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Abstract. The zone of supergene alteration at the Las 
Cruces VMS deposit (Iberian Pyrite Belt) shows a 
complex arrangement of secondary assemblages which 
include a Cu-rich cementation zone, a zone enriched in 
Fe-Pb-Ag sulphides, another one with Fe-Pb-Ag 
carbonates and sulphates and remnants of a previous 
gossan. Geology, isotope geochemistry and microbiology 
show that these contrasting assemblages are controlled 
by different, very active and complex ecosystems, 
involving extremophilic microbes belonging to the iron, 
carbon and sulphur cycles. This unusual interaction 
between ores and microbes is due to the location of a 
previous mineralization in a zone of fluid mixing capped 
by a thick sedimentary sequence that isolated the system 
from the atmosphere. 
 
1 Introduction 
 
There is a direct relationship between ore deposits 
formed and modified in the critical zone and life, with the 
metabolism of microbes being able to dissolve and 
precipitate minerals. The influence of biologically-
controlled redox reactions in the precipitation of ore 
assemblages has been described in a wide range of 
environments including volcanic- and sediment-hosted 
ore deposits, banded iron formations and zones of 
secondary enrichment. Here, microbial metabolism is 
able to accelerate usually kinetically-inhibited redox 
reactions which allow the quick supersaturation of 
minerals, especially carbonates and sulphides. While at 
temperatures at above ca. 200ºC abiotic redox reactions 
are quick enough to form ore deposits, at the low 
temperatures were life is present (<120ºC), they are too 
slow even for geological times (Ohmoto and Lasaga 
1982; Machel 2001). Here, life takes advantage of these 
low reaction rates and obtains the energy needed for 
survival by accelerating redox equilibria. Biogenically-
induced redox reactions are especially important in the 
deep and dark biosphere where there is no available 
oxygen and energy has to be obtained by the equilibrium 
of redox couples involving other electron acceptors.  
Furthermore, ore deposits are a preferred locus for the 
development of these ecosystems due to the presence of 

liquid water and minerals having different redox states 
and the relatively high temperatures. 

 
2 The Las Cruces deposit 
 
The Las Cruces volcanogenic massive sulphide deposit, 
of late Devonian age, is located in the easternmost 
Iberian Pyrite Belt and below the shallow marine to 
continental sediments of the Guadalquivir basin, a 
Miocene to Holocene forearc basin to the Betic Alpine 
Range. The Las Cruces deposit is placed in the 
westernmost part of the basin and within a zone of major 
block compartmentalization controlled by large ENE-
WSW Alpine faults. At the mine, the Tertiary sediments 
include a basal layer of sedimentary breccia and 
sandstone up to 20 m thick and overlain by more than 150 
m of Messinian marl. The sandstone hosts nowadays an 
active aquifer recharged some 5 km north and hosting 
alkaline Ca-Mg rich water with large amounts of sulfate 
and carbonate but low chlorides. However, at the mine 
there is a second aquifer controlled by the faults – it 
permits the upflowing of hot (at depth with 
temperatures >100ºC), also alkaline NaCl-rich waters 
also carrying sulphate.  

The ore deposit is located in the contact between the 
basement and the Tertiary sediments, with the high-
grade zones being controlled by one of the ENE-WSW 
faults. It consists of a large (>35 Mt) lens of massive 
sulphides situated between dark shale and underlying 
rhyodacite. The massive sulphides are dominated by 
pyrite with smaller amounts of sphalerite, galena, 
chalcopyrite and tetrahedrite-tennantite, between others 
and shows evidences of being deposited on an anoxic 
seafloor (Conde et al. 2007). It is underlain by a large 
stockwork dominantly hosted by rhyodacite and showing 
pervasive silicification and chloritization. 

The primary mineralization was affected by the 
Variscan deformation and related very low-grade 
metamorphism and was again exposed to the surface at 
ca. 85 Ma. Subaerial oxidation during the late Cretaceous 
to Neogene formed a well-developed gossan and, 
perhaps, a small underlying cementation zone forming a 
secondary cap which would be similar to those of the 
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currently cropping out massive sulphide deposits of the 
Pyrite Belt such as Rio Tinto or Tharsis. The gossan is 
always enriched in goethite/hematite, barite, and Pb-Ag-
Au-Hg dominantly in the form of different minerals of the 
jarosite group, mimetite and anglesite-cerussite but lacks 
of Cu- and Zn-bearing minerals (Velasco et al. 2013). At 
Las Cruces, beneath this zone, acid waters generated 
during the oxidation of pyrite reacted with shale and 
rhyodacite producing a zone of secondary advanced 
argillic alteration dominated by kaolinite and alunite that 
has been dated in 10-11 Ma (Tornos et al. 2017), which 
is interpreted as the epoch of major supergene alteration.   

However, what makes Las Cruces different and unique 
is that the ore deposit was covered by the Tertiary 
sediments and isolated from the surface, something that 
changed dramatically the conditions of the system. Here, 
interaction between water circulating through the aquifers 
and the secondary mineralization lead to the formation of 
a set of unusual and previously undescribed rocks 
(Tornos et al. 2017) which include: (a) a red rock 
dominated by siderite with traces of anglesite-cerussite 
and jarosite. (b) A black rock composed of iron sulphides 
(greigite-smythite), galena and calcite with abundant 
accessory phases including silver, mercury and lead 
sulphides and sulphosalts, cinnabar and native gold 
(Blake 2008; Yesares et al. 2014; Tornos et al. 2017). (c) 
Epithermal-like veins dominated by pyrite, chalcopyrite, 
chalcocite, calcite and barite; (d) A large cementation 
zone controlled by the faults. This cementation zone 
shows a neat zonation with a core including a network of 
up to 50 cm thick veins of massive chalcocite and 
covellite and an external fringe were copper sulphides 
irregularly replace and coat fractures in the host pyrite, 
which is leached of Zn and Cu. The copper sulphides are 
accompanied by bornite and other sulphides uncommon 
in the supergene environment such as pyrite, 
chalcopyrite and enargite. (e) Late colloform coatings in 
open spaces having the same assemblages than the 
cementation zone. 

Detailed studies on Las Cruces are those of (Doyle 
1996; Knight 2000; Conde et al. 2007; Blake 2008; 
Scheiber et al. 2014; Tornos et al. 2017; Yesares et al. 
2017). 
 
3 Mineral assemblages and ecosystems 
 
Combined geological studies, SEM, isotope 
geochemistry and microbiology have shown that the 
secondary rocks at Las Cruces host unequivocal 
evidences of a widespread microbial activity that seems 
to be the ultimate control on the formation of the unusual 
secondary assemblages and the extreme copper 
enrichment (Tornos et al. 2014; Tornos et al. 2019). 
(Blake 2008), on the basis of the mineral assemblage of 
the Black Rock and some δ13C values was the first to 
quote that these unusual assemblages could be related 
to microbial activity. 

The Red Rock is here interpreted as being the product 
of the partial reduction of a former gossan formed in pre-
Tortonian times but when it was covered by the 
sediments and isolated from the atmosphere. The 

dominant mineral here is siderite, which formation implies 
the reduction of the Fe3+ of goethite/hematite and an 
increase of the fO2, something that stabilizes siderite vs 
iron oxides. δ13C values of siderite (≈-45 to -25‰) are 
interpreted as reflecting mixing of dissolved inorganic 
carbon (DIC) in the groundwater (≈0‰) with that of CO2 
unequivocally derived from the biogenic reduction of 
methane/light hydrocarbons. In this environment, 
sulphates and carbonates are stable suggesting that the 
assemblage formed in anoxic but not euxinic zones. 

 

 
Figure 1. Bacteria coated and replaced by galena intergrown with 
euhedral proustite. Black Rock. SEM. 

 
The Red Rock is replaced by the Black Rock due to 

the gradual growth of the galena at the expenses of the 
Pb-bearing carbonates and sulphates and the 
replacement of the siderite by the iron sulphides and 
calcite. While the calcite occurs as anhedral large crystals 
with no diagnostic evidences of microbial activity, the iron 
sulphides show colloform textures indicative of quick 
supersaturation and with superposition of different 
generations of chemically heterogeneous phases. 
Galena is dominated by textures resembling microbes 
and up to 10µ in length (Fig. 1). TEM shows that these 
structures are well preserved microbes including 
remnants of the original organelles and coated by galena. 
These highly metastable grains quickly evolve to skeletal 
crystals. Interestingly, intergrown with these galena 
bacteriomorphs there are euhedral crystals of proustite, 
jamesonite, and other sulphosalts suggesting that these 
minerals, despite being biogenically induced, don’t 
fossilize microbes. δ34S values of the unequivocally 
biogenic galena and iron sulphides are +19 to +24‰. 
These values are similar to the uppermost δ34Ssulphate 
signatures (-17 to +22‰) of the nowadays circulating 
groundwater and strongly suggest that biogenic reduction 
of aqueous sulphate does not involve major isotope 
fractionation. Our interpretation is that in systems with 
excess of nutrients if compared with the electron 
acceptors, Rayleigh distillation produces only minor 
isotope fractionation (Tornos et al. 2014). The δ13Ccalcite 
values (≈-40 to -20‰) are similar to those of the siderite 
of the Red Rock. 

The underlying cementation zone shows no remnants 
of putative fossils replaced by copper sulphides or 
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Sulphur or carbon isotopes that could be used as tracers 
of biological activity. However, detailed SEM and CARD-
FISH studies show that the cavities and cracks within the 
pyrite are infilled with sulphate-reducing bacteria and that 
covellite precipitates as minute euhedral crystals in the 
extrapolymeric substances that agglutinate the 
prokaryotes and that later coalesce as large crystals in 
the selvage of the veins. Is very likely that sulphate-
reducing was accompanied by copper and iron reduction, 
something that promoted the saturation of the copper-iron 
sulphides. 

 

 
Figure 2. Veins of massive covellite crosscutting the massive 
sulphides. Bacteria infill the cavities and promote the precipitation of 
covellite. Width of the core: 6.4 cm.   

 
4 Discussion and conclusions 
 
The secondary mineralization of the Las Cruces deposit 
tracks the complex interplay between secondary 
mineralization and microbial activity. Microbiological 
studies (Tornos et al. 2019) show that these rocks include 
complex ecosystems that control the mineral 
assemblages. In the case of Las Cruces, the most striking 
effect of metabolism is the gradual reduction of Fe3+, 
sulphate and Cu2+ to reduced iron, H2S and Cu+. In the 
cementation zone this is accompanied by the production 
of CH4 by methanogens while the methane seems to be 
oxidized in the overlying Red and Black rocks to CO2, 
producing siderite and calcite. Locally, these reduced 
assemblages are themselves oxidized, something 
probably related with the fluctuating geochemistry of the 
aquifers which are able to transport more oxidized water 
during the humid periods and reduced one in the dry 
ones. (Scheiber et al. 2018) have shown that the redox 
state of the inflowing waters is mainly due to the SO4/H2S 
equilibria and microbial reduction that took place 
upstream of the Las Cruces deposit.  

Cultures of mineralized samples show that there are 
prokaryotes belonging to other cycles than those of  iron, 
carbon and sulphur and that the cementation zone hosts 
also abundant microbes with unknown roles and 
metabolism (Tornos et al. 2019). However, their 
metabolism is not able to neither induce the saturation of 
any minerals nor leave any geochemical imprint. Thus, 
their existence can only be traced by microbiological 

techniques and when the microbes die is difficult to find 
evidences of their prior existence. The same holds true 
for the delicate crystals growing in the EPS or even the 
fossils in galena, which quickly recrystallize to skeletal 
shapes. These findings show that, probably, in most of 
the cases the evidences for microbial activity in ore 
deposits are just removed and leaving only some 
biomarkers and S-C isotopes as suitable tracers for a 
biogenic derivation. However, while carbon seems to be 
a rather definitive argument for the biogenic oxidation of 
hydrocarbons or methane, the interpretation of the 
sulphur isotopes is not so unequivocal. Although highly 
negative values reflect biogenic reduction of aqueous 
sulphate, the absence of such a 34S depletion is not 
diagnostic of an abiogenic origin for the reduced sulphur. 
There are prokaryotes which produce no sulphur 
fractionation and even in systems with TOC>>SO4 can 
precipitate sulphides with δ34S values similar to those of 
the coexisting sulphate.  
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Abstract. Nickel-copper-platinum group element (PGE) 
mineralization in ultramafic intrusions is commonly 
associated with organic matter, as graphite within the 
intrusion or as graphitic/carbonaceous country rocks. In 
most cases, the graphite has an isotopic composition that 
indicates a sedimentary rather than a magmatic origin. 
The graphite represents country rock assimilated into a 
magma, then re-precipitated from the melt, often 
associated with sulphide minerals. The graphitic country 
rocks are typically pyritic, and contributed sulphur and 
metalloids such as tellurium and selenium to the melt, 
which allowed precipitation of sulphide and telluride ores. 
Most of the richest post-Archean mineralized intrusions 
interacted with country rocks of Palaeoproterozoic age. 
All large nickel tonnage deposits of Palaeoproterozoic 
age, including Bushveld, are associated with 
carbonaceous matter. Even intrusions of 
Mesoproterozoic age (Duluth, Pants Lake, Voisey’s Bay) 
were influenced by carbonaceous country rock deposited 
at least 500 million years earlier. Thus, the abundant 
organic matter deposited about 2 billion years ago has 
had a profound effect on global metallogeny. 
 
1 Introduction 
 
Organic materials (kerogen, bitumen, graphite) occur 
widely in ore deposits, and are particularly implicated in 
the genesis of certain types, including MVT lead-zinc 
deposits (Wu et al. 2013), roll front uranium-copper-
vanadium deposits (Cumberland et al. 2016) and gold-
uranium bearing quartz pebble conglomerates (Leventhal 
et al. 1987). Each of these is in sedimentary rocks, where 
most organic materials originate. Nickel-copper-PGE 
deposits, which occur in a diversity of ultramafic 
intrusions, also show a marked association with organic 
matter (Fig. 1), which has hitherto been little explored. 

We review here the spatial relationship between 
carbon (as graphite) and Ni-Cu-PGE deposits, and 
emphasize that it occurs in the deposits so consistently, 
in varied time and space, that it must play a genetic role, 
most probably as a reductant. The presence of a 
reductant to induce low oxygen fugacity is an essential 
requirement of the genesis of Ni-Cu-PGE deposits, 
regardless of setting (Naldrett 1999; Ripley 2014).  

Many instances of Ni-Cu-PGE mineralization are in 
mafic-ultramafic rocks emplaced at depth. Table 1 
illustrates the diversity of occurrences, in time and space, 
of graphite-bearing ore deposits, most emplaced at a 
depth of about 10 km or greater. In most cases, despite 
the depth a source of abundant carbon was available in 
sedimentary/metasedimentary rocks, into which the 
intrusions were emplaced. In these examples, the 
intrusions clearly assimilated some of the host rock, 
which had been incorporated into the melt before the 

carbon recrystallized as graphite. Graphite precipitates 
readily from carbon-sulphur melts due to a low solubility 
of carbon (Palyanov et al. 2006). There are yet other 
cases where graphite has not been reported in the 
deposits but where the wall rocks of the mineralized 
intrusion are carbon-rich, again so consistently that a 
genetic relationship is implied. Prominent examples 
where the host was carbonaceous are in Kabanga 
(Tanzania) and Noril’sk (Russia). 
 
Table 1. Emplacement depths and carbon isotope compositions 
(Fig. 3) of graphite in cumulate rocks. 

Deposit Age Emplacement δ13C (‰) 
Stillwater, USA 2.7 Ga 10-15 km -26 to -

24 
Bushveld 2.0 Ga <8 km -36 to -

22 
Voisey’s Bay, 
Canada 

1.33 
Ga 

9-11 km -25 to -8 

Duluth, USA 1.1 Ga 36 km -37 to -
19 

Achankovil, India 470 
Ma 

>15 km -10 to -7 

Aberdeenshire, UK 470 
Ma 

16 km -25 to -
18 

Bruvann, Norway 437 
Ma 

10 km -21 to -
14 

Duke Island, USA 226 
Ma 

3-9 km -28 to -
26 

N. Apennines, Italy 186 
Ma 

12-25 km -5 to -4 

Ronda, Spain 20 Ma >30 km -21 to -
15 

Hidaka Belt, Japan 10 Ma 23 km -23 to -
19 

Hoggar, Algeria ~1 Ma 20-30 km -25 to -
14 

 

 
Figure 1. Graphite (black, G)-pyrrhotite (Po) intermixture through 
ilmenite (I) and rutile (R) from mineralized pegmatite in Ordovician 
ultramafic cumulates, Huntly, West Aberdeenshire. Cumulate is 
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mineralized by Ni-Cu-PGE (McKervey et al. 2007). 
  

2 Role of carbon 
 
Carbon has direct potential as a reductant. However 
carbonaceous sediments are very often also sulphidic, as 
the anoxic sedimentary environments that preserve 
carbon are also conducive to the precipitation of 
syndiagenetic sulphides, especially pyrite, by microbial 
sulphate reduction. Assimilation of the sulphidic sediment 
into melt liberates hydrogen sulphide that can also 
contribute to reduction, and may cause sulphide 

saturation so that sulphide minerals precipitate out. This 
is fundamental to the mineralization process, by pulling 
metals including nickel out of the melt. Metalloids such as 
Se and Te enriched in the carbonaceous sediments are 
assimilated in the melt, in which Te can precipitate 
elements incorporating PGEs into tellurides (Fig. 2).  

The sedimentary origin of the cumulate-hosted 
graphite is evident from carbon isotope data (Fig. 3). Most 
documented occurrences have isotopic compositions 
that are lighter than the typical range for mantle-derived 
carbon of -4 to -7 per mil, and more similar to the range 
for sedimentary organic carbon of -20 per mil and lighter. 

 

 
 
Figure 2. Schematic of graphitic, sulphidic xenolith in ultramafic intrusion, assimilated into melt to trigger precipitation of ore minerals (based 
on Samalens et al. 2017). 
 
3 The Palaeoproterozoic 
 
The distribution of the deposits through time calls for 
comment. Hoatson et al. (2006) have drawn attention to 
the abundance of Ni deposits in the mid-
Palaeoproterozoic, about 1.9 Ga, based on evidence 
especially in Canada, South Africa, Australia and Finland. 

In each of these deposits the host includes graphitic 
sediments, also of Palaeoproterozoic age. We are not 
aware of sizable Ni deposits of this age that are not 
hosted by graphitic sediments. They represent many of 
the largest Ni deposits in the world (Fig. 4). This implies 
that the abundance of Ni of this age is a consequence of 
the abundance of sedimentary carbon of this age, in turn 
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a probable consequence of a major escalation in 
photosynthetic activity.  

The abundance of Palaeoproterozoic graphitic 
sediment is becoming increasingly evident. Carbon-rich 
deposition followed the Palaeoproterozoic Lomagundi 
Event, marked by a positive excursion in the carbon 
isotopic composition of marine carbonates (Kump et al. 
2011; Martin et al. 2015). Geologists focus on non- or 
weakly metamorphosed sediments from which 

geochemical and sedimentological signals can still be 
determined. This excludes sections that have been 
graphitized. However, the extent of carbonaceous 
deposition is recorded by graphitic exploration projects in 
Palaeoproterozoic successions in many parts of the 
world, including Canada, Brazil, Ghana, Tanzania, 
Zimbabwe, Australia, India, Korea, China, Greenland, 
Norway, Sweden and Finland. 

 

 
 
Figure 3. Carbon isotopic compositions of graphite in Ni-Cu-PGE mineralized ultramafic intrusions. Data from Buchanan and Rouse (1984), 
Crespo et al. (2006), Fuex and Baker (1973), Lerouge et al. (2001), Montanini et al. (2010), Rajesh et al. (2004), Ripley and Taib (1989), Ripley 
et al. (2002), Thakurta et al. (2008), Tomkins et al. (2012) and unpublished.

 
Figure 4. Nickel tonnages for largest deposits, modified from Hoatson et al. (2006), excluding impact-related Sudbury deposit. All non-Archean 
deposits were intruded into carbonaceous rocks, and almost all into Palaeoproterozoic carbonaceous hosts. Bushveld deposits are in Platreef 
and Merensky Reef. 
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4 Exploration 
 
The evidence reported here suggests that ultramafic 
intrusions which cross-cut Palaeoproterozoic 
successions are potential exploration targets for Ni-Cu-
PGE mineralization. Additionally, ultramafics are 
implicated in nickel enrichments into the original graphitic 
metasediments (Loukola-Ruskeeniemi & Lahtinen 2013). 
The carbonaceous sediments must have generated large 
volumes of hydrocarbons (Mancuso et al. 1989; Melezhik 
et al. 2009), which could also have interacted with any 
nickel that had been released from intrusions. 

The association of nickel deposits and carbonaceous 
schists is so marked that graphite deposits are being 
discovered during exploration for metals in the 
Palaeoproterozoic, for example at the Neuron property in 
the Thompson Nickel Belt, Canada. In the Halls Creek 
Orogen, Australia, Cazaly Resources Ltd. have 
immediately adjacent licenses for nickel and graphite, i.e. 
they are likely to be discovered in close proximity. 
Similarly, if graphitic, pyritic sediments are a source of Te, 
they are a potential guide to exploring for PGEs. 

Because rocks of Palaeoproterozoic age are usually 
metamorphosed, and contain graphite, they can be 
explored by measurement of electrical conductivity 
(Boerner et al. 1996; Zhamaletdinov 1996; Lindsay et al. 
2018), which gives graphite deposits a preferential 
chance of detection. The link between graphite and nickel 
therefore means that this approach may help to detect 
metalliferous mineralization. 
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Geobiology of northern Australian mid-Proterozoic sedex 
Zn-Pb-Ag deposits 
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Abstract. The northern Australian mid-Proterozoic 
McArthur and Mount Isa Basins host four supergiant 
sediment-hosted Zn±Pb±Ag deposits, several smaller 
deposits and a number of sub-economic prospects. 
These formed at, or very close to, the sea floor when cool-
warm, saline, oxidized brines ‘exhaled’ into anoxic 
(ferruginous) bottom water.  

Host sediments are variably dolomitic, sideritic, pyritic 
and carbonaceous shales and siltstones, mostly 
deposited sub-storm wave base. Ores are present at 
several stratigraphic levels and ages range from ~1.65 
Ga (Mount Isa) to ~1.59 Ga (Century). 

The hosts and ores contain a variety of textures 
interpreted to have formed directly, or indirectly, by 
microbial activity. Chemical, isotopic and mass balance 
arguments suggest the (former) presence of vast 
quantities of microbial biomass. This prokaryote-
dominated vent biota likely played a key role in the 
formation of the deposits by facilitating the production of 
reduced sulfur needed to fix base metals as metal 
sulfides. 

Early eukaryotes living in these microbial communities 
may have experienced unique selection pressures in 
response to the deep, dark anoxic conditions in which 
they lived.  
 
1 Introduction 
 
Communities of diverse chemosynthetic micro- 
organisms and macroscopic invertebrates associated 
with, and dependent on, deep sea hydrothermal vents 
and cold (hydrocarbon) seeps are among the most 
remarkable and unexpected biological discoveries of the 
last half century (Corliss and Ballard 1977, Paull et al. 
1984). Fossil ‘vent biotas’ have been recognised in 
several locations. The oldest macroscopic examples are 
from Ordovician-Silurian massive sulfides in the Urals 
(Little et al. 1999; Georgeiva et al. 2018) and fossil 
microbial communities have been found in 1.43 Ga black 
smoker chimneys from north China (Li and Kusky 2007). 
Purported micro-organisms have been reported from the 
oldest known (3.24 Ga) massive sulfides from the Pilbara 
of Western Australia (Rasmussen 2000). 

Despite some historic arguments to the contrary, 
Australian mid-Proterozoic ‘sedex’ deposits formed at, or 
very close to, the sediment-water interface when 
warm(ish), dense, brines vented at the sea floor. In this 
review I will present textural and geochemical features 
from several Zn deposits and exploration prospects that 
indicate the former presence of microbial vent 
communities and argue some microbes played an 
integral role in ore formation. 

2 Characteristics of the ‘sedex’ Zn systems 
 
The northern Australian Proterozoic Zn Belt contains (or 
contained) more than a quarter of the world’s known Zn 
resource (Large et al., 2005). In the low metamorphic 
grade areas of the northern Mount Isa Basin, and in the 
McArthur Basin (Fig.1) the ores comprise stratiform, 
stacked, tabular lenses of laminated fine-grained base-
metal sulfides. Metamorphism and deformation results in 
ores with coarser (‘recrystallised’) base metal sulfides 
and a more complex paragenesis. Host sequences are 
siltstones and carbonaceous shales with a ‘clastic’ 
dolomitic carbonate component. Mineralized intervals are 
often thicker than their lateral equivalents, indicating 
structurally controlled depocenters (‘sub-basins’) were 
favorable sites for ore formation (McGoldrick et al. 2010).  

All deposits and prospects show Fe enrichment 
(‘halos’) in their host rocks. This is manifested as 
abundant fine-grained bedded and laminated pyrite, 
and/or Fe-carbonates (Large and McGoldrick, 1998; 
McGoldrick & Large, 1998). 

 

 
Figure 1. Location map showing the mid-Proterozoic McArthur and 
Mount Isa Basins and contained Zn±Pb±Ag mines and former mines 
(red dots) and sedex Zn prospects (blue dots). 
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3 Microbially mediated textures 
 
3.1 Pyrite 
 
Macroscopically, the bedded pyrite in all the northern 
Australian systems is very similar (Fig. 2a&b). Schieber 
(1990) compared Mount Isa bedded pyrite to pyritised 
microbial mat from the 1.4 Ga Newland Formation of 
Montana and suggested pyrite in northern Australian 
systems had a similar origin.  

Microscopically much of the earliest generation 
bedded pyrite at Mount Isa comprises layers rich in small 
(5-10 micron) pyritohedra associated with carbonaceous 
matter (Painter et al. 1999) and ‘classic’ framboids have 
not been reported. By contrast, at HYC, Croxford and 
Jephcott (1972) described a variety of framboidal types 
(Fig. 2c&d). Carbonaceous spheres (interpreted as 
microbial fossil remains) have been extracted from Mount 
Isa pyrite (Love and Zimmerman 1961) and HYC ores 
(Hamilton and Muir 1974), and later work at HYC (Oehler 
and Logan 1977) revealed a diverse array of pyritised 
microbial forms preserved in black cherts. 

 

 
Figure 2. a. Bedded, crinkly- laminated pyrite from Mount Isa. b. 
Crinkly-laminated pyrite from Lady Loretta. c. ‘Classic’ framboids 
from HYC. d. Irregular (‘amoeboid’) -shaped macroframboids from 
HYC. 

 
3.2 Other microbialites 
 
There are several distinctive upwards-facing, curvy-
planar, wavy and wrinkly structures present in a number 
of deposits reasonably interpreted as microbialites. Some 
of these would have stood proud of the sea floor (Fig. 3 

a-d). These textures are preserved by a number of 
minerals, and mineral intergrowths (pyrite, carbonates, 
base metal sulfides). Small domal stromatolites with 
micro-unconformities are present in the sideritic inter-ore 
beds at Century (Fig. 3e) 

Nodular or ‘crusty’ carbonate (±sphalerite) is a texture 
well developed peripheral to the HYC deposit (Ireland et 
al. 2004). In low grade Zn prospects (e.g., Myrtle, 
Grevillea) mineralisation is mainly this texture. 
Unmineralised examples from Bluebush prospect 
comprise sparry calcite aggregates separated by curve-
planar pyrite and organic matter (Fig. 3f). 

 

 
Figure 3. All photos oriented with stratigraphic younging direction to 
the top. All samples are of cut and polished hand specimens, except 
d & e, which are photomicrographs of thin sections. a&b. Crinkly- 
laminated pyrite beds with ‘spiky’ tops from Lady Loretta. c. Zinc 
mineralised crinkly-laminated pyrite-carbonate from Grevillea 
prospect. d. Reflected light photomontage of Grevillea 
mineralisation showing ‘mini-stromatolite’. e. Microbially-laminated 
sideritic siltstone from inter-ore beds at Century (arrow indicates 
micro-unconformity associated with small stromatolites or 
thrombolites). f. Transmitted light photomicrograph of ‘crusty’ pyrite-
calcite bed from Bluebush prospect. 

 
4 Microbially mediated ore formation  
 
High temperature ‘smoker-type’ sulfide deposits 
precipitate base metal sulfides (inorganically) in response 
to cooling and mixing on encountering cold seawater. In 
contrast, cool, oxidised sedex fluids require mixing with 
an exogenous source of reduced sulfur, or a mechanism 
to reduce sulfate already in the fluid, to form base metal 
sulfides.  Thermochemical sulfate reduction has been 
proposed for deep subsurface mineralisation models 
(Broadbent et al. 1998), but is kinetically ineffective at 
temperatures below ~140o (Machel 2001). Biogenic 
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(microbial) sulfate reduction is an appealing alternative 
process for producing the required sulfide and the rate of 
BSR may be the fundamental control on the formation of 
high-grade mineralisation in these systems (Druschel et 
al. 2002, Maier and McGoldrick 2009). Recently, Johnson 
et al. (2018) argued that BSR facilitated by anaerobic 
oxidation of methane (AOM) generated the sulfide 
needed to form Palaeozoic sedex deposits in Canada. 
The crusty carbonate textures and concretions (Fig. 2j&k) 
associated with the northern Australian systems may 
indicate AOM operated in the Australian systems as well. 

Under optimal (‘goldilocks’) conditions Australian 
Proterozoic seafloor vents would be self-sustaining 
producers of base metal sulfides (‘bioreactors’ - Fig.4). 
However, in the Fe-rich world of the Proterozoic deep 
oceans, many sedex systems produced low-grade or 
barren systems dominated by base metal anomalous 
pyrite (too much BSR) or ferroan-carbonates (too little 
BSR). 

 

 
Figure 4. “Cloaca Professional” – art installation by Wim Delvoye on 
display at the Museum of Old and New Art (MONA), Hobart. Cloaca 
is locally referred to as ‘the poo machine’. It comprises a series of 
small connected bioreactors that replicate the human digestive 
system – the device operates continuously, with food introduced 
daily at one end and solid waste excreted at the other. 
 
5 Sedex systems and early eukaryotes 
 
Undisputed eukaryote microfossils are present in 1.4 Ga 
rocks from northern Australia (Roper Group - Javaux et 
al. 2001) and Montana (Greyson Formation - Adam et al. 
2017) and best estimates indicate the last eukaryotic 
common ancestor (LECA) pre-dates 1.5 Ga (Dacks et al. 
2016). Various cryptic fossils suggest stem eukaryotes 
may have existed for more than half a billion years prior 
to LECA. However, biomarker chemistry for most of the 
Proterozoic is overwhelmingly dominated by prokaryotic 
compounds, suggesting eukaryotes were insignificant in 
terms of marine biomass (Brocks 2018). This may be real, 
or reflect sampling bias toward photic zone organic 
material. Recent microbial fossil discoveries from Century 
(McGoldrick and Satterthwait in prep) support the latter 
explanation and indicate biologically productive 
sedimentary vent sites in the deep dark anoxic 
Proterozoic oceans may have been important sites for 
eukaryogenesis (see also Porter et al., 2018). 
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Abstract. Microbial- and diffusion-controlled diagenetic 
processes were significant in the formation of sulfide-, 
sulfate- and carbonate-rich stratiform mineralization 
hosted by Neoproterozoic graphitic metasediments near 
Aberfeldy in Perthshire, Scotland. In 1-10m thick beds of 
barite rock, barite δ34S of +36 ±1.5 ‰ represents the 
isotopic composition of contemporaneous seawater 
sulfate. Pronounced vertical variations in δ34S (+30 to 
+41 ‰) and δ18O (+8 to +21 ‰) occur on a decimetre-
scale at bed margins. These excursions are attributed to 
early diagenetic alteration, while the barite sediment was 
fine-grained and porous, due to pulsed infiltration of 
isotopically diverse porefluids into the marginal barite. 
Fluid-mediated transfer of barium and sulfate into 
adjacent sediments contributed to barium enrichment and 
growth of millimetric sulfate crystals cross-cutting 
sedimentary lamination. Witherite, barytocalcite and 
norsethite occur only as small inclusions within crystals of 
pyrite. Barium carbonate formation is ascribed to early 
diagenetic processes that generated very low sulfate 
activity in pore waters. Subsequently, sulfidation 
reactions produced secondary barite + non-barium 
carbonates in the rock matrix. Comparatively low δ34S 
(+16 to +22 ‰) in secondary barite indicate sulfur derived 
from reduced sulfide. Similar sulfide δ34S ratios in the host 
sediments are consistent with microbial reduction of 
seawater/ porewater sulfate. 

 
1 Introduction 
 
In modern and Phanerozoic shallow marine sediments, 
diagenetic processes are typically affected by 
bioturbation occurring within 0.1–0.4 m of the sediment–
water interface and sometimes to depths of >1 m. This 
mixing speeds up reactions which would otherwise be 
limited by diffusion rates and homogenises light isotope 
compositions in the upper sediment layer (Goldhaber, 
2003). In Precambrian marine sediments, the absence of 
burrowing organisms precluded mixing, consequently 
diffusion through pore water and pore water advection 
were the main processes affecting ionic concentration 
gradients and diagenetic mineralization. 

Here we report evidence for microbial- and diffusion-
controlled diagenetic processes in mid-Neoproterozoic 
sulfide-, sulfate- and carbonate-rich chemical sediments 
interbedded with organic-rich marine sediments. 

 
2 Background 
 

2.1 Barite deposition and diagenetic alteration 
 
In modern ocean sediments, barite is not prone to 
diagenetic alteration after burial where oxic conditions 
prevail, but is soluble under reducing conditions 
especially in the presence of sulfate-reducing microbes 
and organic matter (e.g. Clark et al., 2004). Porewater 
sulfate reduction is ubiquitous in organic-rich sediments 
containing barite (e.g. Torres et al., 1996). 

Some studies of sedimentary exhalative (sedex) barite 
deposits have proposed that barite precipitation occurred 
in the water column with finely crystalline barite deposited 
on the seabed (e.g. Lyons et al., 2006). However, in a 
study of non-hydrothermal sediment-hosted stratiform 
barite deposits worldwide, Johnson et al. (2009) found 
that many shows marked isotopic variation with values far 
removed from that of contemporaneous seawater. They 
conclude that the δ18O and δ34S values in barite had been 
modified by exchange with porewater sulfate from 
adjoining sediments in which sulfate was consumed by 
oxidation of organic matter or anaerobic oxidation of 
methane. The isotopic profiles resemble those of pore 
water sulfate observed in modern ocean sediments. 

Modern seafloor barite deposits, and ancient sedex 
deposits that have not been strongly metamorphosed, 
contain barium carbonates that are invariably diagenetic 
in origin, often replacing pre-existing mineral phases such 
as barite or celsian (e.g. Ansdell et al., 1989). 

Magnall et al. (2016) report textural, mineralogical and 
isotopic evidence indicating that diagenetic replacement 
processes were dominant during barite and sulfide 
mineralization in the Tom and Jason shale-hosted 
massive sulfide (SHMS) deposits in the Selwyn Basin. 
They conclude that the interplay between biological 
activity, methanogenesis, seawater sulfate 
concentrations, and open system diagenesis are 
important to consider when interpreting δ34S values in 
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Figure 1.  Bedrock geology in the vicinity of the barite deposits 
(map adapted from Coats et al., 1980 and Treagus, 2000). Inset 
map of Scotland with star indicating location of the area. 
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SHMS and barite deposits from the geologic record. 
It should be noted that sulfides are a major component 

of mineralization at Tom and Jason, and barite rarely 
forms thick beds (Gardner and Hutcheon, 1985) whereas 
in the Aberfeldy deposits described here, barite 
commonly forms metre-scale beds (Fig. 2) of nearly 
monomineralic rock often with low sulfide content. 

 
2.2 The Aberfeldy barite deposits 
 
Located in the mountainous region of central Perthshire 
in the Grampian Highlands of Scotland (Fig. 1), the 
Aberfeldy ore deposits represent the UKs largest 
resource of industrial barite (Treagus, 2000). The 
orebodies were discovered in the 1970s by the British 
Geological Survey (then ‘IGS’). Barite production by 
Dresser Minerals from the Foss Mine commenced in the 
1980s and since then about 40,000 tonnes annually has 
been extracted by M-I SWACO, a Schlumberger 
company. Barite rock is also worked intermittently from a 
small quarry on Ben Eagach. In the nearby Duntanlich 
deposit, an unworked resource of at least 7.5 million 
tonnes of barite is reported (M-I SWACO, 2014) in a 
structurally simple, tabular orebody. In 2016, planning 
permission was granted for an under-ground mine at 
Duntanlich and development is currently ongoing. 

The Duntanlich orebody is stratigraphically lower than 
the barite beds in the Foss deposit although both are 
hosted in the Neoproterozoic Ben Eagach Schist 
Formation. This comprises mainly graphitic quartz 
muscovite schists, the protoliths of which were organic-
rich mudstone and siltstone, enriched in barium and base 
metals in the vicinity of the deposits (Hall, 1993). Locally 
the schists are calcareous with thin beds of graphitic 
dolostone. The stratigraphically overlying Ben Lawers 
Schist Formation is calcareous and non-sulfidic, and 
contains barite and chert mineralization only in the 
lowermost strata. The presence of mafic volcanic 
components together with the sedex mineralization has 
been interpreted as evidence of high heat flow and 
convective circulation of hydrothermal fluids in a passive 
continental margin rifting environment (Coats et al., 1980; 
Russell, 1985; Hall, 1993; Treagus, 2000). 

Subsequently in mid-Ordovician Grampian Orogeny, 
the sedimentary beds were tilted and distorted by several 
phases of folding and faulting, and subjected to 
amphibolite facies regional metamorphism (Moles, 1985; 
Treagus, 2000; Treagus et al., 2013). 

The hydrothermal exhalative activity that precipitated 
barite sediment occurred in relatively shallow water as 
evidenced by localised reworking to form barite 
conglomerate (Moles et al., 2015) and lateral facies and 
thickness variations. Cherty rocks rich in quartz and 
barium aluminosilicates (celsian, cymrite, barium-rich 
micas) envelope the barite beds and extend laterally 
further than the barite as they precipitated on the seafloor 
in deeper parts of the sedimentary basin where anoxic 
conditions prevailed near the sediment–water interface. 
In some parts of the deposits, carbonate and sulfide rocks 
(mainly pyrite with lesser sphalerite and galena) occur 
within the mineralized beds. Occasionally all of these 
components occur together forming laminated beds. 

Magnetite locally occurs in trace amounts instead of 
pyrite within thicker beds of barite. Pyrrhotite is a rare 
component of chert and carbonate rocks close to 
presumed hydrothermal vent sites (Hall, 1993). 

The mineralized beds have sharp boundaries with the 
enclosing metasediments, and clastic sediments are 
seldom incorporated within the barite rock (Moles et al., 
2015). These features suggest rapid deposition of the 
barite during hydrothermal exhalative episodes that were 
vigorous but short-lived and episodic. Seven such 
episodes are represented in the Foss deposit (labelled 1 
to 7 in Fig. 2) although Foss Mine exploits just one barite 
bed, no. 5. Silicified, barium-enriched laminated sediment 
occurs locally in two contexts: stratigraphically below the 
mineralized beds, and as lateral equivalents located 
distal from the main locus of exhalative activity. 

Figure 2. Representative vertical sections of mineralized beds 
illustrating the lateral variations across Foss East (Fig. 1). 3-digit 
numbers: Dresser Minerals boreholes. BH11: IGS borehole. 
 
3 Mineralogical and isotopic evidence of 

diagenetic processes 
 
3.1 Barium carbonates 
 
Encapsulated within pyrite crystals in the bedded 
mineralization are small inclusions of sphalerite, barite 
and carbonates that have heterogeneous compositions in 
contrast with relatively homogeneous compositions of 
minerals in the rock matrix. The diverse composition of 
inclusions (Fig. 3a) suggests that due to encapsulation 
they were shielded from subsequent modification. We 
infer that these grains crystallized during the exhalative 
events and diagenesis of the chemical sediment. 

The barium carbonates barytocalcite, norsethite and 
witherite occur only as tiny, pyrite-encapsulated grains 
within carbonate-bearing barite-sulfide rocks (Moles, 
2015). They were initially identified by cold-source optical 
cathodoluminescence microscopy which revealed their 
distinctive luminescence colors (Fig. 3a). We infer that 
barium carbonates were formerly widespread within the 
chemical sediments and that later in the diagenetic / 
lithification sequence, matrix barium carbonate was 
replaced by barite + calcite or dolomite. 
Figure 3 (a) Cathodoluminescence photomicrograph of pyrite-
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barite-calcite rock showing inclusions of yellow-luminescent 
barytocalcite within pyrite and orange-luminescent matrix calcite. 
Sample from DH105, western Foss East. (b) Photomicrograph of 
pseudomorphs after ~1 x 5 mm barite porphyrotopes in mineralized 
sediment underlying the lower (#3) barite bed in the Foss deposit. 
Sample N81-43c from near IGS BH3, eastern Foss East (Fig. 1). 
 
3.2 Pseudomorphs of diagenetic barite crystals 
 
Fortey and Beddoe-Stephens (1982) illustrate a silicified 
metasediment from IGS BH9 (Foss West) that contains 
bladed ‘porphyroblasts’ ~1 mm wide and 4–7 mm long of 
Ba-K-Na feldspars with complex internal structures and 
inclusions of pyrite and trace barite. They suggested that 
the tabular structures are pseudomorphs of barite 
crystals that formed in the sediments during diagenesis, 
comparable to diagenetic barite laths cross-cutting 
sedimentary lamination observed in bedded sulfide ores 
(e.g. Lyons et al., 2006, Figure 7D). 

We have found further examples of these features, 
illustrated in Fig. 3b. The complex internal structure 
indicates replacement processes during which the 
original barite was dissolved and replaced by pyrite, 
quartz and Ba-K-Na feldspar, the crystals of which often 
show growth perpendicular to the long edges of the 
tabular shape. The host rocks range from graphitic 
quartz-mica-feldspar schists to cherts and quartz-
carbonate rocks within the stratiform mineralization. The 
pseudomorphs appear to have survived metamorphism 
because they are hosted by quartz- and/or feldspar-rich 
rocks which resisted the deformation that caused mica-
rich rocks to develop a penetrative cleavage. 

We infer that, prior to metamorphism, diagenetic 
sulfate crystals were common within the sediments and 
within silica- and carbonate-rich sedex mineralization. 
 
3.3 Isotopic composition of barite and sulfides 

 
The sulfur isotopic composition of Aberfeldy barite and 
sulfides has been studied extensively with analyses 
published by Willan and Coleman (1983), Hall et al. 
(1991) and Moles et al. (2015). Based on analyses of 88 
pure barite separates from the Aberfeldy deposits, Moles 
et al. (2015) showed that δ34S values of +36.5 ±1‰ are 
typical across the entire geographical area and 
stratigraphic range. This is interpreted as the isotopic 
ratio of contemporaneous seawater sulfate which 
precipitated the Ba2+ exhaled in hydrothermal fluids. 

However, upper and lower margins of barite beds 

show atypically low (+30 to +35 ‰) and high (+37 to 
+41 ‰) δ34S values varying over distances of centimetres 
to tens of centimetres (Fig. 4). Barite δ18O values scatter 
about a mean of +13.5 ±5 ‰ and display variations 
similar to those of δ34S near bed margins. These features 
are attributed to post-depositional isotopic modification 
while the barite sediment was fine-grained and porous, 
i.e. diagenetic alteration. 
Figure 4. Stratigraphic profile through the barite bed intersected in 

Foss East DH424 showing pronounced marginal excursions in 
isotopic composition (from Moles et al. 2015). 
 

In Fig. 5, sulfide samples derived from the meta-
sediments and mineralized sediments (clastic sediment 
impregnated with Ba and Si derived from hydrothermal 
solutions) are distinguished from sulfide and barite in the 
stratiform mineralization. It is apparent that sulfide δ34S 
values vary widely in both the metasediments and 
mineralization, contrary to the two-fold division proposed 
by Hall et al. (1991) of lower δ34S values in the 
metasediments and higher values in the mineralization. 
Sulfide δ34S values of +12 to +16 ‰ in some meta-
sediments are consistent with microbial reduction of 
seawater sulfate involving fractionation of around +20 
±4 ‰. However, values range up to +23.5 ‰ suggesting 
that other sulfur sources or fractionation processes 
contributed to produce the wide range in compositions. 

We obtained further δ34S data by both conventional 
and laser ablation analyses of samples selected on the 
basis of preserved diagenetic features. Barite and pyrite 
were separated from a sample of carbonate-sulfide-barite 
rock (702-4B) in which pyrite crystals contain relatively 
abundant inclusions of barium carbonates. The barite has 
a δ34S value of +14 to +16 ‰ which is comparable to the 
isotopic composition of sulfides in sediments and is 
exceptionally low compared to normal barite rock at 
Aberfeldy (Fig. 5). Conversely, pyrite in the same sample 
reports δ34S values of +29 to +32 ‰ which is outside the 
range of previously reported sulfides from Aberfeldy but 
is within the range of primary barite ratios. 

In a laminated pyritic chert rich in barium carbonate 
inclusions (sample 505-15), individual dispersed crystals 
of pyrite have δ34S values (n=6) ranging from 21.1 to 
26.8 ‰ within an area of <2 cm2. This remarkably wide 
range confirms that sulfur isotope heterogeneity existed 
at this scale in the precursor sedimentary rock and 
survived regional metamorphism. 

Pyrite in three samples of mineralized sediment gave 
δ34S values of +27 to +29 ‰, at the upper end of the 
‘normal’ range for Aberfeldy sulphides (Fig. 5). 
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Figure 5. Histogram comparing δ34S results for samples described 
here with previously published values from the Aberfeldy deposits. 
Min = sedex mineralization; MinSed = clastic sediment mineralized 
by hydrothermal material; Sed = metasedimentary host rock. 
Postulated seawater sulfate composition from Moles et al. (2015). 

 
4 Summary of diagenetic processes 
The barium carbonates and sulfate crystal porphyrotopes 
formed during diagenetic modification of the sediments 
prior to recrystallization during lithification and 
metamorphism. The barium carbonates precipitated 
within the sediments from porewaters that had very low 
sulfate ion activities due to microbial sulfate reduction. 
Under the highly reducing conditions, barium mobilised in 
the porewater infiltrated adjoining sediments where it was 
fixed by the precursors to barium muscovite and Ba-K-Na 
feldspars. Subsequent sulfidation reactions replaced the 
barium carbonates that were not encapsulated within 
inert crystals, and produced the matrix assemblage of 
calcite and/or dolomite plus secondary barite with an 
isotopic composition very different to primary barite that 
precipitated in the Neoproterozoic seawater. 34S-rich 
secondary pyrite-sulfur was derived from reduction of 
pre-existing sulfate. 

Fluxes of sulfate-bearing porewater derived from the 
organic-rich sediments diffused into the margins of the 
barite beds and modified the primary (seawater sulfate) 
isotope composition of the marginal barite. These fluxes 
had alternating enrichments in the light and heavy 
isotopes of sulfur and oxygen, creating layers of 
isotopically distinct barite rock parallel to bed margins. 
The isotopic perturbations preserve a record of the 
microbially-mediated porewater sulfate reduction and 
sulfate replacement processes that took place in the 
adjoining sediments. These are also evidenced by the 
growth in unconsolidated sediment of diagenetic sulfate 
porphyrotopes and their subsequent replacement by 34S-
rich sulfide-bearing pseudomorphs. 

The barite bed-marginal isotopic excursions, and 
occurrences of sediment-hosted sulfate porphyrotopes, 
are not restricted to the base of barite beds but also occur 
at their tops. We infer that organic-rich clastic sediment 
was deposited soon after each exhalative event, before 
pore-sealing of the underlying chemical sediment, such 
that microbial activity in the overlying sediment generated 
isotopically diverse porewaters that infiltrated downwards 
into the barite sediment. 
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Abstract. The Carpentaria Province in Northern Australia 
is one of the most important districts for clastic-dominated 
(CD-type) massive sulphide deposits and comprises two 
of the world’s oldest, well preserved hydrocarbon-bearing 
sedimentary basins. Paragenetically constrained pre-, 
syn- and post-ore pyrite from drill-core samples from the 
late Paleoproterozoic George Fisher deposit and its host 
rock were analysed by Secondary Ion Mass 
Spectrometry in order to obtain temporally and spatially 
resolved δ34Spyrite values. Together with petrographic 
observations, the δ34Spyrite values are interpreted to be the 
result of different sulphate reduction processes, which 
either directly or indirectly involve biological activity: (1) 
microbial sulphate reduction (MSR); (2) sulphate driven – 
anaerobic oxidation of methane (SD-AOM); (3) 
thermochemical sulphate reduction (TSR); and (4) 
recycling of sulphides. Altogether this highlights the 
importance of biological productivity for the formation of 
the George Fisher deposit and potentially for all CD-type 
deposits in the Carpentaria Province. 
 
1 Introduction 
 
The Proterozoic Mount Isa Inlier in the Carpentaria 
Province of northern Australia (Fig. 1) is one of the world’s 
oldest sedimentary basins, in which substantial amounts 
of organic matter are well preserved (e.g. Chapman, 
1999; Glikson et al. 2000). Moreover, the Carpentaria 
Province hosts some of the world’s largest CD-type 
massive sulphide deposits (Large et al. 2005; Fig. 1). 
Linking both aspects, some authors have proposed that 
hydrocarbons may have played an important role in ore 
formation (e.g. Broadbent et al. 1998). Indeed, organic 
matter is an essential reactant during the reduction of 
sulphate to sulphide (Machel et al. 1995), of which there 
are biogenic (MSR and SD-AOM) and abiogenic (TSR) 
pathways. 

Pyrite is a highly abundant sulphide phase in all CD-
type deposits, which occurs as a primary gangue mineral 
phase throughout the paragenesis (pre-, syn-, post-ore). 
In the Carpentaria Province, fine-grained, spheroidal 
pyrite (fg-py) is a ubiquitous mineral phase associated 
with both the massive sulphide deposits and non-
mineralised stratigraphy. It has been shown to be the 
paragenetically earliest sulphide phase (e.g. Grondijs and 
Schouten 1937; Eldridge et al., 1993; Chapman 2004), 
but its formation process is debated. 

Figure 1. Simplified map of the Carpentaria Province (after Gibson 
et al., 2017); shown are the Mt Isa Inlier, the McArthur Basin and 7 
major Zn-Pb-Ag deposits (asterisks); highlighted in yellow is the 
George Fisher Zn-Pb-Ag deposit, which is the subject of this study. 
 

At the HYC deposit, fg-py has been interpreted to form 
by MSR in the water column (e.g. Ireland et al. 2004) or 
during early diagenesis (e.g. Eldridge et al. 1993). For the 
Mount Isa, George Fisher and Century deposits, fg-py 
precipitation by TSR has been proposed during late-
stage diagenesis (Painter et al. 1999; Chapman 1999) or 
syn-deformation (e.g. Broadbent et al. 1998). The ore 
stages in the CD-type deposits of the Carpentaria 
Province consist of different generations of sulphide 
phases (mainly sphalerite, galena, pyrite and pyrrhotite), 
which show complex paragenetic relationships and were 
interpreted to have formed by MSR (e.g. Ireland et al. 
2004), TSR (e.g. Broadbent et al. 1998) or by the 
recycling of sulphur from pre-existing sulphide phases 
(e.g. Grondijs and Schouten 1937). 

The interpretation of sulphate reduction processes is 
typically based on sulphur isotope (δ34S) values, which is 
challenging for the northern Australian CD-type deposits 
due to the complex paragenesis and the very fine grain 
size of the sulphide phases. In this study, therefore, we 
use scanning electron microscopy (SEM) together with 
high resolution (spot size < 5 µm) in situ secondary ion 
mass spectrometry (SIMS) to spatially resolve the 
different generations of sulphide phases. 
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2 Geological setting 
 
During the late Paleoproterozoic and early 
Mesoproterozoic, break-up and reassembly of the Nuna 
supercontinent led to the formation of the Mt Isa Inlier and 
the McArthur Basin (Gibson et al. 2017). The George 
Fisher deposit is hosted by carbonaceous siltstones and 
mudstones of the Urquhart Shale (ca. 1655 Ma), which is 
part of the Mt Isa Group within the Mt Isa Inlier (Chapman 
2004). The deposit has been affected by several 
deformation events, resulting in complex macro- and 
microscopic structures (Chapman 2004). 
 
3 Methods 
 
Five drill-cores (4 from the George Fisher deposit and 
one from un-mineralised Urquhart Shale) were logged for 
lithology and paragenesis and sampled in this study. 
Representative samples were investigated 
petrographically and, target areas of paragenetically 
constrained sulphide phases were separated using a 
diamond core micro-drill (diameter of 4 mm). The micro-
drill-cores (49) were set in epoxy mounts (3) together with 
pyrite reference material and coated with Au. Areas for 
isotopic analysis were then selected using the Scanning 
Electron Microscope (SEM). 

The isotopic analyses of pyrite were carried out at GFZ 
Potsdam using a Cameca IMS 1280-HR instrument. 
Isotope ratios were acquired both for single-spot and 
multi-spot-transect analyses using a ~ 0.5 nA, mass 
filtered 133Cs+ beam with a Gaussian density distribution 
focused to a < 5 µm diameter on the polished sample 
surface. The analyses points were then imaged by 
backscatter electron microscopy and mixed-analyses or 
data points of other phases than pyrite were rejected. 
 
4 Results 
 
4.1 Sulphide Paragenesis 

 
Five generations of sulphides have been identified in this 
study. (1) pre-ore, fine grained pyrite; (2) three stages of 
hydrothermal sulphides (exclusive to George Fisher); and 
(3) a generation of coarse grained euhedral pyrite, which 
is limited to un-mineralised rocks. In the following, 
individual stages are described in terms of their relative 
timing of formation (paragenesis). 

The first generation of pyrite (Py-0) occurs in 
laminated, carbonaceous siltstones of the background 
Urquhart Shale (Fig. 2a) and of the Urquhart Shale at the 
George Fisher deposit (Fig. 2b, c). Pyrite occurs as single 
grains or in grain aggregates and is typically spheroidal 
to subhedral and very fine-grained (< 10 µm; Fig. 2c). It 
can be split into two sub-types: Py-0a forms spheroidal to 
sub-spheroidal cores, and is overgrown by Py-0b, which 
forms a porous, subhedral to euhedral overgrowth (Fig. 
2c). 
 

 
Figure 2. Binocular photomicrograph images of pyritic, 
carbonaceous siltstone (1) and carbonaceous mudstone (2) from 
un-mineralised Urquhart Shale (a) and from George Fisher (b); c) 
backscatter electron image of pyritic, carbonaceous siltstone; Py-0 
consists of a spheroidal core (Py-0a) and a subhedral overgrowth 
(Py-0b); red circles indicate SIMS analysis spots. 
 
The ore-stage sulphides clearly overgrow and replace 
pre-ore pyrite, and are differentiated in terms of texture, 
grain-size and abundance of different phases (pyrite, 
sphalerite, galena, pyrrhotite and chalcopyrite). Ore-
stage 1 is strata-bound, consists of sphalerite, pyrite and 
galena (Sp-1, Py-1 and Gn-1) and is associated with 
coarse-grained ankerite. Ore-stage 2 occurs in veins and 
breccias and consists of galena, sphalerite, pyrite and 
pyrrhotite (Gn-2, Sp-2, Py-2 and Po-1). Within ore-stage 
2, replacement textures of Py-0 by later sulphide phases 
are ubiquitous (Fig. 3). The last stage of sulphides (ore-
stage 3) occurs strata-bound or as veins and breccias, 
and typically consists of pyrrhotite, pyrite, sphalerite, 
galena and chalcopyrite (Po-2, Py-3, Sp-3, Gn-3 and 
Ccp).  

Coarse-grained, euhedral pyrite (Py-euh) occurs in 
carbonate beds and nodules overgrowing Py-0, but 
shows no temporal association to the ore-stage 
sulphides.
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Figure 3. a) Binocular photomicrograph image of ore stage 2, 
comprising a typical high-grade George Fisher Sp-2- and Gn-2-ore 
breccia with Py-2 and host rock fragments; b) reflected light 
photomicrograph image of Gn-2, Sp-2, Py-2 and Py-0 in a host rock 
fragment; note that Py-0 was selectively replaced by Sp-2 and Gn-
2. 
 
4.2 Sulphur isotope composition of pyrite (δ34S) 
 
The δ34S values of 643 analyses of pyrite from George 
Fisher and the background Urquhart Shale are shown in 
Figure 4. 

The δ34S values of pyrite at George Fisher are 
distributed between -8.1 and +33.9 ‰ (n = 446; Fig. 4a). 
Py-0a and Py-0b preserve δ34S values of -8.1 to +2.7 ‰ 
(n = 116) and -4.1 to +5.4 ‰ (n = 44) respectively. Ore 
stage pyrite has δ34S values from +7.8 to +33.3 ‰ (Py-1; 
n = 76), +1.9 to +12.5 ‰ (Py-2; n = 154) and +23.4 to 
+28.2 ‰ (Py-3; n = 38). The δ34S values of Py-euh are 
distributed between +7.2 and +33.9 ‰ (n = 18). 
 

 
Figure 4. δ34S (‰; V-CDT) values of pyrite (Py-0a, Py-0b, Py-1, Py-
2, Py-3 and Py-euh) from George Fisher (a) and from background 
Urquhart Shale (b); note approximate δ34Sseawater values of ≥ 20 ‰ 
derived from Strauss (1993), Gellatly and Lyons (2005) and Li et al. 
(2015). 
 

The δ34S values of pyrite in the background lithologies 
are distributed between +1.0 and +31.0 ‰ (n = 197; Fig. 
4b). Pyrite-0a and Py-0b preserve δ34S values of +1.0 to 

+11.8 ‰ (n = 24) and +6.5 to +11.6 ‰ (n = 2) 
respectively. Py-euh preserves δ34S values of +10.3 to 
+31.0 ‰ (n = 171). 

 
5 Discussion 
 
5.1 Pre-ore pyrite 

 
At George Fisher, Py-0 is clearly overgrown or replaced 
(Fig. 3) by ore stage sulphides. Similarities in the 
morphology of Py-0, in mineralised and un-mineralised 
samples, provide good evidence that Py-0 formed in a 
pre-ore environment. Indeed, similar fine-grained pyrite is 
a feature of a number of other carbonaceous mudstones 
of Proterozoic age (e.g. Schieber 1989). 

During anoxic diagenesis in marine sediments, there 
are 2 main pathways by which seawater sulphate is 
biologically reduced to sulphide (Jørgensen and 
Kasten 2006): (1) MSR and (2) SD-AOM. The resulting 
hydrogen sulphide reacts with reactive Fe to precipitate 
diagenetic pyrite (Sweeney and Kaplan 1973). Hydrogen 
sulphide produced by MSR is typically associated with a 
large kinetic fractionation from coeval seawater (e.g. 
Kaplan and Rittenberg 1964), meaning pyrite preserves 
δ34S values that are considerably offset from seawater 
sulphate (Δ34S = δ34Sseawater – δ34Spyrite). In Figure 4, 
δ34SPy-0a values preserve a large offset from 
Paleoproterozoic seawater, which is indicative of open 
system conditions where sulphate is not completely 
consumed. 

More positive δ34S values are indicative of more 
sulphate-limited conditions. Such conditions can occur 
due to consumption of sulphate by MSR followed by SD-
AOM in diagenetic pore fluids (e.g. Magnall et al. 2016). 
This may be the case for slightly more positive δ34S 

values in Py-0b, which is morphologically similar to 
euhedral overgrowths of fine-grained pyrite formed in 
modern marine sediments (Lin et al. 2016). Importantly, 
the lack of highly positive δ34SPy-0 values shows that pyrite 
did not form under highly sulphate-limited conditions in 
the Urquhart Shale, either in the un-mineralised or 
mineralised samples. 

The pre-ore timing of Py-0 and the overlapping δ34SPy-0 
values between un-mineralised and mineralised samples 
(Fig. 4) provide evidence that MSR in relatively open 
system conditions resulted in extensive pyrite formation 
before the onset of hydrothermal activity. 

 
5.2 Ore-stage pyrite 
 
The δ34S values of ore-stage pyrite are distinctly higher 
than δ34S values of pre-ore pyrite (Fig. 4), providing 
evidence that ore stage sulphides were most likely 
formed from sulphur derived from a different process. 

Given the availability of hydrocarbons and sulphate 
(either as SO42-seawater or in sulphate mineral phases), TSR 
can produce hydrogen sulphide under hydrothermal 
conditions (Machel 2001). This process may result in a 
temperature-dependent fractionation of ε34S ≤ 20 ‰ from 
the initial sulphate, combined with the alteration of 
organic matter (Machel et al. 1995). Such fractionation 
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effects may explain the δ34S values preserved by the ore-
stage pyrites (Py-1, Py-2, Py-3) and, indeed, maturation 
of hydrocarbons has been observed at George Fisher 
(Chapman 1999). Additionally, the broad distribution of 
δ34SPy-1 values is similar to δ34S values of H2S produced 
by TSR in sour gas reservoirs (e.g. Cai et al. 2003), 
providing evidence that TSR may have resulted in the 
formation of reduced sulphur and in the alteration of 
hydrocarbons at George Fisher during the ore-forming 
event. 

Moreover, recycling of reduced sulphur within high-
grade ore zones has been interpreted to be an important 
process for sulphide formation for the CD-type deposits 
in the Mount Isa Inlier (e.g. Grondijs and Schouten 1937; 
Chapman 1999). Indeed, replacement textures of pre-ore 
Py-0 (Fig. 3) and intermediate δ34SPy-2 values between 
those of Py-0 and Py-1 in ore-stage 2 (Py-2; Fig. 4) 
provide evidence for recycling of sulphur within ore 
breccias at the George Fisher deposit. 
 
6 Conclusions 
 
Reduced sulphur in pre-ore and ore-stage pyrite at 
George Fisher and in the Urquhart Shale was most likely 
produced by several sulphate reduction processes (MSR, 
SD-AOM, TSR), all of which, either directly or indirectly, 
can be linked to biological processes: MSR and SD-AOM 
are directly dependent on biological activity, whereas 
TSR requires the availability and maturation of organic 
matter. Altogether, therefore, high biological productivity 
was likely an important requirement for the generation of 
reduced sulphur, and ultimately for ore formation, at the 
George Fisher deposit and throughout the Carpentaria 
Province. 
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Abstract. Seafloor massive sulfide deposits are modern 
analogues of ancient VMS deposits, and are important 
hosts for macro- and microorganisms, which have been 
suggested to play a significant role in mineral deposition 
and metal cycling. In this study, we report a detailed study 
of biomineralization in a seafloor hydrothermal chimney 
collected from the PACMANUS basin, Papua New 
Guinea. We have identified four types of sulfides deriving 
from various microbial activities, occurring in distinct 
zones of the chimney structure. The sphalerite-
dominated transition zone contains filaments, which have 
been mineralized to dufrenoysite. These mineralized 
filaments are often found in close associations with 
realgar and are interpreted to be by-products of As-
oxidizing microbial activity. The barite-dominated outer 
zone of the hydrothermal chimney is characterized by the 
occurrence of Pb- or As-mineralized fungi. The fungi are 
believed to produce Pb- and As-sulfides at the cell 
surface during detoxification processes when in contact 
with a Pb- or As-bearing hydrothermal fluid. Framboidal 
pyrite and sphalerite are present in Fe-Mn oxide zone, 
and may result from sulfate-reducing microbial activity. 
Those biologically-derived minerals can be as proxies for 
tracing microbe-metal interactions in ancient VMS 
deposits for recognition of ancient analogous VMS 
deposits.  
 
1 Introduction 
 
Hydrothermal venting systems have been discovered on 
the seafloor since 1979 (Corliss et al. 1979), and then 
gradually been found in various geological settings, i.e. 
mid-oceanic ridge of various spreading rates and back-
arc basins (German and Seyfried 2014). Those 
hydrothermal vents are of high importance in the deep 
ocean as they continually discharge warm and metal-rich 
hydrothermal fluids into the seawater, providing key 
nutrients to living organisms (Holden et al. 2012). 
Previous studies of microbe-metal interactions in seafloor 
hydrothermal systems have generally focused on the 
characterization of the microorganisms thriving under 
such extreme conditions using genomics techniques, 
however, the minerals deriving from the activity of these 
micro-organisms have been rarely characterized. These 
modern hydrothermal systems are considered analogues 
to ancient VMS deposits, which are known to host 
evidences of early life (Rasmussen 2000). Therefore, the 

detailed characterization of biominerals in modern 
hydrothermal chimneys can provide significant insights 
into ancient metabolic processes and microbe-metal 
interactions in ancient ore deposits.  
 
2 Geological setting 
 
The Manus Basin is back-arc extension basin, located in 
the Bismarck Sea, Papal New Guinea (Fig. 1). A series 
of spreading centers and transform faults are developed 
in the basin due to the subduction of the Solomon plate 
into the Bismarck plate along the New Britain Trench. The 
Eastern Manus basin is the back-arc extension 
developed in the remnant island-arc crust which has 
formed during the previous subduction along the Manus 
Trench (Binns and Scott 1993). The eastern Manus 
volcanic zone is located between the Djual and Weitin 
transform faults, and develops east-west en echelon 
neovolcanic ridges and domes (Binns et al. 2007). The 
volcanic edifices are in northeast direction, normal to the 
extension direction, and the composition varies from 
basalt to dacite-rhyodacite. The active volcanic activity 
has resulted in the occurrence of numerous hydrothermal 
fields, i.e. PACMANUS (Papua New Guinea -Australia-
Canada-Manus Basin) (Binns, 2014), Desmos (Seewald 
et al. 2015) and SuSu Knolls (Yeats et al. 2014), and has 
produced a large number of Cu-Zn-Pb-Ag-Au rich 
seafloor deposits (Binns and Scott 1993; Yeats et al. 
2014).  
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Figure 1. Geological setting of PACMANUS basin and sampling location. Modified from Binns et al. (2007). 

 
3 Biomineralization within the chimney 
 
3.1 Chimney description 
 
This chimney sample (CSIRO ID: 118584) is a 
polymetallic sulfide chimney with multiple conduits (Fig. 
2). It was collected by dredging from the Satanic Mills 
hydrothermal field (Fig. 1) (1,650 m below sea level). This 
sample includes distinct zones with a chalcopyrite-
dominated zone in the center, a sphalerite-dominated 
transition zone, a sphalerite and barite-dominated outer 
zone, and a Fe-Mn oxide crust. The growth history of 
hydrothermal chimneys has been extensively studied and 
a variety of growth models have been proposed. Briefly, 
an initial porous wall with sulfate and fine-grained sulfides 
is formed during the initial mixing of hot hydrothermal 
fluids and cold seawater. During the continuous influx of 
hydrothermal fluids, sulfides and sulfates will fill in the 
porous wall and isolate hydrothermal fluids from 
seawater. Relatively high temperate sulfides (e.g. 
chalcopyrite) will be continually precipitated along the 
conduits when hot hydrothermal fluids pass through. 
When the hydrothermal activity weakens, low 
temperature minerals, such as realgar, galena and 
dufrenoysite (Pb-As sulfosalt), are precipitated within 
most of the zones and overgrow pre-existing sulfides. 
The unstable chimneys will collapse eventually and form 
the sulfide mounds which are important analogues of 
some ancient VMS deposits on land (Jamieson et al. 
2013; Koski et al. 1994).  
The aliquots were collected from various zones of the 
chimney sample, and prepared as polished thin sections. 
Optical microscopic observations, scanning electron 
microscopy (SEM), synchrotron x-ray fluorescence 

microscopy (SXFM) and transmission electron 
microscopy (TEM) were conducted to characterize the 
biominerals.  

 

 
Figure 2. Photograph (left) and sketch diagram (right) of the 
chimney sample showing the distribution of chalcopyrite (Cpy), 
sphalerite (Sph), barite (Bar) and Fe-Mn oxide surface. The 
locations of sub-samples are indicated in the sketch diagram with 
rectangle boxes. Modified from Hu et al. 2019.  
 
3.2 Biomineralization 
 
Dufrenoysite mineralized filaments 
Submicron-scale filaments, which have been mineralized 
into Pb-As sulfosalt (dufrenoysite), were observed mainly 
in the sphalerite-dominated zone (Fig. 3). They are 
observed in close associations with realgar (As4S4), 
reflecting mixing of hydrothermal fluids and seawater. 
Individual filaments present a dufrenoysite-dominated 
core and an organic-rich shell with high concentrations of 
carbon, nitrogen and phosphorus. We interpret the Pb-As 
rich filaments to be by-products of microbial metabolism, 
resulting from a detoxification strategy of As-oxidizing 
microorganisms exposed to warm Pb- and As-rich 
hydrothermal fluids during chimney growth. 
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Figure 3. The features of dufrenoysite (Duf)-mineralized filaments. 
(A, B) SEM-BSE images showing the filaments intergrown with 
realgar (Re) in the vicinity of sphalerite (Sp). (C, D) SEM-SEM 
images of the filaments attached to barite surface and deposited by 
silica spheres (Ss). (E, F) STEM dark field images of a detailed 
observation of filaments. In (F), the filaments have a dense core with 
Pb, As and S (shown as relative bright) and lighter shell with C, N 
and P signatures (outlined with yellow dotted lines). 
 
As- and Pb-mineralized fungi 
A cluster of larger filaments (>10s microns) was observed 
in sphalerite and barite-dominated outer zone (Fig. 4). 
Individual filaments are larger than the sulfosalt-
mineralized filaments mentioned above. These filaments 
are found in the cavities of sphalerite and barite. The 
filaments show morphological similarity to fungi in optical 
microscopic observation. In addition, SXFM elemental 
maps show that these filaments are enriched either in Pb 
or As, but not both. It is interpreted that when Pb- and As-
rich hydrothermal fluids came in contact with fungi, Pb 
and As-rich sulfides accumulated at the surface of cells 
as the result of a fungal detoxification process. It is 
assumed that the cells would have died after being fully 
covered by sulfides.  
 
 
 
 

Framboidal pyrite and sphalerite 
A large quantity of framboidal pyrite and sphalerite were 
observed in the Fe-Mn oxide crust (Fig. 5). The cluster of 
pyrite is compact and occurs on the surface of the crust, 
whereas sphalerite is fine-grained and disseminated 
within what we interpret as biofilms in the outer part and 
within the crust. Sulfate-reducing microbes, which can 
produce fine-grained pyrite and sphalerite with such 
textures (Hu et al. 2018), have been extensively found in 
the outer zone of chimney structures (Nakagawa et al. 
2004). Therefore, these pyrite and sphalerite framboids 
are likely reflecting the activity of sulfate-reducing 
microbes in this system.  

 

 
Figure 5. SXFM elemental maps. (A) Zn-Fe-Mn map showing the 
distribution of pyrite and sphalerite within the crust; (B) High 
magnification image of framboidal pyrite (green) and sphalerite 
(red).  
 
4 Implications for ancient VMS deposits 
 
Ancient VMS deposits are of high interest for early life 
studies (Rasmussen 2000). In the present study, various 
biominerals were observed in distinct areas of the 
hydrothermal chimney, from the sphalerite-dominated 
zones to the Fe-Mn oxide crust. From these results, it is 
inferred that microbial activity is strongly involved in the 
cycling of at least four key elements (As, Pb, Fe and Zn). 

 
Figure 4. (A, B) SXFM elemental maps. (A) Fe-Ba-Zn map showing the distribution of pyrite, sphalerite and barite; (B) As-Pb-Zn map showing 
the distribution of As- and Pb-rich fungi in red and green respectively within the cavities of sphalerite and barite. (C) Optic microscopic image 
of the fungi in the cavities of sphalerite.   
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It is notable that As and Pb-based microbial activities 
have rarely been reported in hydrothermal chimneys. 
Arsenic has been suggested to be a driving factor in the 
origin of life (Kulp 2014). Therefore, the detection of As-
related microbial metabolism in the modern hydrothermal 
chimneys of PACMANUS could shed light on As-based 
metabolism on primordial Earth.  

Additionally, previous reports generally focused on 
studying the genomes of the microbial ecosystems 
present in hydrothermal chimneys, but did not make the 
link between the precipitation of minerals and microbial 
activities. In the present study, the observed biominerals 
have the potential to be used as proxies to trace early life 
signatures in VMS deposits. Their biologically-mediated 
origin can provide insights into the microbe-metal 
interactions occurring during the formation of ancient 
deposits. Meanwhile, the unique microbe-metal, mineral 
and structural associations in the hydrothermal chimneys 
of modern seafloor massive sulfide deposits may be of 
use to mineral exploration to recognise analogous 
ancient VMS deposits.  
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Abstract. Sediment hosted Zn+Pb sulphide deposits are 
the primary source of global lead and zinc. Their secular 
distribution is well defined, however the duration of 
individual mineralisation events is less so. By coupling 
modern H2S production data from 
sedimentary/hydrothermal environments and 
metalliferous fluid flux calculations with data on the size 
concentration and distribution of the world class Navan 
Zn-Pb deposit in Ireland, it is postulated that the deposit 
could have formed within a relatively rapid, integrated 
timeframe of ∼26,000 years. Ore fluid influx, driven by 
convection and seismicity, is assumed to be the most 
limiting factor. In this study, bacteriogenic sulphide 
availability is not considered to be a limiting factor.  
 
1 Introduction 
 
Massive Zn+Pb sulfide ore deposits, formed via the 
migration of metal-rich fluids into sedimentary basins, are 
a major resource. Literature discussing the genesis of 
these deposits is extensive (e.g. Anderson et al 1998; 
Garven et al 2002; Sangster 2002; Wilkinson et al 2005 
etc.), but few consider the time required to deposit these 
ores (Converse et al 1984; Schardt and Large, 2009). 
Many estimates of timescales are ambiguous implying 
‘prolonged’ or ‘geologic’ time-spans; and this reasonably 
reflects the general view. This lack of detail is 
unsurprising, as regardless of ore deposits origins, there 
are rarely markers preserved indicative of mineralization 
durations, and when examined in detail, the complexity of 
ores ensures that it is difficult to determine how many 
events contributed to total ore accumulation (Barrie et al 
2009).  

In simple terms four principal components are needed 
to generate massive sulfides: a source of sulfur, a source 
of metals, a fluid to transport the metals and a flow path 
to bring these elements together. Both efficiency and 
preservation potential must also be considered. A 
number of studies allow reasonable estimates of these 
essential variables (e.g. Rickard 1973; Wortmann et al 
2001, 2007; Oliver 2001; Weber and Jorgensen 2002; 
Wilkinson et al 2009). In our calculations of ore event 
history timescales, we use the giant Navan Zn-Pb deposit 
in Ireland (Ashton et al 2010), as it is well researched and 
understood geologically, and allows us to blend published 
data on fluid metal concentrations, bacterial sulfide 

production from modern and ancient analogs with models 
of integrated fluid flow to provide geologically realistic 
estimates. What emerges is that it may take a surprisingly 
short integrated period of influx, perhaps as quick as a 
few hundred or thousand years, to deliver and preserve 
more than 9.6 Mt of Zn and 2.4 Mt of Pb at Navan. 

 
2 Geological Setting 
 
The giant, world-class Navan Zn+Pb deposit is the largest 
Zn mine in Europe with in excess of 120 M tonnes grading 
~8.1% Zn and ~2% Pb (Ashton et al 2010). The deposit 
forms an elongate, NE-trending ellipsoid which dips ~15° 
to the SW at the surface and flattens out at depth, and 
comprises stratabound sulfide lenses, hosted within 
Lower Carboniferous shallow water carbonates of the 
Dublin Basin (Fig. 1; Anderson et al 1998). The total area 
of the ore deposit covers approximately 5km x 1.2km with 
an average thickness of ~10m.  

Mineralisation is dominated by sphalerite (ZnS) and 
galena (PbS) with lesser pyrite (FeS2) and other sulfides 
and gangue mineral phases. Faulting exerts the major 
control on the disposition of ore, but distribution does not 
appear to be governed by a single structure (Blakeman 
et al., 2002). The deposit is instead spatially associated 
with several major ENE-trending extensional faults (Fig. 
1), and areas of high Zn-Pb distribution in the main 
orebody clearly parallel NE-SW structural trends and are 
coincident with major faults or localized zones of minor 
extensional fracturing (Ashton et al 2010). Metal-rich fluid 
from depth utilized this complex fault network, and the 
inherent fracture-related permeability, to migrate into the 
host carbonates where it mixes with surface brines, 
enriched in H2S derived from bacteriogenic reduction of 
seawater sulfate to generate mineralization (e.g. 
Anderson et al 1998; Fallick et al 2001; Blakeman et al 
2002; Everett et al 2003). The exhalation of a metal-
bearing brine towards the earth surface through complex 
fracture pathways is typical in all sediment-hosted sulfide 
deposits, as is the concept of mixing to cause ore 
deposition (McGowan et al 2003; Robb, 2005). In the 
case of the Irish deposits, there is clear evidence that this 
mixing took place close to, or certainly within a few 10’s 
of meters (Wilkinson et al 2003) of the Lower 
Carboniferous seafloor: the involvement of fluids 
containing bacteriogenic sulfide produced in a system 
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open to seawater sulfate necessitates this (Anderson et 
al 1998; Fallick et al 2001; Wilkinson et al 2005b). 

 
3 Developing the model 
 
What are the rates and behaviour of comparable modern-
day sedimentary shelves and hydrothermal mineralizing 
systems that can apply to developing a model for the 
timing of ore deposition at Navan?  
 
3.1 H2S Production in Modern Marine Settings 
 
Navan formed in shallow water carbonate sequences, 
influenced by hydrothermal activity, where ∼90% of the 
sulphide produced was bacteriogenic in origin (Fallick et 
al 2001). Modern sedimentary/hydrothermal 
environments can contain highly elevated concentrations 
of H2S, such as the Australian bight with ∼9000 nmol/l 
(Wortman et al 2001) and H2S production rates of 3350 
nmol cm-3 d-1. The dominant control on production rates 
appears to be temperature (Weber and Jorgensen 2002). 
 
3.2 Metal enrichment 
 
The source of metals at Navan is the lower Palaeozoic 
basement lithologies (Everett 2003) Dissolved metal 
concentrations at Navan are not well defined; gangue 
minerals such as quartz record 3.6 - 26 ppm while 
sulphide minerals suggest 22 – 890 ppm Pb and 5000 
ppm Zn (Wilkinson 2009). 
 
3.3 Integrated flow dynamics 
 
The main orebody at Navan is within a fractured/faulted 
relay ramp system, bounded to the NW and SE by major 
extensional faults. This fractured, permeable system 
would have facilitated the vertical migration of metal rich 
fluids and mixing with a cooler, more saline, sulphide rich 
brine (Blakeman 2002; Freeman and Everett 2000). 
Velocity: Modern flow rates at hydrothermal vents are 
recorded as being between 70 – 240 cm/s (Converse 
1984), similar to the 100 - 200 cm/s for seafloor 
hydrothermal discharge (Schardt and Large 2009). Fluid 
velocities are dependent on several factors including exit 
temperature e.g. black smokers >180°C = > 150 cm/s 
(Converse et al 1984) and high salinity, which has been 
found to increase flow velocities by an order of magnitude 
(Koziy et al 2009, Yang 2006). Temperatures at Navan 
were in the region of 140-210°C and salinity at upto 26 
wt% (Ashton et al 2015), suggesting relatively high 
velocity. However, in order to model mineralisation, you 
not only need to know fluid flow rates, but also the 
‘integrated area of influx’ through which the metal-rich 
fluid enters the H2S saturated host rocks. The larger the 
area of influx, assuming H2S and metal concentrations 
are not limiting, the faster the rate of economic 
mineralization.  
 
4 Modelling mineralisation at Navan 
 
To understand potential timescales of mineralization in 

ore deposits unavoidable assumptions about the 
conditions prevalent during mineralization need to be 
made. This includes estimating average rates of H2S 
production, metal influx and concentration as well as 
behaviour and distribution of the ore and host rocks (e.g. 
Blakeman et al., 2002; Fallick et al., 2001; Wilkinson et 
al., 2009; Wortmann et al., 2001; Wilkinson, 2001; Weber 
and Jorgensen, 2002; Converse et al., 1984; Schardt and 
Large, 2009). The timescale defined by our model will be 
a minimum value that assumes continuous mineralization 
at conservative conditions. However, mineralizing 
systems switch on and off with ‘pulses’ of activity followed 
by hiatuses (e.g. Barrie et al., 2009) therefore, the 
‘lifetime’ of ore genesis may in actuality be much longer 
than the actual timescale of mineralization. Due to the 
complexity of mineralization processes and the disrupted, 
chaotic and often superimposed nature of ore at Navan 
(Anderson et al., 1998) our results should be considered 
as a guide to understanding potential timescales of 
mineralization and not the definitive answer. 
 
4.1 H2S production potential at Navan 
 
Current estimates of ore at the main orebody/SWEX are 
in the region of 120 Mt, with grades ∼8% Zn and ∼2% Pb 
(Ashton et al 2015). So, it can therefore be estimated that 
a minimum of ∼3.5 Mt (3,476,888) of S must exist at 
Navan, in both sphalerite and galena (without accounting 
for the S in pyrite). The deposit has been shown to 
contain ∼ 90% bacteriogenic sulphur (Fallick et al 2001), 
which equates to a minimum of 3,131,899 tonnes or 9.67 
x 1010 moles of S. If these values are coupled with the 
volume of the ore at Navan (5 km x 1.2 km x 10 m) and 
H2S production rates in sedimentary hydrothermal 
settings (e.g. Weber and Jorgensen 2001) then estimates 
can be made as to the length of the time required to form 
the orebody; assuming unlimited and constant metal 
input (Table 1) 
 
Table 1. Table summarising the total time taken to generate 
sufficient H2S for mineralization of the total volume of bacteriogenic 
ore at the Navan Zn-Pb Mine, Ireland. Variations in timescale reflect 
differing potential H2S production rates. 

 
Geologically, these timescales are exceptionally short 

and while the calculations are essential in understanding 
timescales of H2S production at Navan they assume an 
unrealistic situation. For this scenario to be 
representative of ore mineralization at Navan then supply 
of metals would have to be unlimited, while the integrated 
area of influx would need to be equal to the volume of ore.  
4.2 Metal enrichment and fluid dynamics at Navan 
 
Based upon the average grade of Zn (~8%) and Pb (~2%) 
at Navan and the total tonnage it can be estimated that 
there are 9.6 Mt of Zn and 2.4 Mt of Pb in the Navan 
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deposit (e.g. Blakeman et al 2002; Fallick et al 2001). To 
calculate how long it would take to generate this quantity 
of metals three variables need to be estimated: 
 (1) The concentration of dissolved metals in the 
hydrothermal ore fluid; set at 100 ppm Zn and 25 ppm Pb, 
based on the 4:1 ratio found at Navan and a conservative 
approximation of the data recorded by Wilkinson et al 
(2009) 
(2) The rate at which the ore fluid is transported through 
fault conduits; set at 100 cm/s for an ore fluid of 180-
200°C (Converse et al 1984) 
(3) The ‘integrated area of influx’ by which the metal-rich 
fluid enters the H2S rich host sediments.  

The ‘integrated area of influx’ across which the ore fluid 
enters the host rocks is a major control on the timing of 
mineralization. Our model assumes an area of 1km x 
10cm is available for this influx and considering the 
abundance of faulting at Navan this is again considered 
a conservative estimate Utilising these variables and an 
average ore fluid density of 0.95 (Wilkinson 2001) then it 
is possible to calculate the mass flow of the ore fluid into 
the carbonate host rocks using the formula: 

(1) ṁ = rva 
whereby ṁ = mass flow, r = ore fluid density, v = ore fluid 
velocity and a = integrated area of influx. Assuming a 
concentration of 100ppm Zn/25ppm Pb, a flow rate of 
100cm/s and an influx area of 1,000,000 cm2 then it 
would take 11,700 years to transport sufficient metals into 
the host rocks to form the Navan Zn-Pb Ore deposit. 
However, this timescale makes two big assumptions:  
(1) The efficiency of sub-seafloor mineralization 
processes was 100% with no ore fluid and thus, dissolved 
metal escaping onto the seafloor and, 
(2) The preservation of the ore deposit since formation 
has been 100%.  

While it could be argued that the latter preservation 
potential, based upon the largely sub-seafloor nature of 
ore mineralization, may be a close representation of the 
situation at Navan, the former is unlikely. However, if 
mineralization efficiency is assumed to be, on average, 
50% and preservation potential 90%, then even with an 
exceptionally low H2S production rate of 0.1 nmol cm-3, it 
would take 26,000 years to generate the giant Navan Zn-
Pb ore deposit (Table 1, 2). The authors consider all of 
the values used to calculate this timescale, to be a 
conservative representation of the conditions prevalent 
during genesis at Navan. If, however, you increase 
dissolved Zn concentration up to 1000ppm at flow rates 
of 100-200cm/s then ore mineralization will be completed 
in a few thousand years or only a few hundred if the 
maximum concentrations (5000ppm Zn) are considered 
viable during fluid pulses (Table 2). 

  
Table 2. Table summarising the total time taken to generate and 
transport sufficient metals for mineralisation of the total volume of 
ore at the Navan Zn-Pb Mine, Ireland. Area of Influx, mineralisation 
efficiency and ore preservation potential all remain the same. 
Variations in timescale reflect differing metal-rich fluid flow rates and 
the concentration of dissolved metals. 

 
5 Inhibition 
 
While not addressed here, various recent studies have 
found the activity and growth of sulphate reducing 
bacteria, which are necessary for sulphide production, to 
be inhibited by high concentrations of sulphate, sulphide 
and metals (Azabou et al 2006, Cassidy et al 2015, Al 
Zuhair 2008, Kiran et al 2017). For example, toxic 
concentrations of Zn have been found at 150ppm 
(Azabou et al 2006) 13-40ppm (Kiran et al 2017) and 25 
ppm (Morton et al 1991). The degree of inhibition appears 
to be genera specific. Therefore, any future calculations 
must account for the limiting nature of high metal and 
sulphide concentrations. 
 
6 Summary 
 
Based upon estimates of analogous conditions in the 
literature we propose that the integrated timescale for 
total economic ore mineralisation at Navan could have 
been completed in ~26,000 years. While this timescale 
may seem geologically short, it is similar to that proposed 
for other giant Zn deposits by Schardt and Large (2009) 
and also represents the timescale for total mineralization 
not for the lifetime of the deposit as a whole, which may 
in fact be much longer.  

This study has two important conclusions: firstly, that 
H2S production is unlikely to be a limiting factor in sulfide 
mineral genesis and secondly that the idea of ‘prolonged’ 
mineralization timescales for ore deposits is not based 
upon fact. 
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Abstract. The Kupferschiefer metal-hydrocarbon system 
and related Zechstein salines constituted one of the most 
massive toxic chemical events in geologic history. 
Toxicity related to emplacement of the Kupferschiefer 
was focused at the Permo-Triassic boundary throughout 
northern Europe. Like many other Permo-Triassic 
extinction timelines, the event is marked by lightening of 
the carbon isotope signatures. The Kupferschiefer toxic 
brine plumes contributed a massive, ultra-deep 
hydrothermal (UDH), toxic component to the great 
Permian extinction event that attended breakup of the 
Pangaea supercontinent. Other giant toxic plumes 
present at that time included the Permian Basin, 
Tunguska system in SE Siberia, and Meishan Basin in 
China. The combined global-scale chemical toxicity of 
these giant hydrothermal plumes instantaneously 
extinguished most of the global marine biosystem. 
 
1 Stratigraphic position of the Permian 

extinction in the Kupferschiefer  
 
Significantly, the age of the Kupferschiefer spans the 
Permo-Triassic boundary, based on the combined Re-Os 
and illite ages. The boundary between the Permian and 
the Triassic can be placed at the top of the black shale of 
the Kupferschiefer and below the Zechstein carbonates 
(Figure 1). The current Permo-Triassic boundary is 
radiometrically calibrated at 251.9 Ma, which is 
approximately the same as the age of the high-quality 
illite data for the Kupferschiefer (Keith et al. 2018). This 
boundary also falls near the midpoint of the apparent age 
gap between 245.5 and 259 Ma in the Re-Os mineral 
dates (Figure 2).  

One of the emergent characteristics of the Permian 
extinction event is the distinct and occasional lightening 
of carbon isotopes at the extinction time line, which is 
well-documented in the Kupferschiefer (Figure 3). 
Similarly, the lightening of the carbon isotopes is 
especially pronounced in the Meishan section in China, 
which is considered a reference section for the timing of 
the Permian extinction as per the documentation in 
Burgess and Bowring (2015) (Figure 4). Of additional 
interest is the presence of oil-window mature 
hydrocarbons near the top of the Kupferschiefer. The oil 

maturation is inferred to have formed from hydrogen  
Figure 1. Zechstein carbonates, Kupferschiefer black shale, with 
underlying Weissliegend (white sandstone) and Sandsteinschiefer 
of the Upper Rotliegend (red sandstone) showing thinness of the 
Kupferschiefer with Permian-Triassic boundary at top of the 
Kupferschiefer black shale. Age information discussed below allows 
an assignment of about 252 Ma to the upper boundary of the 
Kupferschiefer black shale. The extinction timeline is placed at the 
top of the black Kupferschiefer, and the base of the grey 
Zechsteinkalk sequence. Photo by Juergen Kopp showing 
Wettelrode Mine manager Erich Hartung observing the 
Kupferschiefer unit.  

 
released from hydrogen sulfide to make sulfides from 
reaction with metalliferous chloride brines at the same 
time as the hydrogenation of the incoming deep-sourced 
kerogen muds. The regionally widespread hydrocarbons 
(both gas and oil) in the underlying Rotliegend 
hydrocarbon reservoirs may be a product of latest 
Permian kerogen hydrogenation (see Figure 6 in Keith et 
al. 2018). At the least, this reduced hydrogen would have 
been very toxic to the local biosphere in northern Europe. 

Carbon isotope data for the Kupferschiefer show a 
similar lightening pattern (Figure 3). Carbon for kerogen 
samples in the Konrad section consistently lighten 
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Figure 2.  Re-Os ages on sulfides compared with modified 
paragenetic sequence for the Kupferschiefer (Alderton et al. 2016; 
Mikulski and Stein 2017; modified paragenesis is from Kopp et al. 
2012; Rentzsch and Knitzschke 1968; and Stedingk and Rentzsch 
2003). For a more detailed age discussion, see Keith et al. 2018. 
 

 
Figure 3.  Carbon isotopes for kerogen hydrocarbon taken from the 
Konrad section. Pink bar indicates a potential oil generation window 
and extinction horizon associated with sample 6. Modified from 
Speczik et al. 1995. 

 
Figure 4.  Timeline through the late Permian and early Triassic showing the record of Siberian Traps Large Igneous Province magmatism, the 
end-Permian mass extinction interval, and the carbonate carbon isotopic record (Fig. 4 from Burgess and Bowring 2015.) 
 
upward in the section. The prospective oil generative 
sample exhibits a δ13C ratio of -25.0. The oil generation 
also occurs at the dolomitic-illitic marl/calcitic Zechstein 
limestone transition that corresponds with the occurrence 
of zinc compounds. This carbon isotope lightening pattern 
is additionally consistent with up-section 
hydrogenation/reduction associated with hydrogen 
generation from sulfide and other hydrothermal mineral 
depositions (for example, illite and dolomite earlier in the 
sequence down section).  

On a broader scale, the lightening of the carbon 
isotope (in this case kerogen carbon) reflects the input of 
reduced methane into the atmosphere-hydrosphere 

columns. Obviously, the greenhouse gas nature of 
methane on a global scale can massively affect global 
warming and overall toxicity. When compared with the 
age date discussion above, the carbon isotope lightening 
can be correlated on a global basis with other carbon 
isotope profiles like the one shown for Meishan, China in 
Figure 4.  

 
2 Correlation with other Permo-Triassic Ultra 

Deep Hydrothermal (UDH) mineral systems 
 
In this regard, it is interesting that the well-calibrated 
Permo-Triassic boundary in the greater Tunguska region 
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of central Siberia and the Meishan region of northern 
China is also associated with a hiatus that is similar to the 
one we have inferred above in the Zechstein-
Kupferschiefer sequence. The hiatus appears to be 
associated with the introduction of massive amounts of 
metalliferous brines into the Earth’s atmosphere and 
hydrosphere systems. We concur, like Svensen et al. 
2009; Polozov et al. 2016; and Fristad et al. 2015, that the 
end Permian hiatus, in addition to being an unconformity, 
is also a time of massive toxic brine influx, of which the 
Kupferschiefer is an example. Similar massive brine toxic 
plumes focused at the Permo-Triassic boundary were 
also introduced in North America in the Permian basin of 
Texas-New Mexico, and in the Phosphoria basin of the 
central Rockies, and in the Barents Sea of northern 
Norway. We infer these massive, toxic metal 
hydrothermal events are the cause of the well-known and 
highly debated, end Permian, extinction event. 

The massive amounts of brines and acids would have 
been toxic to any life immediately above the eruption site 
and would have entombed any swimming animals above 
it, such as the pickled, metallized herring fossil in Figure 
5. The super-sized, crustal-scale, mud-brine plumes 
created a massive chemical imbalance in the Earth’s 
ecosystem that induced the well-known end Permian 
extinction event (Figures 6 and 7). The toxicity would 
have been maximized near the tops of the reductive black 
shale sequences, which mark the extinction event below 
the Zechstein at the top of the Kupferschiefer shale and 
elsewhere. Certainly, the toxicity would have continued 
into the saline intervals that mark the upper part of the 
Zechstein sequence. However, the global ecosystem 
rapidly recovered in the Triassic immediately after the 
metal-rich reduction event and salinity crisis ended.  

 

 
Figure 5. A witness to the Permian extinction. Fish fossil 
(Palaeniscum Freiesiebeni) in the Kupferschiefer replaced by 
chalcopyrite and chalcocite, Lubin, Poland (Lubin Kupferschiefer T-
1, sample size 27 cm, collection of and photo by V. Spieth) 
 

On a global scale, the UDH process operated in at 
least 7 basins at the end of Permian during the breakup 
of Pangaea and the great extinction event (Figure 6). 
Globally, UDH systems appear to be associated with 
instantaneous breakup of the northern half of the Pangea 

supercontinent circa 252 Ma. The breakup may have 
been triggered by the gravitational instability that is 
inherent to supercontinent assemblies. These 
supercontinents can only survive for short intervals before 
they must gravitationally unload or rift. The rifting induces 
decompression and allows upwelling of mantle heat. The 
heating leads to dehydration of serpentosphere substrate 
into talc, which releases massive amounts of Mg-
halogen-bearing, metalliferous hydrothermal brines. 
These brines ascend as large kerogen-charged, heavy 
hydrothermal, highly toxic brine plumes. 

Hence, the Kupferschiefer and its larger Zechstein-
Rotliegend system provide an insight, not only into 
metallogenic processes, but also into an entire earth 
scale, mantle-driven, ultra-deep, hydrothermal (UDH) 
geologic process. The individual system-scale involved 
the entire thickness of the crust in rift settings (Figure 7). 
The global extent and cumulative mass of the UDH 
process overwhelmed the biospheric system resulting in 
a world-wide extinction event. 

 

Figure 6. Geotectonic setting of the Permo-Triassic UDH extinction 
event. Modified from Georgiev et al. 2011. 
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Figure 7a and 7b. Generic UDH model for failed rift/aulochogen settings with text identifying major parts of the hydrothermal hydrocarbon 
component in the UDH process. Original figure contributed by Monte M. Swan, modified from Keith et al. 2018
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Abstract. Hydrothermal activity was present since the 
early days of our planet, and played a critical role in 
hydrosphere-lithosphere interaction and creating the 
suitable habitat for the appearance of life. Here we 
present a comprehensive study of a hydrothermal system 
at the North Pole Dome area, Dresser Formation, Pilbara 
Craton, as an example of co-evolution of hydrothermal 
activity and emerging life. This site stands out from later 
Archean counterparts by the presence of barium 
sulphate, and evoked several controversial models of the 
Early Archaean paleo-environment as a potential habitat 
of early life. In this contribution, we present Re-Os 
elemental and isotopic composition of hydrothermal 
precipitates and the host sequence of volcano-
sedimentary rocks. The Re-Os system was open, 
possibly due to on-going hydrothermal circulation with 
possible addition of Re. The Re contents in metalliferous 
and carbonaceous sediments are quite low, suggesting 
anoxic conditions during their formation. The gradual rise 
of oxygen by 2.7 Ga is evident from Re enrichment in 
black shales from the Nimbus deposit, Yilgarn Craton. 
The initial Os isotopic composition of Late Archean 
seawater, inferred from Re-Os regression, is close to the 
chondritic value, implying a predominantly 
hydrothermal/magmatic source of Os in the ocean. 
 
1 Introduction 
 
Hydrothermal venting associated with submarine 
volcanic activity occurs in the form of shallow subsea 
convection cells capable of releasing hydrothermal fluids 
into the ocean via either diffusive upflow over broad areas 
or focussed venting along structural corridors (e.g. ridge 
crests and flanks) (e.g. Brauhart et al. 1998). These 
hydrothermal fluids are comprised of a variable mixture of 
magmatic-hydrothermal fluids and evolved seawater that 
has reacted with the underlying rocks, causing most 
systems to be dominated by this evolved seawater 
signature (e.g. Franklin et al. 1981). Focused venting of 
hydrothermal fluids at the seafloor leads to rapid 
temperature decrease which in turn leads to the 
precipitation of massive amounts of sulphide / sulphate 
minerals, occasionally leading to the formation of 
economically important Volcanogenic Hydrothermal 
Massive Sulphide deposits (VHMS, Huston et al. 2010). 
As a consequence, the trace element and isotope 
geochemistry of precipitates from early Archaean 
hydrothermal systems provide insights into both the early 
Archaean lithosphere and the primitive ocean chemistry. 

Hydrothermal activity was much more vigorous during 
the Archaean than at present, due to higher global heat 
flow and/or the presence of a long-lived crustal / mantle 

heat source.  Some of the most conspicuous features of 
Archaean hydrothermal activity are widespread 
silicification of volcanic host rocks and localised 
precipitation of barite (barium sulphate), a feature that 
indicates unique chemical conditions of the Early 
Archaean oceans relative to the later Meso- and 
Neoarchaean record (Huston and Logan 2004). Studies 
of these hydrothermal precipitates in early Archaean 
volcanic rocks may provide important information linking 
the co-evolution of the lithosphere, the hydrosphere, and 
life on the early Earth (e.g. Van Kranendonk 2006; Van 
Kranendonk et al. 2008).  

In submarine volcanic environments, hydrothermal 
fluids leach soluble elements from oceanic crust and 
lithosphere during water-rock interaction and transport of 
these elements into the hydrosphere (Huston et al. 2010). 
Many of these soluble elements precipitate at, or near, 
the seafloor during the mixing of high-temperature fluids 
and seawater; and supply the necessary nutrients for 
development of life. 

The first record of early life in Australia was reported in 
~3.49 Ga old rocks of the Pilbara craton, Western 
Australia. In the North Pole Dome area, the microbial 
activity was manifested by 34S-depletion of sulphides, and 
occurrence of microbial methane with 13C as low as -56 
‰ in cherts-barite deposits. But paleo-environment and 
the tectonic setting of this possible habitat of life are still 
disputed. Two controversial models exist for the paleo-
environment of this possible habitat of life. According to 
the first model, the stromatolite growth occurred in 
shallow evaporating brine ponds, separated from the sea, 
with primary gypsum precipitation, transformed into barite 
by later hydrothermal fluid circulation (Shen et al. 2001). 
Associated cherts were interpreted as evaporitic and 
clastic sediments which were silicified by later fluid 
circulation during either shallow seafloor alteration, 
structural doming at 3.3-2.9 Ga, or faulting during flood 
volcanism at 2.7 Ga. An alternative model of primary 
hydrothermal origin for barite and cherts was proposed 
more recently based on detail field mapping (Van 
Kranendonk 2006). 

In this contribution, we evaluate the evolution of paleo-
environmental conditions related to hydrothermalism and 
life evolution throughout the Archaean era, starting from 
the oldest Early Archaean North Pole Dome hydrothermal 
system with recorded traces of early life, as compared 
with the more developed Late Archean hydrothermal 
system within the Nimbus deposit area, where the 
evidence of microbial life are also described (Barrote et 
al. this volume). 
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2 Geological Context 
 
2.1 Early Archaean North Pole Dome deposit, 

Pilbara Craton 
 
The studied samples come from the low-grade 
metamorphosed Dresser Formation, which is a part of the 
Warrawoona Group at the North Pole Dome area in the 
Pilbara craton, Western Australia. This locality hosts 
bedded cherts and sulphide-barite horizons interlaid with 
well-preserved pillow basalts containing dense 
hydrothermal silica/chert ± barite feeder veins within the 
Dresser Formation (3.49 Ga, Van Kranendonk 2006). 
The metalliferous sediments (with mainly iron sulphides) 
and bedded carbonate with associated stromatolite-like 
structures are used in this study as a proxy for the 
Archaean seawater composition, as demonstrated by 
Van Kranendonk (2003) based on REE patterns.  
 
2.2 Late Archaean Nimbus deposit, Yilgarn 

Craton 
 
The Nimbus Ag-Zn-(Au) deposit is located near the 
margin between the Kalgoorlie and Kurnalpi Terranes in 
the Eastern Goldfields Superterrane (EGS) in the Yilgarn 
craton, Western Australia (see Barrote et al. this volume, 
for more details). This deposit was formed through the 
replacement of the host stratigraphy associated with c. 
2705 Ma plume magmatism of the Kambalda Sequence 
(Hollis et al. 2017). 
 
3 Results and Discussion 
 
3.1 Timing of ore deposition / remobilisation 
 
Certain isotopes of the metallic elements concentrated in 
hydrothermal precipitates are the daughter products of 
radioactive decay. For example, 187Os is a product of the 
β-decay of 187Re, making the Re-Os isotopic system an 
important geochronometer of hydrothermal processes, 
providing that the Re-Os system remains closed since the 
ore deposition event (e.g. Yang et al., 2009).  

At the North Pole area, the Re-Os system was not 
closed, possibly due to repeated episodes of seafloor 
hydrothermal circulation giving rise to advanced argillic, 
phyllic, and prophyllitic hydrothermal alteration of footwall 
basalts (Van Kranendonk and Pirajno 2004). The Re/Os 
ratios of these altered basalts is about 3 times higher than 
that of komatiitic and overlying basalts from the area with 
Re/Os ∼10 (Fig. 1). 

The resetting of the Re-Os isotope system most likely 
occurred due to Re addition via hydrothermal fluids. The 
minimum age of this resetting event was estimated to be 
ca. 1.7 Ga, which may correspond to the reactivation of 
the system due to Proterozoic deformations related to 
nearby Capricorn orogeny (e.g., Spaggiari et al. 2008). 
However, this regression age is imprecise and will require 
application of additional geochronometers. These 
hydrothermal processes, however, didn’t affect the Sm-
Nd isotope systematic in the same rocks (Tessalina et al. 
2010). 

 
Figure 1. Re-Os isochron diagram for the hydrothermal precipitates, 
cherts, hydrothermally altered footwall basalts, and komatiitic 
basalts for North Pole Dome area. Note that the Re-Os system was 
open possibly due to addition of Re via hydrothermal circulation. The 
minimum age of the latest disturbance may be estimated at 1.7 Ga 

 
At the Nimbus deposit, massive pyrite with colloform 

textures, situated at the top of the hydrothermal system, 
yield the Re-Os isochron age of 2719 ± 45 Ma (Barrote et 
al. this volume). The polymetallic epithermal-style 
mineralisation underneath this massive pyrite lens 
demonstrates open system behaviour, possibly due to 
pervasive hydrothermal circulation.    
 
3.2 The Osmium isotope composition of Archean 

seawater 
 
Because seawater − hydrothermal fluid mixing in 
submarine volcanic environments is the most important 
process driving sulphate/sulphide precipitation, the 
composition of seawater will have an influence on the 
chemistry of the hydrothermal products. Seawater 
chemical properties such as redox state and salinity will 
have a major influence on the behavior of hydrothermal 
fluids as they vent and a smaller influence on the ability 
of fluids to transport metal. 

Metalliferous marine and organic-rich sediments carry 
exclusively seawater-derived Osmium (e.g., Peucker-
Ehrenbrink et al. 1995), and can be used as recorders of 
variations in the Os isotopic composition of seawater in 
the past. In turn, the Os isotopic composition of seawater 
reflects a balance of input between eroded, radiogenic 
continental material and a non-radiogenic component 
derived either from the alteration of oceanic crust, erosion 
of ultramafic rocks, or dissolution of micrometeorite 
material. Consequently, this isotope system potentially 
provides a record of the relative changes in these sources 
over time, and variations in the Os isotope composition of 
seawater can be used to constrain climatic or tectonic 
driven changes in continental erosion or ocean 
circulation. In this case the Os isotopic system potentially 
offers a highly sensitive and distinct record of chemical 
weathering of the continents, but thus far robust records 
of seawater Os have proved difficult to retrieve. 

The value of the initial Os isotopic composition from a 
Re-Os isochron records the 187Os/188Os isotope 
composition of the contemporaneous seawater at the 
time of sediment deposition, if the hydrogenous Os 
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fraction of organic-rich sediments dominates the 
detrital/extraterrestrial Os fraction (e.g. Ravizza et al. 
1991). Determinations of the Os isotope composition of 
Precambrian seawater are limited (Kendall et al. 2016 
and references therein). The seawater residence time of 
Os was possibly low under conditions of a predominantly 
anoxic Archaean atmosphere and ocean prior to the ca. 
2.3 Ga Great Oxidation Event. However, for a 
predominantly anoxic Archean atmosphere and oceans, 
riverine transport of soluble Re and radiogenic Os from 
weathering and erosion of crustal rocks (major source of 
radiogenic Os to the oceans nowadays) would be 
negligible, resulting in deposition of Archean shales with 
low Re abundances and 187Re/188Os and 187Os/188Os 
ratios (e.g. Wille et al. 2007).  

 

Figure 2. Preliminary Re-Os isochron diagram for black shales and 
syngenetic nodular pyrite from the Nimbus deposit area. The 
obtained age corresponds to the U-Pb age of volcanics in the area 
(Hollis et al. 2017).    
 

Black shales and syn-sedimentary nodular pyrite from 
the Nimbus deposit area yield an isochron age of 
2705±44 Ma, with an imprecise initial 187Os/188Os isotopic 
composition of 0.03±0.23 (Fig. 2). This IROs is close to the 
chondritic value, and consistent with the dominance of 
the late Archaean marine Os budget by 
magmatic/hydrothermal and extraterrestrial inputs, which 
is typical of Precambrian marine shales deposited under 
an anoxic weathering regime. 

Due to open behaviour of the Re-Os system at North 
Pole Dome area, we can’t exactly estimate an initial Os 
isotopic composition of Early Archean seawater. 
However, a seawater component of the North Pole 
sedimentary carbonates is confirmed by seawater-like 
REE patterns with HREE enrichment and high Y/Ho 
ratios of ~45. Thus, the 187Os/188Os ratios of 0.22 to 0.32 
obtained for metalliferous and organic-rich sediments 
intercalating with sulphides, can be considered as a 
maximum estimate. 

 
3.3 Redox state and early ocean chemistry  
 
The widely recognised conclusion about the reduced 
state of the early Archaean atmosphere and hydrosphere 
is mainly based on sulphur mass-independent 
fractionation. This approach is more relevant to the 
atmosphere, because this fractionation effect is ascribed 

to the photolytic breakdown of atmospheric SO2. The 
abundance of primary hydrothermal barite at early 
Archaean environments in the Pilbara has important 
implications for the composition of early Archaean ocean 
waters. It implies that the ambient seawater at the time of 
mineralization was sufficiently oxygenated to either 
stabilize SO42- as the dominant sulphur species in 
seawater or to oxidize the H2S present in the initial ore 
fluids to SO42-. In either case, the precipitation of sulphate 
minerals during formation of early Archaean VHMS 
deposits may be consistent with their formation under 
oxic conditions. To evaluate this hypothesis, one can use 
the redox-sensitive group of elements including some of 
PGEs, Re and Mo. Their concentrations in recent marine 
sediments are highly variable as a result of redox-
dependent solubility (which is the opposite of that of Fe), 
and the subsequent scavenging of the dissolved species 
under marine reducing conditions. Hence, PGE and Re-
Os isotope studies on carbonate-rich and metalliferous 
sediments promise to provide a valid indicator for 
variations of atmospheric and marine redox conditions in 
the early Archaean. These chemical proxies appear to 
respond to subtle variations below the Fe-oxide buffer, 
and below the redox potential required for the 
development of negative Ce anomalies, and make it 
possible to study the early history of the atmosphere and 
hydrosphere. An advantage of this group of elements as 
redox proxies is that, unlike Fe, they are trace elements 
that cannot themselves buffer environmental redox 
conditions and that they appear to respond to low oxygen 
concentrations. 

Our preliminary studies of metalliferous sedimentary 
rocks from the North Pole Dome area have shown low Re 
contents ranging from 0.07 ppb in metalliferous 
sediments up to 0.5 ppb in carbonate-rich sediment, and 
2.1 ppb in black cherts, similar to 3.23 Ga old shales from  
Fig Tree Group from Barbeton (Wille et al. 2007), and 
consistent with anoxic conditions (Fig. 3). A general 
increase in Re and Mo concentrations, compared to the 
continental crust and North Pole Dome area, can be seen 
within the black shales associated with Nimbus deposit, 
where we observe enhanced Re and Os concentrations 
in a range from 2 to 150 ppb, indicating a weak fO2 
increase to levels where mass independent sulphur 
isotope fractionation still occurs in Late Archean time at 
2.7 Ga (Caruso et al., 2018), or gradual rise of oxygen, 
consistent with observations from Transvaal supergroup 
shales (Wille et al. 2007). It should be noted that even if 
the upper part of the ocean was in equilibrium with a 
reduced atmosphere, the lower part of seawater column 
could be in disequilibrium, although still in a relatively 
reduced state (Huston and Logan 2004). 

The late-Archaean sulphate-free VHMS deposits 
reflect an oceanic environment significantly more 
reduced than at present. Furthermore, the late Archaean 
globally, is widely recognized as a period of high global 
heat flow, growth and stabilization of continental crust 
and extensive degassing of the upper mantle. Some 
authors suggest that, during a time of rifting, 
hydrothermal discharge of reduced fluids can become 
extremely vigorous and potentially drive bottom waters to 
anoxia. This mechanism, together with transgressive 
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conditions, concomitant with the main period of VHMS 
generation during the late Archaean could account for the 
absence globally of sulphates in these deposits.  

Figure 3. Re contents in sulphide ores (open squares), as well as 
metalliferous and organic-rich sediments (filled squares), versus 
time. From right to left: 1 – North Pole Dome area, this study; 2 – Fig 
Tree Group (Wile et al. 2007); 3 – Nimbus deposit black shale and 
sulphides (this study and Barrote et al. this volume); 4 – Joy Lake 
carbonaceous slates (grey squares; Yang et al. 2009); 5 – Ghaap 
Group black shales (Wille et al. 2007); 6 – Turee Creek Formation 
(Philippot et al. 2018). Note: GOE stands for Great Oxidation Event.  
 
4 Conclusions 
 
The hydrothermal activity at Archean time has promoted 
the lithosphere – hydrosphere interaction, provided 
nutrients and created an environment suitable for the 
early life. Comparison of Early Archean (North Pole 
Dome) and Late Archean (Nimbus) sites indicate the rise 
of oxygen towards the end of Archaean. The Os budget 
in seawater was predominantly dominated by 
magmatic/hydrothermal input with negligible continental 
crust component via riverine erosion. Ongoing 
hydrothermal circulation did reset Re-Os system at North 
Pole Dome area, and late epithermal-style portion of the 
Nimbus deposit.  
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