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A B S T R A C T

The Tati Greenstone Belt (TGB) in northeastern Botswana hosts numerous Au deposits (Shashe, Mupane and
Signal Hill) associated with sulfides, garnet and white mica. In this study, integrative white mica Ar/Ar, garnet
U-Pb and sulfides Pb/Pb dating techniques were combined with whole rock and sulfide Pb isotope characteristics
to track the source(s) of gold and constrain the timeframes of gold mineralization events. All sulfides and ar-
senopyrite samples from the TGB yielded overlapping Pb/Pb errorchron ages of 2227 ± 66 Ma and
2220 ± 73 Ma, respectively, which coincide with the Shashe sulfides Pb/Pb errorchron age of 2250 ± 110 Ma.
These relatively imprecise Pb/Pb dates suggest heterogeneity in the initial Pb isotope ratios of sulfides. At
Mupane, whereas Au mineralization-associated hydrothermal almandine garnet yielded overlapping Tera-
Wasserburg lower intercept 206Pb/238U age and a concordia age of 2119 ± 18 Ma (MSWD = 1.03) and of
2105 ± 24 Ma (MSWD of concordance = 1.10), respectively, sulfides produced an errorchron Pb/Pb age of
2873 ± 140 Ma, which despite the large error remains geologically meaningful as it coincides within error with
the first Neoarchean Limpopo-Liberian Orogeny (2.70–2.65 Ga), granitoids intrusion emplacement
(2.65–2.73 Ga) and deposition of banded iron formation (2.73 ± 0.15 Ga). Ore-related white mica from Signal
Hill yielded an overlapping Ar/Ar plateau age of 1987 ± 24 Ma and a weighted mean Ar/Ar age of
1987 ± 13 Ma (n = 15, MSWD = 4.3), which coincide within error with the 2.05–1.95 Ga second Limpopo-
Liberian tectonic cycle, herein considered to have possibly triggered the Au mineralization in this area. The
obtained radiometric dates point to at least three well constrained gold mineralization events, with two of them
possibly triggered by two different regional tectonic events. Lead isotope compositions of most of the sulfides
overlap with those of spatially associated schists and granitoids, thus suggesting these units possibly represent Pb
and by inference Au rock sources. The genetic model of the TGB Au deposits is consistent with many greenstone-
hosted gold deposits worldwide, suggesting our results are not solely of local/regional interest, but can be used
to characterize greenstone-hosted gold deposits worldwide.

1. Introduction

The NW trending Archean Tati Greenstone Belt (TGB) in north-
eastern Botswana and in the southwestern of the Zimbabwe Craton
(Fig. 1) is host to numerous types of ore deposits/mineral occurrences,
including mostly: (i) magmatic Ni-Cu-(PGE) ore deposits (consisting of
Phoenix, Selkirk and Tekwane deposits, Maier et al., 2008) associated
with basic/ultrabasic meta-igneous rocks (Aldiss, 1991); and (ii) shear
zones and veins-hosted Au ± Ag deposits/occurrences (Aldiss, 1991).
The Au deposits/mineral occurrences found within the TGB are owned

by Galane Gold Ltd. and include (from NW to SE) Map Nora, Golden
Eagle, Mupane and Signal Hill. The style of Au mineralization (see
deposit geology and style of mineralization section) within the TGB was
reported to be consistent with Archean orogenic gold found in the Ar-
chean greenstone belts of Canada, South America and Australia (see
Glanvill et al., 2011).

Orogenic gold deposits that span in age from Archean to
Phanerozoic (Goldfarb et al., 2005) are the most important source of
gold, as they have accounted for about 75% of the gold extracted by
humans (Phillips, 2013). Orogenic gold deposits are broadly
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discriminated into sediment-hosted and altered mafic volcanics-hosted
gold deposits (Steadman et al., 2014). Orogenic gold deposits form at
depth>4 km (Goldfarb et al., 2005) and were initially modeled to
form under a wide range of crustal and physiochemical conditions that
extend from sub-greenshist to granulite metamorphic facies (Con-
tinuum Model of Groves, 1993; Groves et al., 1998, 2003); but these
pressure and temperature conditions were later restricted to the
greenschist metamorphic facies (e.g., Metamorphic Model of Phillips
and Powell, 2009, 2010), though upper greenschist to amphibolite
conditions are still reported worldwide (e.g., Dziggel et al., 2010;
Steadman et al., 2014). The genesis of the sediment-hosted subclass,
including the banded-iron-formation (BIF)-hosted orogenic gold deposit
type (e.g., the over 40 million ounces (Moz) gold South Dakota gold
deposit, Caddey et al., 1991) is still a subject of intense debates op-
posing syngenetic models (e.g., Fripp, 1976; Anhaeusser, 1976; Large
et al., 2007, 2009, 2011; Thomas et al., 2011) against epigenetic ones
(e.g., Phillips et al., 1984; Groves et al., 1987).

With the exception of Shashe deposits (Golden Eagle and Map
Nora), there is no definite style of gold mineralization within the TGB.
Each deposit/mineral occurrence has a distinct style of mineralization
(see outline of style of mineralization section) and is also hosted in
distinct geological formations (see geological setting section). Although
numerous studies (e.g., Aldiss, 1991; Tombale, 1992; Kampunzu et al.,
2003; McCourt et al., 2004; Døssing et al., 2009; Tadesse et al., 2011)
have been conducted in the TGB, none has produced the key data
needed to come out with a robust genetic model for the orogenic Au
deposits within the TGB. For example, the source(s) of gold and epoch
of its emplacement in the zone are unknown. Likewise, the genetic and
temporal relationships between Au deposits/mineral occurrences in the
TGB are poorly understood. Therefore, it becomes important to carry
out the current investigation in order to constrain the genesis of Au
mineralization in the TGB.

In this paper we combine geochronological (white mica Ar/Ar,
hydrothermal almandine garnet U/Pb and sulfide P/Pb) and whole rock
and sulfide Pb isotope data in order to track the source(s) of Pb, and by
inference Au, and investigate the ages of the Au mineralization event(s)
in the TGB. The results obtained point to multiple gold mineralization

events coincident with two major tectonic cycles during which gold was
sourced from various lithologies. These research findings may be useful
in designing mineral exploration models and guidelines, which may
lead to the discovery of significant gold resources in the TGB.

2. Geological setting

The study area, TGB, is located in the southwestern edge of the
Zimbabwe Craton, which extends in a southwestern direction into
Botswana (Fig. 1A, Zhai et al., 2006). The Zimbabwe Craton is sepa-
rated from the Kaapvaal Craton by the Limpopo Belt and it contains 23
greenstone belts, of which four (including Maitengwe, Tati, Vumba and
Matsitama) are exposed in northeastern Botswana (Fig. 1B; Litherland,
1975; Key, 1976; Bagai et al., 2002; Kampunzu et al., 2003). The part of
the Zimbabwe Craton exposed in Botswana is further subdivided into
three lithostratigraphic complexes: (i) the Francistown Granite Green-
stone Complex (FGGC), (ii) the Motloutse Complex, and (iii) the Mo-
setse Complex. The FGGC Complex is made up of the Tati, Vumba and
Maitengwe greenstone belts surrounded by foliated granitoids and or-
thogneiss (Aldiss, 1991). The Motloutse Complex is composed of to-
nalitic to granitic orthogneiss, similar to those that occur at the FGGC
(Carney et al., 1994), as well as of para-gneiss and the Shashe meta-
sedimentary rocks (Carney et al., 1994). The Mosetse Complex consists
of Matsitama Greenstone Belt that hosts granitic to granodioritic gneiss
(Carney et al., 1994).

The Maitengwe Greenstone Belt consists of two formations, namely
(i) the Lower Maitengwe Banded Ironstone Formation consisting of
thick iron-rich layers alternating with thin chert beds, and (ii)
Maitengwe Ultramafic Formation consisting of amphibolite that occurs
in assocation with serpentinite and meta-peridotite (Litherland, 1975).
The Vumba and Tati Greenstone belts (Fig. 1B) host similar lithologies
and consist of mafic–ultramafic lavas occurring in the lower strati-
graphic units, intermediate and felsic lavas occurring in the upper units
and the two units are crosscut by granitoids. The Matsitama Greenstone
Belt consists of metasedimentary rocks with minor mafic–ultramafic
metavolcanic rocks (Kampunzu et al., 2003) and metamorphism ranges
from greenschist to amphibolite facies with local partial melting

Fig. 1. (A) The location of the study area in northeastern Botswana and southwestern edge of the Zimbabwe Craton. Modified after Johnson (1986). (B) Schematic
map showing the TGB (study area), the nearby Vumba Greenstone Belt, as well as the adjacent Limpopo Belt and the Kaapvaal Craton. Modified after Johnson (1986).
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(McCourt et al. 2004).
The TGB, which is the focus of the current investigation was de-

posited ca 2.7 Ga, (Wilson et al., 1978; Wilson, 1979) and was
greenschist-amphibolite metamorphosed from 2630 ± 70 to
2570 ± 70 Ma (Van Breemen and Dodson, 1972). The TGB is com-
posed mainly of basic metavolcanics with some magnesium-rich, in-
termediate or acid metavolcanics and minor clastic and chemical me-
tasediments including marbles and banded iron formations (Døssing
et al., 2009). The TGB has been intruded by: (i) granitoids consisting of
mildly deformed tonalite-trondhjemite-granodiorite (TTG) and minor
quartz monzonite, monzonite and quartz diorite (Litherland, 1973,
1975; Key, 1976; Aldiss, 1991; Bagai et al., 2002) and (ii) Karoo do-
lerite dykes that range in age from ca 177–180 Ma (Elburg and
Goldberg, 2000; Hastie et al., 2014). Based on radiometric data from
both the nearby Vumba Greenstone Belt tonalite–trondhjemite gneisses
(Bagai et al., 2002) and Phoenix Mine Gabbro (Van Geffen, 2004), the
TTG from the TGB are believed to be ca 2.7 Ga old. The TGB is sub
divided into three formations (Fig. 2) including the Lady Mary For-
mation, the Penhalonga Formation and the Selkirk Formation (Døssing
et al., 2009). The Lady Mary Formation forms the base of volcanic and
sedimentary rocks and it consists of mafic and felsic schist, limestone,
banded iron-formation (BIF), altered komatiite and komatiitic basalt
(Døssing et al., 2009). The Lady Mary Formation is host to the Au de-
posits of Map Nora and Golden Eagle (Tombale, 1992). The Penhalonga
Formation that hosts the Mupane Au deposits overlies the Lady Mary
Formation and consists of basaltic, andesitic, rhyolitic volcanics, vol-
canoclastics and phyllitic black shale (Døssing et al., 2009). The Selkirk
Formation comprises of dacitic and rhyolitic volcanoclastic rocks and
quartz sericite schist. The Selkirk Formation is crosscut by Phoenix,
Selkirk and Tekwane metagabbronoric intrusions and Sikukwe meta-
peridotite intrusions (Maier et al., 2008).

3. Deposits geology and style of mineralization

Gold mineralization within the TGB is spatially associated with

sulfides, which are essentially composed of arsenopyrite, pyrrhotite,
pyrite, sphalerite, chalcopyrite and accessory bornite and galena. Gold
found as native gold and electrum, is essentially invisible and mostly
occurs as either microscopic inclusions mainly in arsenopyrite and ac-
cessory in pyrite and sphalerite or rarely as microscopic free gold. The
mineralization style varies across the TGB, with Golden Eagle and Map
Nora showing similar style of mineralization, whereas Mupane and
Signal Hill Au deposits are characterized by distinct styles of miner-
alization, which in turn differs from Golden Eagle and Map Nora.

3.1. Mupane Au deposits

The Mupane Au deposits consist of several mineralized sub zones
(including Tau, Tholo, Kwena and Tawana) with the Tau mineralization
sub zone (focus of the present study) being the most important in terms
of size and Au production. Mupane Mines from 2005 to date have ex-
tracted over 700,000 oz of gold (http://www.galanegold.com/
operations/mupane/). The Mupane deposits are within the
Mupanipani Hills, which crop out as iron formations comprised of
banded siliceous and graphitic iron formation (GIF), hosted by a se-
quence of variably schistose metasediments that include conglomerate,
para‐amphibolite, marble, metapelite and minor orthoamphibolite
(Tomkinson and Putland, 2006). The geology and the style of miner-
alization vary across the different mineralized sub zones. Gold miner-
alization at Tholo and Kwena deposits is hosted by BIFs; and whereas
Kwena’s Au-bearing BIF is encased in amphibolite schist, at Tholo, the
Au-bearing BIF is within mainly quartz-muscovite schist and occasio-
nalyoccasionally in quartz biotite schist. At Tawana deposit, Au mi-
neralization is associated with dolerite dykes (Glanvill et al., 2011),
whereas at Tau deposit, the Au-bearing GIF is encased essentially
within quartz‐biotite/amphibolite‐schist, and rarely in garnet schist and
a conglomerate.

At the investigated Tau mineralized sub zone, the gold-bearing GIF
units are, in most cases, hardly identifiable because of the total ob-
literation of the original texture by quartz-carbonate alteration. Where

Fig. 2. Simplified geological map of the Tati Greenstone Belt, northeastern Botswana showing the location of the investigated Au deposits, as well the associated
geological context. Modified from Døssing et al. (2009).
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this alteration overprint is not pervasive, graphite schist and graphite-
garnet schist were identified as gold-bearing GIF units. At Tau, Au
mineralization occurs essentially randomly disseminated in the ferru-
ginous graphitic host rock, which is variably quartz-carbonate-altered
(Fig. 3A), thus leading in places to gold-sulfide-bearing quartz-carbo-
nate-rich host rocks. Locally, however, disseminated sulfide

porphyroclasts/porphyroblasts are observed aligned following the S2
graphite-rich foliation. Locally, mineralization is also vein-controlled
and within most of the cases, veins and/or stockworks are overprinting
the quartz-carbonate-altered host (Fig. 3B).

The ore minerals identified are essentially arsenopyrite and pyr-
rhotite (Fig. 3A–D, F) with accessory, pyrite, chalcopyrite, native gold

Fig. 3. Photographs (A–E) and microphotographs (F–J) showing the styles of mineralization of the investigated TGB Au deposits. (A-B) Mupane Au style of mi-
neralization showing arsenopyrite (aspy) and pyrrhotite (po) in quartz-carbonate-altered graphitic unit. (C-D) At Shashe, mineralization is essentially concordant,
with po aligned following the schistosity fabric (C), but local mineralized and discordant quartz-carbonate en echelon veins (D) are also observed. (E) Mineralization
at signal Hill occurring as quartz-white mica (phengite)-arsenopyrite stockworks overprinting a pervasively white mica-altered sandstone. (F) Reflected light (PPL)
microphotograph from Mupane showing sphalerite (sl)-arsenopyrite (aspy) intergrowth. (G) Back scattered electron (BSE) image from Mupane showing arsenopyrite
porphyroclasts/porphyroblasts aligned following the schistosity fabric. (H-L) Reflected (H, J, K) and transmitted (I, L) light microphotographs of Shashe gold deposits
showing Pyrrhotite (po) and sphalerite (sl) hosted in a biotite (bt)-rich schist. Note the presence of a second generation of po (po2) that crosscuts the first and
concordant Po event (J). H, J and K are PPL, whereas I and L are XPL. (M) Transmitted light (PPL) microphotograph from Signal Hill showing white mica (phen) and
aspy intergrowth in pervasively altered sandstone.
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and electrum, sphalerite, ilmenite, and bornite (probably of secondary
origin) in decreasing order of abundance. Ore mineral abundance varies
from mainly disseminated to locally massive content. Arsenopyrite and
the other spatially associated ore minerals mentioned above rarely
occur as euhedral crystals, but rather as subhedral to anhedral and
deformed grains (Fig. 3G) of variable size. Arsenopyrite (and rarely
pyrrhotite) in Mupane also exhibits a wide range of textures (which in
places can be superposed) including vuggy, inclusions-rich (sieve tex-
ture) and highly fractured and rarely folded and boudinaged crystals.
Native gold and electrum were observed to be essentially found within
arsenopyrite, either as tiny inclusions or filling fractures and vugs.

3.2. Shashe Au deposits

The Map Nora and Golden Eagle Au deposits constitute the Shashe
Au deposits group. In both Map Nora and Golden Eagle the miner-
alization is essentially hosted in a fine-grained biotite-rich schist, which
accessorily also contains amphibole, talc, epidote, chlorite and garnet.
Locally, the biotite-schist is overprinted by actinolite, which forms at
the expense of biotite.

Map Nora deposit has a resource potential up to 200,000 oz Au
(http://www.galanegold.com/operations/mupane/exploration-and-
development/), whereas Golden Eagle deposit contains an indicated
resource of 115,000 oz Au (at 0.9 g/t cut-off, Glanvill et al., 2011). In
both Map Nora and Golden Eagle, mineralization is essentially strati-
form and schistosity-controlled, with deformed ore minerals pre-
ferentially aligned either along the schistosity fabric (Fig. 3C, H–L) or in
schistosity-parallel veins. Thus, it is consistent with the synchronicity of
gold mineralization with the D2 schistosity as evoked by Glanvill et al.
(2011). In addition to the main stratiform mineralization, local dis-
cordant mineralization, including en echelon (Fig. 3D) and schistosity-
oblique veins mineralization (Fig. 3J) styles were observed.

In all styles of mineralization from the two areas, native gold and
electrum are chiefly associated with arsenopyrite, pyrrhotite and
sphalerite (Fig. 3C, H–L) and accessorily pyrite, chalcopyrite and bor-
nite in decreasing order of abundance. Of note however is that Golden
Eagle is significantly sphalerite-rich relative to Map Nora. Like in Mu-
pane, arsenopyrite is generally strained and elongated following the
schistosity planes, whereas euhedral crystals are rarely observed. Al-
though arsenopyrite commonly shows inclusions of pyrrhotite and
chalcopyrite, intergrowth between chalcopyrite, arsenopyrite are also
common observations. At Map Nora, native gold and electrum are free
and appear in textural equilibrium with arsenopyrite, whereas at
Golden Eagle, native gold and electrum are observed either as free
grains in textural equilibrium with arsenopyrite, or as tiny inclusions
within sphalerite and arsenopyrite. Worthy of note is the native gold
endowment of sphalerite schistosity-parallel veins mentioned above.

3.3. Signal Hill Au deposit

The 521,000.00 t Au (measured resource at 0.9 g/t cut-off; Glanvill
et al., 2011) Signal Hill deposit, is hosted in its southeast and the
northeast portions by a succession of foliated metadacite to me-
tarhyolite and siliceous iron units from the Penhalonga Formation
(Glanvill et al., 2011). Mineralization at the center of Signal Hill deposit
is hosted by a sequence of poorly bedded arkose sandstone, inter‐-
bedded with poorly bedded conglomerates of the Last hope Formation
(Glanvill et al., 2011).

In the central zone where our investigation focused, Au miner-
alization occurs as auriferous quartz-white mica veins and stockworks
(Fig. 3E) hosted in pervasively phengite-altered sandstone and con-
glomerate. The white mica was identified as phengite by X-ray dif-
fraction (XRD). But without constraints on the Si abundance (nor-
mally> 3.5 pfu for phengite), this mica phase will be simply referred to
as white mica in the current investigation. White mica constitutes the
main component of the sandstone matrix, which links quartz clasts. The

sulfides content in Signal Hill Au deposit is low, typically< 2% and
arsenopyrite is the only ore mineral observed as either disseminated in
white mica-rich matrix or hosted in quartz-white mica veins/stock-
works (Fig. 3M). Apart from the observed arsenopyrite, Tombale (1992)
reported other sulfides including pyrrhotite, pyrite, stibnite, gudmun-
dite and minor chalcopyrite and sphalerite.

4. Analytical methods

Nine pure sulfide concentrates (including 1 pyrite, 5 arsenopyrite
and 3 pyrrhotite) and nine rock samples (consisting of 6 schist, 2 do-
lerite dykes and 1 granodiorite) spatially associated with the Au mi-
neralization in the TGB were collected. These samples were analyzed
for Pb isotope compositions.

Lead isotope ratio measurements were carried out to determine the
source(s) of Pb (and by inference Au) and to assess the age(s) of Au
mineralization. Lead isotope ratios for both sulfides and whole rocks
were measured using the Thermo Finnigan TRITON mass spectrometer
housed at the Department of Earth Sciences of the University of Geneva
(Switzerland), following the method described by Bineli Betsi et al.
(2013, 2017, 2018). The reference material SRM981 was used as in-
ternal standard and Pb isotope ratios were corrected for instrumental
fractionation by a factor of 0.07%/amu, based on>90 measurements
of the SRM981 standard and using the values of Todt et al. (1996).
External reproducibility (2σ) of the standard ratios is 0.05% for
206Pb/204Pb, 0.08% for 207Pb/204Pb, and 0.10% for 208Pb/204Pb. Mass
fractionation of Pb (0.08 ± 0.05%/amu) was monitored by SRM-981
standard measurements. The total procedural common lead blank was
2.07 ± 1.97 pg (average of 20 total blank measurements) and has the
following isotopic composition (at 2σ uncertainty, fractionation-cor-
rected): 206Pb/204Pb: 18.36 ± 0.34; 207Pb/204Pb: 15.59 ± 0.20;
208Pb/204Pb: 38.00 ± 0.69; the total blank isotopic composition did
not vary systematically over the range of total blank common Pb
amounts (0.5–7.4 pg). All measurements were corrected for internal
fractionation using 203Tl/205Tl = 0.418922 and external fractionation
using nominal values of SRM981 of Baker et al. (2004). The Pb isotope
ratios that were obtained were then used to calculate the Pb/Pb ages
using Isoplot v.3.31 Excel macro of Ludwig (2003). Initial Pb isotope
compositions of whole rock samples were calculated using the U-Th age
corrections (e.g., Sangster et al., 1998; Bouse et al., 1999). Lead, U and
Th contents, which were used to calculate the initial Pb isotope ratios of
whole rocks were obtained by sodium peroxide fusion (combined ICP-
AES and ICP-MS package), carried out at SGS, South Africa. A max-
imum of 0.2 g whole rock samples were completely digested in a basic
sodium peroxide oxidizing flux which renders most refractory minerals
soluble.

White mica associated with Au mineralization at Signal Hill Au
deposit was collected for Ar/Ar geochronology. Ar-Ar dating was car-
ried out at the University of Manitoba, Canada. Sample analysis fol-
lowed the same method used by Bineli Betsi et al. (2017). The white
mica sample was loaded in a multi-collector Thermo Fisher Scientific
ARGUS V1 mass spectrometer linked to a stainless steel Thermo Fisher
Scientific extraction/purification line and photon machines (55 W) fu-
sions 10.6 CO2 laser (Bineli Betsi et al., 2017). The Faraday detectors
with low noise of 1 × 1012 Ω resistors were used to measure Ar isotopes
from mass of 40 to 37, and mass 36 was measured using a compact
dynode detector (CDD) (Bineli Betsi et al., 2017). All the measurements
were corrected for the total system blanks, mass discrimination,
radioactive decay and mass spectrometer sensitivity. The Ar/Ar plateau
age and the weighted mean Ar/Ar age were calculated using Isoplot
v.3.31 Excel macro of Ludwig (2003).

Garnet grains from a sheared and mineralized GIF were subjected to
in-situ LA-ICP-MS U-Pb geochronology. The analysis was carried out at
the Department of Earth Sciences of the University of New Brunswick
(UNB), Canada, using a Wavelength Resonetics M-50-LR 193-nm
Excimer laser ablation system coupled to an Agilent 7700x ICP-MS.
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Geochronological data were acquired from 210 µm size spots during a-
30 s ablation time and a-30 s washout time between each ablation. Care
was taken to select only areas free of fractures and inclusions. The re-
petition rate of the laser (pulses per second) was 4 Hz, with an on-
sample fluence (energy) of 4 J/cm2. Carrier gases were run at a rate of
930 ml/min for argon, 300 ml/min for ultra-pure helium, and 2 ml/min
for ultra-pure nitrogen. Primary standard used was NIST612, and em-
pirical correction was applied to the unknowns using an in-house and
matrix-matched Mackenzie Gulch Cu-skarn deposit grandite garnet
standard that has a known age of 385 ± 3 Ma (Chris McFarlane,
personal communication). A total of 14 spot analyses were acquired
from the primary standard NIST 612, whereas 20 spot analyses were
collected from the Mackenzie Gulch grandite garnet standard. 71 un-
knowns were acquired and there was a standard at least every three
unknowns. During standard and sample analyses, 44Ca, 204Pb, 206Pb,
207Pb, 208Pb, 232Th, 238U, Approx U, Aprox Th and Approx Pb contents
were measured from each spot analysis.

During tuning, only the heavy elements were monitored (Pb, Th, U)
and tuning was adjusted to maximize sensitivity on the heavy isotopes
only. Oxide production was kept below 0.3%. As the grains were large
in each sub sample, each array of spots was run in a linear orientation
across the grains. Detection limits were calculated using the back-
grounds before and after each ablation. The Concordia and lower in-
tercept ages were calculated using Isoplot ver.3.31 (Ludwig, 2003).
Errors are quoted at the 2-sigma (95% confidence) level and are pro-
pagated from all sources except mass spectrometer sensitivity and age
of the flux monitor. First order characterization of garnet prior to U-Pb
dating was done using a JEOL JSM 6400 scanning electron microscope
(SEM), a superprobe JEOL JXA-8230 electron microprobe and a M4
Tornado Bruker micro X-ray fluorescence (µ-XRF) mapping, housed at
the Department of Biology of UNB, the Department of Earth and En-
vironmental Sciences of Botswana University of Sciences and Tech-
nology (BIUST) and at the Department of Earth Sciences of UNB, re-
spectively.

5. Results

5.1. Pb isotope systematics

The measured and initial Pb isotope compositions of sulfides and

whole rocks are reported in Table 1 and plotted in Fig. 4. Lead isotope
compositions of sulfides from the TGB Au deposits are heterogeneous
and show a wide range of Pb isotope ratios. 206Pb/204Pb range from
14.274 to 29.711, whereas 207Pb/204Pb and 208Pb/204Pb are between
14.957 and 17.179 and 33.962–65.243, respectively. Of note is the
highly radiogenic character of arsenopyrite from Map Nora, which
clearly distinguishes it from the other TGB sulfides (Table 1, Fig. 4)

The whole rocks also show heterogeneity and a wide range of
measured Pb isotope compositions (Pbt), which span from 13.491 to
17.739 for 206Pb/204Pbt, 14.549–15.538 for 207Pb/204Pbt and
33.743–38.261 for 208Pb/204Pbt. The initial Pb isotope compositions
(Pbi) of whole rocks were calculated at 2.7 Ga for schists and grano-
diorite and 179 Ma for dolerite dykes (based on the ages provided in the
geological setting section) using Th, U and Pb data reported in
Appendix 1. The calculated Pbi isotope compositions are similarly
characterized by a wide range (Table 1). For example, 206Pb/204Pbi are
between 12.133 and 17.806, 207Pb/204Pbi spanning from 14.550 to
15.498 and 208Pb/204Pbi ranging from 33.744 to 38.322. In all cases,
dolerite dykes show the most radiogenic end member.

5.2. Pb/Pb geochronology

Lead isotope compositions of sulfides presented in the Section 5.1
above were used to produce Pb/Pb ages (Fig. 5) using Isoplot v.3.31
Excel macro of Ludwig (2003). Sulfides from TGB, when plotted to-
gether, yielded an errorchron Pb/Pb age of 2227 ± 66 Ma (n = 9,
MSWD = 2.7E + 7, Fig. 5A), whereas an errorchron of 2220 ± 74 Ma
(n = 5, MSWD = 3E + 5, Fig. 5B) was obtained when only arseno-
pyrite from the TGB was considered. Mupane sulfides yielded an er-
rorchron Pb/Pb age of 2873 ± 140 Ma (n = 4, MSWD = 1E + 5,
Fig. 5C), whereas Shashe deposit sulfides also yielded an errorchron
Pb/Pb age of 2250 ± 110 Ma (n = 5, MSWD = 1.3E + 7, Fig. 5D).

5.3. Ar/Ar geochronology

A white mica sample obtained from pervasively altered sandstone
from Signal Hill Au deposit was dated using Ar/Ar technique in order to
investigate the age of the alteration and by inference the age of asso-
ciated Au mineralization in the area. Two aliquots were analyzed and
results are reported in Table 2 and Fig. 6. Aliquot 1 is characterized by a

Table 1
Initial (t = 270 and 179 Ma) and measured (t = 0 Ma) Pb isotope compositions of TGB sulfides and spatially associated rocks.

t = 0 Ma t = 2700 Ma t = 179 Ma

Samples ID/species 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

Mupane Au deposit
LBC-4 (dolerite dyke) 17.814 15.515 38.077 17.806 15.544 38.322
LB10 (schist) 16.087 15.338 35.290 14.494 15.043 35.140
LB7 (arsenopyrite) 14.274 15.037 33.962
LB8 (pyrrhotite) 14.546 15.089 34.182
LB2B (pyrrhotite) 14.882 15.162 34.591
LB2B (arsenopyrite) 14.983 15.181 34.674

Map Nora Au deposit
SH8 (schist) 16.981 15.448 36.604 12.1328 14.550 33.744
SH5 (schist) 17.044 15.385 36.655 15.279 15.058 35.493
SH10 (arsenopyrite 29.011 17.118 65.243
SH2 (arsenopyrite) 29.711 17.179 59.921

Golden Eagle Au deposit
GEP1 (schist) 14.732 15.109 34.391 13.491 14.879 33.943
GEP31 (schist) 17.813 15.500 37.676 17.576 15.456 37.568
GEP25V (dolerite dyke) 17.818 15.544 38.333 17.465 15.498 37.870
GEP29D (pyrrhotite) 14.282 14.957 34.023
GEP29C (arsenopyrite) 14.558 15.060 34.486
GEP14 (pyrite) 15.498 15.235 35.722

Signal Hill Au deposit
SG5 (granodiorite) 16.399 15.427 35.757 14.631 15.099 34.882

T. Bineli Betsi, et al. Precambrian Research 339 (2020) 105623

6



systematic and uniform Ar degassing as shown in Fig. 6A. After the two
first fragments of 39Ar release, which may have been contaminated by
trapped argon (either atmospheric argon, or excess argon, or both), the
apparent ages declined at 1876.5 Ma, rising to a plateau age of
1987 ± 24 Ma (MSWD = 0.27, Fig. 6A) of 5 consecutive segments
between 35% and 100% total 39Ar release. Aliquot 1 also produced a
weighted mean Ar/Ar age of 1976 ± 31 Ma (n = 7, MSWD = 3.9),
which is rigorously similar within error to the 1987 ± 24 Ma plateau
age.

Aliquot 2 age spectrum (Fig. 6B) is characterized by a saddle-shaped
pattern, whereby after the first step of 39Ar release, the apparent ages
increased, without, however, giving a plateau age (Fig. 6B). Aliquot 2
also yielded a weighted mean Ar/Ar age of 1987 ± 13 Ma (n = 15,
MSWD = 4.3, Fig. 6C), which is similar to the plateau age of aliquot 1.
Of note also is that our white Ar/Ar dates overlap the Mupane (Tau sub
zone) 1976 ± 88 Ma (MSWD = 48) garnet Pb step wise leaching age
obtained by Døssing et al. (2009).

5.4. LA-ICP-MS hydrothermal almandine garnet U-Pb geochronology

Garnet (Fig. 7) from a highly sheared and mineralized GIF (Fig. 7A),
was dated using in-situ LA-ICP-MS U-Pb technique. The sheared and
mineralized GIF sample (LBC-3), collected from Mupane drill core is
composed of mainly garnet porphyroblasts/porphyroclasts (Fig. 7A)
and accessory carbonate set in a Fe-rich and fined-grained matrix

composed essentially of carbonate and graphite and various sulfides
and accessory of quartz, biotite, chlorite, ilmenite and muscovite. Two
sub samples/aliquots (LBC-3(1) and LBC-3(2), Fig. 7B-C) were gener-
ated from LBC-3 and then analyzed. Garnet (Fig. 7) is coarse grained
(up to 1 cm in diameter), euhedral to anhedral, Fe-rich (ave.
32.09–33.93 wt% FeOT), typically of almandine composition (see
Table 3) and highly anisotropic, with the latter feature symptomatic of
hydrothermal garnet. Likewise, the age yielded by the Mupane al-
mandine garnet (see the last paragraph of this section) significantly
contrasts with the age of metamorphism within the TGB, thus, once
again supporting its hydrothermal origin. The investigated hydro-
thermal almandine garnet is essentially homogenous as shown in EPMA
maps (Fig. 8C–G), but detailed µ-XRF elemental mapping revealed
subtle Mn zoning (Fig. 8B) in some grains.

Forty six spot analyses from 3 garnet grains were collected from
LBC-3(1) whereas 25 spots analyses from 3 garnet grains were collected
from LBC(3)-2. Off the 71 spot analyses collected, only 60 returned
reliable results. The summary results obtained are presented in Table 4,
while the full data set is contained in the supplementary electronic
material (ESM). The U and Th contents of Mupane garnet are low,
ranging between 0.03 and 0.27 ppm and 0.001–0.077 ppm, respectively
with resulting higher U/Th ratios up to 46.43 (Table 4). Mupane garnet
204Pb contents are low and range from 375 to 907 ppb, suggesting
common Pb (Pbc) in Mupane garnet is lower, similar to most garnet
worldwide known to contain negligible common Pb (Mezger et al.,

Fig. 4. Uranogenic (A) and thorogenic (B) plots of TGB sulfides and spatially associated rocks. Note the overlap in Pb isotope compositions between sulfides
(excepted Map Nora arsenopyrite) and granodiorite and some schists.
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1989, 1991). 206Pb abundances are relatively higher, ranging from 523
to 3680 ppb, thus leading to moderately high 206Pb/204Pb ratios
(1.18–18.1, ave. = 5.11 ppm, Table 4)

The 60 analyses yielded a Tera-Wasserburg concordia age of
2105 ± 24 Ma (MSWD of concordance = 1.10, Fig. 9A) and a Terra-
Wasserburg lower intercept 206Pb/238U age of 2119 ± 18 Ma
(MSWD = 1.03, Fig. 9B).

6. Discussion and interpretation

6.1. Sources of metals

As shown in both Table 1 and Fig. 4, Pb isotope compositions of
sulfides from the TGB Au deposits are heterogeneous and display a wide
range of Pb isotope ratios. Sulfides from the TGB can also be dis-
criminated into least radiogenic and highly radiogenic sulfides, with the
latter being represented by the 2 Map Nora arsenopyrite samples. The

causes of such a huge variability in sulfide Pb isotope compositions
from the TGB, as well as the significances of the elevated 206Pb/204Pb
(up to 17.179) and 208Pb/204Pb (up to 65) ratios of Map Nora arseno-
pyrite are not clear. Arsenopyrite from the world class Homestake BIF-
hosted gold deposit also recorded similar high radiogenic character
(Frei et al., 2009) and the authors attributed the elevated 208Pb/204Pb
ratios to the presence of inclusions of old and radiogenic monazite and
allanite within arsenopyrite. Whether or not the assessed Map Nora
arsenopyrite contains similar inclusions of radiogenic minerals is un-
certain, as systematic identification of sulfide inclusions was beyond the
scope of the current investigation. But, as outlined in the deposits
geology and style of mineralization section, the sieve-textured arseno-
pyrite contains so many inclusions and the possibility of radiogenic
inclusions cannot be totally ruled out and this may therefore explain the
observed higher Pb isotope compositions variability. In the absence of
irrefutable evidences of radiogenic inclusions, likely to have affected
arsenopyrite Pb compositions, we prefer to argue that the observed

Fig. 5. Pb/Pb isochron plots of TGB all sulfide (A), TGB arsenopyrite (B), Mupane sulfides (C) and Shashe sulfides (D). Note that all the plots display errorchron.

Table 2a
Ar/Ar results of aliquot 1 phengite sample spatially associated with Au mineralization at Signal Hill.

Aliquot 1

Power (%) Ar40 ± (1σ) Ar39 ± (1σ) Ar38 ± (1σ) Ar37 ±1σ Ar36 ± (1σ) 40Ar*/39Ar ± (1σ) 40Ar* (%) Age (Ma) ± (1σ)

0.1 10292.820 0.4304 29.0650 0.0321 0.3678 0.0158 0.0358 0.0123 0.0128 0.0013 353.820 0.527 99.96 1912.6 1.8
0.2 Background
0.4 16.741 0.0626 0.0127 0.0267 0.0218 0.0159 −0.0262 0.0134 −0.0009 0.0010 1331.535 2775.704 101.62 3774.0 3296.5
0.6 449.761 0.1079 1.3093 0.0282 0.0416 0.0153 −0.0150 0.0127 0.0010 0.0010 343.103 7.380 99.94 1876.5 25.1
0.8 4452.049 0.2701 12.3935 0.0267 0.1798 0.0147 0.0026 0.0140 −0.0005 0.0010 359.053 0.852 100.00 1929.9 2.8
1.0 11133.650 0.4835 29.4590 0.0309 0.3600 0.0139 0.0312 0.0135 −0.0018 0.0011 377.761 0.547 100.00 1990.7 1.7
1.2 15258.200 0.5214 39.8484 0.0325 0.4602 0.0145 0.0272 0.0130 0.0025 0.0012 382.691 0.493 100.00 2006.3 1.6
1.5 25141.430 0.7741 66.4574 0.0429 0.7850 0.0144 0.0172 0.0129 0.0029 0.0013 378.101 0.449 100.00 1991.7 1.4
2.0 37117.930 0.9855 98.8690 0.0418 1.1797 0.0142 −0.0033 0.0133 0.0033 0.0014 375.221 0.406 100.00 1982.5 1.3
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Table 2b
Ar/Ar results of aliquot 2 phengite sample spatially associated with Au mineralization fat Signal Hill.

Aliquot 2

Power (%) Ar40 ± (1σ) Ar39 ± (1σ) Ar38 ± (1σ) Ar37 ± 1σ Ar36 ± (1σ) 40Ar*/39Ar ± (1σ) 40Ar* (%) Age (Ma) ± (1σ)

0.1 Background
0.5 282.455 0.0937 0.8300 0.0247 −0.0078 0.0150 −0.0126 0.0128 −0.0002 0.0010 340.175 10.117 100.00 1867.0 35.0
0.8 8883.527 0.3881 27.0705 0.0323 0.3239 0.0144 −0.0152 0.0120 0.0050 0.0010 327.918 0.390 100.00 1824.0 1.0
0.9 11045.170 0.4399 30.6573 0.0308 0.3893 0.0142 0.0158 0.0124 −0.0004 0.0012 360.076 0.362 100.00 1933.0 1.0
1.0 12817.540 0.4366 33.8345 0.0337 0.3849 0.0144 0.0186 0.0128 −0.0020 0.0011 378.630 0.377 100.00 1993.0 1.0
1.1 14121.970 0.5217 36.5588 0.0287 0.4566 0.0157 −0.0311 0.0129 0.0065 0.0013 386.005 0.303 100.00 2017.0 1.0
1.2 16822.320 0.6303 43.5957 0.0350 0.4812 0.0139 0.0112 0.0141 −0.0016 0.0012 385.660 0.310 100.00 2016.0 1.0
1.3 18567.080 0.6342 48.5076 0.0335 0.5629 0.0151 0.0212 0.0123 0.0001 0.0012 382.546 0.265 100.00 2006.0 1.0
1.4 21945.160 0.7141 57.9471 0.0328 0.6919 0.0148 0.0301 0.0129 −0.0004 0.0012 378.495 0.215 100.00 1993.0 1.0
1.5 17523.000 0.5643 46.5678 0.0349 0.5190 0.0141 0.0285 0.0136 −0.0030 0.0013 376.093 0.282 100.00 1985.0 1.0
1.6 16165.130 0.6301 43.1609 0.0348 0.5060 0.0154 0.0160 0.0117 −0.0013 0.0012 374.324 0.302 100.00 1980.0 1.0
1.7 10055.980 0.4538 26.7963 0.0318 0.3041 0.0146 0.0328 0.0140 −0.0003 0.0012 375.063 0.446 100.00 1982.0 1.0
1.8 4147.417 0.2881 11.0946 0.0288 0.1250 0.0148 0.0406 0.0132 −0.0018 0.0011 373.661 1.971 100.00 1978.0 3.0
1.9 3964.521 0.2690 10.6150 0.0290 0.1282 0.0145 −0.0096 0.0134 −0.0020 0.0011 373.323 1.021 100.00 1976.0 3.0
2.0 4152.001 0.2619 11.1179 0.0274 0.1603 0.0144 0.0459 0.0132 −0.0026 0.0010 373.313 0.992 100.00 1976.0 3.0
2.5 18941.150 0.6605 51.4453 0.0334 0.6493 0.0146 0.0049 0.0137 0.0001 0.0013 367.966 0.240 100.00 1959.0 1.0
3.0 3114.838 0.2598 8.1891 0.0272 0.1294 0.0152 0.0285 0.0136 0.0000 0.0010 380.148 1.262 100.00 1998.0 4.0

Fig. 6. (A) Ar-Ar spectrum from white mica aliquot 1. After the two first steps of 39Ar release, which may have been contaminated by trapped argon, the apparent
ages declined at 1876.5 Ma, rising to a plateau age of 1987 ± 24 Ma (MSWD = 0.27) of 5 consecutive segments between 35% and 100% total 39Ar release. (B)
Aliquot 1 also produced a weighted mean Ar/Ar age of 1976 ± 31 Ma (n = 7, MSWD = 3.9), which is rigorously similar within error to the 1987 ± 24 Ma plateau
age. (C) Ar-Ar spectrum from white mica aliquot 2, which is characterized by a saddle-shaped pattern, whereby after the first step of 39Ar release, the apparent ages
increased, without, however, giving a plateau age. (D) Aliquot 2 also yielded a weighted mean Ar/Ar age of 1987 ± 13 Ma (n = 15, MSWD = 4.3), which is similar
to the plateau age of aliquot 1.
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elevated radiogenic composition of Map Nora arsenopyrite is typically
inherent to these sulfides and the variability in Pb isotope compositions
of sulfides from TGB is therefore an indication of multiple Pb sources
for sulfides. Leaching of Pb from different lithologies (with different Pb
isotopic compositions) by mineralizing hydrothermal fluids is likely to
explain this multiple Pb sources signature.

The least radiogenic sulfides plot in a narrow Pb isotope composi-
tional range and cluster in both the thorogenic and uranogenic dia-
grams (Fig. 4), thus suggesting a unique source of Pb for those sulfides.
In both the radiogenic and thorogenic plots, the Pb isotope composi-
tions of least radiogenic sulfides (206Pb/204Pb ranging from 14.274 to
15.498.711, 207Pb/204Pb and 208Pb/204Pb between 14.957 and 15.235
and 33.962–35.722, respectively) and granodiorite (from Signal Hill)
and schist (from Mupane and Map Nora) overlap (Fig. 4), thus sug-
gesting schist and granodiorite are the possible sources of Pb and by
inference Au.

On the other hand, the highly radiogenic Map Nora arsenopyrite
(206Pb/204Pb ranging from 29.011 to 29.711, whereas 207Pb/204Pb and
208Pb/204Pb are between 17.118 and 17.179 and 59.921–65.243, re-
spectively) plots beyond the Pb isotope compositions field of other
sulfides and whole rocks, thus suggesting a totally different Pb source,

other than the assessed schist, granodiorite and dolerite dykes. The
possible source of Pb and by inference Au in Map Nora mineralization
may be black shale that was observed to occur in Map Nora (Tombale,
1992; Døssing et al., 2009). The shale is known to be of a more
radiogenic lithology, as it is enriched in Th, U and K (Bottoms and
Potra, 2017). Likewise, Map Nora black shale is 2.7 Ga old, thus pro-
viding time needed for radiogenic Pb ingrowth. Black shales were also
reported to be Au-rock sources in many orogenic gold deposits world-
wide (e.g., Large et al., 2007, 2009, 2011; Thomas et al., 2011;
Steadman et al., 2013, 2014). The Pb isotope compositions of dolerite
dykes do not coincide with any of the investigated sulfide, ruling out
their possibility as Au-rock sources within the TGB.

6.2. Significances of the obtained radiometric dates and implications for the
age of TGB Au mineralization event (s)

Alteration minerals in hydrothermal systems are footprints of mi-
neralizing fluid pathways. The alteration minerals and the spatially
associated elements of economic interest (in this case gold) are also
believed to have precipitated from the same mineralizing hydrothermal
fluids and are thus genetically related. Therefore, dating alteration

Fig. 7. (A) Photograph of Mupane sheared and mineralized GIF showing the garnet (grt) assessed for in-situ LA-ICP-MS U/Pb dating. (B-C) Scanned images of the two
polished thin section samples (LBC-3 (1) and LBC-3 (2)) prepared from sample in (A) and showing that the dated grt is coarse grained (up to 1 cm wide) and of
various shapes. (D-E) Reflected light (LLP) microphotographs showing that dated grt contains arsenopyrite (aspy), chalcopyrite (cpy) and graphite (grp) inclusions
and its fractures are also filled with the same ore minerals.
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minerals can be an efficient and indirect way of constraining the age of
the Au mineralization (see Bineli Betsi et al., 2007, Chiaradia et al.,
2013, Bineli Betsi et al., 2017). The close spatial association between
arsenopyrite (that hosts the Au mineralization as mentioned above) and
white mica (Fig. 3M), suggests the two minerals may have precipitated
at the same time and are cogenetic. Likewise, the Mupane hydrothermal
almandine garnet includes ore minerals (arsenopyrite, pyrrhotite and
chalcopyrite, Fig. 7D-E) and its numerous fractures are also filled with
the same sulfides (Fig. 7D-E). This relationship clearly indicates an inter
mineralization garnet, coeval with sulfides that host native gold and
electrum. Numerous researchers (DeWolf et al. 1996, Meinert et al.
2001, Seman et al., 2017; Deng et al., 2017; Fu et al., 2018; Wafforn
et al., 2018; Gevedon et al., 2018, Zhang et al., 2019) were able to
tightly constrain the ages of various skarn deposits worldwide, dating
the spatially associated hydrothermal garnet of grandite composition
using U-Pb radiometric technique. Therefore, white mica and alman-
dine garnet dates obtained in the present study can be confidently used
and associated to sulfides Pb/Pb dates to discuss and infer the age(s) of
the Au mineralization in their respective mineralization zone and
within the TGB.

All sulfides and arsenopyrite only from across the TGB yielded Pb/
Pb errorchron ages of 2227 ± 66 Ma and 2220 ± 73 Ma, respec-
tively, whereas sulfides from Shashe yielded a Pb/Pb errorchron age of
2250 ± 110 Ma. These relatively imprecise Pb/Pb dates may indicate
post-sulfides open system behavior. As indicated by Døssing et al.
(2009), the TGB was overprinted by a later ca 2.0 Ga Limpopo tectono-
metamorphic event and this thermal activity could have reset the sul-
fides Pb/Pb chronometer, thus leading to the obtained errorchron ages.
However, the sulfides Pb/Pb geochronological data also yielded closely
corresponding and overlapping dates, suggesting the large uncertainties

may have arisen from non-uniform initial Pb isotope compositions,
rather than open system behavior post-sulfides deposition. Hetero-
geneity in initial Pb isotope compositions will arise upon leaching of Pb
from different sources, with different Pb isotopic compositions that
were not perfectly homogenized. Based on the set of closely corre-
sponding and overlapping dates obtained, as well as the similarity in
age with the relatively precise 2.12 Ga hydrothermal almandine garnet
U-Pb dates, the sulfide Pb/Pb dates are likely to indicate the maximum
age of one Au mineralization event in Shashe and within the TGB.

At Mupane, two sets of radiometric data were obtained and these
include the sulfides Pb/Pb 2873 ± 140 Ma errorchron age and the
hydrothermal almandine garnet dates (Tera-Wasserburg lower inter-
cept 206Pb/238U age of 2119 ± 18 Ma (MSWD = 1.03) and a con-
cordia age of 2105 ± 24 Ma (MSWD (of concordance) = 1.10).
Though the 2873 ± 140 Ma sulfides Pb/Pb date appears imprecise and
that the sulfides Pb/Pb chronometer is likely to undergo thermal re-
setting (as argued above), it is geologically meaningful as discussed in
the Section 6.3 below and its contrast with the hydrothermal almandine
garnet suggests gold deposition in this area cannot represent a single
mineralization event. Unlike the U-rich (up to 200 ppm, Wafforn et al.,
2018) hydrothermal grandite garnet routinely assessed to date skarn
deposits, the TGB hydrothermal almandine garnet that was dated is
relatively U-poor (up to ca 0.3 ppm). Despite its lower U content, we
obtained robust and reliable ages probably because of the large crater
size (210 µm used in this study), which affords greater accuracy and
precision (see Wafforn et al., 2018). The two hydrothermal almandine
garnet U-Pb radiometric dates are relatively precise and overlap within
errors. In addition, the garnet U-Pb closing temperature is> 750 °C
(Mezger et al., 1989, Chiaradia et al., 2014 and references therein),
suggesting this chronometer is likely to have withstood the ca 2.0 Ga
Limpopo tectono-metamorphic event, as well as other thermal events
that may have taken place in the TGB. Therefore, the Mupane hydro-
thermal almandine garnet U-Pb dates are reliable and are used to
confidently time frame at least one mineralization event within the
Mupane Au deposit. The 2119 ± 18 Ma lower intercept 206Pb/238U
date is more precise and represents the best date obtained from Mupane
almandine hydrothermal garnet. We then interpret the 2119 ± 18 Ma
lower intercept 206Pb/238U date as the age of one of the gold miner-
alization events in Mupane and within the TGB. The closeness between
the 2.12 Ga hydrothermal almandine garnet dates and the 2.2 Ga sul-
fide Pb/Pb dates, may suggest the two date sets correspond to the same
Au mineralization event, which we ascribe to the more precise 2.12 Ga
age. Such an inter mineralization hydrothermal almandine garnet was
also successfully dated (though by Sm-Nd technique) to constrain the
age of gold mineralization in the word-class greenstone BIF-hosted Au
Musselwhite deposit (Biczok et al., 2012). Given that both sulfides Pb/
Pb and hydrothermal almandine garnet U/Pb dates are reliable and
deemed to represent the age of gold mineralization as discussed above,
it is therefore, reasonable to postulate that more than one Au miner-
alization event took place in the Mupane mineralized area. In addition
to radiometric dates, textural features, such as, the coexistence and
superposition of both pre-to-syn tectonic (folded, boudinaged and
fractured) and post-tectonic (euhedral and lacking deformation tex-
tures) sulfides (arsenopyrite chiefly) further indicate sulfides from
Mupane mineralized zone clearly formed at different epochs, thus
consistent with multiple mineralization events across the TGB.

At Signal Hills, aliquot 1 white mica yielded plateau and weighted
mean ages of 1987 ± 24 Ma (MSWD = 0.27) and 1976 ± 31 Ma
(n = 7, MSWD = 3.9) respectively, whereas aliquot 2 white mica
yielded a weighted mean age of 1987 ± 13 Ma (n = 15,
MSWD = 4.3). The 3 dates obtained from white mica spatially asso-
ciated with Au mineralization overlap, are relatively precise and in
addition, the plateau age of aliquot 1 is rigorously similar to the

Table 3
Chemical composition of the Mupane garnet associated with Au mineralization.

Samples ID LBC-3 (1) LBC-3 (2)

Grain ID 3 4 3 4
n analyses/
grain

11 15 10 15

Av 1σ Av 1σ Av 1σ Av 1σ

SiO2 35.39 0.41 35.73 0.45 36.03 0.25 35.45 0.81
TiO2 0.08 0.03 0.08 0.02 0.07 0.01 0.08 0.02
Al2O3 20.09 0.18 20.38 0.15 20.42 0.12 20.16 0.44
Cr2O3 0.01 0.01 0.02 0.01 0.01 0.01 0.03 0.02
FeOT 32.09 1.05 33.93 0.56 33.41 0.87 33.38 1.02
MnO 4.38 0.38 3.43 0.23 3.74 0.54 3.60 0.61
MgO 0.63 0.10 0.88 0.14 0.77 0.11 0.76 0.11
CaO 6.05 0.75 5.26 0.51 5.58 0.41 5.16 0.54
Total 98.73 99.69 100.03 98.60

Atoms (O = 24)
Si 5.831 5.830 5.858 5.852
AlIV 0.169 0.170 0.142 0.148
Al 3.732 3.751 3.773 3.775
Ti 0.010 0.009 0.008 0.010
Cr 0.001 0.002 0.001 0.004
Fe3+ 0.417 0.397 0.350 0.351
Fe2+ 4.005 4.234 4.193 4.258
Mn 0.612 0.474 0.515 0.503
Mg 0.155 0.213 0.186 0.188
Ca 1.069 0.919 0.973 0.913
Total 16.000 16.000 16.000 16.000
Almandine 70.661 74.250 73.075 74.183
Spessartine 9.777 7.598 8.282 8.100
Pyrope 2.484 3.416 2.994 3.022
Grossular 17.079 14.736 15.650 14.694
Andradite 0.000 0.000 0.000 0.000
Uvarovite 0.000 0.000 0.000 0.000
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weighted mean age of aliquot 2, thus suggesting the white mica Ar/Ar
dates obtained are reliable. The white mica Ar/Ar dates also overlap the
Mupane 1976 ± 88 Ma (MSWD = 48, Døssing et al., 2009) garnet Pb
stepwise leaching age, further supporting the reliability of our white
mica dates. The mean weighted age of aliquot 2 is more precise and
statistically more reliable (when considering the number of data ac-
quired) and the 1987 ± 13 Ma (n = 15, MSWD = 4.3) and is then
here considered as the best crystallization age of white mica and by

inference the age of the Au mineralization event at Signal Hill. If the
Mupane 1976 ± 88 Ma (MSWD = 48, Døssing et al., 2009) garnet Pb
stepwise leaching age was simply interpreted as overprint of the Lim-
popo tectono-metamorphic event within the TGB (see Section 6.3), we
emphasize that, our 1987 ± 13 Ma (n = 15, MSWD = 4.3) Ar/Ar age,
based on textural features (as discussed above), is the age of Au mi-
neralization at Signal Hill. Whether there is more than one miner-
alization event at Signal Hill remains unconstrained. Also, the closure

Fig. 8. Micro XRF (A-B) and EPMA maps of the Mupane hydrothermal almandine garnet showing that the investigated garnet is consistently homogeneous, with
exception of local Mn zoning (B).
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temperature of mica-Ar/Ar chronometers is between 300 and 350 °C
(Harrison et al.,1985; Lovera et al., 1997; Love et al., 1998). This
suggests that isotopic disturbances of younger thermal events are sus-
ceptible to affect mica-Ar/Ar chronometers. The youngest recorded
thermal event within the TGB is the intrusion of the ca 177–180 Ma
(Elburg and Goldberg, 2000; Hastie et al., 2014) Karroo dolerite dykes.
The obtained white mica ages well coincide with a major regional
tectonic event (see Section 6.3 below), suggesting the white mica Ar/Ar
chronometer withstood isotopic disturbance of the youngest Karroo
thermal event, thus once again supporting the reliability and robustness
of the obtained 1987 ± 13 Ma age.

From the discussion elaborated above, it is therefore reasonable to
postulate that at least 3 well constrained epochs of Au mineralization
are recorded within the TGB. These include the 2119 ± 18 Ma and the
1987 ± 13 Ma mineralization events as revealed by the hydrothermal
almandine garnet and white mica, respectively. The third Au miner-
alization event is related to the 2873 ± 140 Ma age, which despite its
relative imprecision remains geologically meaningful as it will be dis-
cussed in the following section below.

6.3. Regional implications of the TGB dates and mineralization ages

The recorded geological events that occurred within the TGB in-
clude: deposition of the TGB (~2.7 Ga, Wilson et al., 1978; Wilson,
1979), intrusion of TTG (2.65–2.75 Ga, Bagai et al., 2002; Van Geffen,
2004), metamorphism (2630 ± 70–2570 ± 70 Ma, Van Breemen and
Dodson, 1972) and the 177–180 Ma (Elburg and Goldberg, 2000; Hastie
et al., 2014) Karoo dolerite dykes intrusion. Other geological events
regionally recorded include the first and second Limpopo tectonic
events. The first Neoarchean Limpopo Orogeny (2.70–2.65 Ga, Carney
et al., 1994; Holzer et al., 1998; Tombale, 1992; Millonig et al., 2008;
McCourt et al., 2004 and references therein) also referred to as Lim-
popo-Liberian tectonic cycle (Krӧner, 1977) involved the con-
tinent–continent collision between the Zimbabwe and the Kapvaal
cratons and is coeval with igneous rocks intrusion within the TGB
(Tombale, 1992). The second Paleoproterozoic Limpopo-Liberian tec-
tonic cycle (1.95–2.05 Ga, Barton et al., 1994; Kamber et al., 1995a, b;
Jaeckel et al., 1997; Holzer et al., 1998 and references therein) took
place at the Limpopo Belt in the Central zone. This second Limpopo
tectonic event is described as the shear zone-bounded metamorphic
overprinting (Carney et al., 1994; Holzer et al., 1998; Tombale, 1992;
Millonig et al., 2008; McCourt et al., 2004 and references therein) and
characterized by prograde amphibolite facies metamorphism, which
reached peak metamorphic temperatures and pressures of ~8–12 kbar,
800–850 °C (Watkeys, 1984; Holzer et al., 1998; Buick et al., 2006 and
references therein), followed by retrograde P-T of 600 °C/4 kbar (Zeh
et al., 2004, 2009).

The Signal Hill Au deposit 1987 ± 13 Ma white mica weighted
mean Ar/Ar age coincides within error with the second
Paleoproterozoic Limpopo-Liberian tectonic cycle (1.95–2.05 Ga).
Therefore, this orogenic event is the likely possible event that had
triggered the Au mineralization in the Signal Hill Au deposit. The
Mupane 1976 ± 88 Ma (MSWD = 48) garnet Pb step wise leaching
age obtained by Døssing et al. (2009) was also interpreted by the au-
thors as an overprint of the Limpopo tectono metamorphic event in the
TGB. Likewise, the 2873 ± 140 Ma Mupane sulfides Pb/Pb date co-
incides within error with both the early stage of the first Neoarchean
Limpopo Orogeny (2.70–2.65 Ga) and the early stage of TTG intrusions
(2.65–2.73 Ga) within the TGB. The 2873 ± 140 Ma Mupane sulfides
Pb/Pb date also overlaps the mesoband BIF Pb/Pb age of
2.73 ± 0.15 Ga (Døssing et al., 2009), which was interpreted by the
authors as the age of BIF deposition within the TGB. This shows the

Mupane sulfides Pb/Pb date, despite its imprecision remains geologi-
cally meaningful as it overlaps well-known regional and local geolo-
gical events, as well as the time of BIF deposition with the TGB.

On the other hand, the overlapping Shashe sulfides
(2250 ± 110 Ma), TGB sulfides (2227 ± 66 Ma) and TGB arseno-
pyrite (2220 ± 73 Ma) dates do not correlate with any known geo-
logical event both in the TGB and within the region and their sig-
nificance with respect to the geological context remains undetermined.
Similarly, the precise and well constrained 2119 ± 18 Ma Mupane
hydrothermal almandine garnet U-Pb age does not correspond to any
geological event recorded both in the TGB and in the Limpopo Belt. As
indicated in Section 6.2, partial resetting of the sulfide Pb/Pb chron-
ometer during the ca. 2.0 Ga Limpopo tectono-metamorphic event is
unlikely to produce the nearly corresponding ages obtained and will
therefore not fully explain the lack of coincidence with recorded geo-
logical events. Likewise, partial resetting of the
2630 ± 70–2570 ± 70 Ma (Van Breemen and Dodson, 1972) meta-
morphic garnet by the younger 1.95–2.05 Ga second Limpopo-Liberian
tectonothermal event is susceptible to produce the obtained
2119 ± 18 Ma age. However, the garnet U-Pb chronometer is robust
and its closure temperature typically> 750 °C (Mezger et al., 1989),
suggesting the garnet U-Pb chronometer is likely to have withstood
isotopic disturbance related to the Limpopo Paleoproterozoic tectonic
event. Therefore, based on textural evidences extensively outlined in
Sections 5.4 and 6.2, the 2119 ± 18 Ma ore-related hydrothermal
almandine garnet corresponds to a sulfide (and by inference gold) mi-
neralization event. Therefore, the 2.12 Ga hydrothermal almandine
garnet and the 2.2 Ga sulfide Pb/Pb ages can be related to a concealed
magmatic event. This was also observed in mantle sulfides with respect
to Os isotopes, which, due to initial Os isotopic heterogeneity, yielded
an imprecise age that has no surface expression, but correlates with far-
field tectonic events that caused intralithospheric Os remobilization
(Aulbach et al., 2018).

From the discussion elaborated above, it is evident that the Au
mineralization at TGB is consistent with multiple mineralization events,
with two of them possibly triggered by major geotectonic events. One of
the Au mineralization events at Mupane may correspond to the begin-
ning of the first Limpopo-Liberian tectonic cycle and associated TTG
emplacement, while Signal Hill Au deposit is coincident with the
second Limpopo-Liberian tectonic cycle (see Fig. 10).

6.4. Implications for the TGB genetic model

The TGB is an Archean greenstone belt that hosts numerous gold
deposits/mineral occurrences of various styles. Based on their associa-
tion with greenschist-amphibolite facies metamorphic rocks, the nature
of the gold mineralization host rocks, the ore mineral assemblages, the
spatial association with structures such as shear zones and the mode of
occurrences of gold, the style of gold mineralization within the TGB is
therefore consistent with orogenic gold found in the greenstone belts
worldwide.

Deciphering the timing of gold mineralization with respect to me-
tamorphism and deformation is a critical step when aiming at fully
understanding the genesis of gold deposits in greenstone belts. It is in
this regard that greenstone-hosted Au deposits are classified into post,
syn and pre-metamorphic greenstone-hosted Au deposits. With regard
to the timing of metamorphism within the TGB
(2630 ± 70–2570 ± 70 Ma, Van Breemen and Dodson, 1972), the
well constrained Signal Hill (1987 ± 13 Ma) and Mupane
(2119 ± 18 Ma) Au mineralization events are all post-metamorphic,
thus similar to the nearby South African Kalahari Goldridge (Hammond
and Moore, 2006) and New Consort (Dziggel et al., 2010) Au deposits
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and the Zimbabwe Renco (Kolb and Meyer, 2002) greenstone-hosted Au
deposits, whereas the geologically meaningful 2873 ± 140 Ma Mu-
pane Au mineralization event is pre-metamorphic.

The> 400 Ma age difference between metamorphism and Au mi-
neralization events raises the question of the origin of mineralizing
fluids, which is also another key question pertaining to the genesis of
orogenic gold deposits, that has to be addressed. Though mineralizing
fluids in greenstones belt-hosted Au deposits are well constrained to
have derived from metamorphic dehydration (Groves et al., 1998;
McCuaig and Kerrich, 1998; Jia et al., 2003; Goldfarb and Groves,
2015), our radiometric data show that mineralization within the TGB
took place significantly before and after metamorphic devolatilization
was complete, thus ruling out the involvement of metamorphic fluids in
the mineralizing process (es). The synchronicity between the Mupane
2873 ± 140 Ma sulfides Pb/Pb age and the 2.65–2.75 Ga TTG, as well
as, the overlap in Pb isotope compositions between sulfides and gran-
odiorite point to a possible genetic link between the TTG intrusions and
gold mineralization event (s) and consequently the involvement of
magmatic fluids in the TGB mineralizing process(es).

Based on the discussion elaborated above it appears that, with re-
spect to the orogenic events, Au mineralization within the TGB is of two
main events. These include: (i) the pre-metamorphic Au mineralization
event, which was likely promoted by the intrusion of the TTG (as
supported by the overlap in Pb compositions between sulfides and
granodiorite, as well as the synchronicity between sulfides and TTG),
which triggered the 2873 ± 140 Ma Mupane Au mineralization event,
and (ii) the post-metamorphic Au mineralization event, which led to the
genesis of at least two gold mineralization events at 2119 ± 18 Ma and
1987 ± 13 Ma, in Mupane and Signal Hill, respectively. As there is a
huge time gap between the two gold mineralization events and meta-
morphism and related devolatilization process, it is postulated that
metamorphic fluids are not likely to have contributed to the gold mi-
neralization processes.

6.5. Global significance and relevance of the TGB study

As outlined in Section 6.4, the TGB is consistent with orogenic gold
found in the Archaean greenstones belt worldwide. In addition, mi-
neralization at Mupane is a BIF-GIF-hosted gold deposit that shares
some similarities with many Precambrian greenstone BIF-hosted Au
deposits worldwide, such as, the Homestake Au deposit of South Dakota
in USA (Goldfarb et al., 2005, Morelli et al., 2010), Musselwhite Au
deposit in Canada (Hill et al., 2006; Kolb, 2011; McNicoll et al., 2016),
Kalahari Goldridge Au deposit in South Africa (Hammond and Moore,
2006), Lamego Au deposit (Martins et al., 2016) and São Sebastião Au
deposit (Brando Soares et al., 2018) in Brazil, to name a few.

From our radiometric dates, at least 3 well constrained epochs of Au
mineralization are recorded within the TGB. The 2119 ± 18 Ma and
the 1987 ± 13 Ma gold mineralization events as revealed by the hy-
drothermal almandine garnet and white mica, respectively are con-
sistent with the 2100–1800 Ma (Goldfarb et al., 2005) major period of
orogenic gold deposits formation in the Precambrian. Our radiometric
data further indicate Au mineralization within the TGB is pre-to-post-
metamorphic. Numerous post and pre-metamorphic greenstone-hosted
Au deposits are known worldwide. Worldwide examples of post-meta-
morphic greenstone-hosted Au deposits include: South Dakota Home-
stake in USA (Caddey et al., 1991; Terry et al., 2003, Frei et al., 2009),
Hemlo in Canada (Phillips and Powell, 2009), Hutti in South India
(Rogers et al., 2003, 2007; Kolb et al., 2005), Big Bell in Western
Australia (Phillips and Powell, 2009), Challenger in South Australia
(Phillips and Powell, 2009), Tropicana in the Yilgarn Craton
(Blenkinsop and Doyle, 2014), whereas Mount Olympus Au deposit in
Western Australia (Sheppard et al., 2010, Fielding et al., 2018) is a
classic example of pre-metamorphic greenstone-hosted Au deposit.

Furthermore, our radiometric data, in conjunction with Pb isotope
characteristics rule out the involvement of metamorphic fluids in theTa
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mineralizing process (es); but rather point to a possible genetic link
between gold mineralization events and magmatism. The spatial and
genetic association between orogenic intrusions and the orogenic gold
systems is documented worldwide (cf. Groves et al., 1998; Goldfarb
et al., 2001) and numerous works (Mueller, 1997; Mueller et al., 2004;
Ciobanu et al., 2010; McFarlane et al., 2011; Ootes et al., 2011; Wyman
et al., 2016) also evoked the possibility of involvement of magmatic
mineralizing fluids in the genesis of orogenic gold deposits. For ex-
ample, a genetic link between gold mineralization and granitic mag-
matism was similarly established at Homestake deposit on the basis of
overlap between Pb isotope composition of galena and feldspar from a
pegmatitic granite (Frei et al. 2009). This genetic link established
through Pb isotope compositions was then after constrained based on
geochronological evidences (Morelli et al., 2010). Likewise, granitoids
in the Kalahari Goldridge Archean greenstone BIF-hosted Au deposits
were reported to have been the source of the mineralizing fluids

(Hammond and Moore, 2006) and granitoids in São Sebastião Au de-
posit in Brazil provided the heat effect that possibly promoted miner-
alizing fluids flow (Brando Soares et al., 2018).

Based on the discussion elaborated above, it is clear that in terms of
epoch of mineralization, time frame of mineralization with respect to
metamorphism, as well as the involvement of magmatism in the genesis
of Au deposits, the TGB Au deposits are consistent with many green-
stone-hosted gold deposits worldwide. From the current study, it can
also be highlighted that Au preconcentrated in crustal rocks, such as
schists and black shales, was remobilized during regional tecto-
nothermal events, thus leading to the formation of the TGB Au deposits.
Such a process is likely to occur in other geological environments
worldwide, provided similar favorable conditions exist. Therefore, the
results obtained during the current investigation are not solely of local/
regional interest, but can also be efficiently used as proxy to char-
acterize greenstone-hosted gold deposits worldwide.

7. Conclusions

This study aimed at further constraining the genesis of Au deposits/
mineral occurrences found in the Tati Greenstone Belt of northeastern
Botswana, by shedding light on both the genetic relationships between
Au deposits/mineral occurrences and the source(s) of Au. At the end of
this investigation, the following conclusions can be drawn:

1. The sulfide Pb isotope compositions within the TGB are hetero-
geneous, indicating multiple Pb and by inference Au rock sources,
which are possibly granodiorite from Signal Hill and Mupane and
Map Nora’s schist;

2. The Au deposits/mineral occurrences within the TGB are not co-
genetic and formed through numerous Au mineralization events, 3
of which were constrained and these include: the first Mupane
2873 ± 140 Ma Au mineralization event, the second Mupane
2119 ± 18 Ma Au mineralization event and the1987 ± 13 Ma
Signal Hill Au mineralization event;

3. The Au Mineralization events within the TGB also coincide with
major regional geotectonic activities, with the first Mupane Au mi-
neralization event coinciding with the 2.70–2.65 Ga first
Neoarchean Limpopo-Liberian tectonic cycle, whereas the Signal
Hill Au mineralization event is coincident with the 1.95–2.05 Ga
Paleoproterozoic Limpopo-Liberian tectonic cycle;

4. Gold mineralization within the TTG is also of two main events
comprising the pre-metamorphic Au mineralization event, which
was likely promoted by the intrusion of the 2.65–2.75 Ga TTG and
the post metamorphic Au mineralization event, which led to at least
two gold mineralization events, associated with the 2119 ± 18 Ma
and 1987 ± 13 Ma Au mineralization events at Mupane and Signal
Hill, respectively;

5. As there is a huge time gap between the two gold mineralization
events and metamorphism and related devolatilization process, we
postulate that metamorphic fluids are not likely to have contributed
to the gold mineralization processes.
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Fig. 9. Tera-Wasserburg concordia (A) and intercept (B) plots showing Mupane
hydrothermal almandine garnet yielded a concordia age of 2105 ± 24 Ma
(MSWD of concordance = 1.10) and lower intercept 206Pb/238U age of
2119 ± 18 Ma (MSWD = 1.03), respectively.

T. Bineli Betsi, et al. Precambrian Research 339 (2020) 105623

18



Acknowledgements

We would like to thank the Botswana International University of
Science and Technology (BIUST) for the initiation research grant (Ref:
DVC/RDI/2/1/171 (42) provided to T. Bineli Betsi in support of this
project. The staff/geologists of Mupane Gold mine are duly acknowl-

edged for their assistance during field work. Special thanks to Fenny
Ebolotse for the support provided in the field. Peter Eze and Jerome
Yendaw who proof-read the first version of this manuscript are also
acknowledged. The comments from S. Aulbach, anonymous reviewers
and Victoria Pease (chief editor PR) also significantly improved the
quality of this manuscript.

Appendix A

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.precamres.2020.105623.

References

Aldiss, D.T., 1991. The Motloutse Complex and Zimbabwe craton/Limpopo Belt transition
in Botswana. Precambr. Res. 50, 89–109.

Anhaeusser, C.R., 1976. Archean metallogeny in Southern Africa. Econ. Geol. 71, 16–43.
Aulbach, S., Creaser, R.A., Stachel, T., Heaman, L.M., Chin, I., Kong, J., 2018. Diamond

ages from Victor (superior Craton) intra mantle cycling of volatiles (C, N, S) during
supercontinent reorganization. Earth Planet. Sci. Lett. 490, 77–87.

Bagai, Z., Armstrong, R., Kampunzu, A.B., 2002. U-Pb single zircon geochronology of
granitoids in the Vumba-granite greenstone terrain (NE Botswana): implications for
the evolution of the Archean Zimbabwe Craton. Precambr. Res. 118 (3), 149–168.

Baker, J., Peate, D., Waight, T., Meyzen, C., 2004. Pb isotopic analysis of standards and
samples using a 207Pb-204Pb double spike and thalium to correct for mass bias with a-
focusing MC-ICP-MS. Chem. Geol. 211 (3–4), 275–303.

Barton, J.M., Holzer, L., Kamber, B., Nyfeler, D., Kramers, J.D., 1994. Discrete

metamorphic events in the Limpopo belt, southern Africa: implications for the ap-
plication of P-T paths in complex metamorphic terrains. Geology 22, 1035-l, 038.

Biczok, J., Hollings, P., Klipfel, P., Heaman, L., Maas, R., Hamilton, M., Kamo, S., Fried-
man, R., 2012. Geochronology of the North Caribou greenstone belt, Superior
Province Canada: implications for tectonic history and gold mineralization at the
Musselwhite mine. Precambr. Res. 192–195, 209–230.

Bineli Betsi, T., Chiaradia, M. Spikings R., 2007. The low sulfidation Au-Ag deposit of Rio
Blanco (Ecuador): Geology, Mineralogy, Geochronology (U-Pb and Ar-Ar) and
Isotope (S, Pb, Sr) Geochemistry. Extended conference abstract for the SGA 9th
Bienial Meeting in Dublin, Ireland: EAN: SGA_2007_A174.

Bineli Betsi, T., Lentz, D.R., Chiaradia, M., Kyser, K., Creaser, R.A., 2013. Genesis of the
Au-Bi-Cu-As, Cu-Mo±W, and base-metal Au-Ag mineralization at the Mountain
Freegold (Yukon, Canada): constraints from Ar-Ar and Re-Os geochronology and Pb
and stable isotope compositions. Miner. Depos. 48, 991–1017. https://doi.org/10.
1007/s00126-013-0465-4.

Bineli Betsi, T., Ponce, M., Chiaradia, M., Ulianov, A., Camacho, A., 2017. Insights into

Fig. 10. Summary of the recorded geological events that occurred within the TGB and the nearby Limpopo Belt and its correlation with the TGB Au mineralization
events.

Appendix 1
U, Th and Pb contents used to calculate the initial Pb isotope compositions of rocks spatially associated with the TGB
investigated Au deposits.

Sample ID Pb (ppm) Th (ppm) U (ppm)

GEP 31 119 1.4 0.87
GEP 1 13 0.7 0.55
LBC 4 <5 1.8 0.99
SG 5 34 3.4 1.95
SH 8 <5 1.6 0.77
SH 5 10 1.3 0.56
LB 10 86 9.5 4.50
GEP 25 V 8 1.7 0.58

T. Bineli Betsi, et al. Precambrian Research 339 (2020) 105623

19

https://doi.org/10.1016/j.precamres.2020.105623
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0005
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0005
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0010
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0015
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0015
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0015
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0020
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0020
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0020
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0025
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0025
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0025
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0030
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0030
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0030
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0035
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0035
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0035
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0035
https://doi.org/10.1007/s00126-013-0465-4
https://doi.org/10.1007/s00126-013-0465-4
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0050


the genesis of the epithermal Au-Ag mineralization at Rio Blanco in the Cordillera
Occidental of southwestern Ecuador: constraints from U-Pb and Ar/Ar geochro-
nology. J. S. Am. Earth Sci. 80, 353–374.

Bineli Betsi, T., Ponce, M., Chiaradia, M., 2018. Petrogenesis of the Rio Blanco epithermal
Au-Ag mineralization in the Cordillera Occidental of southwestern Ecuador: assess-
ment from host rocks petrochemistry and ore constituents isotopic (O, S, H and Pb)
compositions. J. S. Am. Earth Sci. 86, 70–93.

Blenkinsop, T.G., Doyle, M.G., 2014. Structural controls on gold mineralization on the
margin of the Yilgarn Craton, Albany-Fraser orogen: the Tropicana deposit, Western
Australia. J. Struct. Geol. 67, 189–204.

Bottoms, B., Potra, A., 2017. Could organic rich black shales be a source for MVT deposits.
Search and Discovery Article 80615.

Bouse, R.M., Ruiz, J., Titley, S.R., Tosdal, R.M., Wooden, J.L., 1999. Late isotope com-
position of Late Cretaceous and Early Tertiary igneous rocks and sulfide minerals in
Arizona: implications for the source of plutons and metal in porphyry copper de-
posits. Econ. Geol. 94, 211–244.

Brando Soares, M., Corrêa Neto, A.V., Bertolino, L.C., Alves, F.E.A., Almeida, A.M.,
Montenegro da Silva, P.H., de Araújo Mabub, R.O., Guimarães Manduca, L., Mendes
Caixeta de Pamplona Araújo, I., 2018. Multistage mineralization at the hypozonal São
Sebastião gold deposit, Pitangui greenstone belt, Minas Gerais, Brazil. Ore Geol. Rev.
102, 618–638.

Buick, I.S., Hermann, J., Williams, I.S., Gibson, R.L., Rubatto, D., 2006. A SHRIMP U-Pb
and LA-ICP-MS trace element study of the Petrogenesis of garnet-cordierite-or-
thoamphibole gneisses from the Central Zone of the Limpopo Belt, South Africa.
Lithos J. 88, 150–172.

Caddey S.W., Bachman, R.L., Campbell, T.J., Reid, R.R., Otto, R.P., 1991. The Homestake
gold mine, an early Proterozoic iron formation-hosted gold deposit, Lawrence
County, South Dakota. United States Geological Survey Bulletin 1857-J, p. 67.

Carney, J.N., Aldiss, D.T., Lock, N.P., 1994. The geology of Botswana. Bull. Ser. 37,
17–40.

Chiaradia, M., Schaltegger, U., Spikings, R.A., Wotzlaw, J.F., Ovtcharova, M., 2013. How
accurately can we date the duration of magmatic-hydrothermal events in porphyry
systems? Econ. Geol. 108, 565–584.

Chiaradia, M., Schaltegger, U., Spikings, R.A., 2014. Time scales of mineral systems-
advances in understanding over the past decade. Soc. Econ. Geol. Spec. Publ. 18,
37–58.

Ciobanu, C.L., Birch, W.D., Cook, N.J., Pring, A., Grundler, P.V., 2010. Petrogenetic
significance of Au-Bi-Te-S associations: the example of Maldon, Central Victorian
gold province, Australia. Lithos 116, 1–17.

Deng, X.D., Li, J.W., Luo, T., Wang, H.Q., 2017. Dating magmatic and hydrothermal
processes using andradite-rich garnet U-Pb geochronometry. Contrib. Miner. Petrol.
172 (9), 71.

DeWolf, C.P., Zeissler, C.J., Halliday, A.N., Mezger, K., Essene, E.J., 1996. The role of
inclusions in U-Pb and Sm-Nd garnet geochronology: Stepwise dissolution experi-
ments and trace uranium mapping by fission track analysis. Geochim. Cosmochim.
Acta 60 (1), 121–134.

Døssing, N.L., Frei, R., Stendal, H., Mapeo, B.M., 2009. Characterization of enriched li-
thospheric mantle components in ~2.7 Ga Banded Iron Formations: an example from
the Tati Greenstone Belt, Northeastern Botswana. Precambr. Res. 172, 334–356.

Dziggel, A., Poujol, M., Otto, A., Kisters, A.F., Trieloff, M., Schwarz, W.H., Meyer, F.M.,
2010. New U-Pb and 40Ar/39Ar ages from the northern margin of the Barberton
greenstone belt, South Africa: implications for the formation of Mesoarchean gold
deposits. Precambr. Res. 179 (1–4), 206–220.

Elburg, M., Goldberg, A., 2000. Age and geochemistry of Karoo dolerite dykes from
northeast Botswana. J. Afr. Earth Sc. 31, 539–554.

Fielding, I.O.H., Johnson, S.P., Meffre, S., Zi, J.-W., Sheppard, S., Large, R.R., Rasmussen,
B., 2018. Linking gold mineralization to regional-scale drivers of mineral systems
using in situ U–Pb geochronology and pyrite LA-ICP-MS. Geosci. Front. https://doi.
org/10.1016/j.gsf.2018.06.005.

Frei, R., Dahl, P.S., Frandsson, M.M., Jensen, L.A., Hansen, T.R., Terry, M.P., Frei, K.M.,
2009. Lead-isotope and trace-element geochemistry of Paleoproterozoic metasedi-
mentary rocks in the Lead and Rochford basins (Black Hills, South Dakota, USA):
implications for genetic models, mineralization ages, and sources of leads in the
Homestake gold deposit. Precambr. Res 172, 1–24.

Fripp, R.E.P., 1976. Stratabound gold deposits in Archean banded iron-formation,
Rhodesia. Econ. Geol. 71, 58–75.

Fu, Y., Sun, X., Li, D., Lin, H., 2018. U-Pb Geochronology and Geochemistry of U-Rich
Garnet from the Giant Beiya Gold-Polymetallic Deposit in SW China: constraints on
Skarn Mineralization Process. Minerals 8 (4), 128. https://doi.org/10.3390/
min8040128.

Gevedon, M., Seman, S., Barnes, J.D., Lackey, J.S., Stockli, D.F., 2018. Unraveling his-
tories of hydrothermal systems via U-Pb laser ablation dating of skarn garnet. Earth
Planet. Sci. Lett. 498, 237–246.

Glanvill, J., Mungoshi, J., Sexton. J., Reichardt, M., 2011. Mupane Gold Project. An in-
dependent Technical report on the Mupane Gold Mine. NI 43‐101 Report, May 2011,
MSA Geoservices (pty) Ltd., p. 226.

Goldfarb, R.J., Baker T, Dubé, B., Groves, D.I., Hart, C.J.R., Gosselin, P., 2005.
Distribution, character, and genesis of gold deposits in metamorphic terranes. In:
Hedenquist, J.W., Thompson, J.F.H., Goldfarb, R.J., Richards, J.P. (Eds.), Econ Geol
100th Anniversary Volume, Soc. Econ. Geol., pp. 407–451.

Goldfarb, R., Groves, D., Gardoll, S., 2001. Orogenic gold and geologic time: a global
synthesis. Ore Geol. Rev. 18, 1–75.

Goldfarb, R.J., Groves, D.I., 2015. Orogenic gold: common or evolving fluid and metal
sources through time. Lithos 233, 2–26.

Groves, D.I., 1993. The crustal continuum model for late-Archaean lode-gold deposits of
the Yilgarn Block, Western Australia. Miner. Depos. 28, 366–374. https://doi.org/10.

1007/BF02431596.
Groves, D.I., Phillips, N., Ho, S.E., Houstoun, S.M., Standing, C.A., 1987. Craton-scale

distribution of Archean greenstone gold deposits: predictive capacity of the meta-
morphic model. Econ. Geol. 82, 2045–2058.

Groves, D.I., Goldfarb, R.J., Gebre-Mariam, M., Hagemann, S.G., Robert, F., 1998.
Orogenic gold deposits: a proposed classification in the context of their crustal dis-
tribution and relationship to other gold deposit types. Ore Geol. Rev. 13 (1–5), 7–27.

Groves, D.I., Goldfarb, R.J., Robert, F., Hart, C.J.R., 2003. Gold deposits in metamorphic
belts: overview of current understanding, outstanding problems, future research, and
exploration significance. Econ. Geol. 98, 1–29.

Hammond, N.Q., Moore, J.M., 2006. Archaean lode gold mineralization in banded iron
formation at the Kalahari Goldridge deposit, Kraaipan Greenstone Belt, South Africa.
Miner. Depos. 41, 483–503. https://doi.org/10.1007/s00126-006-0074-6.

Harrison, T.M., Duncan, I., McDougall, I., 1985. Diffusion of 40Ar in biotite: temperature,
pressure and compositional effects. Geochim. Cosmochim. Acta 45, 2513–2517.

Hastie, W.W., Watkeys, M.K., Aubourg, C., 2014. Magma flow in dyke swarms of Karoo
LIP: implications for the mantle plume hypothesis. Gondwana Res. 25, 736–755.

Hill, M.L., Cheatle, A., Liferovich, R., 2006. Musselwhite Mine: an orogenic golddeposit in
the Western Superior Province. Geol. Assoc. Canada Abstracts 31 67–67.

Holzer, L., Frei, R., Barton, J.M., Kramer, J.D., 1998. Unraveling the record of successive
high grade events in the Central Zone of the Limpopo Belt using Pb single phase
dating of metamorphic minerals. Precambr. Res. 87, 87–115.

Jaeckel, P., Kroner, A., Kamo, S.L., Brandl, G., Wendt, J.I., 1997. Late Archaean to early
Proterozoic granitoid magmatism and high-grade metamorphism in the central
Limpopo Belt, South Africa. J. Geol. Soci. London 154, 25–44.

Jia, Y., Kerrich, R., Goldfarb, R., 2003. Metamorphic origin of ore-forming fluids for
orogenic gold-bearing quartz vein systems in the North American Cordillera: con-
straints from a Reconnaissance Study of δ15N, δD, and δ18O. Econ. Geol. 98,
109–123.

Johnson, R.S., 1986. The Phoenix and Selkirk nickel–copper sulphide ore deposits, Tati
Greenstone Belt, eastern Botswana. In: Anhaeusser, C.R., Maske, S. (Eds.), Mineral
Deposits of Southern Africa. Geological Society of South Africa, pp. 243–248.

Kamber, B.S., Kramers, J.D., Napier, R., Cliff, R.A., Rollinson, H.R., 1995b. The Triangle
Shear zone, Zimbabwe, revisited; new data document an important event at 2.0 Ga in
the Limpopo Belt. Precambr. Res. 70, 191–213.

Kamber, B.S., Blenkinsop, T.G., Villa, I.M., Dahl, P.S., 1995a. Proterozoic transpressive
deformation in the Northern Marginal Zone, Limpopo Belt, Zimbabwe. J. Geol. 103,
493–508.

Kampunzu, A.B., Tombale, A.R., Zhai, M., Bagai, Z., Majaule, T., Modisi, M.P., 2003.
Major and trace element geochemistry of plutonic rocks from Francistown, NE
Botswana: Evidence for Neoarchean continental active margin in the Zimbabwe
Craton. Lithos 71 (2–4), 431–460.

Key, R.M., 1976. The geology of the area around Francistown and Phikwe, northeast and
central districts, Botswana. District Mem. 3, Geological Survey. Botswana, 121.

Kolb, J., Meyer, M.F., 2002. Fluid inclusion record of the hypozonal orogenic Renco gold
deposit (Zimbabwe) during the retrograde P-T evolution. Contrib. Miner. Petrol. 143
(4), 495–509.

Kolb, J., Rogers, A., Meyer, M.F., 2005. Relative timing of deformation and two-stage gold
mineralization at the Hutti Mine, Dharwar craton, India. Mineral. Depos. 40,
156–174.

Kolb, M., 2011. A microstructural study of Mussel white Mine and Hammond Reef shear-
zone-hosted gold deposits. Unpublished M.Sc. Thesis, Thunder Bay, Canada,
Lakehead University, p. 204.

Krӧner, A., 1977. The precambrian geotectonic evolution of Africa: plate accretion versus
plate destruction. Precambr. Res. 4, 163–213.

Large, R.R., Maslennikov, V.V., Robert, F., Danyushevsky, L., Chang, Z., 2007. Multi-stage
sedimentary and metamorphic origin of pyrite and gold in the giant SukhoiLog de-
posit, Lena gold province, Russia. Econ. Geol. 102, 1233–1267.

Large, R.R., Danyushevsky, L., Hollit, C., Maslennikov, V., Meffre, S., Gilbert, S., Bull, S.,
Scott, R., Emsbo, P., Thomas, H., Singh, B., Foster, J., 2009. Gold and trace element
zonation in pyrite using a laser imaging technique: implications for the timing of gold
in orogenic and Carlin-style sediment-hosted gold deposits. Econ. Geol. 104,
635–668.

Large, R.R., Bull, S.W., Maslennikov, V.V., 2011. A carbonaceous sedimentary source-rock
model for Carlin-type and orogenic gold deposits. Econ. Geol. 106, 331–358.

Litherland, M., 1973. Uniformitarian approach to Archaean ‘Schist Relics’. Nature 242,
125–127.

Litherland, M., 1975. The geology of the area around Maitengwe, Sebina and Tshesebe,
Northeast and Central Districts, Botswana. District Mem. 2, Geological Survey.
Botswana, 133.

Love, D.A., Clark, A.H., Hodgson, C.J., Mortensen, J.K., Archibald, D.A., Farrar, E., 1998.
The timing of adularia-sericite-type mineralization and alunite-kaolinite-type al-
teration, Mount Skukum epithermal gold deposit, Yukon Territory, Canada: 40Ar-39Ar
and U-Pb geochronology. Econ. Geol. 93, 437–462.

Lovera, O.M., Grove, M., Harrison, T.M., Mahon, K.I., 1997. Systematic analysis of K-
feldspar 40Ar/39Ar step heating results: Significance of activation energy determi-
nations. Geochim. Cosmochim. Acta 61, 3171–3192.

Ludwig, K.R., 2003. Isoplot 3.09 A Geochronological Toolkit for Microsoft Excel. Berkeley
Geochronology Center, Special Publication 4, p.71.

Maier, W.D., Barnes, S.J., Chinyepi, G., 2008. The composition of magmatic Ni-Cu-PGE
sulfide deposits in the Tati and Selebi-Phikwe belts of eastern Botswana. Miner.
Depos. 43, 37–60. https://doi.org/10.1007/s00126-00-0143-5.

Martins, B.S., Lobato, L.M., Rosière, C.A., Hagemann, S.G.,Schneider Santos, J. O., dos
Santos Peixoto Villanova, F.L., Figueiredo Silva, R.C, de Ávila Lemos, L.H., 2016. The
Archean BIF-hosted Lamego gold deposit, Rio das Velhas greenstone belt,
Quadrilátero Ferrífero: evidence for Cambrian structural modification of an Archean

T. Bineli Betsi, et al. Precambrian Research 339 (2020) 105623

20

http://refhub.elsevier.com/S0301-9268(19)30670-9/h0050
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0050
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0050
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0055
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0055
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0055
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0055
http://refhub.elsevier.com/S0301-9268(19)30670-9/opt7tA6QOR7zk
http://refhub.elsevier.com/S0301-9268(19)30670-9/opt7tA6QOR7zk
http://refhub.elsevier.com/S0301-9268(19)30670-9/opt7tA6QOR7zk
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0065
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0065
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0065
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0065
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0070
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0070
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0070
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0070
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0070
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0075
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0075
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0075
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0075
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0085
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0085
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0090
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0090
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0090
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0095
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0095
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0095
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0100
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0100
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0100
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0105
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0105
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0105
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0110
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0110
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0110
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0110
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0115
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0115
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0115
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0120
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0120
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0120
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0120
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0125
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0125
https://doi.org/10.1016/j.gsf.2018.06.005
https://doi.org/10.1016/j.gsf.2018.06.005
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0135
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0135
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0135
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0135
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0135
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0140
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0140
https://doi.org/10.3390/min8040128
https://doi.org/10.3390/min8040128
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0150
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0150
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0150
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0165
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0165
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0170
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0170
https://doi.org/10.1007/BF02431596
https://doi.org/10.1007/BF02431596
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0180
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0180
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0180
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0185
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0185
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0185
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0190
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0190
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0190
https://doi.org/10.1007/s00126-006-0074-6
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0200
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0200
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0205
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0205
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0210
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0210
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0215
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0215
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0215
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0225
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0225
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0225
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0230
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0230
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0230
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0230
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0240
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0240
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0240
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0245
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0245
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0245
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0250
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0250
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0250
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0250
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0260
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0260
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0260
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0265
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0265
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0265
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0275
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0275
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0280
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0280
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0280
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0285
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0285
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0285
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0285
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0285
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0290
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0290
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0295
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0295
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0305
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0305
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0305
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0305
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0310
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0310
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0310
https://doi.org/10.1007/s00126-00-0143-5


orogenic gold deposit. Ore Geol. Rev. 72, 963–988.
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 (1–2), 147–158.
McCuaig, C., Kerrich, R., 1998. P-T-t-deformation-fluid characteristics of lode gold de-

posits: evidence from alteration systematics. Ore Geol. Rev. 12, 381–453.
McFarlane, C.R.M., Mavrogenes, J., Lentz, D., King, K., Allibone, A., Holcombe, R., 2011.

Geology and intrusion-related affinity of the Morila gold mine, southeast Mali. Econ.
Geol. 106, 727–750.

McNicoll, V., Dubé, B., Castonguay, Oswald, S.W., Biczok, J., Mercier-Langevin, P.,
Skulski, T., Malo, M., 2016. The world-class Musselwhite BIF-hosted gold deposit,
SuperiorProvince, Canada: New high-precision U–Pb geochronology and implications
for the geological setting of the deposit and gold exploration. Precambr. Res. 272,
133–149.

Meinert, L.D., Nicolessus, S., Mortenses, J., Cornell, D.H., 2001. U-Pb dating of hydro-
thermal garnets from skarn deposits: implication for petrogenesis and ore deposits.
GSA Annual Meeting-Boston.

Mezger, K., Hanson, G.N., Bohlen, S.R., 1989. U-Pb systematics of garnet: dating the
growth of garnet in the late Archean Pikwitonei granulite domain at Cauchon and
Natawahunan lakes, Manitoba, Canada. Contrib. Mineral. Petrol. 101, 136–148.
https://doi.org/10.1007/BF00375301.

Mezger, K., Rawnsley, C.M., Bohlen, S.R., Hanson, G.N., et al., 1991. U-Pb Garnet,
Sphene, Monazite, and Rutile Ages: Implications for the Duration of High-Grade
Metamorphism and Cooling Histories, Adirondack Mts., New York. J. Geol. 99,
415–428.

Millonig, L., Zeh, A., Gerdes, A., Klemd, R., 2008. Neoarchean high grade metamorphism
in the Central Zone of the Limpopo Belt (South Africa): Combined petrological and
geochronological evidence from the Bulai pluton. Lithos 103, 333–351.

Morelli, R.M., Bell, C.C., Creaser, R.A., Simonetti, A., 2010. Constraints on the genesis of
gold mineralization at the Homestake Gold Deposit, Black Hills, South Dakota from
rhenium–osmium sulfide geochronology. Miner. Depos. 45, 461–480.

Mueller, A.G., 1997. The Nevoria gold skarn deposit in Archean iron-formation, southern
cross greenstone belt, Western Australia: I. tectonic setting, petrography and classi-
fication. Econ. Geol. 92, 181–209.

Mueller, A.G., Nemchin, A.A., Frei, R., 2004. The Nevoria gold skarn deposit, southern
cross greenstone belt, Western Australia: II. pressure-temperature-time path and re-
lationship to post-orogenic granites. Econ. Geol. 99, 453–478.

Ootes, L., Morelli, R.M., Creaser, R.A., Lentz, D.R., Falck, H., Davis, W.J., 2011. The
timing of Yellowknife gold mineralization: a temporal relationship with crustal
anatexis? Econ. Geol. 106, 713–720.

Phillips, G.N., Powell, R., 2009. Formation of gold deposits: review and evaluation of the
continuum model. Earth-Sci. Rev 94, 1–21.

Phillips, G.N., Groves, D.I., Martyn, J.E., 1984. An epigenetic origin for Archean banded
iron-formation-hosted gold deposits. Econ. Geol. 79, 162–171.

Phillips, G.N., 2013. Australian and global setting for gold in 2013. In: Proceedings world
gold 2013, Brisbane, Australia, 26–29 September, 2013. Aust. Inst. Min. Metall. pp.
15–21.

Rogers, A.J., Kolb, J., Meyer, F.M., 2003. The tectono-magmatic evolution of the Hutti-
Maski greenstone belt and relative timing of gold mineralization: transactions of
Institute of Minerals and Metals. Bulletin 112, 126–127.

Rogers, A.J., Kolb, J., Meyer, F.M., Armstrong, R.A., 2007. Tectono-magmatic evolution
of the Hutti-Maski greenstone belt, India: Constrained using geochemical and geo-
chronological data. J. Asian Earth Sci. 31, 55–70.

Sangster, D.F., Savard, M.M., Kontack, D.J., 1998. Sub –basin-specific Pb and Sr resources
in Zn-Pb deposits of the lower Windsor Group, Nova Scotia. Econ. Geol. 93, 911–919.

Seman, S., Stockli, D.F., McLean, N.M., 2017. U-Pb geochronology of grossular-andradite
garnet. Chem. Geol. 460, 106–116.

Sheppard, S., Bodorkos, S., Johnson, S.P., Wingate, M.T.D., Kirkland, C.L., 2010. The
Paleoproterozoic Capricorn Orogeny: intracontinental reworking not

continent–continent collision. Report 108. Geol. Surv. Western Australia 33.
Steadman, J.A., Large, R.R., Meffre, S., Bull, S.W., 2013. Age, origin, and significance of

nodular sulfides in 2680 Ma carbonaceous black shale of the Eastern Gold-fields
Super terrane, Yilgarn Craton, Western Australia. Precambr. Res. 230, 227–247.
https://doi.org/10.1016/j.precamres.2013.02.013.

Steadman, J.A., Large, R.R., Davidson, G.J., Bull, S.W., Thompson, J., Ireland, T.R.,
Holden, P., 2014. Paragenesis and composition of ore minerals in the Randalls BIF-
hosted gold deposits, Yilgarn Craton, Western Australia: Implications for the timing
of deposit formation and constraints on gold sources. Precambr. Res. 243, 110–132.

Tadesse, S., Bagai, Z., Motisisi, T., Keotshotse, T., Kenalemang, T., Mabechu, B., 2011.
Genesis of banded iron Formation-related Gold mineralization at the Mupane Gold
Mine, Tati Greenstone Belt, Botswana. Int. J. Sci. Res. 1, 73–85.

Terry, M.P., Dahl, P.S., Frei, R., 2003. Isotopic and geothermometric constraints on the
structural evolution of Homestake gold deposit, Black Hills, South Dakota (USA). Eur.
Geophys. Soc. Geophys. Res. Abst. 5, 13191.

Thomas, H.V., Large, R.R., Bull, S.W., Maslennikov, V., Berry, R.F., Fraser, R., Froud, S.,
Moye, R., 2011. Pyrite and pyrrhotite textures and compositions in sediments, la-
minated quartz veins, and reefs at Bendigo gold mine, Australia: insights for ore
genesis. Econ. Geol. 106, 1–31.

Todt, W., Cliff, R.A., Hanser, A., Hofmann, A.W., 1996. Evaluation of a 202Pb–205Pb
double spike for high-precision lead isotope analysis. In: Basu, A., Hart, S.R. (Eds.),
Earth processes, reading the isotopic code. Am. Geoph. Un Geoph. Mon. 95, pp.
429–437.

Tombale, A.R., 1992. The Geology, Geochemistry and metallogeny of the Tati Greenstone
Belt, northeastern Botswana. PhD thesis, Memorial University, New Foundland,
Canada, P.384+appendix and maps.

Tomkinson, M.J., Putland, L.J., 2006. Technical Report on the Mupane Gold Project. NI
43‐101 Report, January 2006.

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

Van Geffen, P.W.G., 2004. Geochemistry of the Phoenix Ni–Cu–PGE Deposit,
Francistown, Botswana. MSc thesis. University, Utrecht, pp. 88.

Wafforn, S., Seman, S., Kyle, J.R., Stockli, D., Leys, C., Sonbait, D., Cloos, M., 2018.
Andradite garnet U-Pb geochronology of the Big Gossan skarn, Ertsberg-Grasberg
mining district, Indonesia. Econ. Geol. 113, 769–778.

Watkeys, M.K., 1984. The Precambrian Geology of the Limpopo Belt North and West of
Messina. Unpublished PhD thesis. University of Witwatersrand, Johannesburg.

Wilson, J.F., Bickle, M.J., Hawkesworth, C.J., Martin, A., Nisbet, E.G., Orpen, J.L., 1978.
Granite-greenstone terrains of the Rhodesian Archaean Craton. Nature 271, 23–27.

Wilson, J.F., 1979. A preliminary reappraisal of the Rhodesian Basement Complex. In:
Anhaeusser, C.R., Foster, R.P., Stratten, T. (Eds.), A Symposium on Mineral Deposits
and the Transportation and Deposition of Metals. Geological Society 5, pp. 1–23.

Wyman, D., Cassidy, K., Hollings, P., 2016. Orogenic gold and the mineral systems ap-
proach: Resolving fact, fiction and fantasy. Ore Geol. Rev. 78, 322–335.

Zeh, A., Klemd, R., Bulmann, S., Barton, J.M., 2004. Pro- and retrograde P-T evolution of
granulites of the Beit Bridge Complex (Limpopo Belt, South Africa); Constraints from
quantitative phase diagrams and geotectonic implications. J. Metamorph. Geol. 22,
79–95.

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.

Zhai, M., Kampunzu, A.B., Modisi, M.P., Bagai, Z., 2006. Sr and Nd isotope systematics of
Francistown plutonic rocks, Botswana: implication for Neoarchean crustal evolution
of the Zimbabwe craton. Int. J. Earth Sci. 95, 355–369.

Zhang, S., Huayong Chen, H., Shu, Q., Zhang, Y., Chu, G., Cheng, J., Tian, J., 2019.
Unveiling growth histories of multi-generational garnet in a single skarn deposit via
newly-developed LA-ICP-MS U-Pb dating of grandite. Gondwana Res. 73, 65–76.

T. Bineli Betsi, et al. Precambrian Research 339 (2020) 105623

21

http://refhub.elsevier.com/S0301-9268(19)30670-9/h0335
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0335
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0340
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0340
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0345
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0345
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0345
https://doi.org/10.1007/BF00375301
http://refhub.elsevier.com/S0301-9268(19)30670-9/optlIqWyK2CDp
http://refhub.elsevier.com/S0301-9268(19)30670-9/optlIqWyK2CDp
http://refhub.elsevier.com/S0301-9268(19)30670-9/optlIqWyK2CDp
http://refhub.elsevier.com/S0301-9268(19)30670-9/optlIqWyK2CDp
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0365
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0365
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0365
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0370
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0370
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0370
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0375
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0375
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0375
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0380
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0380
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0380
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0385
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0385
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0385
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0395
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0395
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0400
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0400
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0415
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0415
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0415
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0420
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0420
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0420
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0425
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0425
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0430
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0430
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0440
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0440
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0440
https://doi.org/10.1016/j.precamres.2013.02.013
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0450
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0450
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0450
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0450
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0455
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0455
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0455
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0460
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0460
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0460
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0465
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0465
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0465
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0465
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0490
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0490
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0495
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0495
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0500
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0500
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0500
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0505
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0505
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0510
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0510
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0520
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0520
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0530
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0530
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0530
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0530
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0535
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0535
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0535
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0540
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0540
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0540
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0545
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0545
http://refhub.elsevier.com/S0301-9268(19)30670-9/h0545

	Multistage gold mineralization events in the Archean Tati greenstone Belt, northeast Botswana: Constraints from integrative white mica Ar/Ar, garnet U-Pb and sulfides Pb/Pb geochronology
	Introduction
	Geological setting
	Deposits geology and style of mineralization
	Mupane Au deposits
	Shashe Au deposits
	Signal Hill Au deposit

	Analytical methods
	Results
	Pb isotope systematics
	Pb/Pb geochronology
	Ar/Ar geochronology
	LA-ICP-MS hydrothermal almandine garnet U-Pb geochronology

	Discussion and interpretation
	Sources of metals
	Significances of the obtained radiometric dates and implications for the age of TGB Au mineralization event (s)
	Regional implications of the TGB dates and mineralization ages
	Implications for the TGB genetic model
	Global significance and relevance of the TGB study

	Conclusions
	mk:H1_20
	Acknowledgements
	Appendix A
	Supplementary data
	References




