4–682.15 ppm) contents with moderate (0.12–1.02 ppm)
9

Th/U ratios, except for two crystals (spots 1, 5 and 6; Fig. 9a 
and b) that have low ratios (0.01–0.05). The low Th/U ratio 
(<0.07) is a distinctive criterion for metamorphic zircons, whereas 
oscillatory zoned crystals with higher Th/U ratio are indicative of
magmatic zircons (e.g., Rubatto, 2002; Wu et al., 2009). An outlier 
(spot 4; Fig. 9a), has exceptionally high Th (1485.3 ppm) and U 
(1457.6 ppm) contents, and moderate Th/U ratio. The chondrite -
normalized REE diagram (Fig. 10a) displays enriched HREE 
patterns relative to the LREEs (LaN/YbN = 0.04–0.18) with negative 
to no Eu anomalies (Eu/Eu*= 0.69–1.09). A slightly positive Eu
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able 1 
race element data for zircons from Geita tonalite and potassic granite. n.d.: not detected.

T
T

Element/ Sample Tonalite Potassic granite 

SM02-1 SM02-2 SM02-3 SM02-4 SM02-5 SM02-6 SM02-7 SM02-8 SM01-1 SM01-2 SM01-3 SM01-4 SM01-5 SM01-6 

Sr 34.45 36.06 81.73 166.97 62.12 47.44 51.22 19.48 162.28 472.39 284.39 24.17 47.5 484.13 
Y 1211.94 1359.39 1162.73 6009 564.12 876.21 888.86 937.66 1413.02 3688.17 1730.31 382.99 779.62 2480.42 
Nb 2.72 4.2 5.53 10.02 2.115 3.15 2.64 3.41 5.77 29.79 10.32 1.408 2.91 22.25 
Sn 24.56 26.02 32.4 78.26 39.03 25.91 31.32 22.27 93.66 312.06 148.84 23.07 36.02 304.26 
Sb 0.79 0.58 1.16 2.41 1.19 0.78 0.82 0.33 0.77 3.31 1.53 0.38 2.02 3.36 
La 19.16 25.4 89.81 100.97 25.71 38.68 33.44 18.24 126.67 3194.56 753.84 28.19 126.24 61.54 
Ce 85.75 139.82 349.54 388.97 91.64 173.58 199.24 106.67 746.44 13724.75 3019.7 37.94 558.37 117.11 
Pr 16.65 25.36 59.45 53.12 16.65 32.28 37.11 21.52 64 1418.26 384.49 11.94 69.74 9.24 
Nd 123.09 208.93 456.6 341 120.68 259.45 318.26 174.58 253.98 5741.6 1663.21 47.97 332.1 38.9 
Sm 33.57 81.39 140.25 107.81 33.58 76.64 129.06 61.72 60.53 1122.63 263.2 15.91 56.56 22.91 
Eu 10.66 22.52 41.97 34.35 15.2 25.7 30.03 12.57 15.99 323.63 61.86 5.16 20.62 14.76 
Gd 39.13 91.83 138.74 211.95 36.65 66.76 111.34 n.d 82.76 n.d. 227.63 29.63 53.18 95.7 
Tb 7.35 12.24 13.31 45.63 4.65 7.56 10.41 8.18 18.87 94.18 31.47 6.08 9.71 27.57 
Dy 135.9 207.72 233.73 736.77 78.67 132.55 183.54 137.65 258.49 1308.86 444.24 80.36 138.84 386.39 
Ho 35.7 40.18 32.9 179.38 15.93 24.74 26.64 27.22 47.39 114.22 54.91 12.83 24.36 78.05 
Er 175.29 197.14 155.33 835.5 88.55 129.13 136.26 138.46 184.17 379.45 195.39 46.3 102.7 311.27 
Tm 36.69 43.84 34.78 175.26 22.21 30.58 32.08 31.68 33.93 67.46 35.18 7.95 20.55 59.75 
Yb 337.01 424.43 336.47 1629.53 250.43 318.36 332.31 321.97 277.85 551.64 288.82 62.67 182.37 503.31 
Lu 70.15 92.54 71.02 331.83 61.02 72.18 77.9 70.72 48.56 90.11 48.14 11.46 35.65 85.22 
Hf 18,191.64 19,897.83 24,066.53 15,949.7 23,419.18 24,228.97 20,920.96 22,370.62 18,144.76 25,459.25 22,313.07 14,465.92 18,264.41 25,042.89 
Bi 0.14 0.02 0.05 0.19 0.02 0.1 0.03 0.02 0.07 1.39 0.26 0.07 0.11 1.12 
Th 22.37 95.43 66.31 1485.31 7.52 24.08 102 65.55 434.18 2024.91 945.21 225.42 135.07 1997.23 
U 432.14 461.33 549.36 1457.58 682.15 466.63 571.98 401.4 1888.26 5185.19 3075.33 404.43 669.86 6181.77 

Tzircon (°C) 813.1 865.6 939 1066.5 817.8 818 780.2 819.5 845.2 1225.2 924.7 820.3 941.2 767.1 
2r ± 12 12 10.5 12 12 12 12 12 12 15 10.5 12 10.5 12.5
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Table 2 
Lu–Hf isotopic compositions of zircons from Geita tonalite (TTs), low-silica trondhjemite (TRANG) and potassic granite. 207 Pb/206 Pb zircon ages are obtained by Sanislav et al. 
(2018b). 

Sample Spot 176 Lu/177 Hf ± 176 Hf/177 Hf ± 207 Pb/206 Pb 
age 
(Ma) 

Initial 
176 Hf/ 177 Hf 

eHf(0) eHf(t) ± TDM (Ma) 

Tonalite SM02-01 0.00129 1.20E-04 0.281135 5.59E-06 2700 0.28107 −58.3587 0.72153 0.19873 2969.06 
SM02-04 0.00114 3.02E-05 0.28114 5.20E-06 2704 0.28108 −58.18 1.2604 0.18485 2950.86 
SM02-08 0.00066 3.58E-05 0.281092 6.90E-06 2709 0.28106 −59.8865 0.54319 0.24548 2979.17 
SM02-09 0.00139 7.40E-06 0.281136 7.37E-06 2714 0.28106 −58.3229 0.88863 0.26211 2975.48 
SM02-10 0.00134 2.92E-05 0.281101 1.19E-05 2699 0.28103 −59.5355 −0.58495 0.42307 3018.77 
SM02-12 0.00101 4.15E-05 0.281091 7.83E-06 2703 0.28104 −59.922 −0.26313 0.27851 3007.12 
SM25-03 0.00173 1.15E-05 0.281174 7.72E-06 2712 0.28108 −56.9859 1.55264 0.2746 2950.4 
SM25-06 0.00086 4.70E-06 0.281127 6.28E-06 2700 0.28108 −58.6286 1.24325 0.2234 2946.2 
SM25-08 0.00146 1.23E-05 0.281149 7.46E-06 2655 0.28107 −57.858 −0.10562 0.26521 2963.28 
SM25-12 0.00135 2.80E-06 0.281132 6.65E-06 2665 0.28106 −58.462 −0.2793 0.23669 2977.66 
SM25-13 0.00105 5.15E-05 0.281128 7.49E-06 2705 0.28107 −58.5927 1.02859 0.26635 2960.01 
SM25-17 0.00113 3.12E-05 0.281142 6.19E-06 2710 0.28108 −58.1379 1.49514 0.22013 2947.02 
SM25-19 0.0014 4.07E-05 0.281127 7.07E-06 2707 0.28105 −58.6447 0.38186 0.2516 2989.01 
SM25-20 0.00101 1.77E-05 0.28114 7.16E-06 2706 0.28109 −58.1873 1.53433 0.2545 2941.32 

Transitional granitoid SM07-05 0.0005 2.19E-05 0.281103 8.31E-06 2666 0.28108 −59.4842 0.25141 0.29566 2951.61 
SM07-06 0.00044 3.04E-05 0.281078 8.38E-06 2664 0.28106 −60.3672 −0.57049 0.29826 2980.24 
SM07-07 0.00119 1.97E-05 0.28112 1.18E-05 2666 0.28106 −58.8726 −0.38537 0.42117 2981.26 
SM07-08 0.0004 1.98E-05 0.281106 9.12E-06 2683 0.28108 −59.3889 0.91713 0.3244 2940.7 
SM07-09 0.00031 0.000413 0.281081 7.29E-06 2660 0.28106 −60.278 −0.34161 0.25929 2967.19 
SM07-15 0.00051 1.20E-05 0.28108 2.01E-05 2671 0.28105 −60.3386 −0.47124 0.71681 2983.17 

Potassic granite SM23-02 0.00043 1.02E-05 0.281101 6.97E-06 2646 0.28108 −59.554 −0.15759 0.24787 2949.07 
SM23-05 0.00074 7.09E-06 0.281109 1.03E-05 2676 0.28107 −59.2838 0.23955 0.36753 2962.58 
SM23-06 0.00065 6.71E-06 0.2811 7.95E-06 2671 0.28107 −59.576 0.00376 0.28268 2966.42 
SM23-08 0.00051 2.56E-05 0.281097 7.97E-06 2669 0.28107 −59.6911 0.09355 0.28368 2960.23 
SM23-15 0.00166 6.82E-05 0.281162 9.46E-06 2665 0.28108 −57.3872 0.22497 0.33653 2960.79 
SM23-18 0.00054 7.32E-06 0.281101 6.93E-06 2678 0.28107 −59.5476 0.38598 0.24656 2957.29 
SM27-07 0.00044 9.07E-06 0.281073 8.50E-06 2671 0.28105 −60.5243 −0.56327 0.30247 2986.04 
SM27-10 0.00068 1.30E-05 0.281078 2.98E-05 2680 0.28104 −60.3643 −0.62984 1.06039 2998.34 
SM27-11 0.00096 4.83E-06 0.281086 1.15E-05 2685 0.28104 −60.096 −0.76561 0.4078 3010.25 
SM27-12 0.00018 2.50E-05 0.281069 8.02E-06 2680 0.28106 −60.6775 −0.03699 0.28549 2972.13 
SM27-14 0.00045 3.94E-05 0.281115 8.07E-06 2674 0.28109 −59.064 0.95049 0.28702 2931.93 
SM27-15 0.00054 9.95E-06 0.281065 1.16E-05 2684 0.28104 −60.8332 −0.77077 0.41254 3006.02
(Eu/Eu*= 1.32) anomaly has been recorded in one spot (spot 5;
Fig. 10a). Average temperature calculated for tonalities using the 
equation of Watson et al. (2006) is Tzircon = 865 ± 11.9 ° C (Table 1).

The isotopic composition of zircon crystals from the tonalite has 
low ratios of 176 Lu/177 Hf and present-day 176 Hf/177 Hf. The former 
ranges from 0.00067 to 0.00139 (sample SM02), and from 
0.00086 to 0.00173 (sample SM25), with an average of 0.0012 ± 
0.000031. The latter ratio ranges from 0.28109 to 0.28114 (sample 
SM02), and from 0.28113 to 0.28117 (sample SM25), with an
average of 0.28113 ± 0.0000072 (Table 2). Similar to tonalite 
(TTs), the trondhjemite (TRANG) has low 176 Lu/177 Hf and 
present-day 176 Hf/177 Hf ratios that range from 0.00031 to 
0.00119 (Av. = 0.00056 ± 0.000086) and from 0.28108 to 0.28112 
(Av. = 0.28109 ± 0.00001), respectively. The tonalite (TTs) and 
trondhjemite (TRANG) display initial eHf(t) values that are close
to that of the Chondritic Uniform Reservoir (CHUR), with little
variations (Fig. 10c). The tonalite (TTs) has positive eHf(t) values 
that range from 0.54 to 1.26 (sample SM02) and from 0.38 to 
1.55 (sample SM25) with an average 0.67 ± 0.25609. However, 
zircon rims from samples SM02 (spots 10 and 12) and SM25 (spots 
8 and 12) have negative eHf(t) values of (−0.58 and −0.26) and 
(−0.11 and −0.28), respectively. Compared to the tonalite (TTs), 
zircons from the trondhjemite (TRANG) have relatively low eHf(t) 
values that vary between −0.47 and 0.92, with an average close 
to zero (eHf = −0.1 ± 0.39). Isotopic dates for zircon core and rim
from sample SM2 yielded ages of 2700–2714 Ma and 2699 Ma,
respectively (Fig. 9b). Similarly, core and rim ages from sample 
SM25 yielded 2700–2712 Ma, and 2655 (spot 8) and 2665 Ma (spot
12), respectively (Fig. 9c). The estimated ages for zircons from the 
trondhjemite (TRANG) show no distinct difference between core
11
and rim, and yielded an age of 2660–2683 Ma. Furthermore, 
depleted mantle Hf model ages (TDM) for the tonalite (TTs) and 
trondhjemite (TRANG) have been calculated and range from 2941
to 3007 Ma.

4.2.2. Potassic granites 
Zircons from the potassic granite form sub- to euhedral elon-

gated to elliptical crystals characterized by oscillatory zoning with 
darker rims overgrowing brighter metamict cores (Fig. 9f). A 
linear-zoned core is shown in a few crystals (Fig. 9f). 

Compared to the tonalite, the zircons from the potassic granite 
have relatively high Th (135–2024.9 ppm) and U contents (404.4– 
5185.2 ppm). However, they share a common moderate Th/U ratio 
(0.2–0.5 ppm) of magmatic zircons with the tonalite. An inner 
bright core with resorbed edges, spot 5 in sample SM02, has lower 
Th- and U-contents similar to the element ranges of zircons from
the tonalite. In the granite, the ranges, however, increase towards
the dark rims (Fig. 9f, Table 1). On the normalized-chondrite REE 
diagram (Fig. 10b), the HREE and LREE of the zircons display a vari-
able pattern. Comparable to the tonalite, in three spots (1, 4 and 6; 
SM01), the zircons have an enriched HREE pattern (LaN/YbN = 0.08– 
0.48). However, in spots 2 and 3 of sample SM01, the LREEs are 
more enriched (LaN/YbN = 4.01 and 1.81) and fractionated 
(LaN/SmN = 1.11–1.8). The patterns display negative and no Eu
anomalies (Eu/Eu*= 0.69–1.14) (Fig. 10b). Average temperature 
calculated for potassic granite using the equation of Watson et al. 
(2006) is Tzircon = 921 ± 12 ° C (Table 1). 

The Lu-Hf isotopic composition of the potassic granite is 
characterized by slightly lower ratios of 176 Lu/ 177 Hf and present-
day 176 Hf/177 Hf relative to those of the tonalites (Table 2). The



I. Gamal-Adeen, M.G. Shahien, A.M. Zayed et al. Geoscience Frontiers 17 (2026) 102279

Fig. 9. Representative cathodoluminescence images of zircon crystals from tonalite (a–d), TRANG (e) and potassic granite (f). The yellow circles with numbers represent the 
spot analyses for chemical and isotopic compositions. The white circles represent the spots for 207Pb/206Pb zircon ages recorded by Sanislav et al. (2018b).
176 Lu/177 Hf ratios range from 0.00043 to 0.00167, and from 
0.00018 to 0.00096, with an average 0.00065 ± 0.000019, whereas 
the 167 Hf/ 177 Hf ratios range between 0.28110–0.28116 and 
0.28107–0.28112, with an average 0.2811 ± 0.000011, for samples
SM23 and SM27, respectively.

The eHf(t) values are near CHUR eHf value similar to those from 
the TTs (Fig. 10c). However, the values fluctuate between positive 
(0.004–0.39) with a negative outlier (eHf = −0.16) in sample SM23, 
and negative (−0.77 to −0.03) with a positive outlier ( eHf = 0.95) in
sample SM27.

The zircon from the granite yielded isotopic ages of (2646– 
2685 Ma) that are comparable to those obtained from trond-
hjemite (TRANG).

5. Discussion 

5.1. Petrogenesis of Neoarchea n Geita granitoid

Generation of the TTGs melt results from either of two main 
mechanisms: partial melting of pre-existing basaltic rocks (Halla 
et al., 2009; Smithies et al., 2009; Almeida et al., 2011; Martin
et al., 2014; Saki et al., 2021; Wu et al., 2023), or fractional crystal-
lization of parental basaltic magma (Kamber et al., 2002; 
Kleinhanns, et al., 2003; Martin and Sigmarsson, 2005; Jagoutz
et al., 2013; Liou and Guo, 2019; Smithies et al., 2019). For deter-
12
mination of either of the two mechanisms, trace elements play a 
crucial role. Despite the general controversy regarding the Archean 
TTGs, there is a consensus that they were derived from a hydrous
basaltic source (Smithies, 2000; Martin and Moyen, 2002; 
Smithies et al., 2003; Maboko et al., 2006; Huang et al., 2013;
Martin et al., 2014; Manya, 2016; Sanislav et al., 2014; Wu et al.,
2023). Such consensus comes from the fact that the TTGs share 
common geochemical similarities with the modern high-silica 
adakites (HSA) that originated from basaltic slab-melting at a con-
vergent plate boundary (Foley et al., 2002; Martin and Sigmarsson,
2005; Martin et al., 2005; Moyen and Martin, 2012; Laurent et al.,
2014; Ganade et al., 2017; Liu et al., 2020). Additionally, experi-
mental studies on natural and synthetic basalts proved that 
hydrous basalts are the pristine parental melt source of the TTGs
(Martin and Moyen, 2002; Rapp et al., 2003; Martin et al., 2014). 

The parental melt of the Archean potassic granite, on the other 
hand, is controversial. The source of the parental melt has been 
strongly debated. On the one hand, a mafic source has been advo-
cated by some authors (Moyen, 2011; Laurent et al., 2014). On the 
other hand, a more felsic source, especially the pre-existing TTG, 
has been interpreted by others (Huang et al., 2013; Laurent et al.,
2014; Sanislav et al., 2014). Moreover, melting of the metasedi-
ments (Jaguin et al., 2012; Laurent et al., 2014; Sanislav et al.,
2014) might had a significant contribution in the formation of 
the melt source for the potassic granite.
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Fig. 10. Chondrite normalized REE diagrams for zircons form tonalite (a) and potassic granite (b). Chondrite values from Anders and Grevesse (1989). (c) Zircon eHf(t) vs. 
207 Pb/206 Pb ages (Sanislav et al., 2018b) for tonalite, TRANG and potassic granite. Stages 1 and 2 of Geita granitoids correspond to the mafic to intermediate and felsic 
plutonism of the northern Tanzania Craton, respectively. Fields of magmatic zircon ages from various rock units of northern Tanzania Craton are after Sanislav et al. (2014, 
2018a). Depleted mantle (DM) is after Blichert-Toft and Puchtel (2010).

13
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5.1.1. Source and formation mechanism 
Zircon chemistry (high Th/U ratio) and cathodoluminescence 

data (oscillatory zoning) together with the 207 Pb/206 Pb ages
obtained by Sanislav et al. (2018b) indicate the crystallization ages 
for the majority of rocks. Moreover, the outermost bright discon-
tinuous rims with low Th/U ratio of some zircons obtained from 
tonalite yield metamorphic ages of 2655, 2665 and 2700 Ma
(Sanislav et al., 2018b; Table 2). 

On the source rock discrimination diagram (after Bao et al., 
2022; Sun et al., 2025), the tonalite and low-silica trondhjemite 
plot in the low K-mafic rocks whereas some of high-silica trond-
hjemite and potassic granite plot in the tonalites field (Fig. 11a). 
The latter results explain the overlap of some elements in various 
rock types on the Harker diagram (Fig. 3b–f). The TRANG straddles 
the line boundary between the high- and low-K mafic rock fields
(Fig. 11a). The poor peraluminous character (ASI < 1.1) of the 
TTs, TRANG and potassic granite rules out the metasediments as 
a possible source rock (e.g., Sisson et al., 2005; Jaguin et al.,
2012; Laurent et al., 2014; and references therein). 
Fig. 11. (a) Ternary source diagram (after Bao et al., 2022; Sun et al., 2025) for 
discriminating sources of Neoarchean granitoids. The tonalite and low-silica 
trondhjemites, plot mainly within the low-K mafic rocks field. The high-silica 
trondhjemite and potassic granite plot mainly within the tonalites field. The TRANG 
plots close to the boundary between the low- and high-K mafic rocks fields. (b) La/
Sm vs. La binary diagram (after Jiang et al., 2005) showing the partial melting and 
fractional crystallization trends (pink arrows). The TTs and potassic granite follow 
the partial melting path. The TRANG follows a fractional crystallization trend.
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5.1.1.1. Tonalite and low-silica trondhjemite. HREE depletion, Sr
enrichment, and the positive correlation between La/Sm ratio 
and La of the tonalite and low-silica trondhjemite are suggestive 
of partial melting rather than fractional crystallization
(e.g., Martin and Sigmarsson, 2005, 2010; Halla et al., 2009;
Martin et al., 2014; Wu et al., 2023). The latter conclusion is 
supported with the results of batch melting models on REE, 
multi-trace element and LaN/YbN and Sr/Y vs. YbN and Y, respec-
tively, diagrams (Figs. 5a, b, 7a, b and 12b). However, HREEs deple-
tion is argued by Kamber et al. (2002) to be an indicator for the 
melting of a basaltic precursor. The study rather suggests that 
the negative correlation between La/Yb ratio and FeOT could point 
to fractional crystallization of amphibole and/or clinopyroxene
(Kamber et al., 2002). Mesoscopic evidence in favor of the partial 
melting mechanism includes lack of co-magmatic mafic enclaves 
within the tonalite and low-silica trondhjemite, and of cumulate 
texture. Microscopically, zircon with oscillatory-zoned rims 
implies crystallization from a melt introduced by partial melting
at a high-P metamorphic condition (e.g., Wu et al., 2009; Fig. 9e).

High Al2O3 content and slightly low K2O/Na2O ratio suggest that 
hydrous basalt could have been the source of the tonalite and low-
silica trondhjemite (e.g., Smithies, 2000; Maboko et al., 2006; 
Moyen and Martin, 2012; Huang et al., 2013; Manya, 2016;
Moyen and Laurent, 2018). At great depths and water-saturated 
conditions, low-T and high-P basalts would generate sodic, mainly 
trondhje mitic, melts, e.g., the early-formed (2699–2714 Ma) tona-
litic to trondhjemitic melts (e.g. Prouteau et al., 2001; Weinberg 
and Hasalová, 2015) (see section 5.3). The latter conditions favored 
the formation of garnet-rich restite and hence explain the HREE 
depletion in the co-existing tonalitic to trondhjemitic melt. The 
present study suggests that Kiziba metabasalt, which originated 
from a primitive mantle source that is more enriched than modern
depleted mantle (Cook et al., 2016), has been likely the precursor of 
the Geita tonalitic and trondhjemitic melts. Additionally, from a 
geochronological perspective, the overlapping dates between the 
age of zircons’ inherited cores (2826–2840 Ma; Sanislav et al., 
2018b) from tonalite and the eruption age of Kiziba basalt 
(∼2823 Ma, Manya and Maboko, 2008; ∼2830 and ∼ 2820 Ma, 
Cook et al., 2016) imply that the tonalite and low-silica trond-
hjemite most probably originated from the partial melting of the 
mafic component of Kiziba Formation. Archean TTGs originated 
from the partial melting of a primitive mantle-derived basalt have
been documented from the Pilbara Craton, NW Australia (Smithies 
et al., 2009). 

5.1.1.2. High-silica trondhjemite. The progressive decrease in MgO,
Al2O3, FeOT , TiO2,  P2O5,  Na2O, and increase in K 2O and K2O  +  N  a2O
(Fig. 3a–l) from tonalite to the high-silica trondhjemite imply that 
the high-silica trondhjemite could have been a fractionate of tona-
lite (e.g. Ustunisik and Kilinc, 2011). Apart from the marked enrich-
ment of mobile elements K and Ba, and strong HREE depletion of 
the high-silica trondhjemite, the high-silica trondhjemite and 
tonalite have a very similar normalized multi-element profile
(Fig. 6a and c). At low degree of fractionation, K and Ba have high 
affinity to stay in the silicate melt rather than partitioning into the 
crystalline solid, particularly in the absence of fractionating
K-feldspar (Martin and Sigmarsson, 2010). At this stage, concentra-
tions of the incompatible elements in the residual melt and in the 
initial tonalitic magma would be very close. Fractional crystalliza-
tion is further evidenced by high silica content and strong deple-
tion in the less incompatible HREEs and Y, and their 
corresponding high LaN/YbN (13.4–114.8) and Sr/Y (up to 333)
ratios (e.g., Bédard, 2006; Halla et al., 2009; Martin and
sigmarsson, 2010; Smithies et al., 2019). However, on La/Sm vs. 
La diagram (Fig. 11b), the high-silica trondhjemite and tonalite 
share a common partial melting trend that could be attributed to
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Fig. 12. (a) Nb/Ta vs. Dy/Yb diagram, after Liu et al. (2023), shows no correlation between Nb/Ta and Dy/Yb ratios of the Neoarchean Geita granitoids. (b) P-T psuedosection 
estimated for Kiziba basalt (data from Manya and Maboko, 2008) using Perple_X 6.7.9 software. P-T range for thermodynamic modeling calculated based on zircon 
thermometry and mineral phases from batch melting models. Dashed yellow lines represent contours for the generated melt (wt.%). Blue circle shows the P-T range calculated 
for the Kiziba basalt. Tzircon (°C) is the average temperature calculated for the tonalite by classic Ti-in-zirccon thermometry. Afs: Alkali feldspar; Aln: Allanite; Amp: 
Amphibole; Bt: biotite; Cpx: Clinopyroxene; Ep: Epidote; Grt: Garnet; Ilm: Ilmenite; Ol: Olivine; Pl: Plagioclase; Qz: Quartz (Whitney and Evan, 2010).
the original La/Sm ratio of the parental tonalitic magma. Bédard 
(2006) and Moyen et al. (2007) suggested that fractional crystal-
lization of a parental tonalitic melt generated by partial melting 
of a basaltic protolith plays a significant role in modification of 
the TTG compositi on, particularly the high Sr/Y ratio. On the Sr/Y 
vs. Y diagram, the trondhjemite plots are consistent with the horn-
blende fractionation path of Bédard (2006) (Fig. 7b). High Sr/Y 
15
ratios together with high SiO2 content (>70 wt.%; Supplementary 
Data 1, Table S1) are suggestive of a hornblende fractionation 
(e.g. trondhjemite from the Minto Block, Northeastern Superior
Province (Bédard, 2006). Moreover, high ratios of Sr/Y and positive 
Eu/Eu* anomaly indicate accumulation of plagioclase in the high-
silica trondhjemite (Fig. 8c). However, marked low LREE (Fig. 5c) 
of the latter could be attributed to crystallization of early-formed
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epidote and/or allanite (e.g., Dessimoz et al., 2012). The fractional 
crystallization could explain the vast distribution of high-silica 
trondhjemite on the Na2O-K2O-CaO ternary diagram of Moyen 
et al. (2003). At the mesoscopic scale, chilled trondhjemite near 
the contact against Kiziba basalt upholds the magmatic origin of
the former.

5.1.1.3. Transitional granitoid (TRANG). The TRANG (2660–2683 Ma)
contains, in places, fine grained more mafic xenolith. In contrast to 
the older TTs, the younger TRANG is less depleted in HREE and 
HFSE, and typically displays a fractional crystallization trend
(Figs. 4a, 5b, 6b and 12b). The fractionation process is further man-
ifested by the Eu anomaly that is negatively and positivel y corre-
lated with K2O and (Na2O + CaO), respectively (e.g., Kleinhanns 
et al., 2003; Fig. 4a and b). Moreover, the TRANG is more enriched 
in LREE and LILE, and has a slightly high K2O/Na2O ratio and high 
(FeOT + MgO + MnO + TiO2) content, which implies a high-K mafic
source relative to the TTs (Figs. 3l, 5b, 6b and 11a). Chronologically, 
inherited zircon cores yielded an age of 3264 ± 20 Ma (Sanislav 
et al., 2018b) that correlates well with zircon ages recorded from 
the Dodoman Supergroup (3000–3600 Ma, Kabete et al., 2012) that 
is assumed to represent the older part of the Tanzania Craton. 
Zoned crystals with inherited cores mantled by rims exhibiting
well-developed growth zoning (Fig. 9e) are further evidence of 
the magmatic origin of the TRANG magma. The core (inherited) 
and mantle zircon zoning in some crystals imply that the trond-
hjemitic magma could have been Zr-oversaturated (e.g. Corfu 
et al., 2003). The dual mantle (wide range of SiO2 and high K, Ba, 
Sr, Cr and V and ferromagnesian oxides; MgO + FeOT + MnO + Ti 
O2) and crustal isotope signature (low eHf(t) value) might imply a
metasomatized mantle-melt (e.g., Halla et al., 2009; Laurent 
et al., 2014) that could have been the source of the TRANG. The lat-
ter conclusion is confirmed by a group of lamprophyre dykes cut-
ting across the Nyanzian unit (Sanislav et al., 2015). 

5.1.1.4. Potassic granite. Similar to the tonalite and low-silica trond-
hjemite, partial melting was the most probable mechanism 
responsible for the generation of potassic granite. The potassic 
granite has a relatively low LaN/YbN ratio (7.2–56.4) that is incon-
sistent with its high SiO2 content (e.g., Halla et al., 2009; Smithies 
et al., 2009), which is the highest among the Geita granitoids. The 
latter inconsistency implies generation of the granite by partial 
melting of a low LaN/YbN source rather than by fractional crystal-
lization. Moreover, partial melting is further supported by less 
depletion in the HREE of the granite relative to the high-silica
trondhjemite, which implies lower modal abundance of HREE-
host minerals (e.g., amphibole; Kamber et al., 2002) in the residue 
(Fig. 5c and d), and by the positive correlation between La/Sm and 
La (Fig. 11b). The potassic granite shows a compositional trend 
similar to that of the TTs (Fig. 3a–l) with relatively high SiO2 and 
alkali (Na2O and K2O) contents, and strong enrichments of the 
LILEs (Rb, K and Pb) suggesting derivation of the granite from a 
more differentiated melt rather than a mafic parentage. Moreover,
the pronounced enriched LREE pattern (Fig. 10b) and high U and Th 
contents, particularly of some zircon rims (Fig. 9f), imply a transi-
tion into a more evolved melt (Fig. 10b). High SiO2 and low MgO, Sr 
and Ba contents together with low eHf(t) value (Fig. 10c) indicate 
generation of the potassic granite from reworking of a crust mate-
rial (Joshi et al., 2016; Halla et al., 2017). The metamorphic ages of 
zircon rims from tonalite are comparable to crystallization ages of 
zircon from the potassic granite. The above-mentioned criteria 
suggest not only that the granite and the tonalite are genetically 
related, but also imply that the potassic granite was, most proba-
bly, generated as a mobilizate that accompanied the metamor-
phism of tonalite.
16
5.1.2. The improbability of mantle-melt interaction 
The common zircon isotopic composition implies that Neoarch-

ean Geita granitoids share a common evolution path that began 
with TTs to the TRANG and ended up with the potassic granite. 
Moreover, low values of, and inhomogeneity in 176 Lu/177 Hf and 176-
Hf/177 Hf isotropic ratios of zircons are suggestive of derivation
from a crustal reservoir (e.g., Belousova et al., 2006) with insignif-
icant mantle wedge contribution (e.g., Martin and Moyen, 2002; 
Mshiu and Maboko, 2012). Furthermore, low zircon eHf(t) values 
(eHf =  +2  to  − 1) relative to that of the contemporaneous depleted
mantle (Fig. 10c) infer the involvement of crustal component in 
the generation of the granitoids (e.g., Laurent et al., 2014). Addi-
tionally, high SiO2,  Al2O3, contents, high Rb, Th and U concentra-
tions, and low Mg# and transition elements (Cr and Ni) values 
suggest a significant participation of crustal materials in the gener-
ation of Geita granitoids (e.g., Martin and Moyen, 2002; Mshiu and 
Maboko, 2012). 

In a similar way, geochemical evidence in favor of significant 
crustal contribution in the generation of Archean TTG includes 
depletion in Ni (<40 ppm), Cr (<50 ppm) and Mg# (∼ < 50) in Early
Archean and some Neoarchean TTGs (Smithies, 2000). Moreover, 
experimental work shows that Mg# (∼ >50) together with high 
Cr and V contents has been used as geochemical indicators for 
mantle peridotite-slab melt interaction (Rapp, 1997; Smithies, 
2000). The Neoarchean Geita granitoids, except for two samples 
with Mg# of 53 and 48, have Mg# value that ranges from 7 to 45.

5.2. Residual minerals and implication for metamorphism

During partial melting, the mineralogy of the restite over-
whelmingly governs the chemical composition of the melt
(García-Arias et al., 2012). Moreover, the mineralogy of the residual 
assemblage would reflect the metamorphic conditions at which 
the melt was produced (Wu et al., 2023; and references therein). 
The behavior of trace elements is greatly influenced by the coexist-
ing residual mineral phases, and/or the partitioning coefficient 
ratios of some elements. For example, HREEs and Y have a great
affinity to be incorporated into garnet (Martin, 1987; Martin 
et al., 2005; Moyen and Stevens, 2006; Halla et al., 2009). Accord-
ingly, existence of residual garnet would suppress HREEs and Y 
contents in the melt. Nb and Ta partition into rutile and amphibole
(Foley et al., 2002; Maboko et al., 2006), whereas Ca, Na, Sr 
(Sr < 400 ppm) as well as P partition into plagioclase (Martin and 
Moyen, 2002; Halla et al., 2009; García-Arias et al., 2012; Tsay
et al., 2014). 

5.2.1. F eldspar 
Positive Sr (Sr/Sr*=1.16–11.68), and negative Y anomalies with 

corresponding high Sr/Y (45.6–213.4; Sr > 400 ppm) ratio and high 
CaO + Na2 O (5.29–9.81) contents are attributed to the lack of pla-
gioclase in the restite of the tonalite and low-silica trondhjemite
(e.g., Martin, 1999; Martin and Moyen, 2002; Martin et al., 2005;
Huang et al., 2013). Potassic granite, on the contrary, shows 
slightly negative to slightly positive Sr anomalies (Sr/Sr* = 0.995– 
2.12), and has lower Sr/Y ratio (21–174.2; Sr = 168.5–479.9 ppm) 
and Na2 + CaO contents (4.76–6.27) that confirm the presence of 
plagioclase in the residue. Similarly, strong negative P anomaly 
in the granite could be attributed to incorporation of P in the resid-
ual feldspar during partial melting of the TTs (e.g., García-Arias 
et al., 2012; and references therein). High water content and meta-
morphic pressure lower the plagioclase stability field as a residual
phase (Palin et al., 2016; Marimon et al., 2022). The latter state-
ment implies that crystallization of the tonalite and low-silica 
trondhjemite took place beyond plagioclase stability field at a 
water-saturated condition and great depth, and that crystallization
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of potassic granite parental melt might have been at shallower 
depth under fluid-undersaturated condition (e.g. Martin and 
Moyen, 2002; Maboko et al., 2006; Tsay et al., 2014; and references 
therein). Based on zircon chemistry, positive Ce and negative Eu 
anomalies of the tonalite (Fig. 10a) suggest crystallization at oxi-
dizing condition (e.g., Peck et al., 2001; Moyen and Martin,
2012). Eu in the oxidation state (Eu3+ ) is more incompatible and 
could not fit the plagioclase structure. Accordingly, the negative 
Eu anomaly in the tonalite might be attributed to the crystalliza-
tion of an original rather than residual plagioclase phases
(Fig. 5a, b and d). The latter conclusion is consistent with the neg-
ative Eu anomaly of the parent Kiziba basalt (Cook et al., 2016). 
Moreover, variability of Eu anomaly of the potassic granite from 
strong negative to slightly positive anomaly could be attributed 
to the diversity of TTs source components, i.e. tonalite, low-silica
trondhjemite and high-silica trondhjemite.

5.2.2. Amphibole 
Negative Ti anomaly in the tonalite, low-silica trondhjemite and 

potassic granite (Fig. 6a, b and d) most probably demonstrates the 
presence of Ti-host residual phases (rutile, ilmenite and amphi-
bole). Rutile has a Nb/Ta partition coefficient ratio (DNb/DTa) of less 
than 1, and hence has the ability to decouple Ta from Nb (Foley 
et al., 2000, 2002). The experimental partition data reveal that 
rutile imparts a high Nb/Ta ratio to the melt (Foley et al., 2002). 
The latter result is inconsistent with the low Nb/Ta ratio in the 
Geita granitoids. Amphibol e, on the other hand, can decouple Ta 
and Zr from Nb and Hf (Foley et al., 2002). In their octahedron 
M1 sites, amphiboles can accommodate the ionic radii of either 
Ta or Nb. The partitioning coefficient ratio (DNb/DTa) depends on 
the bulk Mg# of the coexisting melt (Foley, 2008). Amphiboles 
with low < 70 Mg# (bulk Mg# Av. of the coexisting melt ∼40– 
45) have a DNb/DTa higher than 1, and fractionates Nb from Ta. 
Low Ti content of the amphibole implies Nb/Ta fractionation
(Foley, 2008), and together with the negative Ti anomaly of the 
coexisting melt (now the tonalite, low-silica main trondhjemite 
mass and potassic granite) could be attributed to the presence of
ilmenite in the restite (Fig. 6a, b and d). Similarly, amphibole can 
decouple Nb from La, Sm from Zr, and Rb from K (Foley et al., 
2002; Maboko et al., 2006; Foley, 2008). Accordingly, in the older 
basalt-derived TT and potassic granite, low K/Rb, Nb/Ta and 
Nb/La ratios, and high Zr/Sm ratios are suggestive of Mg# 
bearing-residual amphibole that has been responsible for the frac-
tionation of Nb and Ta. Additionally , Sm partitions more readily
into clinopyroxene relative to Zr (Rapp et al., 2003), and hence high 
Zr/Sm ratio of the coexisting melt could imply the presence of 
residual clinopyroxene.

5.2.3. Garnet 
Residual garnets are responsible for high LaN/YbN and Sr/Y 

ratios in the coexisting melt (e.g., Sanislav et al., 2014; Tsay 
et al., 2014; Kwelwa et al., 2018a). These ratios are consistent with 
trace elements composition of the Geita tonalite and low-silica
trondhjemite (e.g., Martin et al., 2005; Maboko et al., 2006;
Castillo, 2012; Sanislav et al., 2014; Tsay et al., 2014; Kwelwa
et al., 2018a). Based on trace element geochemistr y, Moyen 
(2011) classified the Archean sodic TTG into three models: model 
one, two and three; that comprise rocks formed at low-, 
medium-, and high-pressure conditions. La/Yb and Sr/Y ratios 
show that residual garnet was stable at medium pressure (ca. 15
kbar) metamorphic condition (model 2 of Moyen, 2011). However, 
slight deviation from the model can be explained by the difference 
in percentage of the residual minerals. Potassic granite, on the 
other hand, has a relatively low La/Yb and Sr/Y ratios and flatter 
HREE patterns. Therefore, garnet has not been a distinct residual
17
phase during the crystallization of the coexisting melt (e.g. Halla 
et al., 2009). 

In sum, it is suggested that the Archean Geita tonalite and low 
silica trondhjemite evolved through partial melting of garnet-
amphibolite rather than rutile-bearing eclogite (e.g., Foley et al., 
2000, 2002; Wu et al., 2023). Potassic granite, on the other hand, 
was generated at a lower (garnet-free) amphibolite facies meta-
morphic condition. Moreover, Sr/Zr vs. Dy/Yb plots (Fig. 13a) show 
that TTs follow the trend of increasing amphibole and reducing 
plagioclase during fluid-fluxed partial melting, whereas potassic 
granite is consistent with the residue-lacking water trend (e.g.,
Marimon et al., 2022).

The latter conclusion is consistent with trace element modeling 
(Figs. 5a–d, 6a–d and 7a, b). In that model, the fractionated/resid-
ual minerals either from the parental magma or source melt are 
estimated using Rayleigh’s law (CL/C0 =  1  − F(D−1) ) and Batch melt-
ing equation (CL/C0 =  DRs + F(1 − DRs)), where: CL is the melt com-
position; C0 is the source composition; DRs is the total partition 
coefficient of residual minerals; and F is the melt fraction. The par-
tition coefficients of the element (Kd) are obtained from the litera-
tures (Rollinson, 1993; Bédard, 2006; Rollinson and Pease, 2021; 
and the database http://earthref.org/GERM; Supplementary Data 
2). The source compositions (C0) in each model are represented 
by average trace elements of either Kiziba basalt or the TTs in batch
melting models (Figs. 4a, b, d and 5a, b, d), or of the more mafic 
tonalite in the fractional crystallization model (Figs. 4c and 5c). 
In the batch melting models, the low-silica trondhjemite (TTs) is 
strongly enriched in LREE and heavily depleted in HREE, has high 
Sr content relative to the other TTs, and is considered to be the resi-
due accompanied the potassic granite (Fig. 5c, d). However, the 
residue of the Kiziba amphibolite could have been delaminated
(see section 5.5). In the fractionation model, early-formed minerals 
of the tonalitic melt are considered the fractionating phases (e.g.,
Bédard, 2006). The Mombaça TTG gneisses, Tróia Massif, N Bor-
borema Province, NE Brazil, with a similar trace element geochem-
istry have been interpreted to be generated as medium pressure 
TTGs at the garnet zone of the upper amphibolite facies (Ganade 
et al., 2017). 

5.3. Thermodynamic modeling 

A thermodynamic model was performed to refine PT conditions 
for the anatexis of the source rocks responsib le for the generation 
of tonalite and low-silica trondhjemite (TTs), using the Perple_X
6.7.9 software (http://www.perplex.ethz.ch). The calculation is 
performed using Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2 

(NCKFMASHT) system, with calculated iron as FeOT , and negligible 
P2O5 content (e.g., Saki et al., 2021; Sun et al., 2021). Thermody-
namic database (the file hp02ver.dat) of Holland and Powell 
(2011), together with a solid solution model was used. The solution 
model is melt (G) for melt, Augite (G) for clinopyroxene and cAmph
(G) for amphibole from Green et al. (2016), Gt (W) for garnet and 
Ilm (WPH) for ilmenite from White et al. (2014). Pseudosection is 
drawn upon T = 600–1100 °C and P = 5–22 kbar for the bulk chem-
ical composition of the source rocks; Kiziba basalt (Manya and 
Maboko, 2008; Fig. 12b). The mineral and melt phases were calcu-
lated in wt.% to correlate the resultant phases with the trace ele-
ment modeling and to contour the melt isopleths. The output
data are presented in the Supplementary Data 3. 

Following the workflow proposed by Saki et al. (2021), the inte-
gration of residual phases from batch melting models and temper-
ature estimated from classic Ti-in-zircon thermometry with the 
result obtained from thermodynamic modeling shed the light on 
the PT conditions of partial melting of the Kiziba basalt. Presence
of residual mineral association (Cpx + Gart + Amp) and the degree
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Fig. 13. (a) Two partial melting trends of Archean basalt, based on Sr/Zr vs. Dy/Yb diagram, after Marimon et al. (2022), at fluid saturated and undersaturated conditions. (b– 
d) Tectonic discrimination diagrams of Pearce et al. (1984). Neoarchean Geita granitoids occupy the fields of volcanic arc (VAG) granites.
of partial melting (5%–10%), consistent with the average estimated 
temperature (∼865 °C) delineate the suitable condition for the par-
tial melting event (Fig. 12b). The latter result implies that partial 
melting of the Kiziba basalt occurred at moderate PT condition 
(14–18 kbar and ∼865 ° C) of the upper amphibolite facies.

5.4. The tectonic setting 

Archean geodynamic has long been a matter of enduring argu-
ment (Nair and Chacko, 2008; Van Hunen et al., 2008; Moyen and 
Martin, 2012; Martin et al., 2014; Marimon et al., 2022;
Hastie et al., 2023). Orogenic (Martin et al., 2005, 2014; Manya, 
2016; Marimon et al., 2022; Wu et al., 2023) and anorogenic 
(Whalen et al., 2002; Bédard, 2006; Smithies et al., 2009; Keller
and Schoene, 2012) tectonic models have been proposed. Tectonic 
setting of the Geita Archean granitoids is determined using primar-
ily geochemical data. Invalidity of the anorogenic (intraplate) set-
ting for the Geita granitoids stems from the calc-alkaline to
alkali-calcic geochemical signatures the rocks display (e.g.,
Laurent et al., 2014; and references therein). On tectonic setting 
discrimination diagrams, the Neoarchean Geita granitoids occupy 
the volcanic arc granite fields of Pearce et al. (1984) (Fig. 13b–e). 
The latter diagrams, although not properly applicable to the 
Archean rocks (Pearce et al., 1984), have been approved and used 
by some authors (Moyen and Laurent, 2018). Patterns of highly 
fractionated REEs (Fig. 5a–d) together with the distinctive negative 
Nb-Ta-Ti anomalies on the multi-elements spidergrams (Fig. 6a–d) 
imply that the Geita granitoid parental magmas were subduction-
18
related. However, LaN/YbN ratios of the TTs (11–159), TRANG 
(7.8–72.5) and potassic granite (7.2–56.4) are inconsistent with 
the REEs signature of modern arc magma (Y ≥ 25, Yb ≥ 2.5 and
LaN/YbN < 10; Martin, 1999) (e.g., Harris and Bédard, 2014; and 
references therein). Modern intermediate-felsic arc rocks have 
higher HREE concentrations than Archean granitoids. They exhibit 
positive Nb/Ta–Dy/Yb correlation (Fig. 12a) whereas the Archean 
rocks show no correlation (Liu et al., 2023; and references therein). 
The latter criteria are attributed to partial melting of a metasoma-
tised mantle wedge above a dehydrated subducting slab (Liu et al., 
2023). High LaN/YbN ratio of the Geita granitoids is attributed 
mostly to incorporation of the HREE into amphibole/garnet-rich
restite (see sections 5.2.2 and 5.2.3). On the LaN/YbN vs. Yb N dia-
gram of Martin (1986) and Sr/Y vs. Y diagram of Drummond and 
Defant (1990), a few samples of the TRANG plot within the arc 
magmatic rock field (Fig. 7a and b), which together with the dual 
mantle-crust signature (see section 5.1.1.3) imply that the rocks 
might have been generated by contribution of a metasomatised 
mantle melt source rather than being a proper arc rocks (Fig. 7a 
and b). Although the Geita TTs and high-silica adakites share com-
mon geochemical characteristics, the adakites display a relatively 
high Mg# value and Cr content that are attributed to mantle-slab
interaction (e.g., Smithies, 2000), a style that was not efficient in 
the generation of the Geita granitoids. Thus, the Neoarchean TTs 
and potassic granite could be interpreted to be generated in a 
geodynamic tectonic regime comparable to subduction-related 
setting, but with a style that differs from modern arc-settings
(e.g., Moyen and Laurent, 2018).
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Additionally, from the structural point of view, and based on a 
detailed fieldwork supported by aeromagnetic data, Sanislav 
et al. (2018b) recorded a crustal scale, ∼800 m wide and 50 km 
long, shear zone that separates the TTG from the mafic metavol-
canics of the Kiziba Formation (Fig. 1b). The shear zone is domi-
nated by the TTGs (Sanislav et al., 2018b), and has been active 
from 2640 to 2690 Ma, a time period that overlaps well with the 
TTs magmatism. The fact that the shear zone and the TTs share 
common structure elements, intense steeply-dipping E–W-
trending foliation and sub-horizontal stretching lineations
(Fig. 3c and g presented in Sanislav et al., 2018b), together with 
their overlapping dates imply that a significant ductile deformation 
has been active during the TTs magmatism (e.g. Sanislav et al., 
2018b). The linear style of the shear zone that is dominated by 
intense nearly-vertical foliation with dominant sub-horizontal 
stretching lineations is consistent with horizontal shortening 
mechanism that was responsible for terrane accretion, a tectonic 
regime that is comparable to the modern-day oblique convergence
(e.g. Percival et al., 2006; Czarnota et al., 2010; Manikyamb a and
Kerrich, 2012). Crustal scale linear style shear zones indicative of 
terrain accretion have been documented worldwide. Examples 
include the Yilgarn Craton (Cassidy et al., 2006; Blewett et al.,
2010), the Superior Province (Card, 1990; Polat et al., 1998) and 
the Dharwar Craton (Chadwick et al., 2001; Manikyamba and 
Kerrich, 2012). 

5.5. Proposed tectonic models of worldwide Archean granitoids in 
comparison with Geita granitoids

Zircon ages from the Geita TTs coincide with the crustal growth 
peak evolution (2700–2650 Ma) of the Tanzania Craton suggested
by Sanislav et al. (2014) (Fig. 10c). Worldwide, the Geita TTs 
belongs to the younger (post-3.0 Ga) phase of the Archean TTG
(Smithies, 2000). The potassic granite and TRANG yield zircon ages 
of (2646–2685 Ma) and (2660–2683 Ma), respectively, that are 
comparable to the formation age of the northern Geita high-K
granites (∼2620–2680 Ma; Sanislav et al., 2014), and extend close 
to the end of the plutonic activity of the Tanzania Craton 
(∼2620 Ma; Sanislav et al., 2014, 2018a; Fig. 10c). 

An example of Archean TTGs generated at intraplate tectonic 
setting includes the primitive mantle-related basalt of the Pilbara 
Craton, NW Australia (Smithies et al., 2009). Subduction-related 
TTG model proposes that the original melt could have originated 
either at the base of a thick overridin g oceanic crust/plateau
(Huang et al., 2013; Manya, 2016; Wu et al., 2023) or from the sub-
ducted slab (Martin and Moyen, 2002; Smithies et al., 2003;
Ganade et al., 2017). Simultaneous melting of the overriding and 
subducted plates has been recorded (Halla et al., 2009; Almeida 
et al., 2011). Examples of TTGs originated at oceanic plateau set-
tings have been documented from Fiskenæsset, SW Greenland
(Huang et al., 2013), and from Katoro TTG, Sukumaland (Wu 
et al., 2023) and Buzwagi mine TTG, Nzega (Manya, 2016) green-
stone belts, North Tanzania. TTGs generated by slab melting have 
been recorded from the Tróia Massif, N. Borborema Province, NE
Brazil (Ganade et al., 2017), and Eastern Liaoning Range region, 
northeastern North China Craton (Sun et al., 2024). TTGs generated 
from oceanic plateau-slab melt mixed sources have been recorded 
from Karelian and Kola Cratons, the Fennoscandian Shield (Halla 
et al., 2009), and the Rio Maria granite-greenstone terrain, SE Ama-
zonian Craton (Almeida et al., 2011). 

The Geita TTs share common characteristics with the TTGs of 
the oceanic-pla teau model recorded from northern Tanzania 
(Greenstone belts: Katoro TTG (Wu et al., 2023) and Buzwagi mine 
TTG (Manya, 2016)), and Atlantic (Fiskenæsset complex, south-
west Greenland: Huang et al., 2013) cratons. However, based on 
strong Nb, Ta and Ti anomalies, Fiskenæsset TTG was generated
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at eclogite facies condition (Huang et al., 2013). Additionally, aver-
age eHf(t) (+1.90 ± 0.50 and +2.07 ± 0.33) measured from zircons of 
the Katoro TTG is higher than those from the Geita TTs. Experimen-
tally, whether there has been a mantle contribution during slab 
melting model or not is controversial. It depends to a great extent 
on the attitude of the subducti ng slab, the depth at which the par-
tial melting takes place, and the geothermal gradient.

For example, according to Martin and Moyen (2002), at great 
depths (behind plagioclase stability field) melting takes place at 
the base of a thick mantle wedge and consequently a great feasibil-
ity for mantle-melt interaction. Smithies et al. (2009), on the other 
hand, advocate for slab attitude and geothermal gradient as the 
main factors controlling mantle-melt interaction. Accordingly, 
the flat subduction with a high geothermal gradient favor slab 
melting rather than mantle wedge metasomatism via slab dehy-
dration (Smithies et al., 2009). An example of the flat subduction 
model includes the medium-pressure TTGs of the Tróia Massif, N 
Borborema Province, NE Brazil (Ganade et al., 2017). Almeida 
et al. (2011) reported high-, medium-, and low-pressure TTGs from 
Rio Maria granite-greenstone, SE Amazonian Craton. A mixed 
model proposed by Almeida et al. (2011) for the three TTG groups 
concludes that slab melting of the high-and medium-pressure 
TTGs took place at different depths with significant mantle-melt 
interaction. Low-pressur e TTG, on the other hand, was generated 
at the base of a thickened oceanic crust with no mantle
contribution.

Medium-pressure Geita TTs, in terms of inferred pressure and 
insignificant mantle signature, are comparable to the TTGs of the 
N. Borborema Province, but inconsistent with the high- and 
medium-pressure TTGs of Rio Maria granite-greenstone, SE Ama-
zonian Craton.

Apart from the slightly lower K2O content (Figs. 1a and 4b), the 
Geita potassic granite shares similar chemical composition with 
the Neoarchean high-K granites of the Nzega and Musoma-Mara 
Greenstone Belts, N Tanzania (Mshiu and Maboko, 2012; Manya, 
2016). The geochemical characteristics of the potassic granite are 
similar to those of the Neoarchean biotite granite (Fig. 4a) that is 
recorded from the Dharwar Craton, S. India (Mshiu and Maboko, 
2012), and is interpreted to be derived from subduction-related 
partial melting of the TTG (e.g. Mshiu and Maboko, 2012; 
Laurent et al., 2014). 

5.6. Possible tectonic models of the Neoarchean Geita granitoids

The origin of Kiziba basalt has been controversial. A back arc 
setting with an enriched mantle source that resulted from the 
interaction of MORB melt with a slab melt has been suggested
(Manya and Maboko, 2008). Cook et al. (2016), on the other hand, 
argued that Kiziba basalt was originated from a primitive mantle 
source in an oceanic plateau-like setting. Archean oceanic plateaus 
(up to ca. 50 km thick; Bédard et al., 2013; and references therein) 
and crusts (minimum ∼15 km thick, close to that of modern ocea-
nic plateaus; Smithies, 2000) have been thicker, hotter and conse-
quently more buoyant than their present-day counterparts (Martin 
et al., 2014; Liu et al., 2022). Buoyancy is compensated at the base 
of the plateau by eclogitization, a process that forces the plateau to 
subduct into the mantle (e.g. Martin et al., 2014). A delay in eclog-
itization of the oceanic crust promotes the flat subduction (e.g.,
Gutscher et al., 2000b; Liu et al, 2022). 

The Geita granitoids share a common subduction-related tec-
tonic setting with Archean TTGs mentioned in section 5.5. Based 
on the slight discrepancies in geochemical characteristics and 
metamorphic conditions, two possible scenarios have been sug-
gested for the genesis of the Geita TTs (Fig. 14a and b). Each of 
the proposed models is in consistence with one of the above-
mentioned origins of the parental Kiziba basalt. In the first scenario
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Fig. 14. Schematic models of the tectonic environment of Neoarchean Geita TTs and potassic granite illustrating two-stage partial melting mechanism. (a) Early stage (2699– 
2714 Ma) partial melting at the base of the oceanic basaltic plateau, generates the MP-TTs (depth ∼50 km) during steep subduction. (b) Partial melting (2699–2714 Ma) 
during flat subduction generates the MP-TTs at a depth ∼50 km. The insets in (a) and (b) show the late stage of partial melting (2646–2685 Ma) produced by the magma 
ascent that has been activated either by lower crustal delamination (a) or slab break-off (b). At this stage, the solidified TTs begin to produce the granitic melt at a shallower
depth (<50 km). Depths for the flat slab and depleted mantle are based on Foley et al. (2003) and Gutscher et al. (2000a).
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(Fig. 14a), the TTs’ (2699–2714 Ma) parental melt was generated 
by partial melting at the base of an overriding thickened oceanic 
plateau that was metamorphosed at the garnet zone of the middle
amphibolite facies (e.g., Smithies, 2000; Condie, 2005; Almeida 
et al., 2011; Wu et al., 2023). Overthickening of the anomalously 
thick (∼50 km; Bédard et al., 2013 and reference therein) oceanic 
plateau by deposition of the overlying Upper Nyanzian thick pile
(>2700 Ma; Sanislav et al., 2018a) enhanced partial melting 
(Harris and Bédard, 2014). Residual garnet and amphibole and 
instability of plagioclase infer that partial melting could have taken 
place at water-saturated metamorphic conditions (Palin et al., 
2016). Partial melting is further enhanced by hydration of the root 
of the plateau (Kleinhanns et al., 2003; Hastie et al., 2023; and ref-
erences therein) through crustal resurfacing and overturning that 
could have facilitated the transfer of the water into great depths. 
This scenario is consistent with subducti on initiation stage of the
model suggested by Sanislav et al. (2018a) for the northern Tanza-
nia Craton.

In the second scenario (Fig. 14b), the TTs parental melt (2699– 
2714 Ma) was generated by partial melting of a ‘flat’ subducting
slab (e.g., Smithies et al., 2003; Van Hunen et al., 2008; Ganade 
et al., 2017). The down going slab had a geothermal gradient high 
enough to motivate the melting rather than dehydrate the slab
(Martin, 1999; Smithies, 2000; Martin and Moyen, 2002; Van
Hunen et al., 2008; Rapp et al., 2010), (i.e. the breakdown of 
hydrous minerals such as amphibole, chlorite, serpentine and zoi-
site; Liu et al., 2020), and hence precluded metasomatism of the 
mantle wedge by LILE-rich fluid (e.g. Martin, 1999; Martin and 
Moyen, 2002; Kamber et al., 2002; Zhang et al., 2013; Liu et al., 
2020). The thin mantle wedge above the low angle or ‘flat’ slab 
would have lowered the degree of mantle-melt interaction
(Martin, 1999; Smithies, 2000; Martin et al., 2005). 

In both scenarios, a metasomatised mantle source of the transi-
tional granitoid (2660–2683 Ma) could be attributed to lower crust 
delamination/ slab break-off. Mantle upwelling accompanied the 
delamination process, in one hand fractionated into the transi-
tional granitoid (2660–2683 Ma), and in the other, could have 
imparted the heat required to partially melt the TTs to form the
potassic granite (2646–2685 Ma) at shallower crustal levels
(Fig. 14 a and b; inset) (e.g., Almeida et al., 2011; Li et al., 2022). 
Although the two models are suitable for the Neoarchean Geita 
granitoids and consistent with each of suggestive Kiziba basalt ori-
gins, the high temperature (∼950 °C) and low hydrous condition at 
which potassic granite was generated favors the first scenario
(Fig. 14a). 
6. Conclusion 

(1) Geochemical and thermochronological data integrated with
field relationships show that the Neoarchean Geita grani-
toids, the southern margin of the GGB, are distinguished 
mainly into three varieties; tonalite-trondhjemites (TTs; 
2699–2714 Ma), transitional granitoid (TRANG; 2660– 
2683 Ma) and potassic granite (2646–2685 Ma).

(2) Residual minerals deduced from trace element modeling 
together with the classic Ti-in-zircon thermometery and 
thermodynamic modeling imply that two melting events 
occurred at MT/MP and HT/LP of high- and low-grade 
amphibolite facies, respectively. The earlier event generated 
the tonalitic-low silica trondhjemitic melt from Kiziba 
basalt, whereas the younger coincides with the generation 
of potassic granite that was derived from the TTs. Fractional 
crystallization is the most probable mechanism for high-
silica trondhjemite and TRANG that were originated from
tonalitic and high-K mafic magmas, respectively.
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(3) Shifting from sodic to potassic magmatism, and increase in 
Th/Nb and Rb/Sr ratios indicate the progressive chemical 
maturation of an early continental crust in the Northern
Tanzania Craton.

(4) Highly fractionated REE and distinctive negative Nb-Ta-Ti 
anomalies as well as crustal scale linear shear zone imply 
that the parental magmas of Neoarchean Geita granitoids 
might have been introduced at a convergent plate boundary.

(5) Parental melt of the older TTs could have originated at the 
garnet zone of the amphibolite facies by partial melting of 
either an overriding thickened oceanic plateau or of a flat’ 
subducting slab. Slab break-off/lower crust delamination of 
the pyroxene-garnet residue might have caused mantle 
metasomatism responsible for the production of a metaso-
matised mantle melt. The produced melt could have frac-
tionated into the younger trondhjemite phase, and heated
the older TTs to generate the potassic granite melt.
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