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Abstract. The Detour Lake gold mine (~708.7 t Au) and 
Lower Detour zones (e.g. Zone 58N; ~15.1 t Au) are 
spatially associated with the Sunday Lake and Lower 
Detour deformation zones that delineate E-W oriented 
gold trends in the northwestern part of the Archean Abitibi 
greenstone belt. Gold is associated with quartz-
carbonate±tourmaline veins, stockwork and 
disseminated to locally semi-massive sulphides in 
silicified, sericitized, chloritized or biotitized host rocks. 
These structurally controlled auriferous zones are hosted 
in tholeiitic and komatiitic sequences of the ca. 2734 to 
2724 Ma Deloro assemblage and locally in small alkaline 
and sub-alkaline porphyritic intrusions and dykes near 
structural contacts with Porcupine-like turbidite of the ca. 
2.70 Ga Caopatina assemblage. Strained Timiskaming-
like polygenic conglomerate locally delineates these 
prospective regional-scale deformation zones. These 
relationships constitute gold metallotects that are 
analogous to parts of the southern Abitibi gold belt, such 
as in Timmins–Porcupine or Val-d’Or gold districts and to 
other Archean greenstone belts worldwide.  

 
1 Introduction 
 
The principal first-order metallotects of orogenic quartz-
carbonate vein gold deposits, such as regional-scale 
long-lived fault zones, synorogenic polygenic 
conglomerate, intermediate to felsic, locally alkaline 
intrusions, tholeiitic and komatiitic basalt, and extensive 
iron-carbonate alteration have been documented in 
numerous Precambrian terrains, including the well-
studied southern Abitibi greenstone belt (e.g. Robert et 
al., 2005). These metallotects also occur in the poorly 
exposed and underexplored northwestern Abitibi belt, 
most specifically along two regional-scale deformation 
corridors termed the Sunday Lake and Lower Detour 
deformation zones (Fig. 1; Ayer et al. 2009; Oliver et al. 
2012; Faure 2015). The primary focus is to study the 
significance of these deformation zones, and their 
relationship with spatially related gold mineralized zones 
(Castonguay et al. 2019). Another objective is to compare 
these mineralized deformation corridors with those of the 
southern Abitibi, such as the Destor–Porcupine and 
Larder Lake–Cadillac deformation zones. 
 
2 Geological setting 
 
The northwestern Abitibi greenstone belt comprises the 
ca. 2734 to 2724 Ma Deloro volcanic assemblage and the 
younger than ca. 2700 Ma Caopatina turbiditic 
assemblage that forms an E-trending elongated 

sedimentary belt, similar to that of the Porcupine/Cadillac 
in the southern Abitibi (Fig. 1; Ayer et al. 2009). 
Synvolcanic to syntectonic, gabbroic to granodioritic 
complexes and plutons surround and intrude the volcanic 
and sedimentary assemblages. 

In the Detour Lake area (Fig. 1), the Deloro 
assemblage, locally assigned to the Detour Lake 
Formation (Oliver et al. 2012), comprises ultramafic-
dominated flows and intrusives, and mafic-dominated 
volcanic and volcaniclastic rocks, separated by the ca. 
2725 Ma “Chert Marker Horizon” (CMH). The CMH is not 
a primary chert, but rather a fine-grained felsic to 
intermediate calc-alkaline volcaniclastic or dyke (Oliver et 
al. 2012). The Sunday Lake deformation zone (SLDZ; 
Fig. 1) juxtaposes the Deloro assemblage against the 
Caopatina assemblage (Ayer et al. 2009). The latter 
consists of ˂ 2697 Ma quartz wacke, argillaceous siltstone 
and mafic volcaniclastic units, cut by gabbroic rocks 
(Oliver et al. 2012). 

The Lower Detour (e.g. Zone 58N) area lies 7 km south 
of the SLDF, across the Caopatina belt in the structural 
hanging wall of the Lower Detour deformation zone 
(LDDZ; Fig. 1). The LDDZ juxtaposes the Deloro 
assemblage against deformed and locally Fe-
carbonatized polygenic conglomerate beds along its 
structural footwall. Altered, sub alkaline to alkaline 
feldspar porphyritic dykes locally intrude both sequences. 

In Quebec, the Deloro-correlative Manthet 
assemblage consists of massive, pillowed, and locally 
brecciated tholeiitic basalt, interlayered volcaniclastic and 
ultramafic volcanic rocks, and locally graphitic argillite 
(Fig. 1; Lacroix et al. 1990; Faure 2015). A lenticular, 
fault-bounded basin of polygenic conglomerate (Lac 
Casault basin; Faure 2015) occur along the SLDZ. The 
Caopatina-correlative Rivière Turgeon turbiditic 
assemblage lies to the south of the SLDZ. Southward, the 
LDDZ juxtaposes mafic volcanic rocks of the ca. 2729 
Brouillan volcanic complex (Lacroix et al. 1990) against a 
band of magnetite banded iron formation and polygenic 
conglomerate. 

Rock units of the study area have been polydeformed 
and metamorphosed (Oliver et al. 2012). The main 
regional fabric, S2, is generally steeply dipping and axial-
planar to W-trending tight F2 folds. Displacement along 
the SLDZ is dominated by D2 reverse faulting, overprinted 
by strike slip motion. Broad SE-trending F3 folds, mostly 
occurring north of the SLDZ, clearly affect the contact 
with the Opatica subprovince (Fig. 1). In general, the 
metamorphic grade increases toward the contact with the 
Opatica subprovince. In the Detour Lake mine area, 
amphibolite facies assemblages in 
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Figure 1. a) Location map. ON = Ontario; QC = Quebec b) Simplified regional geological map of the Sunday Lake and Lower Detour ‘gold 
trends’ area (modified from Faure 2015) with identification of the main lithological assemblages and deformation/fault zones and the location 
of gold deposits, mineralized zones and some exploration drill holes. BF = Bapst fault zone; GF = Grasset fault zone; GUC = Grasset ultramafic 
complex; LDDZ = Lower Detour deformation zone; MDZ = Massicotte deformation zone; SLDZ = Sunday Lake deformation zone. 
 
mafic rocks comprise biotite, actinolite, albite and 
almandine garnet. Farther south, such as in the 
Martiniere and Lower Detour areas, typical greenschist 
facies assemblages predominate. Hydrothermal 
alteration related to gold mineralization overprints the 
regional metamorphic paragenesis (Oliver et al. 2012).  
 
3 Sunday Lake ‘gold trend’ 
 
The Sunday Lake ‘gold trend’ is informally defined by gold 
deposits and mineralized zones occurring within the 
SLDZ and along its second-order structures in a broad 
(~4 km wide) corridor, including: The Detour Lake gold 
mine ~708.7 t Au; Detour Gold Corp. 2017), the Vortex 
zones, and the Martiniere–Bug Lake deposits (16.8 t Au; 
Balmoral Resources 2018; Fig. 1). 
 
3.1 Detour Lake gold mine 
 
Auriferous zones of the Detour Lake gold deposit are 
hosted in lower amphibolite facies basaltic and altered 
ultramafic volcanic rocks, both as low-grade 
disseminated quartz-sulphide zones or as 
quartz±carbonate veins and silicified high-grade zones 
(Oliver et al. 2012; Detour Gold Corp. 2017). Ore zones 
are commonly oriented subparallel to a series of high-
strain zones occurring coplanar and in the hanging wall 
(north) of the steep north-dipping SLDZ. 

Previously mined high-grade zones focused on the 
CMH and included the hanging wall ‘Q-Veins’ and 
footwall ‘Talc Zone’ (Oliver et al. 2012; Detour Gold Corp. 
2017). The mineralization associated with the CMH is 
hosted in silicified fine-grained intermediate intrusive 
rocks and silicified-sulphidized volcanic or volcaniclastic 
layers (Fig. 2a, b).  

The Q-Veins are strongly deformed centimetric 
quartz±carbonate fault-fill veins and pyrrhotite- 
pyrite±chalcopyrite stringers hosted by biotite-rich mafic 
volcanic rocks. Gold associated with sulphides 

 
Figure 2. Detour Lake mine: a) CMH: Silicified-biotitized feldspar 
porphyry intruding silicified mafic volcanic unit with pyrrhotite 
stringer (1 g/t Au/ 0.5 m; core diameter is 47.6 mm). b) Silicified-
biotitized pillow basalt with pyrrhotite stringer and veins (1.7 g/t Au/ 
0.5 m). c) Low-grade (0.5–0.9 g/t Au) ore consisting of 
boudinaged/fractured quartz-calcite veins and pyrite-pyrrhotite 
stringers in highly-strained biotitized mafic volcanic rocks. 
 
also occurs in the Talc Zone within strongly sheared, 
serpentinized ultramafic rocks adjacent to an 
intermediate intrusive body. Since 2012, open-pit mining 
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has been concentrated in the low-grade (~1 g/t Au) 
Calcite Zone, which consists of steep W-trending zones 
comprising boudinaged quartz-calcite-pyrite-pyrrhotite 
veinlets in biotitized mafic volcanic rocks (Fig. 2c). 
 
3.2 Vortex zones 
 
The Vortex zones (Midland Exploration 2018) are located 
along an interpreted splay of the SLDZ, at the western tip 
of the Lac Casault conglomeratic basin (Fig. 1). They 
comprise several steep north-dipping auriferous high-
strain zones in volcaniclastic rocks at the contact 
between tholeiitic and calc-alkaline volcanic units, and 
are locally spatially associated with reddish, locally 
alkaline, porphyritic intrusions. The andesitic and lesser 
rhyolitic volcaniclastic rocks are tentatively correlated 
with the CMH occurring at the Detour Lake deposit (Faure 
2015). 

From north to south, there are several mineralized 
corridors: Zone 475 consists of deformed quartz-
carbonate-sulphide veins in sheared mafic blocky tuff, 
locally with semi-massive pyrite (Fig. 3a). Zone 450 
comprises quartz-carbonate-sericite veins and 
disseminated pyrite associated with a high-strained and 
brecciated contact zone between mafic volcaniclastic 
rocks and an albitized-sericitized reddish granodioritic 
dyke (Fig. 3b, c). Secondary zones 435 and 425 consist 
of quartz-carbonate veins and disseminated pyrite in 
strongly deformed, hematitized-sericitized lapilli tuff. In 
general, disseminated sulphides reach 5 to 7 vol.% in the 
high-grade zones. Quartz veins are boudinaged and 
folded, but some locally cut foliation, suggesting an 
overall early- to syn-deformation timing. The brecciation 
is late-main phase deformation as it affected a previously 
foliated rock and is spatially associated with crenulation 
fabric near mineralized zones (Fig. 3d). 
 
3.3 Martiniere West-Bug Lake deposits 
 
The Martiniere West and Bug Lake deposits (Martiniere 
property) are hosted in greenschist-grade basalt and 
intrusive rocks occurring a few km north of the SLDZ (Fig. 
1; Balmoral Resources 2018). 

The Martiniere West deposit comprises a series of 1 to 
2 m thick silicified, carbonatized high-strain zones and 
breccia with multiple generations of quartz-dolomite- 
tourmaline veins and 1 to 5 vol.% pyrite-arsenopyrite (Fig. 
4a). NE-trending mineralized zones are hosted in 
moderately foliated, sericitized, leucoxene-bearing quartz 
gabbro near, and subparallel to, the contact with mafic 
volcanic and sedimentary units.  

The Bug North and Bug South deposits consist of en 
échelon, moderately to steeply eastward-dipping high-
strain zones occurring along contacts of the NNW-
trending Bug Lake porphyry dyke (BLP), which lies 
almost perpendicular to the layering of host rocks. The 
BLP is a buffy grey fine-grained subalkaline quartz 
porphyry with 2 vol.% disseminated pyrite. It is mostly 
massive to weakly foliated, with decametric brecciated 
margins. Gold is typically associated with fine-grained 
pyrite and occurs in several discrete altered and silicified 
high-strain zones in the hanging wall (‘Upper Bug’) and 

 
Figure 3. Vortex zones: a) Zone 475: deformed quartz-carbonate-
sulphide veins in sheared mafic blocky tuff (2.7 g/t Au over 0.5 m; 
core diameter is 47.6 mm). b) Zone 450: quartz-carbonate 
±tourmaline±sericite veins associated with a high-strain, brecciated 
zone. c) Strongly foliated and brecciated hematitized granitic 
intrusive and mafic volcanic rocks (Zone 450). d) Crenulated 
boudinaged quartz-carbonate veins in Zone 425 (0.9 g/t Au /1 m). 

 

 
Figure 4. Martiniere West and Bug Lake deposits: a) Quartz-
dolomite/ankerite-pyrite-tourmaline veins in quartz gabbro at 
Martiniere West (core diameter is 47.6 mm). b) Lower zone of Bug 
North: pyrite stringer and quartz-dolomite veins in silicified 
leucoxene-bearing gabbro. c) Upper Bug South: quartz-dolomite-
pyrite veins in a 4.6 g/t Au interval of sericitized pillow basalt. d) 
Upper zone of Bug South: pyrite (5–10 vol.%) stringer and quartz-
dolomite veins in a 7.9 g/t Au interval of sericitized pillow basalt. 
 
footwall (‘Lower Bug’) of the BLP. At Bug North, 
mineralization in the hanging wall is characterized by 
brecciated silicified zones with pyrite stringer and minor 
quartz-carbonate veining hosted in sericite-calcite-
chlorite-altered mafic volcanic rocks. Auriferous zones in 
the footwall occur in silicified-sulphidized leucoxene-
bearing quartz gabbro and quartz-dolomite-pyrite veins 
(Fig. 4b). The Bug South deposit is hosted in sericitized 
mafic volcanic rocks characterized by more abundant 
quartz-carbonate veins (Fig. 4c,d). In general, better 
grades are associated with increased silicification and 
pyrite content.  
 
4 Lower Detour ‘gold trend’ 
 
The Lower Detour gold trend’ lies 7 km south of the SLDF, 
across the Caopatina belt (Fig. 1). It comprises gold 
mineralization spatially associated with the Massicotte 
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and Lower Detour deformation zones, including zones 
58N and 75 (15.1 t Au; Detour Gold Corp. 2017) and 
several auriferous intersections to the East.  
 
4.1 Zones 58N and 75 
 
The Lower Detour area is underlain by volcanic units of 
the Deloro assemblage (Ayer et al. 2009). Gold mainly 
occurs in the steeply south-dipping zones 75 and 58N, in 
the structural hanging wall of the LDDZ. Zone 75 is 
hosted in a high-strain zone separating silicified and 
biotite-sericite altered tholeiitic and komatiitic mafic 
volcanic units and locally in a feldspar porphyritic 
intrusive (Fig. 5a). The mineralization comprises 
sulphide-rich zones reaching locally up to 20 vol.% (Fig. 
5b). The much wider Zone 58N consists of discrete 
laminated quartz-tourmaline-carbonate veins and 
stockworks, hosted in a swarm of leucocratic feldspar 
porphyry dykes. The auriferous veins are associated with 
a dm-wide sericite-silica-biotite alteration zone (Fig. 5c). 
Sulphides vary between 1 and 5 vol.%, occurring as 
disseminated coarse pyrite within the veins or their 
immediate selvages, along with trace amounts of 
sphalerite and chalcopyrite. Structurally below Zone 58N, 
the host porphyry is intruded and brecciated by a 
melanocratic intermediate porphyry (Fig. 5d). The latter 
phase is mostly barren, except in high-strain zones. 
 

 
Figure 5. Lower Detour zones: a) Zone 75: silicified, sulphidized, 
and biotite-sericite-altered mafic volcanic units and feldspar-quartz 
porphyry (core diameter is 47.6 mm). b) Zone 75: sulphide-rich zone 
in highly strained and altered mafic volcanic rocks. c) Typical zone 
58 N: laminated quartz-tourmaline veins in silica-sericite-altered 
feldspar porphyry with coarse pyrite along contacts (interval is 35 g/t 
over 1 m). d) Ore-hosting leucocratic porphyry (IFP1) is brecciated 
by a melanocratic porphyry (IFP2).  
 
5 Discussion 
 
The ongoing study on the geological setting of the Detour 
Lake gold mine and various deposits and prospects along 
what we informally refer to as the Sunday Lake and Lower 
Detour gold trends, suggest that gold is distributed along, 
and structurally controlled by high-strain zones commonly 
occurring at contacts between mafic and ultramafic 
volcanic units or with competent intrusive rocks. These 

mineralized zones occur within regional deformation/fault 
zones or their subsidiary splays, which are spatially 
related to a Porcupine/Cadillac-like sedimentary basin 
and Timiskaming-like polygenic conglomerate. These 
deformation zones are also locally intruded by 
subalkaline to locally alkaline, intermediate to felsic, 
typically reddish, porphyritic dykes and plutons. Gold is 
associated with quartz-carbonate±tourmaline veins 
and/or silicified zones and disseminated to locally semi-
massive sulphides in veins and stockwork or as 
replacement in sericitized, chloritized or biotitized wall 
rocks. These relationships constitute gold metallotects 
that are analogous to various gold camps (e.g. Robert et 
al, 2005), such as those of the southern Abitibi gold belt. 
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Abstract. Gold-and U-bearing oligomictic quartz pebble 
conglomerates at the base of the 2.96–2.72 Ga 
Bababudan Group (lower Dharwar Supergroup) in the 
western Dharwar Craton in the state of Karnataka, India, 
bear many sedimentological and petrological similarities 
to conglomerates in the 2.98–2.79 Ga Witwatersrand 
Supergroup, which are well known for representing the 
world’s largest concentration of gold. A sedimentological, 
geochemical and oxygen isotopic study of these 
conglomerates with the aim to assess their exploration 
potential revealed that in spite of the noted similarities 
there are a number of significant differences with regard 
to depositional setting and potential gold-concentrating 
mechanisms. These limit the potential of discovering new 
gold deposits in the Bababudan Group that are of 
comparable size to those in the Witwatersr and Basin.  
 
1 Introduction  
 
Conglomerates in the Mesoarchaean Witwatersrand 
Supergroup in the Kaapvaal Craton, South Africa, 
host(ed)the largest known concentration of gold in the 
Earth’s crust and, for decades, constituted the biggest 
source of gold in the world. The richest ore bodies are, 
however, mined out by now. In the light of continuously 
decreasing production by the South African gold mines, 
the question whether similar deposits can be discovered 
elsewhere in the world becomes more and more 
pertinent.  Several conglomerate-hosted gold districts are 
known from almost all continents but, as currently 
understood, none of them comes close to the 
Witwatersrand gold province in terms of gold end owment 
recorded (Frimmel 2014). This might have genetic 
reasons and/or simply reflect a lack of knowledge of these 
other deposits. One of these gold districts/provinces is in 
southwestern India on the Western Dharwar Craton.  

Since the early 1960sdetritalpyrite-bearing quartz 
pebble conglomerates at the base of the Bababudan 
Group, lower Dharwar Supergroup, in the Bababudan 
Schist Belt (Fig. 1) have been known to contain elevated 
concentrations of gold and uranium (Rama Rao 1963). 
Apart from preliminary sedimentological (Srinivasan and  
Ojakangas 1986) and geochemical/mineralogical studies 
(Viswanath et al. 1988), little information is available on 
the economic potential of these rocks. In the light of the 
petrological similarity of these conglomerates and the Au-

and U-bearing conglomerates in the Witwatersrand 
Basin, we studied the sedimentology, mineralogy, and 
geochemistry of the conglomerates and associated 
quartzites, as well as oxygen isotopic composition of the 
pebbles and U-Pb age data of detrital zircon. Based on 
this we draw a comparison between the two provinces in 
order to better assess the exploration potential of the 
Bababudan Group.  

Figure 1.Geological map showing the main tectono-stratigraphic 
units of the Dharwar Craton in southern India, including the position 
of the Bababudan Group (modified after Orberger et al. 2012); 1–
Bababudan Belt, 2–Western Ghat Belt, 3–Arbail in Shimoga Belt, 4–
Chitradurga Belt, 5–Chikkanayakanahalli Belt, 6–Holenarsipur Belt, 
7–Sigegudda Belt.  
 
2 Geological setting  
 
Rocks of the Dharwar Supergroup in the Western 
Dharwar Craton unconformably overly3.3 to 3.0 Ga 
basement. The basement consists of remnants of 3.5 Ga 
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protocrust onto which Mesoarchaean schists, iron- 
formation and tholeiitic as well as komatiitic volcanic 
rocks of the 3.35-3.2 GaSargur Group were deposited. 
The latter group was intruded by voluminous tonalite- 
trondhjemite-granodiorite magmas, now present as 
Peninsular Gneiss Complex, which caused high-grade 
metamorphism in the Sargur Group between 3.13 and 
2.96 Ga. The Dharwar Supergroup rocks were deposited, 
after a major hiatus, onto the widely peneplained 
basement between ca. 2.9 and 2.6 Ga. The supergroups 
divided into the lower Bababudan Group, largely 
comprising fluvial sedimentary and subaerial volcanic 
rocks, and the upper Chitradurga Group, a mix of marine 
clastic and chemical sedimentary as well as subaqueous 
volcanic rocks (Swami Nath and Ramakrishnan 1981). 
The rocks, which have experienced low-to medium-grade 
metamorphism, are exposed in several schist belts in the 
Western Dharwar Craton (Fig. 1).  

Terabaud Group starts with a conglomerate that is the 
focus of this study. This is followed by quartzite and a first 
sequence of predominantly mafic metavolcanic rocks, 
subordinately also metagabbro, altogether comprising 
the Kalasapura Formation. The maximum age of the 
Bababudan Group is given by the youngest age of 
metamorphism in the unconformably underlying 
basement, that is, ca. 2960 Ma, and a Sm-Nd whole rock 
age of 2911 ± 49 Ma for mafic metabasalt in the 
Kalasapura Formation (Kumar et al. 1996). A lower age 
limit is given by U-Pb zircon ages of 2720 ± 7 and 2718 ± 
6 Ma obtained on tuff beds near the base of the 
Chitradurga Group (Trendall et al. 1997).  
 
3 Sedimentology and petrography  
 
The basal conglomerate of the Bababudan Group 
represents channels that were incised into a regolith 
derived from a gneissic tonalitic bedrock that also 
contains quartz veins (Peninsular Gneiss Complex). A 
typical profile displays a multi-channel sequence of 
pebbly quartz arenite  lithofacies  representing 
increments of massive gravel overlying scoured 
degradation surfaces and interbedded with trough cross- 
bedded sand (Fig. 2). Planar cross-bedding becomes 
more abundant higher up in the stratigraphy. Measured 
orientations of the trough cross beds  indicate a 
unimodal palaeocurrent direction between 130oand 
170owith a dominance of southeasterly directions. Clast 
size in the overall oligomictic conglomerate beds and 
lenses, whose cumulative thickness is 3.20 to 3.75 m (32-
34 % of exposed sequence), ranges from small pebble 
toas much as 15 cm in diameter with generally upwards 
fining trend. Size distribution is polymodal and sorting is 
poor. No imbrication is visible. The pebble- sized gravel 
is moderately-to well-rounded and comprises mainly 
quartz, ranging in colour from milky white, light blue, 
brown to grey, and subordinately of chert and quartzite. 
Clasts of the immediately underlying tonalitic gneiss 
basement are conspicuously absent. Other locally 
present detrital phases are microcline, plagioclase, and 
very little white mica. Detrital heavy minerals comprise 
sulfides (mainly pyrite, variably weathered to Fe-oxides, 

rarely chalcopyrite, arsenopyrite, pyrrhotite, and 
sphalerite), ilmenite, chromite, zircon, garnet, rutile, 
tourmaline, monazite, xenotime, uraninite and gold. The 
dominantly siliceous matrix consists predominantly of 
sand-sized quartz and metamorphic white mica, 
commonly as pale green Cr- bearing fuchsite, rarely 
biotite, and abundant rutile (up to 6 vol%). Haematite 
and/or goethite occur as weathering product of pyrite, 
locally jarosite lines void spaces.  

Figure 2. Upwards fining conglomerate overlain by trough cross- 
bedded sandstone (left) and pebble lags at base of trough cross- 
bedded sandstone (right) of the Kartikere Member at base of 
Bababudan Group; road-cut at Karthikere, ca. 6 km southeast of 
Chikmagalur.  

 
At the bottom of the sequence, the conglomerates are 

clast-supported, in contrast to single pebble lags and 
matrix-supported pebbly arenite higher up. Above a 
stratigraphic height of ca. 10.3 m, a 4.5 m-thick unit of 
argillite follows, in turn overlain by a sericitic quartzite, 
representing a quartz wacke.  

Although largely oxidised due to lateritic weathering, 
pyrite is abundant, evident by widespread rusty Fe- 
staining or pseudomorphs of Fe-oxides after rounded 
pyrite. In several, less intensely weathered places, fine- 
grained, less commonly coarse-grained, pyrite 
concentrations can be observed within conglomerate 
layers and on winnowed surfaces. Overall four 
morphological types of pyrite can be distinguished: (i) 
compact rounded particles defining cross-bedding 
laminae; (ii) rounded porous, concentrically laminated 
particles; (iii) euhedral crystals; and (iv) pyrite veinlets. 
The former two types are interpreted as allogenic, with 
the compact rounded variety being detrital and the 
concentrically laminated type probably a product of syn- 
depositional growth, whereas the latter two are clearly 
related to post-depositional fluids.  

Uraninite occurs as both rounded, muffin-shaped, 
pitted and fractured grains of most likely detrital nature 
and irregularly shaped to euhedral, fracture-free grains of 
post-depositional age. From one locality (Arbail), 
hydrocarbon granules enclosing uraninite have been 
reported (Viswanath et al. 1988). These are interpreted 
as pyrobitumen that formed by polymerization and cross-
linking of liquid hydrocarbons around radioactive 
uraninite.  

The exposed sequence is characteristic of braided 
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channel deposition. A high-energy flow regime is 
reflected by the large clast size, especially at the base, 
where cobbles of >10 cm diameter were observed. The 
subaerial depositional environment was dominated by 
unimodal fluvial transport in environments ranging from 
alluvial plains to braid deltas. Transport of sand-sized 
particles was dominated by trough cross-bedded dunes.  
 
4 Geochemistry  
 
The clast-supported conglomerates have SiO2contents 
exceeding 90 wt% and Al2O3contents below 5 wt%, 
reflecting the high proportion of quartz. The matrix- 
supported conglomerates have higher Al2O3(≤18 wt%) 
and K2O contents (≤4 wt%), reflecting muscovite (in most 
places fuchsitic) in the matrix. Calculated CIA (Chemical 
Index of Alteration) values are between 71 and 99(the 
higher values were, however, obtained on very mature 
conglomerates with low Al2O3and thus are not reliable), 
on average 80, somewhat lower in the quartzites (on 
average 74).  

Most of the trace elements analyzed for have 
concentrations significantly below average Archaean 
continental crust, particularly a strong depletion in Ba, Sr, 
V, Co, Ni, and Cu is noted. In contrast, the analyzed 
conglomerates are enriched in Cr (maximum of 1195 
ppm, on average 583 ppm), which can be explained by 
the widespread occurrence of fuchsite or Cr-bearing 
muscovite. Detrital chromite is extremely rare.  

The Th and U concentrations range from not 
detectable (<1 ppm Th, <0.2 ppm U) to 507 ppm Th and 
216 ppm U. The original U contents were most likely 
higher but suffered from weathering-induced U-loss. In 
drill core, even higher concentrations were reported by 
Balakrishnan et al. (1988) who noted Th and U 
concentrations of as much as 2900 and 450 ppm, 
respectively, especially in the Western Ghat Belt and the 
Chitradurga Belt. Thorium and U concentrations in the 
quartzites are significantly lower and range from 4 to 63 
and from 1.4 to 14.4 ppm, respectively.  

Gold contents of as much as 1.5 ppm have been 
mentioned for some of the conglomerates by Viswanath 
et al. (1988). Gold assays for our samples returned 
detectable (>1 ppb) concentrations in most 
conglomerates of all the various belts in which the 
lowermost Bababudan Group is exposed, with maximum 
values of 135 to 235 ppb in the Western Ghat Belt. In the 
quartzite samples, Au contents are below the lower limit 
of detection, except for those interbedded with 
conglomerate (3-42 ppb Au).  
 
5 Provenance  
 
A total of 43 quartz pebbles were analysed for their δ18O 
values. All of the results are within a very narrow range 
between 9.92 and 11.83‰ (relative to V-SMOW), with 
one exception, a pebble from Arbail, which yielded 
14.16‰ (Fig. 3). The latter value is typical of 
hydrothermal vein quartz, whereas all the others are best 
explained by derivation from granitic, pegmatitic and/or 
high-grade metamorphic gneiss sources.  

The δ18O values support a sediment derivation mainly 
from the underlying Peninsular Gneiss Complex, which is 
also supported by the abundance of detrital zircon. 
Preliminary U-Pb isotope data on detrital zircon grains 
revealed most concordant ages between 3087 and 3287 
Ma. Archaean greenstone belts (as in the regional Sargur 
Group) evidently played only a subordinate role, hinted at 
by the very rare occurrence of detrital chromite. 
Chromium in the abundant fuchsite was introduced by 
metamorphic fluids of unknown origin.  

Figure3.Frequency histogram of oxygen isotope ratios in quartz 
pebbles from conglomerates of the Kartikere Member, lowermost 
Bababudan Group.  
 
6 Comparison with the Witwatersrand  
 
Several reasons speak for the arenaceous basal units of 
the Bababudan Group being an excellent target for 
Witwatersrand-type palaeoplacer gold exploration:  
(i) The sediments are very mature, mainly quartz arenites 
and oligomictic conglomerates, analogous to the 
Witwatersrand;  
(ii) The sedimentary rocks are of similar Mesoarchaean 
age, which has been identified as a critical parameter for 
the endowment in gold (Frimmel 2018);  
(iii) The sedimentary depositional environment was 
subaerial and dominated by unimodal fluvial transport in 
alluvial plain to braid delta environments under an 
oxygen-deficient atmosphere;  
(iv) Sediment transport was dominated by trough cross- 
bedded dunes which are known to concentrate heavy 
mineral grains by selective entrainment from the sand 
fraction during the cut-and-fill process of bedform 
migration;  
(v) The mineralogy of the 2.90–2.79 Ga Central Rand 
Group arenites reflects acidic conditions (lack of feldspar, 
high CIA between 72 and 95, on average 83), explained 
by deep chemical weathering of palaeo- surfaces under 
tropical conditions. The degree of chemical weathering 
reflected by the lowermost Bababudan Group 
sedimentary rocks is similar, except for the local presence 
of detrital feldspars;  
(vi) The depository was extensive with a provenance 
extending from Chitradurga in the east to beyond the 
present west coast of India, an area encompassing at 
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least 72,000 km2, approximating that of the 
Witwatersrand;  
(vii)Maximum uranium concentrations are similar to those 
typically found in Witwatersrand deposits and the 
maximum gold tenor is equivalent to background gold 
content in pyritic Witwatersrand strata;  
(viii) Considering that the extent of Witwatersrand 
goldfields (individual braid deltas) averages 400 km2, 
considerable scope should exist to find any large targets 
that might be present in those areas of relatively 
continuous outcrop.  

There are, however, several significant differences to 
the Witwatersrand deposits, all of which reduce the 
exploration potential of the Bababudan Group:  
(i) the most fertile stratigraphic unit in the Witwatersrand 
is the Central Rand Group. It has a maximum thickness 
of ca. 2.8 km with auriferous conglomerates throughout 
the group. Potentially auriferous conglomerates in the 
Bababudan Group are restricted to the bottom 40 m of 
this group;  
(ii) Sedimentary reworking of older conglomerates within 
the same group played an important role in upgrading 
gold content in younger conglomerates higher up in the 
stratigraphy of the Central Rand Group. The Bababudan 
Group lacks the high number of intra-group 
unconformities;  
(iii) Pre-concentration of gold by extensive microbial mats 
is considered a pivotal requirement for the exceptional 
gold endowment of the Central Rand Group 
conglomerates (Frimmel 2014; 2018). Except for the local 
occurrence of some pyrobitumen, to date no evidence of 
such microbial colonies has been found in the Bababudan 
rocks;  
(iv) In the absence of gold-rich microbial mats as potential 
source of placer gold, other, geographically more limited 
point-sources would be required, such as greenstone-
hosted gold-quartz veins. With one local exception, the 
oxygen isotope data speak against the derivation of 
quartz pebbles from such veins. The vast majority of them 
was derived from granitic and/or pegmatitic sources.  
 
7 Conclusions  
 
Comparison between the conglomerates in the basal 
Bababudan Group (Dharwar Supergroup) in the western  
Dharwar Craton and those in the Central Rand Group 
(Witwatersrand Supergroup) in the Kaapvaal Craton 
revealed not only striking similarities in sedimentary 
facies, mineralogy, texture, CIA values, and potential ore 
components, but also significant differences with regards 
to setting and possibly age of the depository, extent of 
sedimentary reworking along unconformities, and lack of 
remnants of auriferous and uraniferous microbial mats. 
All of these parameters are considered important for the 
overall gold endowment. Thus, we predict that the 
potential for discovering major goldfields comparable in 
golden endowment those in the Central Rand Group is 
low. This notwithstanding, the possibility of finding 
smaller, yet potentially workable, deposits exists.  
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Abstract. The Awak Mas gold deposit is hosted by 
phyllites and schists. Indicated and inferred resources are 
around 38.4 Mt at 1.41 g/t Au, accounting for a total 
resource of 1.74 Moz gold. Hydrothermal alteration zones 
proximal to the gold-bearing veins, are characterized by 
the mineral assemblage albite-ankerite-pyrite and 
marked by elevated Na/Al ratios and depleted 3*K/Al 
ratios. These changes are manifested by the replacement 
of muscovite by albite. Ankerite and siderite formed 
simultaneously with albitization proximal to the veins. 
Distal alteration zones are characterized by chlorite-albite 
in phyllites, and albite-quartz in schists.  
Two types of Au-mineralizing veins are quartz-albite-
ankerite veins and quartz-ankerite-siderite veins. Gold 
occurs in pyrite as sub-microscopic inclusions and as 
fracture fillings with a gold fineness of 925 to 935 and 
Au/Ag ratios between 12:1 and 14:1.  

The aqueous ore fluid was CO2-poor and of low salinity 
with homogenization temperatures between 275 and 325 
oC. Fluid inclusion leachates have Br/Cl ratios between 
1.0 and 2.0 x 10-3 and I/Cl ratios of 5.6 to 18.3 x 10-5 
suggesting that the ore fluids were derived from 
metamorphic dewatering of organic-rich marine 
sedimentary rocks. The Awak Mas deposit is an orogenic 
gold deposit. 
 
1 Introduction 
 
The Awak Mas gold exploration project is located in the 
Latimojong District, Luwu Regency, South Sulawesi 
Province, the Republic of Indonesia. Geologically, Awak 
Mas is situated within the Cretaceous Latimojong 
Metamorphic Complex (Archibald et al. 1996; Djuri et al. 
1998; White et al. 2017). The region is underlain by 
phyllites, slates, basic to intermediate volcanics, 
limestones, and schists that represent a platform and/or 
fore arc trough flysch sequence intruded by granite, 
diorite, monzonite and/or syenite plugs and stocks (Djuri 
et al. 1998; White et al. 2017).  

A total of 118,081.30 m drill core from more than 1,000 
drill holes was collected from drilling activities since 1987 
(Querubin and Walters 2012). The Awak Mas mineralized 
system contains three gold prospects, namely Salu Bulo, 
Tarra and Awak Mas. It was estimated to contain an 
indicated and inferred resource of 38.4 Mt at 1.41 gr/t Au, 
which equals a total resource of 1.74 Moz gold (company 

report, 2017). This study is particularly focused on the 
Awak Mas prospect. 
 
2 Methodology 
 
Twenty-two polished sections were studied under the 
microscope as well as 35 polished thin sections to 
describe the petrography. 

Major elements concentration of 32 samples were 
analyzed using X-Ray Fluorescence (XRF). Trace 
elements and REE analysis of 38 samples were 
conducted with Inductivity Coupled Plasma Mass 
Spectrometer (ICP-MS) and Instrumental Neutron 
Activation Analysis (INAA) analysis. 

The mineral compositions from each of the identified 
mineral assemblages were determined by Electron Micro 
Probe Analysis (EMPA).  

Microthermometry of the fluid inclusions from 16 
doubly polished thin sections was analyzed enabling fluid 
compositions and temperature parameters to be 
calculated. The crush-leach analysis was carried out for 
18 quartz vein samples using ion chromatography. 

  
3 Geology of Awak Mas 
 
The lithology of the Awak Mas prospect area is grouped 
into fault-bounded sequences of Basement, Top 
Decollement, Eastern Mafic, Western Grit and Cover 
Sequence (Archibald et al. 1996; Querubin and Walters 
2012) (Fig. 1).  

The Basement Sequence consists of gneisses, 
schists, diorites and ultramafic rocks. The Top 
Decollement Sequence is composed of highly deformed 
calcareous rocks, separating the Eastern Mafic sequence 
from the Cover Sequence. The Cover Sequence is the 
dominant outcropping rock in the Awak Mas area, 
consisting of meta-sediments and rare grits or 
conglomerates. The Western Grit Sequence is dominated 
by polymictic conglomerates with an uncertain 
relationship with the Cover Sequence. The Awak Mas 
prospect is transected by 3 major fault zones i.e. the 
NNE-SSW-trending Chinese Fault, the parallel to sub-
parallel Garlic Fault and the sub-vertical Discovery Fault 
(Archibald et al. 1996; Querubin and Walters 2012). 

The discussion on lithologies in this study is focused 
on the metasedimentary rocks of the Cover Sequence, 
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which are directly related to the gold mineralization (Fig. 
2). Phyllites are characterized by shiny luster, highly 
cleaved, fine-grained with the dominant compositions of 
sericite, chlorite, plagioclase, and quartz. The dark 
phyllites are rich in organic matter, the green phyllites 
predominantly comprise chlorite and the red phyllites are 
characterized by the higher iron-oxide content. Schists 
are consists of an alternating thin layer of mica and quartz 
with schistosity features which bent into small folds.  
 

 
Figure 1. Generalized geological map of the Awak Mas prospect 
area (Archibald et al. 1996 in Querubin and Walters 2012). 
 

  

  
Figure 2. Hand specimen samples of host-rocks from the Awak Mas 
prospect: (A) Dark phyllite (B) Green phyllite (C) Red phyllite, and 
(D) Schist. 

The chemical compositions of schists suggest that 
their parent lithologies were shales and phyllites which, in 
turn, were derived from Fe-shales to shales (after Herron, 
1988). Shale and Fe-shale are metamorphosed to 
phyllites and schists which are mineralogically composed 
of muscovite, chlorite, quartz, albite, Fe-oxide, and 
biotite. Metamorphism is characterized by the 
replacement of clay minerals by white K-mica and 
chlorite. Chlorite thermometry (cf. Cathelineau, 1988; 
Jowett, 1991) indicates the temperature of 
metamorphism of 297o C to 350o C. Mineralogical 
compositions and the observed temperature range of the 
host-rock lithologies point to greenschist-facies 

metamorphic conditions (Bucher and Grapes, 2011). 
 

4 Hydrothermal alteration 
 
4.1 Phyllites 
 
The hydrothermal alteration of phyllites hosting the gold 
mineralization is recognized in two distinct zones i.e. a 
distal albite-chlorite and a proximal albite-ankerite-pyrite 
alteration zone.  

The distal albite-chlorite alteration in the phyllites 
exhibits a dark greenish grey color, due to the moderate 
chlorite content. The altered rocks are strongly foliated 
and cross-cut by thin quartz-calcite veins and veinlets. 
The mineralogical composition of the albite-chlorite 
alteration is predominantly albite, followed by chlorite, 
calcite, muscovite, and quartz. The main secondary 
minerals formed by hydrothermal alteration in this zone 
are albite, chlorite, and calcite, which are also present in 
the least altered phyllites to varying degrees. Chlorite and 
albite replace the matrix and detrital grains of muscovite 
along the foliation.  

The proximal albite-ankerite-pyrite alteration in the 
phyllites exhibits a pale grey color, due to the dominant 
content of albite. The dominant secondary mineral is 
albite, which almost totally replaces muscovite and 
chlorite but maintaining the foliation texture. 
Disseminated pyrite replaces the Fe-bearing minerals 
(muscovite, chlorite, and ankerite) along the sheared 
foliation as well as porphyroblasts. 
 
4.2 Schists 
 
In the schist host-rocks, two styles of alteration zones 
adjacent to the quartz-ankerite-albite vein zone are 
recognized i.e. distal albite-quartz and proximal albite-
ankerite-pyrite alteration zone.  

A typical feature of the albite-quartz altered schists is 
a pervasive silicification and albitization with schistose 
(lepidoblastic) and mylonitic structures of quartz and 
crenulation texture of albite replacing muscovite along the 
sheared foliation. The secondary minerals are quartz, 
albite and chlorite. The silicification is characterized by 
0.01-1 mm large, recrystallized grains of quartz. Chlorite 
and albite replaced muscovite in the matrix and in detrital 
grains of muscovite along the sheared foliation.  

The albite-ankerite-pyrite altered schists show a pale 
brown color, due to the dominant presence of albite. This 
alteration zone is cross-cut by quartz-ankerite-albite 
veins which are both concordant and discordant to the 
foliation. Disseminated pyrite replaces the iron-bearing 
minerals along the foliation as well as porphyroblasts. 
The dominant secondary mineral albite also almost totally 
replaces muscovite and chlorite along foliation.  
5 Gold mineralization 
 
5.1 Mineralized quartz veins 
 
Three styles of auriferous veins associated with gold 
mineralization are observed in Awak Mas including 
quartz-ankerite-albite veins, quartz-ankerite-albite 

(A) (B) 

(C) (D) 
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breccia, and quartz-ankerite±siderite veins and veinlets 
(Fig. 3).  

The quartz-ankerite-albite veins cross cut the altered 
phyllite and schist wall-rocks in concordant (Fig. 7A) and 
discordant direction to the foliation (Fig. 7B). The veins 
vary in thickness between 0.5 and 20 cm. The 
hydrothermal breccia zone displays various widths 
ranging from 10 cm to 3 m. This zone typically consists of 
disintegrate altered wall-rocks in a hydrothermal matrix 
composed of quartz-ankerite-albite. Wall-rock breccia 
clasts (up to 3 cm across) are angular and variably 
rotated (Fig. 7C). Pyrite occurs in the altered phyllite 
and/or schist fragments. Rutile and apatite are also 
present as accessory phases within the quartz-ankerite-
albite matrix. 

The quartz-ankerite±siderite veins and veinlets are 
only a few mm to 1 cm thick and cross cut the altered 
wall-rocks (Fig. 7D). 
 

  

  
Figure 3. Veins of variable composition associated with the gold 
mineralization at Awak Mas: (A) Quartz-ankerite-albite vein 
concordant to foliation; (B) Quartz-ankerite-albite vein discordant to 
foliation; (C) Quartz-ankerite-albite breccia with fragments of albite-
ankerite-pyrite altered wall-rocks; (D) Quartz-ankerite ± siderite vein 
cross-cut by quartz veins. 
 
5.2 Ore mineralogy 
 
Ore mineralogy and ore paragenesis studies show that 
the mineral assemblages are identical in the albite-
ankerite-pyrite alteration zone both of phyllite and schist 
wall-rocks. Two textural styles of sulfides are observed 
including (1) sulfides filling fractures in association with 
ankerite veinlets, and (2) disseminated sulfide in the 
albite matrix of altered wall-rocks. The distribution of 
sulfides in the altered schist wall-rocks is disseminated 
following the relicts of foliation. The sulfide mineral 
assemblage consists of pyrite, galena, chalcopyrite, as 
well as rare native gold.  

Pyrite is the most abundant sulfide, present in fine 
grains with up to 1 mm in size, which tend to form 
scattered euhedral crystals both in phyllite, and schist 
altered wall-rocks. Inclusions of very fine-grained galena, 
chalcopyrite, and rutile are common within pyrite, and 
monazite is also rarely observed. 

Gold grains are frequently observed in the mineralized 
albite-ankerite-pyrite alteration zone in the schist. 

Fracture filling gold grains occurs within pyrite. 
Representative electron microprobe analyses yield gold 
contents of 89.9 to 92.3 wt. % Au and 6.2 to 7.5 wt. % Ag. 
The gold fineness is similar to that from other orogenic 
gold deposits, which have a typical gold fineness and bulk 
Au/Ag ratio of more than 900 and 5:1, respectively 
(Grooves et al. 2003; Morrison et al. 1991). The 
assemblage of alteration minerals, the disseminated 
distribution of sulfide minerals, and gold fineness show 
typical characteristics of orogenic gold deposits (Groves 
et al. 1998; 2003; Morrison et al. 1991) formed under 
upper greenschist to lower-amphibolite facies conditions 
(Eilu et al. 1999). 
 
6 Hydrothermal fluid characteristics 
 
The character of hydrothermal ore fluids is recorded by 
the fluid inclusions from mineralized quartz-ankerite-
albite veins. The mineralizing fluid has the dominant 
homogenization temperatures range from 275 to 325 °C. 
The mineralizing fluids are characterized by low salinity, 
predominantly aqueous, minor CO2 and N2 solutions. The 
presence of low salinity aqueous fluids is commonly 
found in metamorphic terrains (Yardley and Graham 
2002). 

Fluid inclusions in samples from mineralized veins 
have Br/Cl ratios ranging from 1.0 to 2.0 x 10-3 and I/Cl 
values that vary from 5.6 to 18.3 x 10-5. I/Cl ratios of all 
samples are much higher than those of seawater and 
MORB. The distribution of halogen is mainly similar to 
sedimentary marine pore fluids with a number of samples 
overlap with magmatic fluids. 

The high I/Cl ratio in the fluid inclusions of Awak Mas 
indicates a crustal fluid source from sediments, possibly 
enriched in organic material, and the absence of any 
evaporate-derived fluid. However, a number of 
mineralized vein samples are close to those of 
magmatic/mantle related fluid source.  

The halogen composition indicates that the 
mineralizing fluids formed from mixture of metamorphic 
dewatering of original marine sediments with magmatic 
fluids derived from granitic crustal melts. 
 
7 Conclusion 
 
The phyllite and schist host-rocks to the gold 
mineralization at the Awak Mas are members of the 
Cover Sequence of the Cretaceous Latimojong 
Metamorphic Complex.  

The distal alteration zones of phyllites and schists are 
characterized by secondary mineral assemblages of 
albite-chlorite and albite-quartz, respectively. The 
proximal alteration zones of both host-rocks are similar in 
terms of petrographic and geochemical compositions, 
which are characterized by replacement of muscovite by 
albite and chlorite by ankerite and pyrite. The enrichment 
of Na due to albitization and the depletion of K is the key 
geochemical guide to ore zones.  

The gold mineralization is associated with the 
occurrence of pyrite, which is distributed within the albite-
ankerite-pyrite alteration halo (up to ~75 m width) in the 

(A) (B) 

(C) (D) 



 

Gold from Orogenesis to Alluvial  779 

phyllite and schist host-rocks. Pyrite also occurs filling 
fractures together within ankerite veins and veinlets. Gold 
healing fractures in pyrite are characterized by very high 
fineness (925 to 935) and Au/Ag ratios (12:1 to 14:1) 
which are typical of the orogenic gold type. 

The mineralizing hydrothermal fluid is preserved as 
low salinity aqueous and CO2-poor fluid inclusions with 
homogenization temperatures ranging from 275 to 
325 °C. Halogen composition in fluid inclusions from 
mineralized veins indicates that the mineralizing fluid was 
derived from metamorphic devolatilization of organic-rich 
sedimentary rocks. However, magmatic-sourced fluids 
are found in fluid inclusions from non-mineralized veins. 

The gold was transported as a reduced sulfur complex 
and deposited by the interaction of the weakly alkaline 
fluid (Na-rich) with Fe-rich wall-rocks under greenschist 
facies conditions. The fluid composition as indicated by 
halogen, as well as the temperature of entrapment and 
mineralization controlled by brittle deformation, suggest 
the gold deposit develop in transition between epizone 
and mesozone of an orogenic-gold type. 
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Abstract. Gold grains, up to 10 microns in size and 
containing variable percentages of admixed platinum, 
have been identified in coals from Castlecomer, SE 
Ireland. Gold mineralization occurs in sideritic nodules in 
coals in association with pyrite and anomalous selenium 
content. Pyrite in the cores of nodules indicates fluid 
ingress. Mineralization here may have reflected very high 
heat flow in foreland basins north of the emerging 
Variscan orogenic front, responsible for gold occurrence 
in the South Wales Coalfield. At Castlecomer, gold-
platinum is attributed to a mixture of fine-grained detrital 
matter and precipitation from groundwaters. The 
underlying Caledonian basement bedrock is mineralized 
by gold, and thus may provide a source for gold. The 
combination of the gold occurrences in coal in 
Castlecomer and in South Wales, proximal to the 
Variscan orogenic front, suggests that these coals along 
the front could comprise an exploration target for low-
temperature concentrations of precious metals. 
 
1 Introduction 
 
Much of the world’s resources of gold and other precious 
metals occur in magmatic and metamorphic ‘basement’ 
rocks. The gold deposits may be located following 
detection of anomalies in stream sediment and water 
samples, especially in terrains where bedrock exposures 
can be very limited (Coker and Shilts 1991). However, the 
mobility of gold indicated by the water-borne anomalies 
implies that the gold is also susceptible to concentration 
in sedimentary geochemical or hydrodynamic traps, such 
as in coal-forming settings.  

Coal-hosted gold mining first took place over a century 
ago in the USA (Jenney 1903), with a renewed interest in 
coals and associated derivatives taking place in recent 
years (Sorokin et al. 2009; Wang et al. 2010; Seredin and 
Dai 2014). There are numerous records of gold 
mineralization within coal (e.g. Chyi 1982; Arbuzov et al. 
2006). These include enrichments of gold above upper 
crustal averages (1.5 ppb; Rudnick and Gao 2014), and 
discrete occurrences of gold-bearing minerals. 
Anomalous concentrations of gold in coal have a potential 

significance because large quantities of coal are 
converted to ash in power stations, and thereby 
concentrates of trace elements become available as a by-
product (Seredin et al. 2013; Sahoo et al. 2016). This 
processing could yield economically viable gold (Seredin 
and Dai 2014; Wang et al. 2015). 

In Britain, the discovery of gold in anthracitic coal in 
South Wales (Gayer and Rickard 1994), often spatially 
associated with sulfide and selenide minerals, was 
accompanied by widespread speculation about coal as a 
source of precious metals. More recently, speculation has 
been renewed by claims of new technology for the 
extraction of gold from coal in Russia (Rozhdestvina et al. 
2011). Since 2016, interest in gold and platinum 
occurrences in SE Ireland has been rejuvenated thanks 
to their discovery in stream sediments by the Geological 
Survey of Ireland’s Tellus Programme.  

In this study, microscopic observations and mineral 
associations (e.g. spatial and chemical relationships with 
pyrite and selenium) have been used to demonstrate the 
first known occurrence of platinum-rich gold particulates 
within Carboniferous coals at Castlecomer, SE Ireland 
(Fig. 1). We show that precious metal deposits in the 
Caledonian basement of SE Ireland are represented in 
mineralization of coal in the cover succession. 
Anomalous concentrations of gold and platinum in 
modern stream samples imply similar mineralizing 
groundwaters during the Carboniferous when the 
basement had been exhumed. This occurrence adds 
weight to nascent models for extracting precious metals 
as a by-product of coal ash. These observations also 
offer new prospects for exploration in SE Ireland, in coal-
bearing strata and coal-hosted nodular mineralized 
zones. 
 
2 Geological setting 
 
An anthracitic (high rank) belt of coal extends from the 
South Wales Coalfield, Britain, to the Leinster Coalfield, 
Ireland, adjacent to the Variscan orogenic front (Fig. 2). 
These Upper Carboniferous coal deposits have a greater 
thermal maturity than other coal in Britain and Ireland 



 

Gold from Orogenesis to Alluvial  781 

(Clayton et al. 1989; Bevins et al. 1996). Samples from 
the Leinster Coalfield represent coals of the Westphalian 
and Namurian, deposited as basin sediments (Nevill 
1956; Higgs and O’Connor 2005). The Leinster Coalfield 
is the largest onshore coalfield in Southern Ireland, 
located in NW Co. Carlow, NE Co. Kilkenny and SE Co. 
Laois. The Coal Measures of the Castlecomer Plateau 
(Leinster Coalfield) formed from plant material in a 
swamp environment atop a massive delta. The No. 2 
horizon is the most economically important seam of the 
coalfield, historically worked in Castlecomer (Higgs and 
O’Connor 2005).  

To the authors knowledge, no gold has been reported 
in these Irish coal deposits. Gold was recorded in South 
Wales coals, accompanied by selenide minerals, on 
fracture surfaces of anthracite (Gayer and Rickard 1994). 
The gold-selenium (Au-Se) mineralization is described as 
a localized expression of more widespread sulfide-rich 
mineralization in South Wales coal containing siderite 
nodules (Bevins and Mason 2010). The Westphalian 
section in the vicinity of Castlecomer is both pyritic and 
contains abundant siderite nodules (Nevill 1956). 
Therefore, we investigated the sideritic coal of 
Castlecomer for evidence of mineralization comparable 
to that in South Wales. Coal mining in Castlecomer has 
ceased, but coal detritus including sideritic nodules can 
be sampled from the River Dinin (Irish Grid Reference S 
545730). 

 

 
Figure 1. Location of coal-hosted gold in Upper Carboniferous 
outlier, west of bedrock gold in Lower Palaeozoic and gold/platinum-
rich stream sediment.  
 
3 Results 
 
Electron microscope studies of rough and polished 
surfaces of the sideritic coal showed that it is extensively 
mineralized by replacive pyrite (Fig. 3), and also by barite, 
xenotime, iron oxides and clay minerals. XRD of 
Castlecomer coal also reveals the presence of quartz, 
kaolinite and illite. Pyrite occurs particularly in siderite 
nodules, where it is part of the crack-fill septarian mineral 
assemblage. Gold occurs in both pyrite and the siderite 
matrix, up to 10 microns in size (Fig. 3). 

Quantitative analyses of the gold show that it contains 
variable percentages (5.3-18.6%, mean 10.5%) of 

admixed platinum. No silver was detected, which thus 
cannot exceed 0.2%. The gold contains traces of copper 
(up to 0.3%). Measurements were made to test rigorously 
the genuine attribution of the gold to the Castlecomer 
samples, including: 

(i) Gold was recorded in three distinct samples. 
(ii) Gold was recorded on both polished and 

unpolished surfaces. 
(iii) The composition of the gold is distinct from that 

of gold sputter coating used in the laboratory. 
(iv) No other gold-bearing material was prepared at 

the same time. 
(v) The context of trace element sulfur (S) in the gold 

is variable, suggesting that it is a natural 
precipitate rather than a man-made artefact. 

Bulk ICP-MS analysis of the sideritic coal shows that it 
contains a mean Se content of 14.3 g/t (n=5, maximum 
value of 25.8 g/t; measured by CRC-ICP-MS; Henn et al. 
2018). The mean Se content of British coal is 2.1 g/t 
(Bullock et al. 2018). Heavily pyritic siderite nodules 
contain up to 29.5% S (0.7% in the coal matrix). 

 

 
Figure 2. Setting of the Leinster Coalfield and South Wales Coalfield 
as basins north of the Variscan Front (modified from Hower and 
Gayer 2002).  

 
4 Discussion 
 
4.1 Conditions of mineralization 
 
The mineralization at Castlecomer, as in several parts of 
the South Wales Coalfield, occurs in sideritic nodules in 
the coal. The development of sideritic nodules is a feature 
of diagenesis at depths down to a few hundred metres 
burial (Young 1993), in a non-marine environment where 
iron is deposited as the carbonate. Subsequent 
mineralization by pyrite occurs replacively and in 
septarian crack fills. Siderite nodules in coals and 
organic-rich shales elsewhere are consistently 
mineralized at their cores by pyrite, base metal sulfides, 
barite and petroleum (e.g. Alderton and Bevins 1996). 
These mineral occurrences indicate the ingress of fluid 
during burial, despite the low permeability of the nodules 
and their host rocks. Pyrite in the cores of the 
Castlecomer nodules indicates such fluid ingress, to 
which the Se enrichment can be attributed. Data from 
South Wales suggests that mineralization commenced at 
relatively low temperatures (<100⁰C) (Alderton et al. 
2004), but at temperatures high enough (>60⁰C) to 
explain the incorporation of migrated hydrocarbons within 
cracks (Firth and Eglinton 1972).  

Mineralization of these basins, rather than other coal 
basins in Britain and Ireland, may have reflected very 
high heat flow in foreland basins north of the emerging 



 

782 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

Variscan orogenic front. In South Wales, the geothermal 
gradient was calculated to be 45⁰C km-1 (Alderton et al. 
2004). Northward-directed flow away from the orogen 
controlled the formation of high rank anthracite, and the 
distribution of mineralization (Gayer et al. 1998). The coal 
at Castlecomer is anthracitic as in the mineralized section 
of the South Wales Coalfield, and therefore had similar 
potential for mineralization. 
 

 
Figure 3. SEM backscatter images of gold particulates in (a) pyrite 
and (b) siderite matrix (in close proximity to pyrite).  

 
4.2 Gold and platinum source 
 
Gold and platinum are both mobile in surface 
environments, especially in acidic groundwaters, and 
their enrichment in peat (Dissanayake and Kritsotakis 
1984) are analogous to their concentration in coal. Gold 
in coal is attributed to a mixture of detrital matter and 
precipitation from groundwaters, and thus most likely to 
be found where gold ores occur in the bedrock source 
regions for the groundwaters. The same scenario could 
be envisioned for any platinum. Therefore, the 
occurrence of gold-platinum mineralization in coal in a 
region where stream sediment sampling has identified 
these elements in anomalous concentrations suggests 
that groundwaters were the source. Thus, the knowledge 
that the gold-mineralized Leinster Massif region had been 
exhumed in advance of coal deposition makes such a 
provenance likely. The lack of silver in the coal-hosted 
gold, while the nearby bedrock gold consistently contains 
silver, is indicative of authigenic gold precipitation from 
groundwaters rather than detrital gold (Santosh and 
Omana 1991), and is also compatible with gold 
precipitated from oxidizing chloride systems at redox 
fronts (Leake et al. 1991). 

The Lower Palaeozoic rocks of SE Ireland are a known 
source of gold (O’Connor and Gallagher 1994), and 
related placer gold was the cause of a celebrated gold 
rush in 1795 (Alborn 2011). To the south-west, the 
Devono-Carboniferous Munster Basin also contains 

showings of gold in hydrothermal veins (Spinks et al. 
2016), the source of which is not clear but indicates a 
protolith somewhere in the region. Provenance studies in 
the Devono-Carboniferous rocks of England and Ireland 
indicate that the Irish Caledonides were exposed and 
eroded into the sedimentary succession (Morton et al. 
2015). Notably, the Devonian deposits of SW Ireland 
contain clasts of tourmalinite (Todd 2000), associated 
with gold mineralization in the Leinster Massif (McArdle 
et al. 1989). There was, therefore, gold in the surface 
environment at that time. Platinum is also found in stream 
sediments (see below). 

The source for the gold in South Wales could also be 
in SE Ireland (no available data for platinum group 
elements) and in Pembroke (SW Wales), but 
palaeocurrent data for the South Wales Coalfield allows 
possible derivation from regions spanning Nova Scotia, 
Ireland, Wales and France (Diskin et al. 2011), all of 
which had been recently mineralized by gold (Romer and 
Kroner 2018). There was, therefore, a good chance of 
gold availability to coal-forming environments along the 
Variscan orogenic front. The occurrence reported here 
contributes to growing evidence for the mobility of gold in 
the sedimentary environment (e.g. Youngson and Craw 
1996). A high proportion of gold in the northern 
hemisphere is in basement rocks (Caledonian basement 
and older), or in placer derivatives. Most of the coal is of 
Carboniferous-Permian age (Cleal and Thomas 2005), 
and the provenance of Carboniferous rocks is dominated 
by the basement (Morton et al. 2015). Thus, there is 
potential for concentrations of precious metals within coal 
and coal ash. 

The purity of the coal-hosted gold is high, and 
contrasts with much epigenetic gold which contains a 
greater proportion of alloyed silver and other trace 
elements. Analyses of gold in the bedrock of SE Ireland 
show silver contents often in the range 5-10% (Chapman 
et al. 2006), over an order of magnitude more than in the 
coal-bearing gold. Such high purity is a feature of gold 
precipitated from oxidizing solutions at redox interfaces 
within sedimentary systems, in which precious metals 
remobilized by the dissolution of older high-temperature 
deposits become fractionated during re-precipitation. The 
precipitation of gold in sedimentary rocks is commonly 
redox-controlled, and occurs as a trace component of 
pyrite, among other minerals. The focus of pyrite 
precipitation in siderite nodules has made them a focus 
for gold precipitation. 

Gold with platinum is a rare alloy in nature, but in this 
case reflects the elements available in the groundwaters. 
Although rare, platinum enrichments are recorded in coal 
where a source is available (Chyi 1982). As in the case 
of gold, the rocks of SE Ireland are anomalously rich in 
platinum, evidenced by stream sediment surveys, 
provisionally identified in placer sands worked during the 
gold rush (Mallet 1850), but this observation has not been 
replicated in modern studies (Moles and Chapman 2019). 
Tellus data for the 90th percentile of stream sediment 
compositions shows a Au/Pt ratio of ~8, comparable to 
the ratio measured in the coal-hosted gold.  
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Abstract. The Amani Placer Gold Deposit (APGD) is 
located within a braided river valley in southwestern 
Tanzania. Gold nuggets from this deposit have 
anomalously fine macroscopic textural features with 
significant Ag-depletion in the nugget rims, making them 
ideal for studying the controls on low-temperature gold 
cycling. Geochemical investigation of the river channel 
revealed a strong redox gradient down-profile. This redox 
gradient together with observed oximorphic mottling 
textures in sediments and slumped river terraces, 
suggest redox conditions fluctuate as a function of 
seasonality and episodic fluvial incision events. These 
fluctuating physico-chemical conditions alter the stability 
of ambient gold bearing complexes (e.g. Au(S2O3)23- and 
Au(HS)2-), resulting in the precipitation of nanophase gold 
particles on clay minerals, organic matter and pre-
existing gold nugget surfaces. This low-temperature 
diagenetic geochemical process promotes the formation 
of supergene-enriched gold nuggets with characteristic 
Ag-depleted rims (<6 wt.%) and delicate morphological 
textures.  
 
1 Introduction 
 
A growing body of scientific literature is highlighting that 
gold actively cycles in low temperature environments 
(Reith et al. 2006, 2007, 2013; Southam et al. 2009; 
Fairbrother et al. 2012; Shuster and Southam 2015; Craw 
et al. 2017; Kerr et al. 2017; Shuster and Reith 2018). 
Gold nuggets in placer deposits are classified into two 
groups based on their chemistry: hypogene gold 
occurring as coarse-grained Ag-rich alloys (5-50 wt% Ag) 
and supergene gold occurring as Ag-depleted overgrowth 
rims with Au concentrations approaching 100 wt% 
(Freyssinet et al. 1989; Groen et al. 1990; Hough et al. 
2007; Rosell et al. 2018). Ag-depletion in nuggets have 
been linked to self-electrorefining processes (Groen et al. 
1990) and deformation induced recrystallization during 
mechanical transportation in fluvial environments 
(Stewart et al. 2017). 

Despite recent advancements in our understanding of 
the biogeochemical behavior of gold in placer 
environments (Shuster and Reith 2018), the effects of 
short-term post-depositional alteration on supergene gold 
mineralization, remain equivocal. These short-term 
changes are most pronounced in recent placer deposits, 
thus such deposits become useful for studying the effects 
of early diagenetic alteration and geomorphological 
changes on ambient gold growth. An example of a recent 

placer deposit is the APGD in Tanzania, where alluvial 
gold is mined from a ~3 m thick conglomerate horizon at 
the base of a ~27 m thick sediment column. Gold in this 
deposit occur as angular and irregular nuggets, often with 
multiple small bulbous protrusions extending from a 
longer central framework (Fig. 1). Here we present 
geochemical and morphological information related to 
early placer diagenesis associated with shallow burial 
and interaction with groundwater having fluctuating 
physico-chemistry. Our results highlight the importance of 
early diagenesis and seasonality in the evolution of placer 
gold deposits. 
 

 
Figure 1. Representative gold nuggets from the APGD (modified 
after (Dunn et al. 2019). 
 
2 General setting 
 
The APGD is located within the Upangwa terrane of the 
Paleoproterozoic Ubendian Belt. Geographically, this 
deposit is located within the Njombe Region, 50 km east 
of Lake Malawi and 125 km south from the town of 
Njombe. The region has a hot tropical climate and is 
drained by the Amani River and several ephemeral 
streams.  
 
3 Gold nugget morphology and chemistry 
 
Gold nuggets found in this deposit range in size from 0.2-
17.5 cm. Apart from their angularity, the gold nuggets 
exhibit extensive pitting and entrapped detrital quartz 
grains. Authigenic clay minerals are also often 
encapsulated within concavities and have been 
overgrown by thin slivers (~10-30 µm) of Ag-depleted 
gold rims.  

Using high-resolution scanning electron microscopy 
(SEM) imagery, several microscopic features were 
revealed that are indicative of secondary gold growth 
(Fig. 2). Original hypogene gold nugget surfaces exhibit 
stacked and intergrown microcrystalline plates, creating  
Figure 2. High-resolution BSE SEM micrographs of gold nugget 
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surface features (modified after Dunn et al. 2019). (a-c) Striated gold 
nugget surface with stacked and intergrown microcrystalline plates, 
covered with abundant supergene spheroidal gold nanoparticles (b-
c). (d) Vermiform gold overgrowth on a nugget surface. (e) 
Spheroidal gold nanoparticles embedded within a mixture of clay 
minerals and residual organic matter on the surface of a gold 
nugget. 

 
a striated texture (Fig.2a). These striated surfaces 
arecovered with abundant supergene spheroidal gold 
nanoparticles (Fig. 2b-c), which are also embedded 
within clay minerals and residual organic matter on the 
nugget surface (Fig. 2e). The gold nanoparticles have 
very low Ag concentrations, creating a brighter 
appearance in BSE SEM images. Multiple micrometre 
scale (40-100 μm) vermiform gold overgrowths are also 
present on nugget surfaces (Fig. 2d). 

Polished gold nuggets reveal two distinct zones in 
cross-section with markedly different Au-Ag ratios. These 
zones reflect primary hypogene gold and supergene gold 
overgrowths. The hypogene gold occurs in the core of the 
nugget and has Ag concentrations between 11-15 wt.%. 
The supergene gold rims encapsulate the hypogene core 
and have Ag concentrations of <6 wt.% (Fig. 3). 

 
 
Figure 3. (a) BSE SEM micrograph of a gold nugget in cross-section 
(modified after Dunn et al. 2019). Higher Au content of the 
supergene rim results in a brighter appearance relative to the 

hypogene core. Red dotted line separates core from rim, with a 
drastic change in Ag content across this line. (b) Transect of Ag 
concentration along line X-X’.  
 
4 Physico-chemical conditions of the Amani 

River sediment column 
 
Six unique lithofacies were identified in the Amani River 
channel, with the main orebody occurring in the basal 
conglomeratic horizon. This channel experienced a fluvial 
incision phase, inferred from the presence of peripheral 
fluvial terraces and the current river being 
stratigraphically lower than the upper contact of the most 
recently deposited lithofacies. This fluvial incision phase 
was an important geomorphic event regarding secondary 
gold mineralization, since it lowers the water table (Neal 
2009) and exposes stratigraphically lower lithofacies to 
more oxidizing conditions. 

Using dissolved elements present in the pore water of 
the various lithofacies and bulk soil X-Ray Fluorescence 
(XRF) geochemical data, redox conditions were 
established down profile of the sediment column. The 
sediment column has a moderate acidity (pH levels 
between 4.5 and 6). This moderate acidity is partially due 
to the oxidation of sulphide minerals (pyrite and 
arsenopyrite) associated with gold-bearing clasts derived 
from mass wasting of the primary ore. Conditions become 
increasingly reducing with depth, however during the dry 
season the reducing front is significantly lowered as the 
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sediment column becomes less inundated with water and 
oxidizing conditions prevail at greater depths. This is 
evident from remnant oximorphic sediment textures 
(mottles of reddish brown ferrihydrite and yellow brown 
goethite) preserved throughout the sediment column, 
indicating a shift from reducing to oxidizing conditions due 
to fluctuating water table levels (Vepraskas 2001; Hall et 
al. 2016; Pajohannia et al. 2017). 

The average dissolved gold concentration in the 
auriferous conglomeratic horizon is 0.155 µg/L, roughly 
22 times greater than the average background 
concentration (0.007 µg/L) for the sediment column. In 
comparison, dissolved sulphur concentrations range 
between 0.17-5.10 mg/L, which is in range of the 
geochemical parameters required to describe the 
speciation of Au-S-H2O as a function of pH and redox 
state (Fig. 4). 
 
5 Discussion 
 
5.1 Gold cycling in fluctuating chemical 

environments 
 
Dissolved gold mobility in fluvial systems are attributed to 
complexation with various ligands (Boyle 1979; Mann 
1984; Webster 1986; Vlassopoulos et al. 1990; Hough et 
al. 2007). Recent work by Craw and Lilly (2016) 
highlighted the role that thiosulphate ligands play in the 
short-range mobilisation of gold in supergene 
environments. Thiosulphate forms a stable Au complex 
under moderately oxidizing to reducing conditions and 
mildly acidic to highly alkaline pH (Fig. 4). It is therefore 
expected to be a dominant Au-complexing ligand in the 
APGD sediment profile. Destabilization of Au(S2O3)23- can 
occur via: (1) reductive biomineralization of gold (Lengke 
and Southam 2005; Reith et al. 2007; Shuster et al. 
2017); (2) exposure to more reducing environments 
(Shuster et al. 2017) and/or decreases in pH. Eventual 
destabilization of Au(S2O3)23- will cause gold to be 
reduced to its elemental form, resulting in the 
precipitation of gold nanoparticles on pre-existing gold 
nugget surfaces, clay minerals and organic matter (Fig. 
2b-e). 

During the wet season, the redox boundary is 
expected to shift to higher stratigraphic levels, thereby 
resulting in the destabilisation of ambient Au(S2O3)23- 
complexes. Under these conditions, any gold still 
solubilized will occur as Au(HS)2-, which is stable under 
reducing conditions and likely the main gold-bearing 
complex below the water table (Heinrich 2015; Craw and 
Lilly 2016). Au(HS)2- can be destabilized by minor 
changes in pH and redox state (Fig. 4) but is likely to 
remain metastable throughout the wet season. During the 
dry season, a reverse shift in the redox front will occur 
and conditions will become more oxidising. This will result 
in the destabilization of Au(HS)2-, leading to 

 
Figure 4. (a) pe-pH diagram for the Au-S-H2O system (adapted from 
Benedetti and Boulëgue 1991; Dunn et al. 2019). Area shaded in 
red represents conditions of the APGD sediment column during 
partial inundation. Area shaded in yellow signifies gold precipitation. 
Black dotted line represents the boundary between iron oxide-
hydroxide and aqueous Fe2+. Ox=oxidizing; Red=reducing. 
 
additional precipitation of secondary gold. Conditions in 
the sediment column will now favour the stability of 
Au(S2O3)23-, and these complexes are expected to persist 
throughout the dry season. Episodic fluvial incision 
events will similarly result in shifts in the chemical space 
experienced by the APGD sediment profile, likely 
resulting in discrete secondary gold forming events. 
 
5.2 Effects of gold cycling on gold nuggets 
 
Gold nuggets collected from the APGD document the 
effects of gold cycling under ambient conditions. Active 
gold cycling is evidenced by the presence of abundant 
secondary gold nanoparticles (Fig. 2b, c, e), vermiform 
gold overgrowths (Fig. 2d) and Ag-depleted supergene 
rims forming on gold nuggets (Fig. 3a). These features 
confirm that active gold dissolution and re-precipitation 
occurs within the APGD, enabling the growth of gold 
under low temperature conditions. 
 
6 Conclusion 
 
Due to the moderately acidic and fluctuating redox nature 
of the APGD, gold-bearing complexes such as Au(HS)2- 
and Au(S2O3)23- will largely be responsible for gold 
mobility. Fluvial incision events will lower the water table, 
allowing oxidation fronts to shift to greater depths. This 
together with seasonal fluctuating redox conditions allows 
for the solubilization and destabilization of gold-bearing 
complexes due to slight changes in pH and redox 
conditions. Destabilization of Au(HS)2- under more 
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oxidizing conditions and Au(S2O3)23- under more reducing 
conditions will lead to nanophase gold precipitation on 
pre-existing gold nuggets, organic and clay particles. This 
study highlights the influence of geomorphology and 
seasonality on redox conditions and the importance this 
has on secondary gold mineralization within a placer 
environment. 
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