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Abstract

Evidence is presented that the metaconglomerate-hosted Jacobina gold deposits in Brazil represent paleoplacers that became
partly remobilized during later metamorphic overprint analogous to Witwatersrand-type deposits elsewhere, notably in South
Africa. This includes strong lithological and sedimentological control on the gold, presence of detrital minerals with gold
inclusions, and detrital gold particles. Detrital, synsedimentary, and post-depositional pyrite types can be differentiated.
Whereas the first two types can be linked to gold accumulation, the latter was associated with gold dispersion. Synsedimen-
tary pyrite has the highest Au content, from which elevated Au concentrations in Archean rivers can be inferred. The nature
and extent of post-depositional alteration, mainly in the course of the Paleoproterozoic Orogeny, distinguishes the Jacobina
deposits from other Witwatersrand-type gold deposits. Phase equilibria and Zr-in-rutile thermometry indicate peak metamor-
phic temperatures of ca. 600 °C. Both Mg-chlorite and Fe-chlorite formed in disequilibrium at approximately 280-340 °C
during retrograde metamorphism. An igneous signature in the chemistry of some of the tourmaline and the remobilization
of gold associated with Fe-oxides, near intrusive rocks, point at a local magmatic influence on the post-depositional min-
eralization stage. Whether magmatic hydrothermal fluids added Au to the system at that stage remains to be determined.
Remobilization during regional metamorphism was insufficient to form substantial ore bodies but led to purification of the
initially detrital gold particles that now contain relatively little Ag and Cu and lack Hg.
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Introduction

The metaconglomerate-hosted Jacobina gold deposits are
located within the Bahia State, eastern Brazil (Fig. 1A).
The deposits have been known since the eighteenth century
and were mined episodically on a small scale for more than
200 years. Despite the long history, the first comparison with
the famous Witwatersrand goldfields in South Africa was
published in the English literature only in the late 1950s,
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when the Cold War triggered a global search for uranium
(e.g., White 1956; Davidson 1957; Bateman 1958).

The Jacobina ores have never proved economic for ura-
nium, but high Au grades attracted the attention of major
gold miners. As a result, in the early 1970s the Anglo Amer-
ican South Africa Corporation implemented the first sys-
tematic gold exploration program in the area and revealed
the economic potential of Jacobina. The program warranted
an industrial-scale processing plant that produced over 20
t of Au between 1983 and 1998 (Pearson and Tagliamonte
2005). More recently, Yamana Gold Inc. operated the Jaco-
bina mines but was taken over by the Canadian Pan Ameri-
can Silver Corp in 2023. Yamana reported total estimated
proven and probable reserves of ca. 77 t of Au at an average
grade of 2.27 g/t and, in addition, ca. 95 t of Au as measured
and indicated resources at similar grade with extension at
greater depth not constrained as yet (http://www.panamerica
nsilver.com, http://www.yamana.com).

The first publications on Jacobina reflected the contro-
versy on the metallogenesis of the Witwatersrand ores at the
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Fig.1 A—Location of the Jacobina gold deposits in the Sdo Fran-

cisco Province, Brazil (modified from Delgado et al. 2003). B—Geo-
logical map of Jacobina Mine area (modified from Couto et al. 1978).
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time. Initially, the discussion was polarized between a syn-
genetic placer (Bateman 1958) and an epigenetic hydrother-
mal model (White 1956; Davidson 1957). Later, these ideas
evolved into the modified paleoplacer model, as adopted by
most researchers for the Witwatersrand deposits, suggest-
ing local remobilization of detrital gold by post-depositional
fluids (Cox 1967; Gross 1968). This mimicked the debate on
the Witwatersrand deposits for which a modified paleoplacer
model (e.g., Minter 1999; Frimmel and Minter 2002; Frim-
mel et al. 2005) and various epigenetic hydrothermal models
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Geochronological information from Milesi et al. (2002), Teles et al.
(2015), Zincone et al. (2017)

had been promoted (Barnicoat et al. 1997; Phillips and Law
2000). Presently, the modified paleoplacer model is favored
by most geoscientists (for a summary of arguments against
an epigenetic formation of the Witwatersrand ores see Frim-
mel and Nwaila 2020).

Post-depositional alteration is ubiquitous in Jacobina,
which prompted some authors to propose composite models
like the “hydrothermal shear reservoir” (Milesi et al. 2002)
or an altogether epigenetic origin of the gold (Ledru et al.
1997; Teixeira et al. 2001, 2010, 2019). Recently, Teles et al.
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(2020), based on S isotopes and trace elements, compared
the Jacobina pyrites with those in the Witwatersrand and
suggested similarities with the modified paleoplacer model.
In the present study we look at the sedimentological features
and the mineral paragenesis of the Jacobina gold deposits,
which support the strong similarities with the pyritic meta-
conglomerate-hosted Witwatersrand deposits. We also reas-
sess the post-depositional alteration at Jacobina and focus on
the morphology, chemical variability, and geothermometry
of key minerals based on which a metallogenetic model for
these deposits is developed.

Geological setting

The Jacobina gold deposits are hosted by a thick siliciclas-
tic succession exposed in a series of north—south oriented
ridges along a strike-length of some 200 km. These ridges
protrude up to 650 m above the surrounding plains and reach
elevations of >1000 m above sea level at the highest peaks.
The succession represents the fill of the Jacobina Basin. It
is composed predominantly of quartzite with interlayered
metaconglomerate beds near the base. The strata strike
north—south and dip 40-70° to the east forming a hogback
landscape with escarpments facing west and dip slopes fac-
ing east. Mafic and ultramafic sills and dikes as well as faults
and shear zones underlie the subdued relief, forming the bot-
tom of deep V—shaped valleys between the quartzitic ridges.
The gold mined in Jacobina is hosted by metaconglomerate
beds which are locally called reefs, a nomenclature inher-
ited from the South African Witwatersrand mines. The gold
deposits are exposed in the southwestern sector of the Jaco-
bina Range and the main operations are known locally as
Canavieiras North, Canavieiras Central, Canavieiras South,
Serra do Cérrego, Morro do Cuscuz, Morro do Vento, and
Jodo Belo mines (Fig. 1B).

The Jacobina Basin is located in the Sao Francisco Cra-
ton (Almeida 1977, 1981), more specifically at the eastern
edge of the Gavido Block, one of the Archean blocks that
constitute the cratonic shield areas (Fig. 1A). As such, the
basin is enclosed by the oldest terranes in South Amer-
ica, including the 3.65 Ga Mairi Gneiss Complex, 3.4 Ga
tonalite-trondhjemite-granodiorite (TTG) suite, 3.3 Ga
granite and associated felsic volcanic rocks, and supracrus-
tal rocks including greenstone belts (Nutman and Cordani
1993; Mascarenhas and Silva 1994; Magee et al. 2001;
Barbosa and Sabaté 2004; Teles et al. 2015; Zincone et al.
2016; Oliveira et al. 2020; Moreira et al. 2022). The eastern
boundary of the Gavido Block is defined by the Contendas-
Jacobina Lineament, a major suture zone formed during
the ca. 2.0 Ga Paleoproterozoic Orogeny when the Gavido
Block collided with two other Archean blocks from the east,
the Serrinha Block to the north and the Jequié Block to the

south (Fig. 1A). Late- to post-tectonic peraluminous granitic
bodies are widespread along the Contendas-Jacobina Linea-
ment for about 500 km (Sabaté et al. 1990). In addition, the
Jacobina Group hosts different generations of igneous rocks,
which vary from ultramafic, mafic to intermediate sills and
dikes. A N-S striking group of sills and dikes consists of
amphibolite, serpentinites, metapyroxenite, and metaperi-
dotite, whereas a younger E-W to NW-SE striking group,
consisting of mainly metagabbro and metadiorite, crosscuts
the former (Leo et al. 1964; Couto et al. 1978; Santos 2011;
Teixeira 2017; Reis et al. 2021 and references therein).
The N-S elongated shape of the Jacobina Basin is a prod-
uct of east—west transpressive shortening associated with
the Paleoproterozoic Orogeny (Fig. 1B). Ledru et al. (1997)
documented the deformation in mineralized metaconglomer-
ates around Jacobina town and described westward thrusts,
reverse faults, and associated sinistral transcurrent kinematic
movements. More recently, Dos Santos et al. (2019), using
gravimetric modeling, confirmed the tectonic framework for
the southern segment of the Jacobina succession, for which
they described major north-south striking shear zones and
imbricated blocks developed in three compressive defor-
mation phases. The first phase, which led to frontal stretch
lineation, grain rotation, and S/C pairs, was predominantly
transpressive with vergence to the west. The second phase,
parallel to the first one, was characterized by wrench tecton-
ics with subvertical left-lateral transcurrent faults, oblique
stretching lineation, and asymmetrical folds with subvertical
axes. The third, brittle phase was generally more prominent
toward the east of the basin where micaschist and talcschist
display a conspicuous north—south striking foliation. In the
quartzite and metaconglomerate domains in the west, the
foliation is not as penetrative as in the east, and strain was
accommodated in more widely spaced shear zones.
Consensus prevails that the main metamorphic event
that affected the Jacobina Basin fill is related to the Paleo-
proterozoic Orogeny (Ledru et al. 1997; Milesi et al. 2002;
Barbosa and Sabaté 2004; Leite et al. 2007). The metamor-
phic mineral assemblage in the metaconglomerates, that
is, quartz, muscovite or fuchsite, chlorite and, in places,
pyrophyllite, is not very diagnostic of peak metamorphic
conditions, because both chlorite and pyrophyllite are ret-
rograde (see below). More informative are mineral assem-
blages recorded in metapelites higher up in the stratigraphy
but still within the Jacobina Group. There the assemblages
quartz-plagioclase-staurolite-biotite-sillimanite, andalusite-
garnet-cordierite-biotite, and sillimanite-biotite-muscovite
have been reported, from which Milesi et al. (2002) deduced
peak metamorphic conditions between 500 and 600 °C at 4.5
to 5.0 kb. This was further constrained by Leite et al. (2007),
who calculated peak metamorphic temperatures between
560 and 600 °C based on garnet-chlorite and garnet-stau-
rolite geothermometry. Ledru et al. (1994, 1997) described
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andalusite porphyroblasts synchronous with the foliation and
locally as replacement of, or overgrowths on, kyanite, which,
in combination with the above, points at a clockwise P-T
path through the lower amphibolite facies P-T field. Teixeira
et al. (2001) mentioned syn- to late-tectonic poikiloblasts of
andalusite and fibrolite, both parallel to the main foliation,
in the matrix of the metaconglomerates, which corroborates
the peak metamorphic conditions estimated for the metape-
lites above. In addition, the mafic and ultramafic dikes and
sills reveal some of the metamorphic/alteration history in
the area. Mafic rocks in the form of amphibolite mirror the
peak metamorphic conditions estimated above, with some
retrograde greenschist-facies alteration of hornblende to
actinolite. The ultramafic rocks occur in the form of talc-
tremolite fels, derived from original pyroxenite. The mineral
assemblage therein, that is, tremolite—talc—chlorite—carbon-
ate—pyrite—chalcopyrite—hematite (Santos 2011), reflects
retrograde hydrothermal overprint under similar P-T but
oxidizing conditions.

The age of the Paleoproterozoic Orogeny in the Jaco-
bina area has been constrained by Ar*’-Ar*® ages between
1943 +13 and 1912+ 13 Ma, obtained on synkinematic
micas in Jacobina shear zones, thus providing a minimum
age on metamorphism (Ledru et al. 1997). These authors
also dated post-kinematic muscovite and biotite 30 km north
of Jacobina around the Caraiba granite at 1911 + 13 Ma and
1903 + 13 Ma, respectively. Late- to post-tectonic granite
with ages between 1970 and 1800 Ma (Teixeira et al. 2001)
along the Contendas-Jacobina Lineament mark the final
stages of continental collision.

Detrital zircon geochronology constrained the source of
the Jacobina sediments as Paleoarchean, with ages rang-
ing between 3251 +52 and 3614+ 67 Ma and age peaks
between 3.3 and 3.4 Ga (Teles et al. 2015). These data
confirmed previous U-Pb detrital zircon ages of 3440 to
3320 Ma (Mougeot et al. 1996; Magee et al. 2001). Thus,
based on the youngest ages obtained by Teles et al. (2015),
the maximum age of Jacobina sediment deposition is 3.3 Ga.
The minimum age of deposition remains, however, poorly
constrained. Based on the presence of detrital pyrite in the
matrix of the metaconglomerates, sedimentation should be
older than the global Great Oxidation Event (Teles et al.
2015, 2020), estimated at ca. 2.4 Ga (Holland 2006; Farqu-
har et al. 2011).

Importantly, the study by Teles et al. (2015) revealed a
conspicuous lack of Paleoproterozoic zircon grains, thus
challenging a previous notion that the maximum deposi-
tional age of the Jacobina sediments is as young as 2086 Ma
(Mougeot et al. 1996; Ledru et al. 1994, 1997; Milesi et al.
2002). The latter constraint was obtained on detrital zircon
grains from the Saide Complex, a younger supracrustal suc-
cession that became tectonically juxtaposed to the Jacobina
Group. This argument was corroborated by Zincone et al.
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(2017) who determined the maximum depositional age of
the Satde Complex as 2050 + 16 Ma and showed that it was
probably deposited in a foreland basin not related to the
Jacobina Basin at all.

The work by Zincone et al. (2017) has clarified another
important point concerning the tectonic setting of the Jaco-
bina Basin. In the past, both the Jacobina Group and the
Satide Complex were considered part of the same foreland
basin (Ledru et al. 1994, 1997; Milesi et al. 2002)—a con-
cept that contradicted previously proposed rifting models
(Mascarenhas et al. 1992; Mascarenhas and Silva 1994;
Horscroft et al. 2011). However, Zincone et al. (2016) recog-
nized intraplate magmatic systems that represent the initial
stage of intra-continental rifting geographically associated
with the Jacobina Basin. They also pointed out the close age
relationship between felsic rift magmatism and the detrital
zircon ages available for Jacobina and concluded that a vast
volcanic-plutonic system fed into the Jacobina Basin. Thus,
the source of the Jacobina sediments most likely includes a
combination of >3.4 Ga TTG suites, younger (3.3 Ga) non-
TTG high-silica rhyolite and granite, and supracrustal rocks,
including Archean greenstones.

The stratigraphy of the Jacobina Group was recently
reviewed by Reis et al. (2021), who proposed its subdivision
into four formations, from the bottom: Serra do Coérrego,
Rio do Ouro, Cruz das Almas, and Fazenda Bananeira. In
the present study our focus is on the two lowermost units,
the Serra do Cérrego Formation and the overlying Rio do
Ouro Formation, in which primary sedimentary features are
preserved and exposed by extensive exploration and mining
works on surface and underground, (e.g., Couto et al. 1978;
Molinari and Scarpelli 1988; Mascarenhas et al. 1998; Pear-
son et al. 2005). The Serra do Cérrego Formation, host of
the Jacobina deposits, is exposed for 85 km (Pearson et al.
2005) on the western margin of the basin where it uncon-
formably lies on Archean granitic basement. It comprises
mainly coarse-grained quartzite interlayered with oligomic-
tic metaconglomerate and pebbly quartzite. Pebbles consists
predominantly of quartz and minor chert and vary in size
from small to very large (4—64 mm). The Serra do Cérrego
Formation varies in thickness between 500 and 1000 m and
is divided into three units, from the base to the top: Lower
Conglomerate, Intermediate Quartzite, and Upper Conglom-
erate (Molinari and Scarpelli 1988, Fig. 2). Minter (1975)
and Strydom and Minter (1976) used paleocurrent analysis,
isopach maps and pebble size data to conclude that the sedi-
ments were eroded from the east, transported to the west by
braided streams and deposited onto a large wet alluvial fan.

The up to 2 km thick Rio do Ouro Formation is com-
posed mainly of orthoquartzite, which is finer grained and
shows greater lateral extent than the lower Serra do Cér-
rego Formation. The transition between the two forma-
tions is gradational (Minter 1975). Based on a substantial
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Fig.2 Stratigraphy of the Serra do Cérrego Formation and associated reefs (modified from Soares et al. 2020). Note that samples are indicated in bold

change in the paleocurrent direction and associated pri-
mary sedimentary structures, which include small-scale
trough cross bedding and asymmetrical and oscillation
ripple marks, the upwards fining Rio do Ouro Forma-
tion can be interpreted as a marine overlap on the allu-
vial Serra do Cérrego Formation (Minter 1975; Molinari
and Scarpelli 1988). In the Rio do Ouro Formation, gold
occurs locally in uneconomic quartz veins. Pearson et al.
(2005) referred to several of these small gold occurrences
as altered shear zones. More recently, Miranda et al.
(2021) studied some of these occurrences using mineral
chemistry and fluid inclusion microthermometry and con-
cluded that the occurrences are related to major reverse
faults associated with the Paleoproterozoic Orogeny. This
tectonism-related style of mineralization is sparsely dis-
tributed along the whole belt, predominantly on the north-
eastern section between 20 and 60 km north of the Jaco-
bina mines, where thrust structures prevail (Teixeira et al.
2001; Pearson et al. 2005; Miranda et al. 2021). Gold also
occurs associated with mafic/ultramafic dikes, a feature
that has been reported by all previous authors who studied
Jacobina gold. These occurrences are, however, only local
and substantially smaller than the principal mineralization
in the metaconglomerate units.

The sedimentological control on the gold
mineralization

The bulk of the gold in Jacobina is hosted by metacon-
glomerates and subordinately pebbly quartzite. These
sedimentary units form laterally extensive stratiform ore-
bodies that extend for several kilometers along strike and
on dip at different stratigraphic levels of the Serra do Cor-
rego Formation. Soares et al. (2020) recognized at least 15
reefs in the lower 700 m of that formation (Fig. 2). Mine
sections based on diamond drilling show that some of the
reefs extend for> 1 km on dip and remain open at depth
(Molinari and Scarpelli 1988; Pearson et al. 2005; Fig. 3).
In the early days of exploration, Minter (1975) mapped the
Main Reef as a continuous sedimentary unit composed of
small-pebble metaconglomerate in quartzite that extended
for >3 km along strike. Pearson et al. (2005) also pointed out
that mineralized zones show distinct plunges that correspond
to fluvial channels. This close relationship between gold and
primary sedimentary features represents a remarkable con-
trol on mineralization that, like in the Witwatersrand, has
guided explorers and miners since the beginning of mining
operations. For instance, the mineralization potential of the
Upper Conglomerate in Jacobina was predicted based on the

@ Springer



632

Mineralium Deposita (2024) 59:627-654
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sedimentological nature of the Lower Conglomerate (Minter
1975) only to be confirmed later (Molinari and Scarpelli
1988), revealing the largest resources in the Jacobina district.

The main mineralized zones consist of a series of dis-
crete gold and heavy mineral-enriched increments just a few
centimeters to a few meters thick, which are intercalated
with barren intervals. This alternation adds up to hundreds
of meters in thickness, thus forming large-scale mineral-
ized zones. In many cases, gold accumulated on sedimen-
tary unconformities. A close association with sedimen-
tary structures on a meso-scale is also evident by a strong
correlation between Au grade and small-pebble beds, the
most densely packed metaconglomerates, or the bottom of
large-pebble metaconglomerate beds deposited at the base
of channels (Minter 1975; Hendrickson 1984). When associ-
ated with smaller pebble layers, gold tends to be associated
with cross-bedded foresets or it is concentrated on small-
pebble accumulations at the base of trough cross-bedded
sets or cosets. This initial work by Minter (1975) and Hen-
drickson (1984) provided the best assessment of orebody
geometry and showed that the reefs consist of large-scale
sedimentary units. Unfortunately, this valuable work was
not published in the scientific literature but documented in
internal company reports (Minter 1975; Strydom and Minter
1976) and in a thesis (Hendrickson 1984). Consequently,
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the paleoplacer concept has not been explored to its full
potential. Any assessment of the Jacobina gold mineraliza-
tion should, therefore, consider a possible placer origin. In
the present study we provide further evidence of detrital gold
as inclusions in quartz pebbles and in detrital pyrite grains,
as well as round, evidently detrital, gold clasts, all preserved
in hydraulic-concentrated heavy mineral layers.

Sampling and analytical methodology

A total of 74 polished thin sections from 12 different reefs
were prepared from samples collected in various locations
including surface outcrops, underground exposures, and
drill core (down to 600 m depth), in order to obtain the best
coverage of the mine area at different depths (see Fig. 2
and online supplementary material ESM Table 1 for sam-
ple location). Following petrography, electron microprobe
analyses (EMPA) were conducted to assess the composition
of chlorite, tourmaline, rutile, and gold, and laser-ablation
inductively coupled plasma mass spectrometry (LA-ICPMS)
to determine the trace element contents of pyrite. Both tech-
niques were applied to in-situ mineral grains in polished thin
sections of gold-mineralized samples.
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EMPA was conducted at the Department of Geodynamics
and Geomaterials Research, University of Wiirzburg, using a
JEOL JXA 8800L superprobe with 4 wavelength-dispersive
spectrometers. For chlorite, tourmaline, and rutile, the meas-
uring conditions were set at 15 kV accelerating voltage, 20
nA beam current, and a beam diameter of 5 um for chlorite
and tourmaline and 1 um for rutile. TAP (Na; Mg, Al, Si,
As), PET (Ca, K, S, Ti, Cr, Ba, Pb), and LIF (Mn, Fe, Co, Ni,
Zn) monochromator crystals were used for rutile and chlo-
rite, and TAP (F, Na, Mg, Al, Si), PET (Ca, Ti, Cr, Pb, Bi),
and LIF (Mn, Fe, Cu, Zn) for tourmaline. After ZAF matrix
correction, the analytical errors were estimated at < 1% and
the detection limits at 0.05 wt%, except for Zr in rutile for
which the detection limit was calculated as 160 ppm.

The EMPA gold analyses measured the following ele-
ments: Au, Ag, Hg, Cu, and Pd. Measurement conditions
were 20 kV accelerating voltage, 40 nA beam current, 2 um
beam diameter. A LIF crystal was used for Au, Hg, Cu, and
a PET crystal for Ag and Pd, with counting times of 20 s for
Au and 30 s for the other elements. Pure Au, Ag, Pd, Cu,
and HgS were used as standards. The ZAF matrix correc-
tion procedure was applied to calculate the concentrations
from characteristic X-ray lines; La for Au, Ag, Hg, and Pd,
and Ka for Cu. Analytical errors are < 1% and the detection
limit was 0.05 wt%.

The LA-ICPMS analyses were conducted at the Litho-
sphere Dynamics Section of the Geo-Center of North-
ern Bavaria, Erlangen, using a QICP-MS Agilent 7500c
equipped with a UP193FX New Wave Research laser unit.
Plasma power was set at 1300 W and the following gases
were used: He (0.5 1/min) and Ar (1.15 1/min) as carrier
gases I and II, respectively, Ar (14.9 I/min) as plasma gas
and Ar (0.9 I/min) as auxiliary gas. A total of 18 elements
were analyzed, namely, Ag, As, Au, Cd, Co, Cu, Hg, Ir, Mo,
Ni, Os, Pb, Pd, Pt, Re, Rh, Ru, and T1. External calibration
was separated into three groups: Ru, Rd, Pd, Os, Ir, Pt, and
Au contents were calculated based on reference material
Po724 B2 SRM (Memorial University Newfoundland), that
of Re based on reference material (Fe, Ni),_,S (University
of Miinster), and those of Co, Ni, Cu, As, Mo, Ag, Cd, Hg,
T1, and Pb based on the USGS reference material MASS-1.
The laser beam was fired at 16 Hz repetition rate for single
spot size of 40 um in diameter with 0.64 GW/cm? irradi-
ance and 3.1 J/cm? fluence and 20-s background and 20-s
analyses (time-resolved analyses). Interactive data reduction
was performed using GLITTER version 4.4.4. Measuring
times were set at 10 ms for 2°Si, 338, 3*S, 3Cu, %Cu, 25 ms
for 3°Co, ®Ni, 75 As, %Mo, ¥’ Mo, *Ru, '*'Ru, 'R, '95pg,
10775 108pg 10970 111Cq, 185Re, 1890, 193]y, 195py, 202Hg,
20571, and 2°®Pb and 40 ms for '*7Au. Concentrations were
obtained in ppm with 1 sigma error, 99% confidence level.

We calculated the formation temperature of chlorite and
rutile in gold-mineralized samples. Chlorite thermometry

has been extensively studied in the last decades and has
proven to be an effective tool in specific situations, pref-
erably alongside with complementary methods (e.g., De
Caritat et al. 1993; Vidal et al. 2016; Inoue et al. 2018; and
references therein). We used the empirical approach, which
is the simplest chlorite thermometry method and serves the
comparative purposes of this study. The method is based
on the observation that Al' increases with temperature
(Cathelineau and Nieva 1985; Cathelineau 1988; Kranidi-
otis and MacLean 1987; Hillier and Velde 1991; Zang and
Fyfe 1995). The following empirical thermometers were
used to approximate the formation temperature of chlorite:
Cathelineau and Nieva (1985), Zang and Fyfe (1995), and
El-Sharkawy (2000).

For rutile, the method used was Zr-in-rutile thermom-
etry based on the interdependence of the Zr content in rutile
and the formation temperature (Zack et al. 2004a, b; Watson
et al. 2006), and to a lesser extent also pressure (Tomkins
et al. 2007). The technique has been successfully used in
various settings (e.g., Meinhold et al. 2008; Luvizotto and
Zack 2009; Kooijman et al. 2012; Ewing et al. 2013; Pape
et al. 2016), and Zack and Kooijman (2017) confirmed that
temperatures obtained from Zr-in-rutile thermometry are
good proxies for peak metamorphic temperatures of a given
rutile population. The following Zr-in-rutile thermometers
were applied: Zack et al. (2004b), Watson et al. (2006),
and Tomkins et al. (2007). The mineral assemblage of the
gold-mineralized metaconglomerates of Jacobina fulfills the
basic requirements of the method, that is, SiO,-saturation
and equilibrium between quartz, zircon, and rutile (Zack
et al. 2004a, b). The full set of analyses is presented online
in ESM Tables 2, 3, 4, 5, 6.

The ore mineral assemblage
and paragenesis

The mineralogical makeup of the host metaconglomerates
comprises essentially detrital quartz and heavy minerals,
including pyrite, zircon, rutile, uraninite, chromite, spinel,
galena, ilmenorutile, tourmaline, molybdenite, magnetite,
thorite, monazite, and gold. The metamorphic/hydrothermal
assemblages include some of the allogenic minerals, such
as quartz, pyrite, rutile, tourmaline, and gold but also neo-
formed minerals like muscovite/fuchsite, chlorite, pyroph-
yllite, hematite, goethite, brannerite, bornite, chalcopyrite,
covellite, chalcocite, linnaeite, sphalerite, digenite, mack-
inawite, diaspore, phlogopite, pyrrhotite, and pentlandite,
the last two as inclusions in pyrite (see also Hendrickson
1984; Ledru et al. 1997; Milesi et al. 2002). The color of the
host rocks is determined by the relative mineral proportions
and varies between shades of gray, green, red, and brown
(Fig. 4). In terms of opaque minerals, the mine jargon refers
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Fig.4 Ore color variation in hand specimen controlled by mineral
abundance. A Bright green from fuchsite. B Reddish matrix due to
the presence of hematite. C Reddish-brown from iron oxides perme-

to two types of ore, the sulfide ore, in which pyrite is the
dominant opaque mineral (Fig. 4D), and the oxidized ore, in
which Fe-oxides and -hydroxides are predominant (Fig. 4B).
The mineral assemblages depend not only on the respec-
tive host rock but also on the extent of retrograde overprint,
such as in shear zones, and on the proximity to intrusive
bodies, that is, mafic to ultramafic dikes and sills as well as
granitoids. For instance, hematite and goethite are spatially
related to the mafic/ultramafic intrusives (to be discussed
below). A brief petrographic description of the most impor-
tant minerals with their relevant role in the various stages of
mineralization is presented below.

Silicates

Silicates are the main phases in the Jacobina metasedimen-
tary rocks. Quartz is the most common, comprising > 90
vol%, mostly as detrital sand grains and pebbles. Undula-
tory extinction, subgrain boundaries and microfractures
attest to some post-depositional stress on the larger quartz
particles, whereas on smaller grains, grain boundary
migration and local recrystallization indicate the effects
of metamorphism. White mica and chlorite are minor
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ating grayish matrix and smoky quartz pebbles. D Greenish-gray tint
produced by tourmaline. Pyrite appears in A, C, and D as fine bright
yellowish spots

minerals in the metaconglomerates, followed in abundance
by zircon and tourmaline. White mica occurs as isolated
sheets and aggregates up to 1 mm in size and varying in
color from transparent to light blueish green (fuchsite).
It also occurs interlayered with chlorite in equigranular
aggregates (Fig. SA and B). Two types of chlorite were
identified. The most abundant, Chlorite 1, is interstitial in
the matrix of the metaconglomerates as individual sheets

Fig.5 Microphotographs of the main silicates in plane polarized
light. A Muscovite (Mus, light green fuchsite variety) and chlorite
(Chl, light brown, Chlorite 1) surrounded by quartz (colorless) sam-
ple JCBN36. B Same view as A under crossed polars. C Chlorite
(olive green, Chlorite 2), goethite (Goe) in quartzitic matrix sam-
ple JCBN31. D Isolated tourmaline crystal (green) surrounded by
quartz (colorless) sample JCBN2. E Tourmaline needles clustered
in the center of the image surrounded by quartz (colorless) and goe-
thite (reddish dark brown and black) sample JCBN17. F Tourmaline
cluster (black) detailed in the microprobe screen shot at the bottom
right, in quartzitic matrix sample JCBN38. G Rounded detrital zircon
(pinkish—green high interference colors under crossed nicols) sur-
rounded by quartzitic matrix sample JCBN17. H Brownish pyrophyl-
lite (pyro) associated with fuchsite (fuch) in contact with pyrite (py)
in quartzitic matrix sample JCBN46
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and aggregates, varying in color from brown to olive-green
(Figs. 5A, B, and 7A). The second type, Chlorite 2, occurs
as dark green aggregates, which suggest pseudomorphs
of a detrital mafic precursor (Fig. 5C). Tourmaline is pre-
sent as euhedral to subhedral crystals either isolated or
in clusters. Individual crystals are columnar (Fig. 5D) or
acicular (Fig. 5E), reaching as much as 700 pm in length,
or they are stubby (Fig. 5F). Tourmaline also forms tiny
inclusions in various minerals, such as chlorite, musco-
vite, and quartz. Zircon occurs invariably as well-rounded
grains between 50 and 500 pm in length (Fig. 5G), com-
monly associated with heavy-mineral layers. Pyrophyllite
was identified only in two samples as alteration of fuchsite
(Fig. 5H).

Sulfides

The sulfides identified in the present study include predomi-
nantly pyrite (2-5 vol%, in places as much as 50 vol%),
minor galena, and traces of chalcopyrite, bornite, chalcocite,
and siegenite. Pyrite occurs mostly as isolated grains from a
few microns up to 3 mm in size, commonly concentrated in
layers with other heavy minerals in the matrix of the meta-
conglomerates and in quartzites (Fig. 6A—C). In places,
almost monomineralic layers of pyrite reflect the former
accumulation of pyrite sands, as exemplified by sedimentary
beds of pyrite intercalated with dark green pebbly quartzite
of the Holandés Reef (Fig. 6A, B). Elsewhere, pyrite occurs
as millimeter-sized grains within quartzitic matrix of clast-
supported metaconglomerate (Fig. 6C).

On a microscopic scale, pyrite is described here based on
two main aspects, the external morphology, which is derived
from the outline of the particle in thin section, and its inter-
nal texture, that is, compact or porous. The term porous is
used here in the sense of appearance as traditionally used in
the Witwatersrand literature (e. g. Ramdohr 1955; Saager
1970; Hallbauer 1986; England et al. 2002; Hofmann et al.
2009; Koglin et al. 2010). Essentially, the porous texture
consists of tiny, densely distributed inclusions and cavi-
ties that resemble pores under low magnification (Fig. 6D),
whereas the compact texture is uniform or massive and con-
tains only very few cavities and inclusions (Fig. 6E). The
external morphology of the pyrite varies between anhedral
and subhedral to well-rounded grains. Figure 6F illustrates
a typical heavy mineral layer showing various morphologi-
cal and textural types, from porous to compact round grains
and angular fragments. Two morphological types stand out
among round forms, the porous round pyrite and the com-
pact round pyrite, both interpreted here as detrital, having
acquired their rounding by abrasion during sediment trans-
port (to be discussed in more detail below).
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Importantly, in many cases the round, mostly porous,
grains are mantled by compact rims forming texturally com-
posite grains (Fig. 6G, H). The compact rims represent over-
growths—a feature that is widespread in Jacobina. Round
compact cores are also common but more difficult to be dis-
tinguished from the rims. Normally they can be recognized
by etching and/or EMPA and LA-ICPMS geochemistry (to
be discussed below). Secondary pyrite occurs predominantly
as overgrowth and subordinately as newly crystallized euhe-
dral grains (Fig. 6]) and vein fillings. Despite the challenges
of accurately quantifying the proportions between the dif-
ferent pyrites, the secondary pyrite is perceived as the pre-
dominant type. Caution is advised with euhedral crystals as
they can be the result of round detrital grains with cubic-
terminated overgrowth. Thus, we recognize the following
morphological pyrite types in Jacobina: round porous and
round compact, both primary in origin, and the secondary
overgrowth, euhedral crystals, and vein fillings. This pre-
liminary morphological classification provides the funda-
mentals that, together with distinct chemical compositions,
support the genetic classification proposed below.

Nickelian pyrite and siegenite (confirmed by EMPA) were
identified as rims on compact round pyrite (Figs. 6] and 7B).
Nickelian pyrite is also present as colloform clusters associ-
ated with goethite (Fig. 7C). In both cases, these associations
occur near mafic dikes. Galena was identified as inclusions
in round compact pyrite grains and intergrown with uranin-
ite. Chalcopyrite occurs mostly associated with chalcocite
and/or bornite, either free in the matrix of the metaconglom-
erates or as overgrowth on pyrite grains (Fig. 6K). Pyrrho-
tite and pentlandite were identified as 5-20 pm small inclu-
sions in round compact pyrite with or without native gold
(Figs. 6E, 8G and H).

Oxides and hydroxides

Hematite and goethite are abundant in Jacobina. They are the
dominant accessory minerals in the oxidized ore assemblage
but rare in the sulfide ore assemblage. Other oxides include
rutile, uraninite, chromite, spinel, brannerite, and ilmenoru-
tile. Hematite shows different habits, including blades, nee-
dles, and microcrystals. Randomly oriented hematite blades,
up to 3 mm in length, were recorded in the LU Reef (Fig. 7A
and B). Goethite occurs mostly as low-reflectance micro-
crystalline masses but also as blueish gray compact masses
commonly marking the outline of cubic or round forms,
presumably pyrite (Fig. 7C). Figure 5C illustrates the asso-
ciation between goethite and round particles of Chlorite 2.
Rutile occurs mostly as short compact euhedral to
subhedral reddish-brown translucent crystals between 20
and 250 um in length, either isolated or in clusters (Fig. 7D).
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Fig.6 Sulfides in hand specimens (A—C) and under reflected light
(D-K). A Bedding-parallel pyrite layers (light colored) in dark
green pebbly quartzite from the Holandés Reef sample JCBN21.
B Detail of A showing pyrite grains conformably deposited in lay-
ers around quartz pebbles. C Pyrite (light-colored yellowish spots)
in quartzitic matrix of a pebble- supported metaconglomerate of the
LVLPC Reef sample JCBN33. D Porous round pyrite grain (white),
fragmented on the right side, in quartzitic matrix (dark gray) sam-
ple JCBN50. E Compact round pyrite grain (yellowish white) with
a central inclusion of gold and pyrrhotite in quartzitic matrix (dark
gray) sample JCBN45. F Pyrite grains in a heavy mineral layer of
the LVLPC Reef showing varied textures including round and angu-

Locally, the clusters contain euhedral chromite grains in the
same size range (Fig. 7E). Few isolated larger rutile grains
are distinct from other rutile by having chromite inclusions
and round outlines (Fig. 7F); these are interpreted as detrital
grains. In places, rutile forms rims around ilmenorutile
(Fig. 7G and H). Spinel was identified as a cluster of fine-
grained (5—15 pm) euhedral to subhedral grains.
Uraninite is present as round grains predominantly
associated with detrital pyrite in heavy mineral layers
(Fig. 71 and J). Most of the uraninite grains contain

lar grains with either porous and compact internal textures sample
JCBN45. G Pyrite (yellowish white) in quarzitic matrix (dark gray),
microscopic view of the hand specime exhibited in A and B sample
JCBN21. H Pyrite (yellowish white) showing a large particle in the
center of the image with round porous core and cubic-terminated
compact rim in quartzitic matrix (dark gray) sample JCBN2I. I
Twinned euhedral pyrite cubes (yellowish white) in quartzitic matrix
(dark gray) sample JCBN45. J Hematite (Hem) and pyrite (Py) sur-
rounded by siegenite (Sie) in quartzitic matrix (darker gray) sample
JCBN41. K Chalcopyrite and chalcocite (yellow and blueish gray,
respectively) overgrowth on pyrite (white) grains in quartzitic matrix
(dark gray) sample JCBN49

pyrite inclusions or intergrowths. Also, tiny round
fragments of pure uraninite were identified by EMPA
in the matrix of the metaconglomerates (Fig. 7K).
Like pyrite and rutile, the round uraninite grains are
interpreted as detrital particles, analogous to those in
the Witwatersrand (Depiné et al. 2013; Frimmel et al.
2014 and references therein). Rare irregularly shaped
brannerite was identified in the same heavy-mineral
layers and most likely represents an alteration product of
uraninite (Fig. 7L).
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Gold

Gold occurs in various morphological forms and mineral
associations. A total of 154 gold grains were noticed under
the microscope and grouped according to their morphology
and texture. The majority of these (109 grains) correspond
to free gold particles interstitial in the matrix of the meta-
conglomerates, whereas 33 are associated with fractures
and veins, and 12 represent inclusions in detrital pyrite or
quartz. The majority of the free gold particles shows irreg-
ular outlines (Fig. 8A), and a smaller fraction is circular
or elliptical with smoothly rounded outlines (Fig. 8B and
C). Analogously to the round detrital minerals described
above, the round gold grains are tentatively interpreted as
detrital. In this category, we include grains that are only
slightly rounded (e.g., largest grain in Fig. 8D). Gold par-
ticles located in post-sedimentary structures, on the other
hand, provide unequivocal evidence of Au transport by
post-depositional fluids (Fig. 8E). The round gold particles
are <70 pum in diameter, whereas irregular particles and
structurally related, post-depositional hydrothermal gold
attains larger dimensions. For instance, gold associated with
shear planes reaches a few centimeters in length (Fig. 8F).

Gold was found in contact with the following minerals:
quartz, pyrite, chlorite, rutile, goethite, and hematite. The
association with quartz is the commonest as most of the
gold is free in the quartzitic matrix (Fig. 8 A—F), but gold
was identified also as inclusions in a quartz pebble (to be
described in more detail below). Gold within pyrite is pre-
sent either as inclusions, together with other sulfide inclu-
sions (Fig. 8G and H), or as vein fillings (Fig. 8I). Locally,
gold appears intergrown with rutile and within chlorite
cleavage planes (Fig. 8J). When associated with Fe-oxides
and -hydroxides, gold occurs either intergrown or as inclu-
sions (Fig. 8K and L).

The paragenetic sequence

Three main paragenetic stages can be distinguished in the
metaconglomerates (ESM Table 7). Stage 1 involved the
transport and deposition of detrital quartz and heavy miner-
als, including pyrite, zircon, rutile, uraninite, chromite, mag-
netite, spinel, galena, tourmaline, magnetite, molybdenite,
thorite, ilmenorutile, and gold, which were concentrated in
river channels. Stage 1 was followed by diagenesis, during
which some chemical exchange was initiated, including
partial pyrite remobilization. Naturally, primary minerals
responded to post-depositional alteration according to their
individual properties. Highly refractory zircon and ilmenoru-
tile, for instance, are well preserved and restricted to Stage
1. Minerals formed at Stage 2 as a result of metamorphism
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and/or hydrothermal alteration include quartz, pyrite, rutile,
gold, and newly formed phases, including muscovite/fuch-
site, tourmaline, and brannerite. Stage 3 minerals formed
during retrograde metamorphism, locally associated with
late intrusions, include chlorite, pyrophyllite, hematite, goe-
thite, and gold. Various secondary sulfides were generated
during Stage 3, including bornite, chalcopyrite, covellite,
chalcocite, linnaeite, sphalerite, digenite, and mackinawite.

Mineral chemistry, geothermometry,
and metamorphism

Chlorite

A total of 84 microprobe spot analyses were carried out on
chlorite grains distributed in four gold-mineralized samples:
JCBNS and JCBN31 from the Holandés Reef, and JCBN36
and JCBN41 from the LU Reef (ESM Table 2). The sam-
ples comprise quartz pebble metaconglomerates with vari-
able proportions of chlorite, muscovite, hematite, goethite,
pyrite, and rutile. Sample JCBNS is a typical sulfide ore with
pyrite as the dominant opaque phase, whereas Fe-oxides
predominate in the other three samples. Samples JCBNS,
JCBN31, and JCBN36 contain muscovite, whereas chlo-
rite is the only phyllosilicate in sample JCBN41. Following

Fig.7 Oxides and associated minerals in transmitted light A, D,
and G, reflected light B, C, E, F, H, I, and L, and in backscattered
images J and K. A Randomly oriented hematite blades (black) over-
printing quartz (colorless) and chlorite (olive green) sample JCBN41.
B Hematite blades (blueish gray), quartz (dark gray), chlorite (high
relief dark gray), pyrite (white), and siegenite (light purpleish gray
around pyrite); white rectangles indicate the position of zoomed-in
images in Fig. 7J and 8L sample JCBN41. C Compact and micro-
crystalline goethite (blueish gray and darker gray, respectively), col-
loform nickelian pyrite (light-collored areas indicated as Ni-pyrite)
in quartzitic matrix (gray); note that compact goethite forms roughly
rectangular/cubic forms from presumably pyrite sample JCBN20.
D Rutile crystals (reddish-brow), pyrite (black) in quartzitic matrix
(colorless) sample JCBN44. E Rutile crystals (gray), pyrite (pale
yellow), chromite (dark gray) in quartzitc matrix (darker gray) sam-
ple JCBN44. F Round rutile grain (greay) with chromite inclusions
(darker gray) and pyrite (pale yellow) in quartzitic matrix (darkest
gray) sample JCBN44. G Ilmenorutile grain (black, center of the
image) with rutile rim (reddish-brown) in heavy mineral layer con-
taining pyrite (black), quartz (white), and zircon (high relief third
to fourth order interference color) sample JCBNS. H Same view
as G, note the porous ilmenorutile grain surrounded by compact
rutile sample JCBNS. I Round uraninite grain (gray) with several
inclusions and surronded by a thin layer of pyrite (light gray) flanked
by compact pyrite grains in quartzitic matrix (darker gray) sample
JCBN45. J Round uraninite-pyrite grain sample JCBN44. K Round
uraninite grain sample JCBN6. L Irregular brannerite-pyrite parti-
cle (center) sample JCBN45

»
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Fig.7 (continued)

the classification proposed by Zane and Weiss (1998), the
results indicate two distinct chemical compositions: Mg-
chlorite (clinochlore, average Fe/(Fe +Mg)=0.17) in sam-
ples JCBNS, JCBN36, and JCBN41, and Fe-chlorite (cha-
mosite, average Fe/(Fe +Mg)=0.91) in sample JCBN31
(ESM Fig. 1A). The chemically distinct Mg-chlorite and
Fe-chlorite correspond to the textural types described above,
i.e., Chlorite 1 and Chlorite 2, respectively. The dominant
Mg-chlorite is disseminated in the matrix of the metacon-
glomerates with metamorphic quartz, muscovite, pyrite, and
rutile (Fig. SA and B). The round aggregates of Fe-chlorite
with + goethite, on the other hand, resemble pseudomorphs
of possibly garnet or detrital ilmenite (Fig. 5 C).

The results of chlorite thermometry are summarized in
ESM Fig. 1B. The analyses aimed at pure chlorite particles,
avoiding areas of interlayering with other phyllosilicates
and/or inclusions that could interfere with the Al contents.
Analyses with detectable Ca, Na, and/or K were discarded
as an extra precaution. Aluminum saturation was verified by
the presence of muscovite in samples JCBNS, JCBN31, and
JCBN36, except for sample JCBN41. Among the Mg-chlo-
rite analyses, those in samples JCBN8 and JCBN36 yielded
the narrowest temperature ranges, and a good consistency
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between different thermometers, whereas sample JCBN41
diverged from the trend with a wider temperature range
that probably reflects some Al deficiency. Consequently,
results from the samples JCBN8 and JCBN36 should best
approximate the formation temperature of Mg-chlorite, i.e.,

Fig.8 Gold in various forms and associations in reflected light in
A, E, G-L, backscattered images in B, C, and D, and macrophoto-
graph (F). A Irregular gold particles (yellow) in quartzitic matrix
(dark gray) sample JCBN38. B, C, and D Round gold grains (white)
in quartzitic matrix (black) sample JCBNG6, note that the central grain
in D has a roughly rectangular outline with round corners. E Gold
(yellow) filling veinlet in quartz pebble (dark gray), note darker lin-
ear areas marking fluid inclusion tracks internal to the pebble sample
JCBN17 . F Gold on shear plane in hand specimen sample JCBN17.
G and H Gold (yellow), pyrrhotite (brown), and galena (blueish
gray) inclusions in pyrite (white) in quarzitic matrix (black) sample
JCBN32. I Gold (yellow) filling quartz-pyrite (dark gray and pale
yellow, respectively) vein sample JCBN16. J Gold (yellow), rutile
(blueish gray), and chlorite (high relief dark gray) in quartzitic matrix
(dark gray) sample JCBN41. K Gold (yellow) in contact with micro-
crystalline goethite (dark brownish gray, higher relief) in quartzitic
matrix (dark brownish gray, lower relief) sample JCBN26. L. Hema-
tite (blueish gray), gold (yellow) in quartzitic matrix (black) sample
JCBN41. Note tiny gold inclusions in hematite
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Fig.8 (continued)

289-339 °C. For the Fe-chlorite analyses in sample JCBN31,
only Zang and Fyfe’s and El-Sharkawy’s thermometers were
used because Fe/(Fe + Mg) correction is not considered in
Cathelineau and Nieva (1985). The temperatures calculated
are between 277 and 317 °C and thus within the error of
those for the Mg-chlorite above. Similar Fe-chlorite was
described by Miranda et al. (2021) in gold-bearing major
thrust faults that cut through the Jacobina Group. Both sets
of Fe-chlorite correspond to chamosite (ESM Fig. 1A). We
agree with the above authors, that the Fe-chlorite formed
during retrograde metamorphism associated with the final
stages of the Paleoproterozoic Orogeny, when the Jacobina
Group rocks were uplifted to higher crustal levels. The
Mg-chlorite is regarded as coeval with the Fe-chlorite and
formed under similar conditions in which case the difference
in composition probably reflects only very local chemical
equilibration on a mineral grain scale and thus a low fluid/
rock ratio.

Tourmaline

The chemical composition of tourmaline was determined on
58 spots in 41 tourmaline grains in three gold-mineralized
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samples: JCBN2 (MSPC Reef), JCBN17 (Basal Reef), and
JCBN38 (MU Reef) (ESM Table 3). Larger grains were
tested for internal chemical zonation and no significant het-
erogeneity was observed. The tourmaline occurs as optically
homogeneous euhedral to subhedral crystals with no indica-
tion of sedimentary abrasion. According to the classifica-
tion proposed by Henry et al. (2011), the composition of
the tourmaline is predominantly dravitic, with Mg/(Mg + Fe)
between 0.33 and 1, total Al between 5.14 and 6.00 atoms
per formula unit, and anomalously high Cr concentrations
between 1.04 and 9.83 wt% Cr,0, (ESM Fig. 2). Fluorine
concentrations are notably low. These characteristics suggest
that the tourmaline is metamorphic in origin. The majority
of the analyses spread within the fields of Cr-, V-, and Al-
rich metasedimentary rocks on the Al-Mg-Fe diagrams of
Henry and Dutrow (2018) (ESM Fig. 3). A few analyses
from sample JCBN38 fall into the field of Li-poor granitic
rocks, but these represent a minor proportion in a sample
with predominant metamorphic affiliation. Milesi et al.
(2002) suggested that detrital and hydrothermal tourmalines
in Jacobina could be distinguished based on the Cr contents,
but no two distinct populations can be recognized within that
wide data range.
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Pyrite

A total of 93 LA-ICPMS analyses (ESM Table 4A) was con-
ducted on the three distinct morphological types of pyrite in
samples JCBNS8 (Holandés Reef), JCBN11 (FW Main Reef),
and JCBN14 (Main Reef). From the 18 elements analyzed,
nine were detected in most of the analyses: As, Co, and Ni,
detected at levels of hundreds of ppm; Pb at that of tens of
ppm; and Ag, Au, Cu, Cd, and TI, detected in single digit
ppm concentrations. The other nine elements (Hg, Ir, Mo,
Os, Pd, Pt, Re, Rh, and Ru) were detected in less than nine
spots. Table 1 presents the average trace element contents for
each of the three morphological pyrite types. With respect to
the more common trace elements, the compact round pyrite
recorded the highest average Ni content, whereas the porous
round pyrite has the highest As and the secondary pyrite
the highest Co contents. A relatively lower Co/Ni ratio, on
average 1.1, distinguishes the secondary pyrite from both the
round compact and the round porous pyrite, both with Co/Ni
ratios of, on average, 1.9. Notably, the round porous pyrite
shows a good correlation between Co and Ni (correlation
coefficient=0.75) compared to the round compact pyrite
(correlation coefficient=0.52) and secondary pyrite (cor-
relation coefficient=0.23). Also noteworthy is colloform
nickelian pyrite with up to 18.8 wt% Ni identified within
goethite in an oxidized ore sample (Fig. 7C).

The most significant compositional differences between
the three morphological pyrite types are related to Pb, Cu,
Au, and Ag. The round porous pyrite has the highest con-
tents of these elements, whereas the secondary pyrite is
notably depleted in all of them (Table 1). The difference
is most pronounced in Au content, which differs by one
order of magnitude between the pyrite types, with the round
porous pyrite having the highest Au content. Noteworthy
is the relatively low Au/Ag ratio of secondary pyrite (=1)
compared to the other two types (round porous pyrite: 4,
round compact pyrite: 2). Also of note is the good correla-
tion between Cu, Au, Ag, and Cd in secondary pyrite (ESM
Table 4B). The contrast in trace element contents is most
evident in texturally composite pyrite grains. Figure 9 illus-
trates the situation, in which natural oxidization of the pol-
ished surface of thin sections reveals the chemical contrast
between different pyrite generations. The rounded porous
cores returned higher concentrations of Au, Cu, and Ag than
their respective compact rims (Fig. 9A and B). The round
compact cores also exhibit contrasting composition in rela-
tion to their respective rims (Fig. 9C), but the trace element
contents in the compact cores can be lower than in the rims,
as illustrated in the pyrite grain of Fig. 9D that shows higher
Au and Ag but lower Cu contents.

Table 1 Trace element contents of different pyrite types as obtained by LA-ICPMS

Co (ppm)  Ni (ppm) Pb (ppm) Cu (ppm) Au (ppm) Ag (ppm) T1 (ppm) Cd (ppm) Au/Ag

As (ppm)

0.22 0.11 1.09 0.21
<0.02-0.22

404 7.17 1.70

363

202

Mean

Round compact pyrite (detrital)

<0.07-0.37
0.14

<0.01-3.86
0.09

0.11-0.39

1.34

1.80-15.50 <0.20-4.73
41.0

46.9-1,35
277

25.1-1,38

30.7-703
446

833

Range

0.33

3.21
<0.20-11.4

Mean

Round porous pyrite (synsedimentary)

<0.07-0.23
0.20

<0.01-0.68

0.11

0.03-1.82

0.04
<0.01-0.26

0.07-10.9

0.04
<0.01-0.08

1.86-158

2.30
<0.01-53.3

32.5-9,180 74.7-1,654 40.7-787

320

Range

0.68
<0.15-9.00

298

519

Mean

Secondary compact pyrite

<0.01-0.50

<0.01-2.90

0.61-1,121 1.84-1,240 8.53-1,352

Range
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Rutile

A total of 94 EMP analyses (ESM Table 5) was conducted
on 36 rutile grains within four gold-mineralized samples:
JCBNS (LU Reef), JCBN22 (LMPC Reef), JCBN26 (FW
Main Reef), and JCBN44 (MSPC Reef). The most conspicu-
ous trace elements detected were Cr and Nb, with contents
between 0.80-2.76 wt% Cr,0; and 0.36-1.38 wt% Nb,Os. A
rutile rim around an ilmenorutile grain has even higher con-
tents of Cr and Nb (3.76 wt% Cr,05 and 3.10 wt% Nb,Os).
The ilmenorutile grain contains 58.2-60.5 wt% TiO,,
19.9-22.7 wt% Nb,Os, and 3.43-3.74 wt% FeO, and Ta
determined qualitatively. The analyses also revealed Al,O;
contents between 1.08 and 1.22 wt% and MgO contents of
0.21 to 0.23 wt%, which probably reflect minute inclusions
of other minerals.

Milesi et al. (2002) distinguished two types of rutile
in Jacobina based on texture, Cr content, and U-Pb age.
According to these authors, the first type consists of large,
black, low-Cr, rounded grains, which they interpreted as
detrital, and the second type comprises red, translucent,
euhedral to subhedral crystals with high Cr contents, inter-
preted as post-depositional hydrothermal in origin. Based
on the U-Pb geochronological work conducted by Mougeot
(1996), they report “a clear Archean heritage” for the detrital
rutile and a Proterozoic (~ 2.04 Ga) age for the red hydro-
thermal rutile.

The characteristics of the red rutile (Fig. 7D and E) match
the description of the red rutile of Milesi et al. (2002). It
probably formed through dissolution and reprecipitation dur-
ing the Paleoproterozoic Orogeny, analogously to some of
the rutile described in the Moeda Formation (another meta-
conglomerate-hosted gold deposit located some 1000 km to
the south of Jacobina) by Zeh et al. (2018). Detrital rutile
and ilmenite are the most likely sources of Ti for the red
rutile. The ilmenorutile depicted in Fig. 7G is probably also
detrital and experienced post-depositional alteration while
serving as a substrate for the epitaxial overgrowth of red
rutile. Notably, the Jacobina red rutile contains the high-
est Cr and Nb contents compared to other studies on rutile
composition, including other metaconglomerate-hosted gold
deposits (ESM Fig. 4 and references therein).

The results of the Zr-in-rutile thermometry are presented
as histograms in ESM Fig. 5. Interestingly, the histograms
reflect the improved precision and perhaps higher accuracy
achieved with the progressive development of the method.
Thus, Zack et al.’s (2004a) thermometer resulted in a wider
temperature range between 646 and 810 °C, followed by
Watson et al. (2006) with a range from 598 to 704 °C. Tom-
kins et al.’s (2007) thermometer was calculated for pressures
of 3 kb and 4 kb, based on estimates proposed previously
(Ledru et al. 1997; Milesi et al. 2002; Leite et al. 2007), and
yielded 577-678 °C for 3 kb and 582—683 °C for 4 kb. The
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calibration by Tomkins et al. (2007) is regarded as the most
reliable (Zack and Kooijman 2017), so the modal interval
of 600-650 °C is taken as the best estimate for the rutile
formation temperature in the Jacobina metaconglomerates.
Also noteworthy is the negligible difference between the
results obtained for 3 kb and 4 kb using the Tomkins et al.
(2007) thermometer. Although the rutile temperatures calcu-
lated here surpass, on average, the 600 °C peak metamorphic
temperature suggested by metapelitic phase equilibria, the
difference is statistically not significant because the tem-
peratures derived from both methods overlap. The calculated
Zr-in-rutile temperatures probably approximate peak meta-
morphic conditions thus confirming the metamorphic nature
of the red rutile generation.

Gold

A total of 351 microprobe analyses was conducted on
154 gold particles (ESM Table 6). Gold, Ag, and Cu were
detected whereas Hg and Pd were below the lower limit of
detection of 0.05 wt%. Gold concentrations are between 92.3
and 100.6 wt%, whereas Ag and Cu attain maxima of 6.62
wt% and 0.57 wt%, respectively (Table 2). The results indi-
cate an average composition of the Jacobina gold as 98.3
wt% Au, 1.54 wt% Ag, and 0.07 wt% Cu. The Ag content
in the Jacobina gold exhibits a polymodal distribution with
major modes in the intervals 0.6-0.9, 1.9-2.2, and minor
ones at 3.2-3.5 and 6.0-6.3 wt% Ag (ESM Fig. 6A). In con-
trast, the Cu content shows a skewed distribution with the
main mode in the interval 0.03-0.05 wt% Cu, a second mode
in 0.27-0.30 wt% Cu, and a couple of outliers at 0.51 and
0.57 wt% Cu (ESM Fig. 6B).

Most of the gold exhibits homogeneous composition
within a given sample. However, there are a few excep-
tions in which gold can be distinguished based on both
morphology and Ag content. For instance, a frequency
distribution diagram from the Basal Reef and the FW
Main Reef shows outliers with highly pure gold composi-
tion (ESM Fig. 6C). In the Basal Reef, the high-fineness
gold occurs as veinlets that crosscut fluid inclusion trails
containing tiny gold inclusions with Ag contents above
2.59 wt% (Fig. 10B and C). These inclusions returned up
to 5.19 wt% Ag, but unfortunately, due to the very small
size of the analyzed spots, they returned low totals. In this

Fig.9 Microphotographs of round porous pyrite (A and B) and
round compact pyrite (C and D) surrounded by compact overgrowth
with anhedral to euhedral terminations. Dark spots of approximately
40 um in diameter mark laser ablation pits from ICPMS analysis, Au,
Cu, and Ag results. Note different colors created by natural oxidation
of the polished surface of the thin sections. The colors reflect differ-
ent pyrite generations

>
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Grain Pyrite type Spot Au (ppm) Cu (ppm) Ag (ppm)

1 0.249 4.27 0.203

Porous core 2 0.366 3.52 0.290

3 0.935 3.38 0.311

4 0.529 5.13 0.232
A 5 0.067 <0.224 <0.014
6 <0.011 <0.213 <0.012
Compact Rim 7 0.024 <0.230 <0.012
8 <0.014 <0.218 <0.015

9 <0.014 <0.211 0.124

1 0.205 1.33 0.118

Porous core 2 0.446 1.37 0.122

3 0.302 1.96 0.130

B 4 0.012 <0.170 <0.012
Compact Rim 5 <0.013 <0.169 <0.013

6 <0.009 <0.158 <0.007

7 0.028 <0.158 <0.007

C Round Comp. Core 1 0.193 4.73 0.161
Compact Rim 2 0.082 0.309 <0.011

D Round Comp. Core 1 0.287 <0.247 0.031
Compact Rim 2 0.079 0.928 0.024

@ Springer



646

Mineralium Deposita (2024) 59:627-654

Table 2 Jacobina gold composition

Average (Wt%) Minimum (wt%) Maximum (wt%)
Au 98.3 92.3 100.6
Ag 1.54 BD 6.62
Cu 0.07 BD 0.57

BD, below detection

context, we recognize two gold generations: the first is
allogenic and is represented by the Ag-bearing gold inclu-
sions, and the second is characterized by the high-fineness
gold remobilized in veinlets, thus indicating a refining
effect of post-depositional gold remobilization (compare
Fig. 10B and C with D and E). In the FW Main Reef, the
temporal relationship is not self-evident, but the high-fine-
ness gold occurs as isolated particles among remobilized
gold with Ag content of around 2 wt%. In both examples,
purification of gold by remobilization is evident. Another
exception is the variation in Ag content between round
gold grains from the MSPC reef. These homogenous
grains have the following average Ag contents per parti-
cle: 1.13 wt%, 1.95 wt%, 1.99 wt%, 2.09 wt%, 5.56 wt%,

Fig. 10 Gold inclusions and
veinlets in quartz pebble of
the Basal reef. A Thin section
image showing the loca-

tion of microphotographs.

B Round gold inclusions
along fluid inclusion track.

C Elongated gold inclusions
along fluid inclusion track.

D Gold filling microfracture.
E Gold veinlet crosscutting
fluid inclusion tracks (zoom 2y TR
in detail in Fig. 9E). Numbers sufs Nl
refer to Ag contents by EMPA. )
BDL =below detection limit.
Numbers represent the average
of 2 spot analyses on each

gold particle. Analyses on B
(top) and C returned low totals
(<98%) due to the reduced size
of the inclusion, and were not
considered in the statistics, but
are displayed here to illustrate
the differences in Ag contents
between two gold generations

B

¢
4.24 wt% Ag

2.62 wt% Ag

0.1 mm
I
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6.19 wt%, and 6.62 wt%. This is a wide range compared to
other samples, and considering the probable detrital nature
of the grains, their distinct composition might reflect vari-
able provenance.

Although most of the gold particles are internally
homogenous, some compositional heterogeneity was
observed in round gold grains from the Liberino Reef. In
this case, the analyses indicate different Ag concentrations
between the center and the edge of a grain (3.48 wt% Ag at
the center against 0.52 wt% and 0.11 wt% Ag at the edges).
Microprobe elemental maps obtained from the two grains
in that sample revealed Ag-depleted rims on both grains
(ESM Fig. 7). Such a feature might be misinterpreted as
Ag-depleted rim as typically observed in recent gold plac-
ers (Groen et al. 1990; Putnis 2009). However, the reducing
conditions of the Archean atmosphere under which these
grains were deposited would not support this interpreta-
tion. Instead, the Ag-depleted rims are regarded as post-
depositional hypogene alteration, which must have had an
overall effect on the Ag content of the Jacobina gold. The
rims show, however, that the alteration process may have
been locally peripheral, and some of the original composi-
tion remained preserved in the core of the gold grains.

498 wt% Ag /

512 wt% Ag

0.1 mm
—
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The Jacobina gold mineralization
Allogenic mineralization

Quartz and pyrite are the dominant minerals in the Jacobina
ore assemblage. Whereas well-rounded quartz pebbles and
sands provide convincing textural evidence of their detrital
nature, pyrite displays a wide variety of textures that indi-
cate more complex and diverse origins. Hendrickson (1984),
in a first attempt to classify the different types of pyrite in
Jacobina, identified rounded grains and interpreted them as
detrital particles. This iconic pyrite is the predominant type
in the Witwatersrand (Hallbauer 1986) where it has been
regarded by almost all earlier workers as detrital (Ramdohr
1955; Saager 1969; Utter 1978; Hallbauer 1986; Minter
et al. 1988; MacLean and Fleet 1989). Although challenged
by supporters of the various hydrothermal models (Phil-
lips and Myers 1989; Barnicoat et al. 1997; Phillips and
Law 2000), the notion of this pyrite type being detrital has
been consolidated throughout the years with the support of
petrography, trace element data, and isotope geochemistry
(England et al. 2002; Hofmann et al. 2009; Koglin et al.
2010; Guy et al. 2014; Agangi et al. 2015). Genetically of
great significance at Jacobina is the observation that gold
inclusions can be found in both detrital pyrite and detrital
quartz (Figs. 6E, 8G and H, and 10B and C). This provides
additional evidence that gold was carried into the deposi-
tional basin with the sediment load and thus represents the
first gold mineralizing stage in Jacobina.

Gold-mineralized source rocks and their mechanically
transported fragments are expected to release gold into the
watercourses. This process has been described in modern
placers (Knight et al. 1994; Youngson and Craw 1999; and
references therein) as well as in the Witwatersrand (Hall-
bauer and Utter 1977; Utter 1979, 1980; Minter et al. 1993;
Frimmel 2014). Due to softness and malleability of the gold,
abrasion and hammering during transport result in round-
ing and flattening of the gold particles. Minter et al. (1993)
estimated that more than 75% of a population of over 5000
gold grains from a given sample of Witwatersrand ore had
rounded forms to which they attributed a detrital origin—a
finding that has been since then corroborated by in-situ anal-
yses of the gold morphology by p-XRD-CT (Frimmel 2018).
They also pointed out that detrital grains can have knobby
surfaces as a result of peening caused by the sediment abra-
sion. Hendrickson (1984) pioneered the identification of
detrital gold in Jacobina. In the present study we identified
22 round gold grains that strongly support his observations
(e.g., Fig. 8B, C, and D). Furthermore, the knobby outlines
of round gold grains identified here (ESM Fig. 7) can be
ascribed to sediment abrasion as suggested by Minter et al.
(1993) for the Witwatersrand gold.

Placer gold composition may reflect the compositional
variability of its provenance (von Gehlen 1983; Frimmel
and Gartz 1997). Despite the post-depositional alteration
at Jacobina, distinct differences exist in gold composition
that suggests a provenance control. The internally homo-
geneous and compositionally distinct gold grains from the
MSPC Reef described above suggest a provenance-related
compositional signature. This may also be the case for
the distinct gold composition identified between the main
stratigraphic units. This is apparent in Ag versus Cu dia-
grams (ESM Fig. 8), from the base, the FW Main Reef
gold (Lower Conglomerate unit) clusters around 2 wt%
Ag; the gold from the Lu, Mu, and LVLPC reefs (Upper
Conglomerate—Lower Unit) clusters around 1 wt% Ag; and
the Piritoso, Liberino, and Holandés reefs (Upper Con-
glomerate—Intermediate Unit) contain gold with around
3 wt% Ag. Interestingly, a couple of analyses from the
Piritoso Reef (Upper Unit) coincide with the Lower Con-
glomerate Unit suggesting that gold from the lower units
may have been mechanically recycled into younger meta-
conglomerates. The Ag-depleted rims of the gold grains
from the Holandés Reef (ESM Fig. 7) indicate that Ag
depletion may not have been complete on a grain-scale.
Thus, the overall Ag contents seemingly became decreased
by post-depositional fluids, but locally, some of the pri-
mary differences in Ag content can still be discerned.

The second gold mineralization process recognized in
the metaconglomerate-hosted gold deposits is associated
with another type of pyrite, described here as porous round
pyrite. This pyrite type is considered synsedimentary. Such
a genetic interpretation is endorsed by petrography, trace ele-
ment geochemistry, and isotope data (e.g., Hallbauer 1986;
England et al. 2002; Hofmann et al. 2009; Koglin et al. 2010;
Guy et al. 2014; Agangi et al. 2013, 2015 and references
therein). The atmospheric and hydrospheric conditions that
prevailed during the Mesoarchean, including extremely low
atmospheric O, and elevated CO,, CH,, SO,, and H,S con-
centrations, enabled significant quantities of Au and other
metals to be dissolved in rivers and subsequently captured by
early microbes to form the first major concentration of gold
in Earth’s history (Frimmel 2005, 2014, 2018; Frimmel and
Hennigh 2015; Heinrich 2015).

Synsedimentary pyrite is part of the Jacobina ore assem-
blage. Figure 6D displays a grain with a typical porous
internal texture that, although fragmented on the right side,
still shows a well-rounded contour indicating abrasion dur-
ing sediment transport. Figure 6F illustrates a typical heavy
mineral layer with grains and angular fragments of porous
synsedimentary and round compact pyrite grains. One par-
ticular feature of the synsedimentary pyrite in Jacobina is
that it displays a more restricted textural diversity than in
the Witwatersrand. The specimens identified in the present
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study resemble the mud-ball pyrite of Hallbauer (1986) or
the detrital aggregates of England et al. (2002). This does not
necessarily indicate the absence of specific types, but prob-
ably reflects the fact that most of these fragile structures were
not resistant enough to endure abrasion during transport.

We have shown in the present study that, like in other
metaconglomerate-hosted gold deposits (Koglin et al. 2010;
Ulrich et al. 2011; Large et al. 2013; Agangi et al. 2013,
2015), the synsedimentary pyrite is characterized by ele-
vated trace element contents (Table 1, Fig. 9A and B), a
feature that supports the findings of Teles et al. (2020), who
named the synsedimentary type inclusion-bearing pyrite,
following the nomenclature proposed by da Costa et al.
(2017). Our data show that the average Au content in the
synsedimentary pyrite is two orders of magnitude higher
than that of the secondary pyrite (Table 1). The synsedimen-
tary pyrite, therefore, represents a genetically distinct pyrite
generation, and based on its consistently elevated Au con-
tents, provides evidence of a syngenetic gold mineralization
stage in Jacobina, typical of the richest Witwatersrand-type
paleoplacer gold deposits in South Africa.

Post-depositional mineralization

Abundant secondary pyrite and other metamorphic/hydro-
thermal minerals like chlorite, fuchsite, rutile, tourmaline,
and Fe-oxides/hydroxides are the most evident indicators of
post-depositional alteration in Jacobina. The process through
which the secondary pyrite formed is not fully established.
Teles et al. (2020) suggested that the detrital pyrite recrys-
tallized during metamorphism to form the epigenetic
pyrite. This is debatable. Pyrite was certainly remobilized,
as evident from textures and the compositional differences
described in the previous sections. However, typical high-
grade metamorphic textures, such as annealing, triple junc-
tions, or the presence of porphyroblasts/granoblasts, which
would clearly indicate pyrite recrystallization (Craig and
Vokes 1993, and references therein), have not been observed
at Jacobina. Moreover, peak metamorphic temperatures of
ca. 600 °C, as determined by phase equilibria and Zr-in-
rutile thermometry, indicate that temperatures just reached
the pyrite recrystallization threshold (Cox et al. 1981), but
have not exceeded the pyrite thermal stability, which accord-
ing to Craig et al. (1998) extends to ca. 740 °C at low pres-
sure. Under these conditions, some local recrystallization
might be possible, but certainly not extensive or prevalent.
Furthermore, the primary textures and contrasting composi-
tions between pyrite types indicate that pyrite overgrowth,
which according to McClay and Ellis (1983) is typical of
lower metamorphic conditions, took place all along the pro-
grade path of metamorphism. Alternatively, a fluid-mediated
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process involving partial dissolution and reprecipitation, as
proposed for the Witwatersrand (Frimmel 1994), offers a
more plausible explanation for the remobilization of pyrite
and its trace elements in Jacobina. Therefore, the lower Au/
Ag ratio of the post-depositional pyrite suggests that Au
was decoupled from Ag during pyrite remobilization. Also,
the very good correlation between Cu, Au, and Ag in the
post-depositional pyrite (ESM Table 4B) indicates a cognate
relationship between these elements. Thus, it is suggested
that pyrite was remobilized, and Au within the pyrite was
released during this process in Jacobina. The very poor cor-
relation between Pb and Au, on the other hand, suggests that
Pb was controlled by a different source, probably radiogenic
Pb derived from decaying detrital uraninite.

Approximately 20% of the gold occurrences observed in
the present study are associated with microstructures like
veinlets, microfractures, and mineral cleavage. As such, they
provide textural evidence of gold mobilization/remobilization
as exemplified by gold infilling a quartz-pyrite vein, which
is oblique to the bedding and confined to the boundaries of
the Holandés Reef (Fig. 8I). Notably, this gold generation
occupies a late paragenetic position in relation to secondary
quartz and pyrite. In another example described above, pure
gold fills microfractures in a gold-mineralized quartz pebble,
showing two distinct gold generations side by side (Fig. 10).
Additional examples of gold remobilization are gold particles
in shear planes (Fig. 8F), gold infilling chlorite cleavage
(Fig. 8J), and gold intergrown with Fe-oxides (Fig. 8L). All
primary forms of gold, namely, allogenic gold in detrital
pyrite, gold incorporated in synsedimentary pyrite, and
detrital gold particles represent potential sources for gold
remobilization. Gold in veins that cut through the Jacobina
Group, studied by Miranda et al. (2021), most likely reflects
the same stage of retrograde fluid infiltration at temperatures
between about 300 and 350 °C.

The extent of the gold remobilization is variable and
difficult to quantify. In the case of the Holandés Reef
discussed in the previous paragraph, where the vein is
confined to the reef, the immediate surrounding rock is the
most probable source of the vein material. In this case, Au
must have traveled within the meter-thick metaconglomerate
(internal remobilization). In contrast, there are situations
where gold was mobilized with hematite into fractures and
microfractures for > 100 m into the barren footwall or hanging
wall quartzites (external remobilization). In other cases, the
alteration is found near mafic intrusions, suggesting that at
least some of these occurrences are related to magmatism—
probably a result of heat-driven fluid convection through the
host rock (Fig. 8L). In these cases of external remobilization,
the alteration surpassed the reef limits causing a dispersion
effect on gold and consequently producing small uneconomic
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gold concentrations in the vicinity of the main orebodies.
Gold remobilization in Jacobina was certainly more extensive
than in the Witwatersrand, where it was mainly internal within
the metaconglomerates (Frimmel et al. 1993; Frimmel 1994).

As described above, remobilization at Jacobina clearly led
to a change in gold composition with Ag-depletion by post-
depositional fluids. Compared with other metaconglomerate-
hosted gold deposits, the Jacobina gold has a unique compo-
sition characterized by the following: (a) relatively low Ag
content, (b) presence of Cu in low concentrations, and (c)
absence of Hg. The Witwatersrand gold has been reported
in several studies to contain far higher Ag and Hg contents
between 0.3-32.1wt% and 0.5-5.9 wt%, respectively, and
traces of the following elements: As, Bi, Cd, Co, Cr, Cu, Fe,
Ir, Mn, Mo, Ni, Os, Pb, Pd, Pt, Re, Ru, Se, Sb, Sn, Ta, Te,
and V (Saager 1969; Feather and Koen 1975; Hallbauer and
Utter 1977; Utter 1979; von Gehlen 1983; Hallbauer 1986;
Oberthiir and Saager 1986; Reid et al. 1988; Minter et al.
1990; Garayp et al. 1991; Frimmel et al. 1993; Frimmel and
Gartz 1997).

The presence of Cu in most of the gold analyses also
sets the Jacobina gold apart, because in other metacon-
glomerate-hosted gold deposits Cu occurs only in trace
amounts and has been attributed mostly to mineral inclu-
sions (Frimmel et al. 1993; Frimmel and Gartz 1997).
The EMPA elemental maps referred to above show Cu
homogeneously distributed across the entire grains, sug-
gesting that the metal is alloyed with gold (ESM Fig. 7).
Also, analyses of externally remobilized gold feature as
outliers in Cu-in-gold histograms with the highest Cu
contents (ESM Fig. 6B), suggesting that gold may have
been enriched in Cu during the most advanced stages of
remobilization.

Regarding the lack of Hg in the Jacobina gold, it cannot
be precluded that the detrital gold particles there initially
contained some Hg. The much higher temperatures attained
during peak metamorphism (ca. 600 °C) would be sufficient
to destabilize the system Au—Ag-Hg and release Hg into the
metamorphic fluid. Hallbauer (1986) tested the phenomenon
through an experiment in which he heated alloyed Au-Ag-Hg
particles in a closed microscope stage and monitored
the release of Hg. The conclusion reached was that Hg is
released at temperatures between 350 and 420 °C. Thus, the
absence of Hg in the Jacobina gold is expected to be a result
of metamorphism.

An important aspect of the mineralization history is
oxidation, mainly because hematite and goethite appear
locally associated with gold. Genetically relevant are the
following observations: (i) hematite crystals overprint the
metamorphic fabric (Fig. 7A and B) at places close to a
mafic intrusive body, (ii) oxidation affected both primary

and secondary pyrite, leading to the formation of either
hematite or goethite (Figs. 7C, 8L), (iii) the analyzed
samples come from > 600 m below surface, which precludes
recent weathering as cause of the oxidation, and (iv)
oxidation is widespread, but not pervasive, to a point where
locally Fe-oxides/hydroxides just permeate the sulfide ore.
Consequently, oxidation is clearly late in the paragenetic
sequence. Pearson et al. (2005) associated the oxidation
to late oxidizing fluids related to the emplacement of post-
tectonic mafic to intermediate dikes. The hematite blades
in Fig. 7A and B resemble thermal metamorphic textures.
There is consensus that the mafic and ultramafic intrusive
bodies became metamorphosed (Molinari and Scarpelli
1988; Teixeira et al. 2001; Milesi et al. 2002; Pearson et al.
2005) and the rock associated with the hematite blades is
a quartz-clinochlore schist, interpreted as a metamorphosed
mafic intrusive. Thus, at least some of the oxidation may have
been caused by the intrusion of hot basic to ultrabasic melts,
triggering convective flow of meteoric waters. This took
place during uplift in the final stages of the Paleoproterozoic
Orogeny, long after the Great Oxidation Event. This is
supported by observations by Miranda et al. (2021) who
found evidence of fluid mixing due to a decrease in pressure
during uplift. Importantly, the widespread oxidation must
have contributed to the Ag-depletion enabling Ag-poor gold
to precipitate. Thus, in the absence of direct radiometric age
control, we tentatively ascribe the oxidation to Stage 3.

Genetic model

After the discussions on the Jacobina metallogeny in the
1950s (White 1956; Bateman 1958; Davidson 1957), the
controversy seemed conciliated by the modified paleo-
placer model (Cox 1967; Gross 1968), until the early 2000s
when Teixeira et al. (2001) proposed an epigenetic model
for the Jacobina gold mineralization. Soon thereafter,
Milesi et al. (2002) attempted to combine a “shear-zone-
related epigenetic mineralization” with the paleoplacer
concept into what they named hydrothermal shear-reservoir
model. However, none of the works placed much emphasis
on the paleoplacer model. Since then, Teixeira et al. (2010,
2019) have reiterated their epigenetic model and advocated
against the paleoplacer model based on the argument that
the thickness of the mineralized zone (290 m consider-
ing the upper and the lower metaconglomerates) would
be excessive for a placer deposit. As described above, the
thick mineralized zone actually combines a series of indi-
vidual centimeter- to meter-thick placer increments. Note
that, in comparison, the gold-rich Central Rand Group in
South Africa attains an overall thickness of as much as
2.9 km.
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The Jacobina gold mineralization is the result of a
complex sequence of processes that started with the
concentration of gold in placers, with strong lithological
and sedimentological control on gold grade as well as the
presence of rounded gold particles and gold inclusions within
detrital quartz and pyrite providing perhaps the strongest
argument for this. Some subeconomic concentrations of
gold also occur in finer grained siliciclastic units, probably
related to some Au dispersion by post-depositional fluids,
but the metaconglomerates are the principal host of the
gold, as evident in the spatial distribution of Au grade
across stratigraphic levels depicted in Fig. 11. This feature
is characteristic not only of the locality for which the figure
was drawn but of the entire ore district.

The regional metamorphism and magmatism associated
with the Paleoproterozoic Orogeny caused, without doubt,
significant post-depositional alteration of the Jacobina gold
deposits and their host rocks. Thrust and wrench tectonics
affected the whole succession and formed the framework
and physico-chemical conditions for remobilization of
gold and pyrite. The detrital pyrite and gold that had been
already present in the conglomerates provided the most
likely source of the secondary pyrite and gold, respectively.
Fluids flowing along faults and magmas intruding into the
succession certainly incorporated gold from the already
existing placer deposits. There are indications of magmatic
fluids in the system (Milesi et al. 2002; Teles et al. 2020;
Miranda et al. 2021; and this study), and it is expected
that the early mafic/ultramafic intrusives and the late to
post-tectonic granites influenced the post-depositional
alteration, however only on a very local scale within tens
of meters. For instance, the hematite blades overprinting
metamorphic fabric are spatially restricted to a continuous
50-m alteration zone in the vicinity of a mafic intrusive in
the LU Reef (Fig. 7A and B). In this case, the host rock is
a gold-mineralized metaconglomerate, in which gold was
reprecipitated together with Fe-oxides/hydroxides. As the
intrusive rock was derived from a H,0-deficient magma,
the fluids involved were most likely not magmatogenic but
meteoric, circulating through the host rocks by thermal
convection. In the case of the granites, the influence of
the magmatic fluids is also local. For instance, only very
few analyses indicate a magmatic affiliation of some
tourmaline in a sample in wich most of the tourmaline is
otherwise metamorphic (ESM Fig. 3). Only local magmatic
influence is also suggested by the fluid inclusion study of
Miranda et al. (2021), who found vapor-rich H,0-NaCl
fluids of allegedly magmatic derivation only in the Mina
Velha deposit, out of four deposits studied. Whether the
magmatic fluids provided any new gold to the system
remains uncertain but even if it did, this had little influence
on the overall gold endowment of the metaconglomerates.
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Fig. 11 Schematic diagram modified from Teixeira et al. (2001)
showing the gold distribution along drillhole JB-12 in the Jodo Belo
Mine. The gold dispersion pattern shows a strong correlation between
conglomeratic units and Au grade
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Conclusions

There is substantial evidence of primarily placer gold
concentration at Jacobina, that is, strong lithological
and sedimentological control on Au grade at different
scales, presence of detrital minerals with gold inclu-
sions within heavy mineral layers, and of detrital gold
particles.

Three genetic types of pyrite were recognized: detrital, syn-
sedimentary, and post-depositional pyrite. These can be corre-
lated to the pyrite types identified in the Witwatersrand Basin
and other examples of metaconglomerate-hosted gold depos-
its. Widespread pyrite overgrowth masks the primary pyrite,
which can lead to overestimation of the proportion of secondary
pyrite. Each pyrite type had a particular role to play in the gold
mineralization process: whereas the detrital and the synsedi-
mentary types accompanied gold accumulation in the placer,
the post-depositional pyrite resulted from a fluid-induced remo-
bilization event that led to Au depletion in primary pyrite.

The presence of synsedimentary pyrite with significantly
higher Au concentrations in relation to the other pyrite
types supports elevated Au contents, probably dissolved as
Au-sulfide complex, in surface waters at the time as sug-
gested by Frimmel (2014), Frimmel and Hennigh (2015),
and Heinrich (2015). The proportion and textural diversity
of the synsedimentary pyrite in Jacobina are comparatively
low, which may be the result of mechanical abrasion dur-
ing sediment transport, selectively obliterating more fragile
mineral structures.

What distinguishes the Jacobina deposits from other
Witwatersrand-type gold deposits is the nature and extent
of post-depositional alteration, mainly in the course of the
Paleoproterozoic Orogeny. Phase equilibria and applica-
tion of Zr-in-rutile thermometry suggest peak metamorphic
temperatures of ca. 600 °C. Metamorphism and magmatism
caused the partial dissolution and reprecipitation of various
minerals including pyrite and gold. This remobilization of
both pyrite and gold changed their trace element contents,
thus resulting in gold of greater fineness. Compared with
other Witwatersrand-type gold deposits, Jacobina gold com-
position is characterized by relatively low Ag contents, the
presence of Cu at low concentrations, and the absence of Hg,
all of which can be ascribed to fluid-induced remobilization
at elevated temperatures. Despite the purifying effect of the
post-depositional alteration, some gold particles still main-
tain some compositional distinction between the main strati-
graphic units that may reflect a provenance-related signature.

There is indication of local magmatic influence on the
gold mineralization history. Mafic/ultramafic intrusives
caused a thermal overprint, whereas late- to post-tectonic
granite emplacement triggered hydrothermal fluid circula-
tion and further partial remobilization of ore components.

The latter took place under very different redox conditions,
evident from the presence of Fe-oxides/hydroxides associ-
ated with remobilized gold. This suggests some gold remo-
bilization after the Great Oxidation Event, which is in agree-
ment with the age of the late to post-tectonic magmatism
(1970 to 1800 Ma). In summary, based on the evidence of
placer gold concentration and the intense post-depositional
alteration, the modified paleoplacer model best fits the Jaco-
bina gold deposits.
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