
New discoveries – new views: Advances in the Science of Mineral Exploration  1175 

Permeability network, alteration and mineralization of the 
Spitfire basement-hosted uranium prospect, Western 
Athabasca, Canada. 
Maher Abdelrazek1, Antonio Benedicto1, Mostafa Fayek2, Cameron Mackay3, Darren Slugoski3, Olivier 
Gerbeaud4, Patrick Ledru5 

1Université Paris-Sud, UMR GEOPS, Orsay, France 
2University of Manitoba, Department of Geological Sciences, Winnipeg, Canada 
3Purepoint Uranium Group, Saskatoon, Canada 
4Orano, Paris, France 
5Orano Canada, Saskatoon, France 
 
Abstract. The spatial distribution of uranium and 
associated hydrothermal alteration within the structural 
network is a key feature for basement-hosted 
mineralization of the Athabasca metallogenic province. 
Uranium oxides precipitated within steeply dipping fault 
systems and zones of strong rheological contrasts. 
Microscopic observations focused on micro-textures and 
mineral assemblages to characterize the permeability 
network and the alteration. Isotopic analysis (SIMS) on 
sulfides investigated possible connections between the 
different parts of the orebody. This study shows that the 
permeability of the pre-existing ductile fault zone has 
been enhanced by dilatational micro-brecciation followed 
by strong dissolution, thereby reactivating and creating a 
new permeability network. 

The main mineralizing event is followed by an oxidizing 
ore remobilization event at the top of the prospect, just 
below the unconformity. Sulfur δ34S isotopic values range 
from -40 to +40 ‰ showing a complex geochemical 
evolution of the deposit through time.  

 
1 Introduction 
 
In the Athabasca Basin, most of uranium high-grade 
mineralization is localized at the unconformity between 
Paleoproterozoic and Archean basement rocks and the 
Helikian Athabasca sandstone (Kyser and Cuney 2005). 
Unconformity-type deposits are commonly associated 
with the presence of graphite-rich basement shear zones, 
which are inherited from basement structures formed 
during the Trans-Hudson orogeny, and which were 
reactivated during or after the deposition of the 
Athabasca basin in the upper crust brittle domain 
(Jefferson et al. 2007). Mineralized orebodies form lenses 
either whithin the basement (Eagle Point), at the 
unconformity (Cigar Lake) or sometimes both (Key Lake; 
Harvey and Bethune 2007). Two sub-types of the 
unconformity-type model have been characterized 
(Hoeve and Quirt 1984): (i) the Egress model involving 
uranium-bearing fluids flowing through the basement via 
permeable structures, uranium precipitating at the 
unconformity; (ii) the Ingress model involving basinal 
fluids flowing from the bottom of the basin into the 
basement through basement reactivated structures, that 
act both as trap and fluid pathway. Recent numerical 
modeling showed that the two processes can coexist in 

the meantimeand be actives in the same area (Li et al. 
2018). Most of known economic uranium concentration is 
known to be located in the Eastern part of the Athabasca 
basin, lying over a unique domain in the basement, called 
the Wollaston-Mudjatik Transition Zone (WMTZ). 
However, significant uranium high-grade concentrations 
were found in the Western part (Maybelle River, Shea 
Creek, Beaverlodge district), and some of these have 
been mined in the past (Cluff Lake).  

Since 2012, discoveries of high-grade uranium 
mineralization along  the Patterson Lake Corridor have 
caught the attention of many companies. These 
discoveries are exclusively basement-hosted, and may 
be deeply rooted below unconformity (900 meters for 
Arrow), with little to none of Athabasca basin formations 
preserved on top (these areas are located outside the 
actual southern limit of the basin). Card and Noll (2016) 
carried out new definition for basement geology of the 
West-Athabasca basement, corresponding to Talston 
domain (Card et al. 2014), as it is dominated by altered 
orthogneiss, instead of metapelites, which are known to 
be prominent  in the WMTZ. The Hook Lake project hosts 
the Spitfire deposit, which is presumed to be located in 
the geological continuity of large known deposits along 
the Patterson Corridor (Arrow, Triple R). Few structural 
studies has been carried out in the patterson Lake 
Corridor, and few have been presented (Benedicto et al. 
2017; Hillacre et al. 2017).  

These studies established some links between the 
basement structures and high-grade uranium 
mineralization. Regarding Spitfire, but there is still a doubt 
on the nature of the  permeability network through which 
uranium-bearing fluids percolated to form the known 
mineralization, as well as the mechanisms responsible for 
the enhancement of permeability in basement rocks. The 
origin of fluids, the number of mineralizing events and the 
chronology of events are still open questions. This study 
couples macro- and micro-structural observations made 
on samples from newly drilled uranium-rich cores with 
petrography and secondary ion mass spectrometry. The 
results allow to define a structurally-driven paragenetic 
sequence for Spitfire, and to establish which were the 
mechanisms responsible for permeability enhancement. 
 
2 Deposit architecture 
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The Spitfire discovery is located in a bend of a graphitic 
conductor, generally striking N-E that locally turns 
towards N015 (Benedicto et al. 2017). This change in 
strike is interpreted to have induced local trans-tensional 
conditions, resulting in the creation of dilational-jog 
structures through reverse-sinistral reactivation of prior 
structures.   

Geological cross-sections across the Spitfire orebody 
(Figure 1) suggest the existence of a network of 
anastomosing graphitic shear zones, eventually stacked 
together, encompassed within non-graphitic silicified 
lithological units (silicified gneiss) or quartz veins. Shear 
zones are affected by extensive alteration, characterized 
by quartz depletion, chlorite and locally graphite 
enrichment. Upper contacts of the shear zones with 
silicified units are preferentially intruded by mafic dykes, 
which show different degrees of deformation and 
alteration, ranging from fresh-undeformed to foliated and 
completely chloritized. In the upper basement (just below 
the unconformity), secondary oxidation has affected the 
overall basement lithology. 

 

 
Figure 1. Mineralization envelope at a 500cps cut-off and their 
projection on a WNW-ESE cross section, after Benedicto et al. 
(2017). 
 

Mineralization occurs along zones of strong 
rheological contrast between the upper shear zone and 
the silicified gneiss, as well as on the contact between 
shear zones and overlying silicified pyritic-rich gneisses. 
These contacts are both intruded by dykes set in place 
before mineralization. 

The composite orebody is made up of three major 
sigmoidal lenses, whose shapes are guided by the 
orthogneiss foliation. Figure 2 shows the mineralized 
envelopes (with a cut off defined at 500cps) and their 
projection on the cross section. In the upper part, the 
mineralization spreads laterally along the shear zone, 
which seems mostly to occur within the oxidation zone. 
The mineralization exhibits a gradual change in texture 
and width from distal oxidized zones to the center of the 
orebody. 
 

 
Figure 2. Mineralization envelope at a 500cps cut-off. 
 
2.1 Upper mineralization – Yellow and purple 

lenses 
 
The shear zone interval is composed of mylonitic rocks 
with S-C fabric indicating dextral shear. Folds develop 
toward depth without preferential orientation. The rocks 
are chloritized and phyllosilicates are the dominant 
minerals. Locally, some redox fronts overprint the ductile 
fabric, especially closer to the unconformity. The shear 
zone can be locally affected by a later brittle deformation 
stage. Small breccias can develop in the vicinity of mafic 
to ultra mafic dyke intrusions crosscutting the shear zone. 
Breccias are identified by rotated clasts of mylonite. 
These intrusive orebodies seem to use rheological 
contact between the footwall of the shear zone and the 
hanging wall of the underlying orthogneiss as weakness 
plane. 

Outside the oxidized zone, mineralization is mostly 
disseminated and higher grade near the top of the shear 
zone, at the interface with the silicified gneiss. Grade 
tends to be lower with increased fold intensity. Uranium 
oxide veins display a variable orientation ranging from 
foliation-parallel to oblique to foliation. The density and 
width of veins tends to increase toward the center of the 
shear zone and with depth. In the oxidized zone, 
mineralization is remobilized to form botryoidal uraninite. 
A metamorphic foliation formed by elongated quartz is 
seen in the gneiss. Breccias can be observed at the 
contact with the dyke, showing clasts of the gneiss within 
an argillitic dyke matrix. Several fracture sets develop in 
the gneiss, crosscutting the foliation at different 
orientations. Small veins less than millimeter width of 
chlorite, clays and iron-oxides postdate the previous 
ductile and brittle structures, as well as uranium 
mineralization. 

Mineralization in the gneiss is visible as uranium oxide 
veins similar to the veins in the shear zone, up to 
centimeters in width, and also as micro veins crosscutting 
quartz with mineralization spreading from the vein into the 
foliation in a “Christmas tree” pattern. Mineralization 
appears to be of higher grade in the sheared interval than 
in the orthogneiss. 
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2.2 Lower mineralization – Green lens 
 
Mineralization is hosted at the contact between a pyrite-
rich silicified gneiss and a chloritized mafic dyke at its 
footwall. The dyke is emplaced between the gneiss and 
the graphitic shear zone below. Strong alteration 
overprints the dyke. Textures show white clasts of 
argillitic material within a matrix of dark-green chlorite. 
Chlorite grains are well developed and oriented in the 
same direction. Edges of the clasts show dissolution 
textures. The first steps of the dissolution process are 
visible in the less altered part of the dyke. Chlorite veins 
develop in small fractures and spread to replace the host 
rock. The pyrite-rich silicified gneiss also shows strong 
dissolution in the vicinity of the dyke. The dissolution 
affects both quartz and pyrite, and seems to be driven by 
fractures crosscutting the foliation. 

Mineralization in both the silicified gneiss and the dyke 
is disseminated in the phyllosilicates, in association with 
pyrite. Compared to the upper part of the orebody, grade 
of the mineralization is lower. 

 
3 Textural relations and observations of 

alteration and mineralization 
 
Observations at macro-scale were reinforced by micro-
structural observations in order to characterize alteration 
textures related to uranium mineralization, and the 
eventual associated permeability network. This will be 
here presented in a separated way for each main 
lithological group. 

 
3.1 Shear zone 

 
The shear zone mineralogy is dominated by 
phyllosilicates. Disseminated mineralization coats the 
grain surfaces and fills porosity between grains, forming 
patches of mineralized phyllosilicates. Uranium oxides 
are not homogeneously distributed at the micro-scale. 
Locally, the intensity of mineralization can totally overprint 
the clays (Figure 3). 
  

 
Figure 3. Backscatter electron picture of mineralized vein network 
with mineralization spreading in the surrounding phyllosilicates. 
Edges of the titanium oxide display strong dissolution patterns. 
 

Remobilization of uranium oxides can be observed in the 
mineralized phyllosilicates through dissolution 
embayment’s filled with iron-oxides. 

At this scale, open fractures are visible. These 
fractures run into the phyllosilicates and crosscut the 
foliation. Uranium oxides coat the edges of the fractures 
and spread into the host rock using the intra-grain 
porosity, as shown in Figure 3.  
 
3.2 Silicified gneiss 
 
The silicified gneiss consists of elongated quartz forming 
the foliation and white micas. 

Samples from the hangingwall of the shear zone 
display evidence of micro-fracturing that affects quartz, 
and seems to be anterior to the uranium mineralization. 
These micro-fractures have no preferential orientation 
and show no evidence of displacement.  

Mineralization occurs sporadically by filling these 
micro-fractures, forming veins, which local increase in 
density. These micro-fractures and veins suggest the 
formation of a proto-breccia. Some of these mineralized 
veins cut through both quartz and micas without any 
change in orientation. Where they crosscut micas, veins 
tend to be diffuse along the way into the inter-granular 
porosity (Figure 4). The two ore textures look 
chronologically coeval. Dissolution patterns are visible at 
the edges of quartz clasts within the proto-breccia but 
also at quartz edges in contact with mineralized mica 
patches. 
 

 
Figure 4. Backscatter electron image of mineralization in silicified 
gneiss. Uranium-bearing veins locally create proto-breccia (in blue 
circles). An early fracture network in quartz is partially re-open and 
mineralized. The edges of quartz in contact with the mineralized 
phyllosilicates display dissolution patterns. 
 
3.3 Pyritic silicified gneiss and chloritized 

intrusive 
 
The gneiss is strongly affected by silicification. The 
mineralogy is composed of quartz, dark-green chlorites 
and sulfides (large pyrites overgrown by quartz and 
micro-pyrite/chalcopyrite disseminated into the chlorite). 
Samples from the mineralized area highlight first a strong 
dissolution affecting both quartz and the large pyrite 
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grains, in zones where dark green chlorite is visible. The 
main pathway localizing the dissolution seems to be 
fractures, as shown by few peripheral fractures in quartz, 
showing dissolution textures on their edges.  The chlorite 
fills spaces left by the dissolution and hosts the 
mineralization. Mineralization that coats grain surfaces, 
fills intra-grain porosity, forms veins in quartz, and 
replaces micro-pyrites and parts of large pyrite grains.  

 
4 Isotopic analysis 
 
Four texturally different pyrite generations are observed: 
(i) anhedral pyrite interpreted as the oldest generation 
and of metamorphic origin, often associated with a 
second generation of pyrite overgrowths, and showing 
dissolution textures; (ii) pyrite overgrowths on the first 
generation; (iii) disseminated pyrite in hydrothermal 
chlorite and associated with chalcopyrite; and (iv) 
framboidal pyrite. 

Large pyrite grains (i) have δ34S values ~0‰, 
consistent with the interpretation of metamorphic origin. 
Pyrite overgrowths (ii), and the framboidal pyrite (iv) have 
low δ34S values of -30 ‰, interpreted as forming from 
bacterial sulfate reduction. Uranium mineralization 
replaces both framboids and the phyllosilicates filling 
fractures with the large pyrite grains. Pyrite associated 
with chalcopyrite in chlorite (iii) has a mean δ34S value of 
-2.6 ‰, consistent with the supposed hydrothermal origin 
of the chlorite. Some subeuhedral pyrites in clays from 
both lower and upper mineralization also have δ34S 
values of up to +40 ‰. Pyrites with these high isotopic 
values can be interpreted to have formed from sulfate 
from Athabasca basinal brines or from a closed S isotopic 
system where biogenic sulfate reduction depleted the S 
reservoir of 32S and continued sulfate reduction formed 
pyrite enriched in 34S. 

Uranium mineralization postdates all pyrite 
generations. 
 
5 Discussion 
 
Permeability enhancement in the basement rocks in the 
Patterson Lake corridor results of a long and complex 
geological history starting with the high grade 
metamorphism.  

Gneissification in the upper amphibolite to granulite 
facies formed strong rheological contacts between 
lithological units. Micro structural analyses on different 
cores suggest that basement was deformed in pure 
shear. Within this structural frame, corridors of higher 
strain developed mylonitic rocks along with fluid 
circulation, transforming the protolithe into pseudo-pelite.  

Micro-fracturation developed in quartz, cross-cutting 
dynamic recrystallization textures. This event seems to 
take place in a tensile regime, creating space lately filled 
with phyllosilicates. This brittle event is well developed in 
rocks in the vicinity of the orebody but really discrete in 
rocks outside. As no major fault linked to the 
mineralization has been intersected in drillhole, the 
Spitfire area can be seen as a damaged zone, with 
fracturation acting as conduit for fluid circulation (Caine 

et al. 1996). 
The permeability network hosting uranium-rich 

mineralization in the basement rocks is interpreted to 
develop through a combination of physico-chemical 
mechanisms overprinting the inherited ductile fabric and 
further deformation in the form of micro-fracturing and 
associated dissolution processes. Micro-scale 
observations emphasize that a single event is 
responsible for the majority of mineralization observed in 
the Spitfire orebody, which was later on remobilized by 
an oxidizing event. Most of the mineralization is texturally 
associated with pyrite. Sulfur isotope results from four 
different pyrite textures confirm that pyrite precipitation 
happened in different contexts: metamorphic, 
hydrothermal, and biological processes. The high δ34S 
values at the upper mineralization from sample showing 
a redox front could be linked to basinal brines circulation. 
Textural evidences show that mineralization post-dates 
the different textures and uses sulfides as one of the main 
chemical trap. The presence of chalcopyrite in pyrite and 
in uranium-oxide-enriched zones raises the question 
about the potential of copper in the system as a potential 
tracer. 
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The Mineral System concept applied to unconformity-
related uranium deposits of the Athabasca Basin (Canada) 
Patrick Ledru 
Orano Canada Inc.,Canada  
 
 
Abstract. The concept of Mineral Systems (McCuaig and 
Hronsky 2014) is applied to the formation of 
unconformity-related uranium deposits in Athabasca 
Basin (Canada). Critical elements defining such systems 
are identified in terms of (i) crustal architecture of this part 
of Laurentia, (ii) transient geodynamics as characterized 
by the progressive evolution of the structures, their 
interaction with thermal convection and deformation 
driven fluid circulation and (iii) fertility of the lithologies. 
The unconformity at the base of the Athabasca Basin acts 
as a major interface in which fluid flow has transported 
and precipitated high-grade uranium deposits, in 
particular at the intersection with basement hosted 
graphitic bearing steeply dipping fault systems. 

The application of the Mineral Systems concept 
provides a baseline to reassess strategies and to 
identify/prioritize the most appropriate technologies at 
different stages and scales of exploration, from the early 
regional assessment to resource estimates. Changes in 
paradigms may be necessary to include not only 
information collected from drill core but also the 
architecture of the main structures at regional scales and 
their ability during successive reactivations to enhance 
permeability of the systems through organized and 
focused fluid-flux.  

The role and mode of reactivation of these basement 
faults in connection with the formation of unconformity-
related uranium deposits is emphasized and an analogy 
with Enhanced Geothermal Systems is proposed. In both 
cases a pre-existing permeability network is stimulated, 
whether by forceful injection of fluids or by tectonic 
processes, enabling the creation and maintaining fluid 
convection at least at the scale of the upper crust, down 
to the britlle-ductile transition. 
 
1 Defining the critical elements of the 

unconformity-related uranium deposits of 
the Athabasca Basin 

 
The Trans-Hudson orogen (THO, 1.84 - 1.78 Ga, 
Hoffman 1988; Alexandre et al. 2009; Jeanneret et al. 
2017) and the Taltson/Thelon orogen (1.9 – 1.8 Ga, Card 
et al. 2014) are the main Paleoproterozoic orogens that 
contributed to the assembly of the Canadian Shield, a 
part of Laurentia, between 2.0 and 1.8 Ga (Hoffman 
1988; Eglington et al. 2013) marking the collision 
between the Superior Province to the east and the 
Hearne Province and Slave craton to the west (Fig. 1). 
The Hearne Craton is mainly constituted by the Mudjatik 
domain, composed of Archean granulitic tonalitic-
trondhjemitic gneiss domes and the Paleoproterozoic 
meta-sedimentary gneisses of the Wollaston domain 

(Annesley et al. 2015). These domains were strongly 
imbricated during orogenic processes marked by 
vertically-accretive growth histories and the development 
of steeply dipping anastomosed shear zones that extend 
over several hundred kilometers along strike, mainly the 
Wollaston-Mudjatik transition Zone (Fig. 2) and the 
Snowbird Tectonic Zone/Virgin River shear zone (Fig. 1). 

 
Figure 1. Simplified geology of the Canadian Shield (Jefferson et 
al., 2017) 
STZ: Snowbird tectonic Zone, VR: Virgin River Shear Zone  

 
This tectonic evolution has been sealed since 1.71Ga 

(maximum age) by the deposition of basins 
(Paleoproterozoic to Mesoproterozoic Athabasca, 
Thelon, Elu and Hornby Bay basins) mainly composed of 
detrital sediments that rest unconformable over these 
deeply eroded domains (Fig. 1). The architecture of the 
lithosphere in this part of Laurentia is characterized by the 
intersection of deeply rooted anastomosed shear zones, 
as defined by discrete geophysical signatures (Fig. 2). 

Transient geodynamics are marked by the polyphased 
tectonic evolution of these domain defining structures, 
prior and after the deposition of the detrital basins. 
Steeply dipping shear zone have undergone intense 
retromorphic evolution synchronous of a greenschist 
metamorphic grade following the development of ductile 
to brittle reverse fault systems in zones of high 
rheological contrast and particularly in graphite-rich 
horizons. Hydrothermal alteration is present in zones of 
compression marked by significant dissolution, transport 
and precipitation of silica along with metalliferous 
elements. 
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Figure 2. The Wollaston Mudjatik transition zone: an anastomosed 
steeply dipping fault network superposed to the total horizontal 
derivative of the magnetic field. Mines: KL Key Lake, McA 
McArthur River, CL Cigar Lake, McL McClean Lake, RL Rabbit 
Lake 

 
The offset of the unconformity, up to several hundred 

meters along the Virgin River shear zone (Fig. 1) and the 
development of fault network within the Athabasca Basin 
show that these inherited structures have been 
reactivated several times and used as channels enabling 
mixing of fluids from basin and basement origin and 
leaching of metals (Martz et al. 2017, 2018). The 
dynamics of this system is considered as the main source 
for high-grade uranium deposits, so called in-gress and 
e-gress depending respectively of the downward and 
upward main flow of the fluids at the unconformity (Fig. 3) 
(Hoeve and Quirt 2007; Jefferson et al. 2007), as 
controlled by thermal convection and deformation-driven 
mechanisms (Li et al. 2017). 

The lithologies and the tectonic evolution present 
favorable features in terms of mineral fertility. A large part 
of the graphite observed in the main basement fault 
systems of the Wollaston domain are derived from metal-
enriched black shales and incipient melting is the source 
of uranium enrichment in anatectic melt (McKechnie et al. 
2013; Mercadier et al. 2013). Moreover, at this period, the 
great oxidizing atmosphere event has been able for the 
first time in Earth history to mobilize uranium in an 
oxidized complex.   

The architecture of part of the Laurentia centered 
within the footprint of the unconformity at the base of the 
Athabasca Basin along with the geodynamics and 
polyphased tectonic reactivation of deeply rooted 
structures and the fertility of the crust are considered as 
critical elements favorable for the formation of uranium 
ore deposits.. The presence of low permeability zones 
within the basin above the unconformity due to clay-rich 

horizons or silicified zones (diagenetic or hydrothermal 
origin) and the clamped vertical permeability in the 
basement fault systems, have contributed to the 
preservation of primary mineralized zones.  

In conclusion, the concept of Mineral Systems 
(McCuaig and Hronsky, 2014) can be applied to the 
formation of unconformity related deposits being a 
dynamic system exhibiting self-organized critical 
behaviours (Fig. 3).  

 
Figure 3. Application of the Mineral System concept to the 
Athabasca Basin unconformity-related uranium mineralizations 
 
2 Implication of the Mineral System concept 

applied to the exploration of unconformity-
related uranium deposits 

 
Exploration of unconformity-related uranium deposits 
mainly focuses on identification of lithological, 
geochemical and mineralogical footprints with an 
empirical approach that more footprints equals greater 
chances of finding a deposit. The information collected 
defines pathfinders that are priori vectors towards 
mineralization (Jefferson et al 2007; Lesher et al. 2017, 
IAEA 2018). Common practice for unconformity 
mineralization drilling programs is to target conductive 
horizons near the unconformity trying to quantify 
alteration haloes and geochemical pathfinders. Less 
focus is put on physical properties and characterization 
of permeability of structures and lithologies at varying 
scales. 

Experience from historical discoveries, exploration of 
fertile trends (i.e. along conductors) and recent 
discoveries in non-conventional targets, like the 
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unconformity-related Centennial deposit (Reid et al. 
2014) and basement-hosted Arrow deposit (Hillacre et al. 
2017), provides opportunities to reassess some of the 
pre-conceived ideas and defined empirical models. Thus 
the application of the Mineral Systems concept provides 
a baseline to reassess strategies and to identify/prioritize 
the most appropriate technologies at different stages and 
scales of exploration. Changes in paradigms may be 
necessary to include not only information collected from 
drill core but also the architecture of the main structures 
at regional scales and their ability during successive 
reactivations to enhance permeability of the disposition 
systems through organized and focused fluid-flux. While 
footprints provide rather static observations that mainly 
illustrate the variety of ore deposit models, scientific and 
drilling targets should also focus on the characterization 
of the mineral systems, aiming to understanding the 
dynamics of paleo-hydrothermal systems and conditions 
for preservation of the deposits using modern geological 
analogs. In this perspective, the distribution of physical 
properties and characterization of the permeability of the 
systems are critical to constrain geophysical modeling 
and decrease the uncertainty of 3D geological models. 

Multiple decades of exploration in Saskatchewan has 
allowed access to large datasets regarding geology 
(lithology, mineralogy, alteration, structure), geophysics 
(airborne, ground and downhole-probing magnetics, 
gravimetry, EM, MT) and geochemistry (major and trace 
elements, isotopic composition and geochronology), 
allowing for data mining, reprocessing and re-analysis. 
Data and knowledge-driven approaches lead regularly to 
the discovery of new deposits and even of new 
metallogenic provinces, like the Patterson Lake trend, 
hosting the Triple R and Arrow deposits and the Spitfire 
prospect. This recently discovered trend, displaying up to 
now only basement-hosted high-grade uranium 
mineralization, illustrates the need to change our scale of 
investigation and review our models. The main structural 
components and observed footprints must be evaluated 
with the consideration of geophysical imagery, 
multidisciplinary combined analysis and development of 
sound 3-D modelling to advance our knowledge of the 
geodynamics of these terranes. New capacities in 
artificial intelligence and machine learning are also 
opportunities to update the known footprint of the 
deposits based on physical and chemical properties of 
the lithologies and structures. 

 
3 An analogy between Unconformity-related 

uranium deposits and Enhanced 
Geothermal Systems 

 
The application of the Mineral System concept 
emphasized the role and mode of reactivation of the 
basement faults in connection with the formation of 
unconformity-related uranium deposits. Following a 
recent proposal for a shallow-burial mineralization system 
driven by magmatic heat sources at depth (Chi et al. 
2018), an analogy is proposed with Enhanced 
Geothermal Systems.  

The concept of Enhanced Geothermal Systems (EGS) 

was defined following experiences of reservoir 
stimulation in hot dry rocks (Elders 1981, Kelkar et al. 
2016). Within regions of high geothermal gradients, 
temperature may reach more than 200°C at depth less 
than 5 km that can be attained by borehole doublets. 
Experiments have shown that the natural permeability 
network was able to be stimulated by mechanical and 
chemical processes, mainly through the injection of fluids 
at the base of an injector well. Structural and fluid flow 
analysis completed in these boreholes has demonstrated 
that the stimulation of the permeability was mainly related 
to the development of fracture systems tightly controlled 
by inherited reactivated structures within mainly altered 
lithologies and emphasized the connection between 
basin and basement-hosted fluid reservoirs (Cathelineau 
and Boiron, 2010; Geraud et al. 2010; Sausse et al. 2010; 
Vidal et al. 2017; Vidal and Genter 2018). This EGS is 
then used for initiating and maintaining a loop enabling 
injected fluid to exchange heat with the reservoir and 
transfer it to the surface to produce electricity. This 
concept has also been applied to active geothermal field 
as it has been proven that reinjection of fluid in the 
reservoir was a condition for maintaining a sustainable 
exploitation of the vapor. 

A comparison between the Athabasca Basin and the 
Rhine Graben, where the borehole triplet of the Soultz 
EGS project has reached fractured Variscan granite at 
5000 m depth, below the unconformity at the base of the 
Mesozoic sequence, shows striking similarities (Fig. 4).  

 
Figure 4. Comparison between the Rhine Graben and the 
Athabasca Basin and main fluid flow (Boiron et al. 2010; Cathelineau 
and Boiron 2010).  

 
The role of the basement fault system, heat convection 
and deformation driven mechanisms for fluid flow 
modeling are very comparable. In both cases a 
preexisting permeability network is stimulated, whether 
by forceful injection of fluids or by tectonic processes, 
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enabling the creation and maintaining fluid convection at 
the scale at least of the upper crust. The temperature 
range to which this stimulation occurs is around 200°C for 
both environments and fluid rock interactions are 
observed, marked by the leaching of large volume of 
rocks and progressive enrichment in metals. It is 
considered that the knowledge gained during several 
decades of EGS experiments can be applied to a paleo- 
enhanced geothermal system: the unconformity-related 
uranium deposits of the Athabasca Basin. 
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Abstract. A systems approach to understanding how 
earth processes combine across spatial and temporal 
scales to form economic concentrations of mineralisation 
has been progressively adopted over the last 40+ years. 
More recently, the marriage of the mineral system to the 
exploration process has been more effectively 
established. What remains to be realised is the use of a 
systems approach to guide research roadmaps. When 
applying a mineral systems analysis to exploration 
decisions, we note that large value decisions can hinge 
upon highly uncertain knowledge. We consider these 
gaps opportunities for focused fundamental geoscience 
research. We propose that using a mineral systems 
approach to highlight high-value fundamental research 
questions is an effective way to align research institutions 
and industry, and to better focus research investment on 
improving exploration success.  
 
1 The Adoption of Mineral Systems 
 
Over the past 40 years there has been a progressive 
adoption of a ‘systems’ approach to understanding the 
genesis of various styles of mineralisation. Prior to 
adopting mineral and petroleum systems, the economic 
accumulation of mineralisation was largely classified 
taxonomically by analogue deposit model descriptions. A 
systems approach is fundamentally different in that it 
focuses on understanding the fundamental earth 
processes that must align to form economic 
concentrations of mineral and petroleum resources. First 
formally postulated for the petroleum industry in the 
1970’s (Dow, 1974) and then effectively translated into 
practice in the 1990’s (Magoon and Dow, 1994; Magoon 
and Beaumont, 1999), it was adopted in the minerals 
industry in the 1990’s (Wyborn et al., 1994) and 
translated into practice in the 2000’s and 2010’s (e.g. 
Kreuzer et al., 2008; 2010; McCuaig et al., 2010; 2018; 
McCuaig and Sherlock, 2017). 

The progressive adoption of a systems approach to 
mineralisation can be illustrated in the economic geology 
community’s progressive understanding of porphyry 
copper deposits (PCD). Originally found by prospecting, 
PCD were observed to be associated with intrusive rocks. 
A landmark body of research in the 1960’s led to the 
recognition of remarkably similar zonation of minerals 
around PCD (Lowell and Guilbert, 1970), which reflected 

the interaction of heat and fluids from the mineralising 
system with the surrounding host rocks at the site of metal 
deposition. This analogue model was then successfully 
applied to vector into partially covered systems to aid 
discovery. The concurrent growing understanding of plate 
tectonics provided a framework within which PCD were 
recognised as forming in volcanic arcs at destructive 
plate boundaries. The genesis of these deposits was 
largely seen as controlled by what happens in the upper 
8km of the crust, and much research focused on 
understanding this part of the system.  

Fast forward to the present day, and PCD are now 
more commonly viewed in a multi-scale process-based 
systems framework. It is now recognised that PCD form 
in brief geological periods in the history of a volcanic arc, 
within which fertility is interpreted to be controlled by 
geodynamics and processes deep in the crust that 
produce high volumes of hydrous, oxidised melt (e.g. 
Richards, 2011; Loucks, 2014). Whether or not economic 
concentrations of metal form within these fertile time 
periods and arc segments is controlled by conditions of 
emplacement in the upper crust. This multi-scale 
approach, through both space and time, to understanding 
PCD mineral systems is now impacting on exploration 
strategies for this important deposit type.  
 
2 The Application of the Mineral System 

Concept in Exploration 
 
The key to application of mineral systems in exploration 
is to marry the geological understanding of the 
mineralisation across spatial scales to natural decision 
points in the business. These decisions can be grouped 
as (McCuaig and Sherlock, 2017; McCuaig et al., 2018): 

• Regional scale targeting – what 
basin/belt/arc/district has the potential of hosting 
a substantial mineral system? 

• Camp scale targeting – where within the 
basin/belt/arc/district could a number of deposits 
be clustered? 

• Prospect-Deposit scale targeting – where is 
there an orebody of sufficient quality within the 
camp or cluster of deposits? 

Figure 1 illustrates this subdivision of the mineral 
system conceptually. At each scale, one can identify: the 
relevant critical processes that are interpreted to operate 
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in the system, the geology that is interpreted to represent 
the operation of those processes, and the spatial 
datasets or synthesis knowledge products that can be 
used to make the area selection decision. The coloured 
boxes show the areas of emphasis at each scale, from 
large scale processes that establish the potential for a 
large mineral system at the regional scale down to 
specific processes of deposition/accumulation and the 
preservation of a high-quality resource accumulation at 
the deposit scale. 

 

Figure 1. Diagram summarising the mineral system application of 
conceptual targeting across spatial scales. Top: relative inputs of 
prediction versus detection and discrimination technology from 
broad regional scale at left to prospect scale at right. Also shown are 
relative trends in flexibility of exploration programs, direct costs 
versus opportunity costs, and uncertainty. Middle: diagram 
summarising mineral systems translated to the three scales of 
exploration decision – regional terrane selection, camp-scale 
targeting, and prospect delineation. Bottom: key activities of area 
selection, data gathering (precompetitive vs. new proprietary), 
strategic versus tactical response, and exit decisions across scales. 
See text for discussion. Modified from McCuaig and Sherlock (2017) 
and McCuaig et al. (2018). 
 
3 Creation of Research Roadmaps from 

Mineral System Maps 
 
Applied correctly, a systems approach to guiding 
exploration targeting also reveals gaps in understanding 
of the mineralising process across the range of scales of 
exploration decisions. Where do we not understand the 
process? Where are we unable to link geological 
expression to process? Where are we using datasets, or 
interpretations that are not necessarily representative of 
the critical process or geological elements being 
targeted? If major exploration decisions are being pinned 
on any of these aspects that have a high uncertainty, then 
these aspects become potentially high-value avenues for 
fundamental geoscience and technology research to 
develop appropriate tools and mappable spatial proxies. 

In sediment-hosted systems, for example, a systems 
review of conventional and unconventional petroleum, 
sedimentary rock-hosted copper, lead-zinc and uranium 
revealed some common gaps in understanding (McCuaig 
et al., 2018): 

• Basin hydrodynamics – what are the 
mechanisms of brine and petroleum expulsion 

from, and migration through, basins?  
• Timing of fluid movement – what are the 

timescales of brine and petroleum movement 
through basins (e.g. the timing controversy over 
the genesis of sedimentary rock-hosted copper 
and lead-zinc systems; how do some reservoirs 
seem to fill faster than petroleum should 
theoretically migrate in some young petroleum 
systems?) 

• Specific to metals: what are the dynamic physics 
and the interplay between solubility and transient 
permeability under varying stress fields in 
leaching of metal by a brine in source rock 
regions? 

Moreover, such fundamental knowledge gaps in the 
mineral system can be mapped to appropriate scale of 
influence on the exploration targeting process. For 
example, Figure 2 shows some of the large outstanding 
questions in the genesis of high quality hypogene PCD 
systems. 

Of note is our lack of understanding of the physical (c.f. 
chemical) controls on mineral systems. Over the past 20 
years, ever more precise geochronological constraints on 
mineral deposits has shown that mineralisation 
processes can happen very fast. Much of our 
understanding is built on the forensic dissection of 
mineral deposits and their larger geological context by 
careful documentation of geological relationships, their 
multiscale (nano- to regional scale) chemistry, 
mineralogy, and structural geology. However, much of 
the mineralising process appears to occur on timescales 
that cannot be resolved by traditional radiometric 
geochronological techniques. A more fundamental 
understanding of the dynamic physics of the systems 
may be required for us to generate a step change in our 
ability to understand the genesis of high quality 
mineralisation and thereby better predict its location 
under cover. 

Researchers are, in the context of tightening research 
budgets, increasingly seeking areas to apply fundamental 
research to industry challenges. By using a mineral 
systems approach applied to exploration decisions, 
identification of high-value research initiatives can be 
achieved that not only better align exciting and innovative 
fundamental geoscience research efforts to application in 
industry, but better direct the limited resources towards 
this goal. 

Figure 2. Research roadmap showing major areas of 
uncertainty in the PCD mineral system, expressed across 
scale and exploration decision as depicted in Figure 1. 
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Abstract. This communication reviews geochemical data 
on the sub-arc mantle underlying ore-productive arc 
crust. We highlight that re-fertilization of the 
subcontinental lithospheric mantle by subduction-related 
fluids might be a key factor in forming metal-rich domains 
that contribute to the formation of parental magmas able 
to generate large metallogenic provinces in the Earth’s 
crust. As noted in several other previous works, the 
optimal alignment of factors to produce these types of 
deposits embraces three common features: a mantle 
source region that has been previously enriched in metals 
(e.g., Au and Cu), trans-lithospheric faults and a tectonic, 
possible thermal trigger. The results and interpretations 
we provide here are a complementary view to current 
crust-related enrichment models. 
 
1 Introduction 
 
Our current view of the Earth´s interior dynamics 
envisions repeated cycles of melt extraction from a 
convecting fertile mantle, producing a mafic crust (which 
could differentiate to form continental crust) and a 
complementary residual depleted mantle (DM). Each 
crust-formation/depletion episode is followed by a period 
of recycling, during which the mafic crust is partially or 
totally mixed back into the convecting mantle or stored 
deep in the Earth. This scenario, usually taking place 
during an orogeny, is very favorable for the chemical 
exchange between different Earth’s layers, and therefore 
for the formation of large ore deposits. These deposits 
host some of the major mineral wealth in the Earth and 
provide the largest world resources of copper and gold, 
plus a significant source of other base (zinc, lead, iron, 
silver) and critical metals hosted in different styles of the 
mineralization. 

Geoscientists have turned to a number of proxies in an 

effort to answer questions such as: when did recycling 
start, did these cycles operate continually or episodically 
through time, and how efficient is the convective 
recycling, particularly at the time to generate those metal-
enriched melts. Most of the proxies involved the chemical 
and isotopic analysis of the ore deposits. However, this 
only provides an indirect view on the foundational 
controls able to generate thee metal-rich magmas in the 
convecting mantle. Indeed, the best approach is to study 
samples representative of the mantle. These samples are 
nowadays accessible in tectonically uplifted slices and in 
xenoliths from volcanic rocks. 

Perhaps, the highly siderophile elements (including 
PGE and Au) are the most robust of the geochemical 
proxies for the study of these metal-rich magmas in the 
upper mantle. These highly siderophile elements (HSE) 
have stronger affinity for metal than the chalcophile Se, 
Se, Te and Cu [Luguet and Reisberg 2016]. In the Earth´s 
mantle they are mainly hosted within accessory base-
metal minerals (BMM, including sulfides, arsenides and 
sulfarsenides; [Luguet and Reisberg 2016]) and 
refractory platinum-group minerals (PGM; [O’Driscoll and 
González-Jiménez 2016]). Magmatic processes such as 
partial melting, crystallisation and melt-rock interaction 
can strongly fractionate HSE, S, Se, Te and Cu. As a 
result of moderate degrees of mantle melting, the most 
refractory PGE (IPGE: Os, Ir, Ru) behave as compatible 
elements, while the less refractory PGE (PPGE: Pt and 
Pd), Au, Re, S, Se, Te and Cu are more incompatible 
[Luguet and Reisberg 2016]. Hence, the HSE and 
chalcophile elements can be used along with lithophile 
elements to unravel the multistage magmatic history of a 
mantle domain, and therefore mechanism of mass 
transference of metals between the different layers of the 
Earth. 

Of particular interest is the potential use of the PGE 
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and Au as tracers of mantle processes able to generate 
metal-rich magmas that are eventually involved in the ore 
forming magmatic-hydrothermal systems in the arc crust. 
It is well accepted that in arc settings, the oxidation state 
of primitive melts is directly correlated with the amount of 
fluids released from the dehydration of the subducting 
slab (Kelley and Cottrell 2009). At fO2 conditions typical 
of an oxidized mantle wedge (FMQ+1 to +3), the 
dominant sulfur species is S+6, and thus sulfur solubility 
increases significantly from typical mantle concentrations 
of ~200 ppm (at FMQ<1) to S contents in excess of 1 wt% 
(Jugo et al. 2010). Empirical and experimental works 
indicate that S is supplied to the migrating hydrous-
oxidizing silicate melts after the removal or pre-existing 
trace sulfides resident in the peridotites (Hattori et al. 
2002). As noted above, these sulfides, together less 
abundant alloy phases, control the budget of metals such 
as Au and Cu in the mantle (Luguet and Reisberg 2016). 
Therefore, the degree of enrichment of metals in S-rich 
melts in the mantle is associated with the degree of partial 
melting of the mantle source and its previous history of 
depletion or re-fertilization. In particular, regional-scale 
re-fertilization processes by oxidizing subduction-related 
fluids may have enhance dissolution of sulfides at deep 
mantle sources and their later precipitation along sizeable 
(> 100 km) domains at shallower upper mantle. These 
metasomatic sulfides can be significantly charged in Au, 
Cu, Co, and other incompatible chalcophile elements 
(e.g., Wang et al. 2009; Lorand et al. 2013; Hughes et al. 
2017; Tassara et al. 2017, 2018). 
 
2 Transfer of metals from subducting slabs 

to sub-arc mantle 
 
2.1 Dehydration of subduction channel 

serpentinites 
 
Subduction zones not only return oceanic lithosphere into 
the mantle but are also sites where water and other 
components are transferred from the subducting plate 
back to the lower/upper crust. During subduction, 
downgoing oceanic crust that has an important volume of 
sediments may dehydrate releasing hydrothermal fluids 
enriched in in fluid-mobile elements (e.g., As, Sb, Cs, Pb, 
Li or Ba). The main dewatering takes place at 
temperatures between 300 and 600 °C and pressures 
lower than 15 kb. The upward percolation of these fluids 
may induce hydration of the overlying peridotite wedge 
beneath the crust of continental or oceanic arcs. 
Hydration may produce the partial or total transformation 
of the peridotite to serpentinites, which act as sponges for 
a wide suite of elements such as semi-metals (As, Sb, 
Se), and base (Fe, Zn, Cu) and precious metals (Au, Pd, 
Pt). The study of some subduction channel serpentinites 
seems to indicate that anomalously high contents of 
metals are directly associated with the formation of Ni-As-
Sb-S rich minerals, including sulfides, arsenides and 
sulfarsenides. Particular enrichment of these minerals is 
observed in serpentinite shear zones, which are 
interpreted as as a preferential pathway for fluid 
movement [González-Jiménez et al. 2016].  

Continued movement downward of the already 
hydrated sub-arc lithosphere promotes burial of these 
serpentinites while they are progressively heated (i.e., 
prograde metamorphism). As result minerals carrying the 
metals are destabilized while liberating metal-leaden 
fluids that infiltrate deeper regions of the sub-arc mantle. 
The subduction channel serpentinite from the Cerro del 
Almirez in south Spain are good examples of this process 
of dehydration involving the releasing of metal-rich fluids. 
Here, antigorite serpentinites of oceanic origin are 
dehydrated to secondary chlorite harzburgite and both 
these rock-types crop out in the massif. This is the unique 
example in the world where the isograde of antigorite 
breakdown crops out in the Earth’s surface. Our 
systematic study of the bulk-rock abundances of highly 
siderophile elements (Ir, Ru, Rh, Pt, Pd, Au) in these 
rocks show significant partitioning of gold towards the 
fluids released by the dehydration of serpentinites, 
confirming previous observations subduction-related 
melts may promote Au enrichment of specific portion of 
upper mantle (Saunders et al. 2018). Interestingly, the 
crustal section overlying this portion of mantle infiltrated 
by these subduction-related fluids charged in Au and 
other noble metals contain various districts of Au-Ag 
epithermal deposits. 
 
2.2 Mobility of metal-rich serpentinite-related 

fluids within the sub-arc mantle 
 

As associated with corner flow may produce the 
downward movement of the hydrated sub-arc peridotitic 
rocks. Once heated, these rocks may release fluids 
enriched in metals. The upward percolation of these fluids 
through the overlying mantle wedge may produce 
metasomatism while dissolving pre-existing metal-rich 
minerals. For example, Hattori et al. (2002) noted that 
sulfides in peridotite mantle xenoliths that sampled the 
sub-arc mantle from the Ichinomegata in Japan and 
Nunivak Island in Alaska have lower contents of As and 
Sb than sulfides from the primitive mantle. Hattori and co-
workers concluded that these lower contents of As and 
Sb reflect the removal of metasomatic sulfides residing in 
the mantle during partial melting, consistently with high 
values in some mantle wedge xenoliths attributed to fluid 
transport of these elements during mantle 
metasomatism. Lower contents of As and Sb may also 
reflect a quick transference of elements by aqueous fluids 
from the subducting slab/mantle wedge serpentinite to 
arc magmas without residing long in the mantle. These 
authors also noted that high abundances of As, Sb and S 
in arc magmas generally could reflect their enrichment in 
mantle wedges, although they did not find any evidence 
of such enrichment in mantle wedges. This suggests that 
these semimetals were removed from mantle wedges by 
hydrated arc magmas.  

 
3 The metasomatized mantle as a source for 

the parental melts of Au-rich magmatic-
hydrothermal deposits  
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3.1 Porphyry copper deposits (PCD) 
 
The infiltration of these metal-rich fluids through specific 
regions of the sub-arc mantle may not only produce 
dissolution of pre-existing metal-bearing minerals but 
also deposition of assemblages, giving rise to metal-
fertile domains. The size of these domains may range 
from microns to terranes and are relatively durable until 
the metal-rich minerals are removed, thus contributing to 
the formation of metal-rich magmas (e.g., Griffin et al. 
2013).  

Mantle xenoliths rapidly brought to the surface by 
volcanism have provided valuable information about the 
nature and evolution of this type of processes, particularly 
in those sections of the upper mantle beneath arc crusts 
hosting Au-rich porphyry and epithermal deposits. For 
example, xenoliths of arc-related mantle from near the 
giant Lihir gold deposit in Melanesia show metasomatic 
enrichment in Cu and Au. McInnes et al. (1999) reported 
that the Au ores of this deposit exhibit Os isotopic 
compositions identical to the metal-enriched peridotite 
xenoliths. Furthermore, there is a direct relationship 
between high Cu tonnages in Chilean PCD and their low 
initial Os ratios (Mathur et al. 2000), suggesting the input 
of mantle-derived melt. Similarly, xenoliths that have 
sampled the SCLM beneath the edge of the South China 
Craton also exhibit anomalously high values of Au in 
whole rock (14 ppb) and sulfide minerals (5 ppm). These 
values of gold in the SCLM beneath ore productive crusts 
are relatively higher than those of both the asthenosphere 
(about 1 ppb Au) and the non-re-fertilized lithospheric 
mantle [Griffin et al. 2013 and references therein]. 
Additionally, Hanley et al. (2010) have documented PGE 
incorporation into pyrite coincident with Co-Ni enrichment 
during high-temperature hydrothermal events pre-dating 
Cu and Au precipitation in porphyry deposits from British 
Columbia. The formation of these ore deposits is linked 
with alkaline arc magmas derived probably from an 
enriched (metasomatized) mantle source.  

The enrichment in gold (and other noble and base 
metals such as PGE and Cu) observed in the SCLM 
underlying arc crusts hosting PCD could be associated 
with preferential channeling of primitive mantle melts 
through zones of weakness that exist between buoyant 
domains of ancient SCLM [c.f. association of Ni-Cu-PGE 
deposits with craton margins (Begg et al. 2010, 2017)]. 
Such enrichment in metals in the SCLM beneath ore-
productive crust seems to be associated with modal 
metasomatism due to migration of melts at decreasing 
melt-rock ratios, which may result in the modification of 
the bulk PGE and Au contents of the peridotite via the 
precipitation/dissolution of PGE- and Au-bearing Ni-Cu-
rich sulfides and/or Pt-Pd rich PGMs. The domains of the 
SCLM enriched in these precious metals may range from 
microns to kilometers and the mobility of the precious 
metals can take place in the form of sulfide melts 
[Tassara et al. 2018], solid metal alloys [O’Driscoll and 
González-Jiménez 2016] or (supercritical) oxidizing, 
volatile-rich (C-O-H-S±Cl) fluids of carbonatite-like affinity 
[Hughes et al. 2017; Tassara et al. 2018]. Griffin et al. 
(2013) have suggested that such domains of 
metasomatized SCLM are relatively durable and may 

store metals (e.g., Cu and Au) until a later melting event 
is triggered, leading to episodic formation of ore deposit. 
Repeated events of melt migration during one or more 
orogenic cycles may promote multiple episodes of 
mineralization in the overlying crust.  
 
3.2 Epithermal Au± Ag deposits  
 
The ultramafic xenoliths hosted in the alkali basalts from 
volcanic fields in the back-arc of the Andes and the 
neighboring Patagonian realm (i.e., Deseado and North 
Patagonian Massifs) preserve the record of a protracted 
history of melt depletion and re-fertilization of the SCLM 
beneath South America. The styles of metasomatism 
include silicate, silicate-carbonatite and pure carbonatite-
like affinities, which have been in some cases attributed 
to dehydration of subducting slabs. The recent work by 
Tassara et al. (2017) has revealed the presence of gold 
minerals in the portion of SCLM beneath the auriferous 
province of the Desado Massif in the Argentinian 
Patagonia. This area hosts several Au–Ag epithermal 
deposits including low and intermediate sulfidation veins 
associated with calc-alkaline rhyolites, basaltic andesites 
and basalts from the Chon Aike silicic large igneous 
province (CA-SLIP) related with the break-up of 
Gondwana and the subsequent separation of South 
America and Africa. These results provide the first 
evidence that link the formation of Au-epithermal deposits 
in the crust with a mantle source enriched in Au. Tassara 
and co-workers have suggested that a precursor stage of 
mantle re-fertilization by plume-derived melts generated 
a gold-rich mantle source during the Early Jurassic when 
the aperture of the Atlantic sea separated South 
American from Africa. The interplay of the enriched 
mantle domain and subduction-related fluids released 
during the Middle-Late Jurassic resulted in optimal 
conditions to produce the ore-forming magmas.  

Our preliminary results on the study of mantle xenoliths 
that have sampled the SCLM beneath the Mesa Central 
in Mexico also show the presence of several nano-to-
micron size particles of gold in metasomatic glasses. This 
volume of the SCLM enriched in gold is also underlying a 
back-arc crust with epithermal Au deposits. In this case, 
metasomatism of the SLCM is related with the infiltration 
of dehydration fluids released from the subducting Pacific 
plate. 
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Figure 1. Schematic model of the Grampian event of the Caledonian Orogeny, c. 470 Ma showing island arc collision and Iapetus subduction, 
possibly enriched in Co, leading to the cobalt-enrichment of the SCLM in the suprasubduction zone.  Figure from Hughes (2015).   
 
 
Abstract. Highly siderophile elements (HSE) which, in 
the absence of a metallic liquid, may behavior in a 
chalcophile manner, are largely hosted by base metal 
sulphide (BMS) minerals in the peridotitic asthenospheric 
mantle. Such elements including Cu, Au, Mo, platinum-
group elements (PGE) and Co have an affinity for S. 
Therefore, during partial melting of mantle peridotites, 
their BMS and metal budget is released into the magma 
generated. This classic model underpins metallogenesis 
and the concept of ‘fertility’ of a magma in certain tectonic 
environments – for example, above subduction zones. 
But what proportion of these metals become trapped in 
the lithospheric mantle and lower crust during magma 
ascent? We use Scottish and Swedish pyroxenite 
xenoliths to assess the palaeo-tectonomagmatic 
environment of the Grampian event (during which there 
was active oceanic subduction) of the Caledonian 
orogeny.  
 

 

1 Caledonian pyroxenite xenoliths 
 
Pyroxenite xenoliths are characterized by cumulus 
textures. They may be of upper mantle or lower crustal 
origin. On the basis of trace element geochemistry for 
Scottish and Swedish pyroxenite xenoliths (and other 
global examples), these rocks have been interpreted as 
fragments of crystalized basaltic (alkaline and tholeiitic) 
magma underplating the continental crust (e.g., Downes 
et al., 2007). Pyroxenite xenoliths are therefore directly 
analogous to material from the melting, assimilation, 
storage and homogenization (‘MASH’) zone overlying 
subduction environments (Hildreth & Moorbath, 1988; 
Richards, 2003 and references therein), and hence 
provide a unique insight into the magma and metallogenic 
processes operating below porphyry mineralising 
systems.  

Scotland has experienced multiple tectono-magmatic 
events and provides an ideal framework to test the 
metallogenic record of the lithospheric mantle and 
lowermost crust (or MASH zone). In situ BMS analysis of 
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Scottish peridotite xenoliths has already shown that there 
are detectable regional trends in metal content. 
Caledonian basement forms the southern terranes of 
Scotland, south of the Great Glen Fault (GGF) and 
provides a direct comparison between on- and off-craton 
lithospheric mantle and lower crust geochemistry. Cobalt 
is consistently elevated in peridotite xenolith BMS from 
south of the GGF (> 2.9 wt.% Co) but is found to be 
considerably lower in BMS of peridotite xenoliths north of 
the GGF (< 0.36 wt.% Co). The cause for this persistent 
Co enrichment south of the GGF remains unclear – 
Hughes et al. (2016) suggested that the subduction of the 
Iapetus during the Caledonian Orogeny was critical to this 
process. But is this Co enrichment echoed in the 
equivalent pyroxenite xenoliths from these terranes? Are 
there distinct differences between the HSE and 
chalcophile element characteristics of peridotite and 
pyroxenite suites per terrane?  
 
2 Methods 
 
In situ mineralogical and geochemical analyses of BMS 
within pyroxenite xenoliths are used to measure the metal 
budget of the MASH zone and gain an insight into the 
mobility of HSE and chalcophile elements in a 
suprasubduction mantle wedge.  

Major element abundances (S, Fe, Ni, Cu, Co) of the 
BMS were measured by electron microprobe. Laser 
ablation ICP-MS was then conducted at Cardiff University 
and performed on each BMS in a single pyroxenite 
xenolith. Both line and spot analyses are used depending 
on the size of each BMS. The full suite of minor and trace 
elements analysed include and Co, As, Se, Ru, Rh, Pd, 
Ag, Cd, Sb, Te, Re, Os, Ir, Pt, Au, Bi, Pb and Mo.  

Using these data, married to the textural 
characteristics of each BMS and its petrographic siting 
(e.g., interstitial vs included) within each xenolith, we ask: 
(1) What were the parental melts (and/or metasomatic 
characteristics) of these cumulates? And (2) what is the 
pyroxenitic metal budget in the context of the 
mineralization potential of the region (in this case, 
Caledonian)?  

 
3 A role for volatiles and semi-metals? 
 
Previous studies of peridotite and eclogite-hosted BMS in 
mantle xenoliths and inclusions in diamonds have 
displayed ambiguous trends in semi-metal concentration, 
despite clear differences in their precious metal 
abundance (e.g., McDonald et al., 2017). Yet the role of 
semi-metals, such as Se, Te, As and Bi, in affecting the 
partitioning of chalcophile elements in BMS fractionation 
during cooling is relatively well documented (for example, 

in PGE mineralizing systems – e.g., Holwell & McDonald, 
2010). Further, populations of BMS associated with 
carbonate and phosphate minerals in mantle peridotite 
xenoliths have unexpectedly rich precious metal contents 
(particularly Ir-group IPGE) and Ni abundances (Hughes 
et al., 2017). This could be indicative of an efficient 
volatile-rich ‘fluxing’ of BMS and their metal budget, 
bypassing the traditional partial melting scenario of 
mantle sulphides and temporally linked to carbonatitic 
magmatism. These semi-metal and volatile-based 
controls on BMS mobility, preservation and metal budget 
may have significant implications for metallogenesis, not 
least in the volatile-rich subduction zone environments 
underlying and feeding porphyry systems.  

In this study, we aim to ascertain the underlying 
controls on subduction-related metallogeny. We seek to 
understand the efficiency of metal budget migration 
during partial melting and magma ascent in 
suprasubduction zones and assess how much melt 
becomes trapped within the MASH zone. 
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Abstract. The North Australian Zinc Belt is the largest Zn-
Pb province in the world, containing three of the ten 
largest individual deposits known. Despite this pedigree, 
exploration in this province over the last two decades has 
not been particularly successful, yielding only one 
significant deposit (Teena). One of the most important 
aspects of exploration is to choose regions or provinces 
that have greatest potential for discovery. New results 
from the North Australian Zinc Belt highlight previously 
unused datasets that may assist area selection and 
targeting at the craton- to district-scale. 

Lead isotope mapping in the North Australian Zinc Belt 
using analyses of mineralized material has identified a 
gradient in μ (238U/204Pb) that coincides closely with many 
major deposits. Similarly, the locations of these deposits 
also coincide with gradient in the depth of the lithosphere-
asthenosphere boundary as determined from surface 
wave tomography. The change from thicker to thinner 
lithosphere is interpreted to localize prospective basins 
for Zn-Pb and Cu-Co mineralization, a change that is also 
thought to control the gradient in lead isotope data.  
 
1 Introduction 
 
Sediment-dominated basins are by far the largest global 
source of zinc and lead, containing 54% and 68% (D 
Huston, B Eglington, S Pehrsson and S Peircey, 
unpublished data), respectively, of the world’s pre-mining 
resources of these metals. Because of the giant size of 
these deposits, they are attractive exploration targets but 
difficult to find owing to their rarity in comparison to other 
zinc-lead deposits such as volcanic-hosted massive 
sulfide deposits. 

Despite their attractiveness, very few major deposits 
have been discovered in the last two decades. One of the 
reasons for this has been a poor understanding of 
fundamental, large-scale controls on mineralization: 
given that there are hundreds of basins present in the 

world, are there ways to screen prospective from un-
prospective basins? 

The North Australian Zinc Belt, which is hosted by the 
Paleo- to Mesoproterozoic North Australian Basin 
System (Southgate et al. 2000, 2013), is the richest zinc 
province in the world, containing a total pre-mining 
resource of 89 Mt Zn and 41 Mt Pb, or 10% and 13% of 
global pre-mining resources of these metals. As part of its 
Exploring for the Future program, Geoscience Australia 
is acquiring new and reprocessing old data sets to 
provide industry with new exploration tools for iron-oxide 
copper-gold and basin-hosted Zn-Pb and Cu-Co 
deposits. As part of this program we have been assessing 
a range of criteria to distinguish fertile mineral provinces, 
including spatial variations in lead isotope and surface 
wave tomographic data. This re-assessment has led to 
some surprising relationships between these two 
datasets and the distribution of basin-hosted Zn-Pb 
deposits. This contribution presents the evidence for 
these relationships and then speculates as to possible 
reasons for the relationships. 
 
2 The North Australian Zinc Belt 
 
The North Australian Zinc Belt (Fig. 1) contains three of 
the ten largest Zn-Pb deposits in the world (McArthur 
River (HYC), Hilton-George Fisher and Mount Isa) as well 
as several other smaller, but still important deposits 
(Century, Dugald River, Teena, Lady Loretta and 
Cannington). Of these, only Teena is a recent (2013) 
discovery. In addition, significant Cu-Co, as well as Zn-
Pb resources, are being defined at the Walford Creek 
deposit. 

Figure 1 shows the surface geology of the North 
Australian Zinc Belt and the location of sediment-hosted 
Zn-Pb and Cu-Co deposits as well as iron-oxide copper 
gold and orogenic gold deposits. The North Australian 
Basin System, which hosts the North Australian Zinc Belt, 
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has been subdivided into three superbasins, the 1780-
1740 Ma Leichhardt, the 1730-1640 Ma Calvert and the 
1640-1595 Ma Isa superbasins (Gibson et al. 2016). A 
continental extensional setting for formation of the 
Leichhardt and Calvert superbasins is widely assumed. 
The Leichhardt Superbasin consists of a rift filled with 
continental tholeiites, fluvial to lacustrine siliciclastic and 
minor carbonate rocks (Jackson et al. 2000). The Calvert 
Superbasin consists of shallow marine siliciclastic and 
carbonate rocks in the west, but deeper marine 
siliciclastic rocks in the east that mostly lack carbonates 
but contain coeval mafic sills and possible lavas (Jackson 
et al. 2000; Southgate et al. 2013). Deposition of the 
siliciclastic dominated succession in the east coincides 
with erosion and development of an unconformity and 
emplacement of granites to the west (Neumann et al. 
2009). The uppermost Isa Superbasin consists of 
fluviatile to deep marine sandstone, siltstone and 
dolostone (Southgate et al. 2000). 
 

 
Figure 1. Simplified geological map of the North Australian Zinc Belt 
showing the location of sediment-hosted zinc-lead, iron-oxide 
copper-gold and orogenic deposits. 

 
The North Australian Basin System has been 
compartmentalized into third and fourth order sub-basins 
by long-lived north-northeast- and northwest-trending 
faults (Fig. 1). The former are steep to subvertical and 
thought to have been inherited from the underlying ≥1840 
Ma crystalline basement. The northwest-trending faults 
are mainly of Calvert age and form a right-stepping en 
echelon array of crustal-scale normal faults along the 
western margin of the Lawn Hill and Mount Isa regions 
(Fig. 1) where the majority of Pb-Zn deposits are located. 
This array originated during northeast-southwest-
directed extension and broadly marks the western limits 
of bimodal magmatism and lithospheric thinning during 
Calvert (and earlier) time (possibly indicating a craton 
edge). Along with the older basement faults, these 
Calvert-age faults were reactivated during later basin-
forming events and strongly influenced the location and 
distribution of younger, more easterly-trending sub-

basins making up the Isa Superbasin. Calvert-age 
faulting and rift-related basaltic magmatism concluded at 
or before 1655 Ma, to be followed by thermal subsidence, 
basin inversion and orogenesis from 1650-1640 Ma 
(Riversleigh Event). Subsequent to this event, extension 
resumed in a north-south-directed orientation and 
continued through until ca. 1620 Ma when terminated by 
onset of the Isan Orogeny.  Orogenesis and 
sedimentation in the Isa Superbasin came to a close 
around 1575 Ma. No basaltic rocks are present in this 
basin which, with the exception of a few tuff horizons and 
late ~1620 Ma rhyolite sills, was largely amagmatic in 
character. 

The sediment-hosted Zn-Pb deposits are hosted by 
the Calvert and Isa superbasins. The oldest deposits, 
which include the Cannington and Pegmont deposits, 
formed at ~1680 Ma in the eastern, siliciclastic-
dominated, part of the Calvert Superbasin (hereafter 
siliciclastic-mafic deposits). The upper part of the Calvert 
Superbasin hosts the ~1665-1645 Ma Dugald River, Mt 
Isa, Hilton-George Fisher and Lady Loretta deposits, 
whereas the Isa Superbasin hosts the ~1640 Ma 
McArthur River and Teena deposits as well as the ~1575 
Ma Century deposits further to the north and west. These 
deposits (hereafter siliciclastic-carbonate deposits) are 
hosted in dolomitic and carbonaceous siltstone units 
within successions that contain abundant carbonate but 
lack significant volcanic rocks. In contrast, the succession 
that hosts the Cannington and Pegmont deposits lack 
carbonate but contain abundant shallow-level mafic sills. 
Importantly, many of the deposits are hosted by 
carbonate-rich sediments. 
 
3 Variations in lead isotope data 
 
Previous studies (Huston et al. 2014, 2016) have 
indicated variations in parameters such as μ (238U/204Pb), 
as determined from lead isotope data, can indicatie the 
spatial distribution and fertility of mineral provinces. 
Figure 2 shows spatial variations in μ (calculated using 
the Stacey and Karmer (1975) lead isotope evolution 
model) in the North Australian Zinc Belt as determined 
mostly from analyses of ore-related galena and Pb-rich 
pyrite from deposits and prospects. μ increases from 
northeast to southwest, and most siliciclastic-carbonate 
Zn-Pb and the Tick Hill orogenic gold deposits are 
localized along a north-northwest-trending break in μ 
values. Interestingly, these deposits have a relatively 
consistent spacing of about 140 km along this break. Iron-
oxide-copper-gold and siliciclastic-mafic Zn-Pb deposits 
are located to the east of this break. Other parameters 
determined from lead isotope data, including κ 
(232Th/238U) and ω (232Th/204Pb), also define a similar 
break. 

In detail, the break in μ appears to be en echelon, 
broadly following the trend of the northwest-trending 
Calvert-age structures with individual offsets or steps 
determined by the position of the underlying north-
northeast basement structures. As both sets of structures 
are thought to have been active during formation of the 
Calvert and Isa superbasins and their sub-basins, it 
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would appear that variations in μ mimic development of 
these sub-basins along the isotopic break. 

 
4 Lithosphere-asthenosphere boundary as 

defined by surface wave tomography 
 
Figure 3 shows that the locations of major deposits 
coincide with the edge of thick lithosphere, as defined 
from surface wave tomography (Fishwick and Rawlinson 
2012) using the 170 km thickness contour. All deposits in 
the North Australian Zinc Belt, including Zn-Pb deposits 
hosted by carbonate-rich and siliciclastic-dominated 
succession and iron-oxide copper-gold deposits are 
within 200 km of the 170 km thickness contour; outside of 
this corridor major deposits are unknown even though the 
North Australian Basin System extends well beyond this 
corridor. Like the lead isotope pattern, the edge of thick 
lithosphere cuts across the local geological grain 
(compare Fig. 3 with Fig. 1), suggesting a more 
fundamental, deep-seated control on mineralization. 

 
Figure 2. Map showing variations in μ (238U/204U) in the North 
Australian Zinc Belt as determined from galena and pyrite analyses 
of mineral occurrences and deposits. The Stacey and Kramer (1975) 
lead evolution model was used to calculate μ. Faults are from 
Murphy et al. (2011). 
 
5 Discussion and exploration implications 
 
The association of basin-hosted Zn-Pb deposits in the 
North Australian Zinc Belt with gradients in μ (and with κ 
and ω) and a rapid thickness or depth change in the 
lithospheric-asthenospheric boundary suggest a 
fundamental lithospheric-scale control on these deposits. 
Compartmentalization of spatial variations in μ, however, 
suggests a second order control related to the 
development of sub-basins and their bounding structures 

along this deep-seated feature. 
The North Australian Basin System formed as a 

stacked series of rift-sag basins with extension oriented 
northeast-southwest (Calvert Superbasin) and north-
south (Isa Superbasin). We suggest that the edge of thick 
lithosphere, which represents a fundamental zone of 
weakness, had a strong control on the overall geometry 
of the basin system. Failure across this zone of weakness 
determined the location of the transition from the western, 
generally shallow-water part to the eastern, deeper water 
part of the Calvert Superbasin. This defined the localized 
lithological make-up and, therefore, the style of 
mineralization. The broad scale boundary observed in the 
lead isotope data reflects different lead sources from the 
western and eastern parts of the Calvert Superbasin. In 
detail, the en echelon character of the lead isotope 
distribution pattern possibly relates to the localized 
development of sub-basins in response to the overall 
stress patterns prevalent during evolution of the North 
Australian Basin System. 

 
Figure 3. Map showing the locations of clastic-dominated Zn-Pb, 
shale-hosted Cu-Co and iron-oxide Cu-Au deposits relative to 
variations in the depth of the lithosphere-asthenosphere boundary 
as determined from surface wave tomographic data. Blue indicates 
thick lithosphere; red indicates thin lithosphere. The size of the 
deposit symbols indicate the relative size of the deposits; the color 
indicates the age. The background is reduced-to-pole aeromagnetic 
data. 

 
We have observed similar relationships in other 

sediment-hosted base metal provinces around the world 
(Czarnota et al. in review), which suggests that the 
relationships observed in the North Australian Zinc Belt 
have more general applications. Based on these 
relationships we suggest that fertile basins for sediment-
hosted zinc-lead mineralization coincide with zones of 
rapid changes in lithospheric thickness. Changes in basin 
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architecture and make-up related to the interaction of the 
fundamental lithospheric control and stress patterns 
associated with basin formation control the lead isotope 
distribution patterns and, ultimately, the location of 
deposits. A combination of surface wave tomography and 
lead isotope mapping potentially can provide guidance in 
area selection and early-stage district-scale exploration, 
with specific targets then determined at later stages of 
exploration using local-scale geological, geophysical and 
geochemical data. 
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Abstract. Carbonate-hosted Zn-Pb deposits have been 
the mainstay of metal mining in Ireland for decades, but 
only one mine is currently operational. The nature and 
extent of metal source rocks and the pathways along 
which leached metals were transferred to ore deposition 
sites are key questions, both of which may be addressed 
using Pb isotope ratios as tracers. Using Pb isotope data 
from galena we have mapped basement terranes across 
Ireland. Significant variations in 206Pb/204Pb, 207Pb/204Pb, 
208Pb/204Pb, model age and µ (source rock 238U/204Pb) 
occur systematically across the island and steep 
gradients in all of these variables outline the Iapetus 
Suture Zone. In the Rathdowney Trend, subtle Pb isotope 
variations have been noted at the deposit scale in the 
Lisheen, Galmoy and Rapla deposits. At Lisheen, 
samples from the Lisduff oolite display the least 
radiogenic Pb isotope ratios along with areas adjacent to 
normal faults which acted as mineralized fluid conduits. 
All three Pb isotope ratios increase through the Main 
Zone, Derryville and Island Pod orebodies. Mineralization 
at Bog West, Bog East, Bawnmore, Templetuohy, 
Galmoy and Rapla (progressively farther NE) show 
systematically increasing ratios. Larger orebodies at 
Lisheen and Galmoy show the most significant amounts 
of isotopic variation.  

 
1 Irish Zn-Pb deposits 

 
In the last 50 years, five carbonate-hosted, Irish-type Zn-
Pb orebodies have been mined, and over twenty sub-
economic prospects have been discovered. However, 
since the closure of the Lisheen mine in 2015, only one 
mine is currently operational: the giant Navan deposit 
(110 Mt at 8.0% Zn and 2.0% Pb; Ashton et al. 2015). 
Finding more Irish-type orebodies requires a better 
understanding of the various processes required to form 
them, to inform mineral exploration strategy.  

There is now a consensus that Irish-type Zn-Pb 

deposits are formed during early burial by the 
replacement of Lower Carboniferous limestones. 
Conditions required for their formation include dense 
networks of normal faults that allowed ascending, warm, 
metal-bearing fluids equilibrated with Lower Palaeozoic 
basement to mix with sinking, cooler, hypersaline brines 
(Wilkinson and Hitzman 2015). However, there is a lack 
of understanding of pre-Carboniferous geology in the 
Irish ore field, and particularly the pre-Silurian basement 
from which metals were most likely sourced. A key 
problem centres on the nature and spatial extent of metal 
source rocks and the pathways along which leached 
metals were transferred to sites of ore deposition. Both of 
these questions may be addressed using Pb isotope 
ratios as tracers. 

The pre-Silurian Lower Palaeozoic basement of 
central Ireland is known from exposures of several 
Ordovician inliers, e.g., the Grangegeeth and 
Beellewstown terranes south-east of Navan (e.g. 
McConnell et al. 2010, 2015), the Slieve Aughty inlier 
(Pracht et al. 2004) south-west of Tynagh within the 
Longford Down/ Central terrane as well as exposures of 
the Leinster-Lakesman terrane at Lambay-Portrane 
(Parkes and Harper 1996) and the Chair of Kildare 
(Parkes and Palmer 1994). Pre-Silurian basement is also 
known from from a handful of drillholes underneath the 
Navan Zn-Pb deposit (Ashton et al. 2015) and from deep 
crustal xenoliths (Daly et al. 2016). All major Zn-Pb 
deposits within the Irish ore field are located within 50 km 
of the likely position of the Iapetus Suture Zone, a relic of 
end-Silurian continent-continent collision (the Caledonian 
orogeny) between Laurentia and Gondwanan-affinity 
continental crust (Cooper et al. 2013). Deep-seated, NE-
SW trending structures associated with orogenesis most 
likely provided suitable pathways for upwelling metal-rich 
hydrothermal fluids during the Carboniferous. 
Furthermore, the metallogenic variation of Irish Zn-Pb 
deposits may reflect the composition of the basement 
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from which metals were derived. 
The U-Pb isotope system involves both the decay of 

238U to 206Pb and 235U to 207Pb, with respective half-lives 
of 4.47 Ga and 704 Ma (Champion and Huston 2016). 
Pb-rich minerals, such as galena, contain negligible U 
and retain their initial Pb isotopic ratios. These initial 
ratios may be used to reveal information on the nature of 
the Pb source reservoir at the time of extraction. Similar 
arguments apply to 208Pb, which accumulates from the 
decay of 232Th. Isotopic mapping of Pb isotopes may be 
achieved by measuring the mixing of Pb sources directly 
using μ (source rock 238U/204Pb) (Huston et al. 2014), or 
indirectly by estimating mixing ratios of modelled end-
member sources (Huston et al. 2016).  
 
2 Pb isotope analysis 
   
Compiled historical Pb isotope data from galena (n=504) 
have been combined with additional samples collected 
and analysed from across Ireland (e.g. The Burren, 
Shallee, Curraghinalt, Rapla, Donegal, Copper Coast) to 
improve data coverage. To investigate the extent of 
deposit scale variation, galena was also sampled from a 
variety of ore textures in a grid-like fashion across the 
Lisheen deposit. Samples of galena were also analysed 
from available drillcore of the Rathowney Trend, including 
Bawnmore, Templetuohy, Rapla and Galmoy (G, R and 
K ore bodies). 

Galena was extracted for analysis using a dentist drill. 
Approximately 5 mg to 10 mg of galena was dissolved by 
adding 2.5 ml of 6M HCl and 250 µl of 70 % HNO3. The 
samples were dried down on a hotplate at ~120°C, and 
re-dissolved in 19 ml of deionised water and 1 ml of 70% 
HNO3. Subsequently, an aliquot of 10 µl was taken, 
centrifuged, diluted with 2.5 ml of 3% HNO3, and spiked 
with 25 µl of thallium solution of known 203Tl/205Tl ratio to 
correct for mass bias fractionation. Sample solutions 
were analysed using a Thermo-Scientific Neptune multi-
collector inductively coupled plasma mass spectrometer 
(MC-ICP-MS) at the National Centre for Isotope 
Geochemistry, University College Dublin (UCD).  The two 
year mean values of standard NIST NBS 981 (n=36) for 
this method at UCD is 206Pb/204Pb = 16.9350, 207Pb/204Pb 
= 15.4896 and 208Pb/204Pb = 36.6920. Data was corrected 
to the known Pb isotopic ratios for NIST NBS 981 as 
reported by Yuan et al. (2016). The two-year standard 
error (%) of NBS 981 for this method at UCD is 
206Pb/204Pb = 0.0038%, 207Pb/204Pb = 0.0049% and 
208Pb/204Pb = 0.0073%.  
 
3 Terrane scale mapping 
 
Several researchers have investigated Pb isotope 
variations of galena from mineral deposits across Ireland 
(e.g. Boast et al. 1981; O’Keefe 1986; LeHuray et al. 
1987; Mills et al. 1987; Everett et al. 2003). In the past 
three decades it has become increasingly apparent that 
individual ore deposits display remarkably homogeneous 
Pb isotope compositions, but that there is large, 
systematic variation across Ireland. Ratios of 206Pb/204Pb, 
207Pb/204Pb and 208Pb/204Pb, calculated µ and model ages, 

can be contoured to reflect variations in basement 
sources from which metals were derived (O’Keefe 1986; 
Everett et al. 2003; Fig. 1). 
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Figure 1 (previous page). Pb isotope variations of galena across 
Ireland. Sample locations are indicated by black circles. Note the 
steep gradient across the Iapetus Suture Zone. Maps were 
produced through inverse distance weighting of Pb isotope ratios in 
ArcGIS, with colours classified using quantiles. 

 
Incorporating our new analyses, a clear isotopic 

division is apparent crossing central Ireland from NE to 
SW (Fig. 1), which corresponds with the Iapetus Suture 
Zone. Whereas galena from Precambrian and Lower 
Palaeozoic mesothermal gold, VMS and SEDEX 
occurrences in NW Ireland are characterized by a µ value 
of 9.2 (reflecting Laurentian-affinity crust), similar Lower 
Palaeozoic hosted mineral occurrences in SE Ireland plot 
along a trend with a µ value of ~10 typical of Ganderian-
Avalonian basement (O’Keefe 1986). The high 
206Pb/204Pb values in the Longford-Down terrane 
suggests this Silurian accretionary prism, is underlain by 
the leading edge of Ganderia. The latter was most likely 
the dominant source of Pb in galena from the Irish-type 
Zn-Pb deposits. Older model ages in SE Ireland 
correspond to the boundary of the East Carlow 
Deformation Zone. In SW Ireland, future model ages 
correspond with high 206Pb/204Pb associated with the 
Munster Basin. 
 

 
 

Figure 2. Sample locations across the Lisheen Zn-Pb deposit of Co. 
Tipperary, Ireland. Ore bodies are coloured according to Figure 3. 
Structural features are after Kyne et al. (2019). 

 
4 Variations along the Rathdowney Trend 
 
Analysis of galena from across the Lisheen deposit (Fig. 
2) reveals a remarkably homogenous Pb isotopic 
signature (e.g. 206Pb/204Pb = 18.147-18.216). However, 
subtle variations between ore lenses are now detectable 
with the improved precision of our new MC-ICP-MS 
analyses (Fig. 3). The Lisduff oolite (the proposed feeder 
zone) at Lisheen is characterized by the lowest 
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios and μ 
values of 9.65 to 9.69, along with a number of analyses 
from the southern part of the Main Zone and Derryville 
orebodies. These areas are associated with early normal 
faults that facilitated mineralization, and with elevated 
levels of Cu and Ni (Torremans et al. 2018). The distal 
and high-grade Island Pod is characterized by slightly 

higher and very homogeneous ratios. Increased 
206Pb/204Pb and 207Pb/204Pb ratios occur progressively to 
the NE through Bog Zone W, Bog Zone E, Bawnmore and 
Templetuohy. This trend of increased ratios continues NE 
along the Rathdowney Trend through Galmoy (Fig. 3), 
Rapla, and Tonduff. Larger orebodies at Lisheen (Main 
Zone, Derryville) and Galmoy (G and K lenses) show the 
greatest isotopic variation. 
 
 

 
 
Figure 3. Tukey Box Plots and Histograms of Pb isotope variations 
within different ore lenses of the Rathdowney Trend (from Lisheen 
to Galmoy). Historic data are associated with large errors and are 
therefore excluded. B-T, Bawnmore-Templetouhy. 

 
5 Implications 
 
Pb isotope analysis of galena from across Ireland has 
proven a valuable tool for characterizing metal sources 
within the lower crust and identifying potential terrane 
boundaries. With the improved precision of MC-ICP-MS 
analysis, subtle Pb isotope variations can be now 
delineated within mineral deposits. Although the Pb 
isotopic source of the Rathdowney Trend is remarkably 
homogeneous, small systematic differences between ore 
lenses indicate either: 1) minor variations occurred in the 
source region at depth and were preserved as fluids 
migrated upwards; or perhaps more likely 2) minor Pb 
was added to hydrothermal fluids on ascent (from 
metasedimentary rocks of the Down-Longford terrane). 
Systematic Pb isotope variations to the NE may simply 
reflect deep-seated crustal structures of the Rathdowney 
Trend associated with mineralization cutting across 
Ordovician-Silurian metasedimentary rocks of more 
evolved isotopic compositions.  
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Abstract. Irish Zn-Pb deposits are a type of carbonate-
hosted mineralization, typically found adjacent to normal 
faults. Ore deposition occurred due to the replacement of 
Lower Carboniferous limestones, triggered primarily by 
fluid mixing. The Lisheen deposit (23 Mt at 13.3% Zn & 
2.3% Pb) in the southern Irish orefield consists of several 
stratabound orebodies, which are strongly controlled by a 
left-stepping, ramp-relay fault array. The Island Pod (0.4 
Mt at 20% Zn & 1.6% Pb) is a small high-grade orebody, 
found in the northern part of the Lisheen mine (Fig. 1). 
We present the first detailed petrographic and 
paragenetically constrained S-Pb isotopic study and 
mineral chemical analysis of the Island Pod 
mineralization. Homogenous Pb isotopic signatures in 
galena have been observed throughout the Island Pod, 
regardless of paragenetic stage. Sulfur isotope ratios 
vary but suggest a dominantly bacteriogenic source for S. 
Sulfide minerals have low trace element concentrations, 
below electron microprobe detection limits for most 
elements.  
 
1 Introduction 
 
Ireland has seen five carbonate-hosted zinc-lead (Zn-Pb) 
orebodies mined and over twenty sub-economic 
prospects discovered since the 1960s (Fig. 1). With the 
closure of the Lisheen mine in 2015, only the giant Navan 
mine remains operational. The exploration success rate 
for Irish Zn-Pb deposits may be improved by increasing 
current knowledge of deposit formation and their 
associated geochemical haloes. 

Irish carbonate-hosted Zn-Pb sulfide deposits are 
structurally controlled and stratabound. They display 
intermediate characteristics between SEDEX- and MVT-
style mineralization (Wilkinson 2014). Mineralization 
typically occurs adjacent to normal faults and formed from 
carbonate replacement of Lower Carboniferous 
limestone. This replacement was triggered by mixing of a 
metal-bearing, hydrothermal fluid (up to 280 ºC) 
(Wilkinson 2010), which ascended along normal faults, 
and a sinking, cooler (<100 ºC), hypersaline brine, 

carrying bacteriogenically reduced sulfur (Fallick et al. 
2001; Wilkinson et al. 2005). In the southern Irish orefield, 
mineralization is typically hosted in hydrothermal breccia 
bodies found at the dolomitized base of the Waulsortian 
Limestone Formation, where it is in contact with the older 
Ballysteen Limestone Formation (Hitzman et al. 2002).  
 

 
Figure 1. Simplified geological map of the southern Irish orefield 
with some of the main Zn-Pb deposits and prospects outlined. 
Geology adapted from the Geological Survey Ireland bedrock 
series. 
 

While there is a good fundamental understanding of 
Irish Zn-Pb deposit formation, there are many aspects 
which are still poorly understood. Specifically, the 
reasons why high-grade bodies such as the Island Pod 
form are not known, and the sub-economic haloes around 
deposits have been little studied. A focused application of 
sulfur (S) and lead (Pb) isotope analyses, combined with 
other isotopic tracers and mineral chemical studies 
(electron probe microanalysis; EMPA) and relating to 
mineral texture and paragenesis, has the potential to 
illuminate the processes responsible for these features.  
 
2 The Lisheen deposit and Island Pod 

orebody 
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The Lisheen deposit (23 Mt at 13.3% Zn & 2.3% Pb; Fig. 
2) was discovered in 1990 and was the second biggest 
base-metal deposit mined in Ireland, closing in 2015. 
Lisheen is composed of several stratabound Zn-Pb 
orebodies which are controlled by an extensional, left-
stepping, ramp-relay fault array (Torremans et al. 2018; 
Kyne et al. 2019). Six distinct orebodies were mined at 
Lisheen: Main Zone, Derryville, Bog Zone West, Bog 
Zone East, Bog Zone Central, and the Island Pod.  

As Lisheen was active as a mine for over fifteen years, 
there is a wealth of information and drill core available. 
Thus, Lisheen offers the perfect testing ground for 
potential isotopic vectoring tools, as well as offering the 
opportunity to enhance our understanding of deposit, and 
especially halo, formation. 

 

 
Figure 2. Lisheen mine with its orebodies outlined. Basic structural 
features are also shown, modified from Kyne et al. (2019) and 
Torremans et al. (2018). Geology adapted from the Geological 
Survey Ireland bedrock series.  

 
The Island Pod (0.4 Mt at 20% Zn & 1.6% Pb; Fig. 2) 

is a small, satellite orebody found approximately 900 m 
northeast of the Derryville orebody. It was first intersected 
by drilling in 2005 but only properly evaluated by drilling 
in 2011 and resulted in an additional two years of mine 
life.  

When compared to other Lisheen orebodies, the 
Island Pod displays some key differences: there is 
weaker structural control on the best quality and thickest 
ore; mineralization in the Island Pod is located 
approximately 20 m above the Waulsortian Limestone 
Formation/Ballysteen Limestone Formation contact; 
there is little development of black matrix breccia 
surrounding ore, with white matrix breccia development 
more extensive than expected; and penalty elements are 
low. 

We present the first detailed paragenetic study of the 
Island Pod orebody, incorporating detailed optical, SEM 
and cathodoluminescence work. Additionally, detailed 
isotopic (S, Pb) and mineral chemical investigations were 
performed on samples selected to be representative of all 
stages of the mineral paragenesis. 

 
 

3 Petrography and paragenesis 
 
Sphalerite, galena and pyrite are the main sulfide 

minerals in the Island Pod and its surrounding sub-
economic halo, with multiple generations of each mineral 
present. Minor marcasite, arsenian Fe-sulfides and 
sulfosalts have also been identified. Several carbonate 
(calcite and dolomite) phases have been recorded, 
associated with each stage of mineralization (Fig. 3f). 
Summary textures from the study area are shown in 
Figure 3. 

Textural studies of the Island Pod mineralization and 
its surrounding sub-economic halo have provided insights 
into the depositional environment during sulfide 
precipitation. Early sulfide textures, such as dendritic 
galena and pyrite (Fig. 3a), and colloform sphalerite (Fig. 
3b), suggest rapid precipitation into open spaces, from a 
supersaturated fluid (Roedder 1968; Anderson et al. 
1998; Atanassova and Bonev 2006; Gagnevin et al. 
2014). These textures record the onset of fluid mixing in 
the mineralizing environment and mark the initiation of 
ore-stage sulfide deposition. Dendritic galena is 
interpreted to result from low temperature (100 - 200 ºC), 
supersaturated fluids (Atanassova and Bonev 2006). 
Dendritic galena acted as a nucleus for colloform 
sphalerite and associated bands of dolomite, similar to 
that reported from the Navan deposit (Anderson et al. 
1998). As fluid mixing continued, sulfide textures evolved 
to coarser, non-colloform crystal habits (Fig. 3e), 
reflecting an environment closer to equilibrium. Zoned 
pyrite grains have also been noted from main ore stage 
mineralization, representing the introduction of new 
pulses of fluid into the depositional environment (Fig. 3 c-
d).  

 

 
Figure 3. Summary sulfide and carbonate textures from the Island 
Pod. (a) Dendritic pyrite (Py) being replaced by galena (Gn); UCD 
SEM image. (b) A clast of colloform sphalerite (Sp), surrounded by 
later, non-colloform Sp; UCD transmitted light image. (c) Brecciated 
zoned Py, with later infilling Sp; MUN SEM image. (d) Zoned Py 
grain from the south of the Island Pod; MUN reflected light image. 
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(e) Brecciated Py, with later infilling Gn; MUN SEM image. (f) 
Several carbonate phases present in the Island Pod; Imperial 
College CL image.  

 
The final stage of sulfide mineralization in the Island Pod 
consists of disseminated sulfides (pyrite, sphalerite), 
often associated with late stage carbonates. The 
observed sulfides and carbonates identified from the 
Island Pod orebody and its surrounding sub-economic 
mineralization have been used to create the paragenesis 
shown in Figure 4. The paragenesis has been divided into 
Pre-, Main- and Post-ore stages. 
 

 
Figure 4. Island Pod paragenesis, showing key sulfide and 
carbonate phases.  
 
4 Isotopic analyses 
 
4.1 Pb isotope analysis 
 
A spatially representative suite of samples (n = 23) from 
across the Island Pod orebody and its sub-economic halo 
were analyzed for Pb isotopes at the National Centre for 
Isotope Geochemistry (NCIG), University College Dublin 
(UCD). Analysis was carried out for 206Pb/204Pb, 
207Pb/204Pb, 208Pb/204Pb ratios, using the Thermo-
Scientific Neptune multi-collector inductively coupled 
plasma mass spectrometer. Further details are provided 
in Hollis et al. (this volume). The results from this study 
display an extremely homogeneous Pb isotopic 
signature, suggesting that Pb in the Island Pod originated 
from a single source, or by prior thorough mixing of fluids 
from several sources.  

Further Pb isotopic analysis was performed using the 
Cameca IMS 4f SIMS at the MAF-IIC Microanalysis 
Facility of MUN, Canada, resulting in an additional 89 Pb 
isotope analyses. Crucially, the extra SIMS work allowed 
for analysis of small-scale sulphide textures, including 
those associated with the onset of fluid mixing, such as 
dendritic galena, which were not possible to measure at 
the NCIG. SIMS analysis also allowed us to collect 
multiple spatially associated data (< 1 mm), to test for Pb 
isotopic variation on a grain scale. Importantly, the SIMS 
Pb isotopic analysis did not reveal any variation related 
to texture, suggesting a continuous source of Pb from the 
pre-ore to post-ore stages. 
 
4.2 S isotope analysis 
 
In-situ laser ablation of sulphide minerals from the Island 

Pod was initially carried out at SUERC, Glasgow, 
resulting in 148 data points. Further analysis was 
performed at MUN using the SIMS facilities outlined in 
Section 4.1, resulting in an additional 118 data points.  As 
for SIMS Pb isotope analysis, multiple data points were 
collected on a small-scale (< 1 mm), to test for δ34S 
variation on a grain scale. In addition, textures which 
were too small for in-situ laser ablation (< 50 µm) were 
analysed. 

 

 
Figure 5. δ34S data from the Island Pod, collected at MUN and 
SUERC.  
 

Data from both MUN and SUERC (Fig. 5) reveal a 
dominantly bacteriogenic δ34S isotopic signature 
(negative δ34S) for the Island Pod. The Island Pod also 
shows a stronger bacteriogenic δ34S signature than other 
orebodies in Lisheen (Main Zone, Derryville, Bog; 
Wilkinson et al. 2005). However, the data suggests that 
the there was a stronger hydrothermal (positive δ34S) 
sulfur influence in the southern part of the Island Pod, with 
δ34S values typically becoming lower (negative δ34S) 
northward. Pyrite δ34S values reveal a bimodal 
distribution, with each range representing a different 
paragenetic stage. Early, pre-ore pyrite falls into the 
range of -48 to -30 ‰, while main-ore stage typically 
shows values ranging from -30 to -15 ‰. However, 
sphalerite and galena are generally unimodal, with 
galena δ34S values typically displaying the heaviest δ34S 
values (maximum 18 ‰). 

The stronger bacteriogenic component seen from all 
sulfides in the Island Pod fits well with the idea that it was 
deposited distal to the proposed main Lisheen feeder-
fault system at the southern edge of the Main Zone and 
Derryville orebodies (Torremans et al. 2018). The feeder 
faults in the main part of Lisheen would have been 
responsible for the introduction of hydrothermal, metal-
bearing fluids to the mineralizing system. Importantly, no 
δ34S variation was observed between the Island Pod 
orebody and its surrounding sub-economic halo. 

 
5 Electron probe microanalysis (EPMA) 
 
Electron probe microanalysis was carried out at NHM, 
London, and MUN, Canada, resulting in a total of 672 
data points from the major sulphide phases. While the 
elements Fe, Mn, Co, Ni, Cu, Zn, Sb, As, Pb, Bi, Mo, Ag, 
Cd, In, Tl, S, Si, Au and Se were analysed for, only Fe, 
Mn, Co, Ni, Zn, As, Pb, Tl and S exceeded detection 
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limits. 
Low trace element values were recorded in all sulfides, 

with only Fe detected in sphalerite, consistent with the 
proposed distal position of the Island Pod from feeder 
faults to the south; undetected Cd has been linked to a 
dominant hydrothermal S source (Barrie et al. 2009). 
Pyrites showed the greatest variation, with pyrite grains 
in the southern part of the deposit often showing As-Co 
zonation.  
 
6 Conclusions 
 
Petrographic studies of the Island Pod have revealed a 
dynamic mineralizing environment, that changed from a 
rapid precipitation, depositional setting, to a slower, more 
equilibrated one as time progressed. The changes in 
depositional environment are recorded well by the sulfide 
textures observed in the Island Pod. Sulfur isotope 
analysis has revealed a dominantly bacteriogenic sulfur 
source, consistent with a distal position from feeder faults 
of the orebody, and Pb isotope analysis suggests a well-
mixed Pb source for the entire Island Pod, regardless of 
paragenetic stage. Sulfide mineral chemistry reveals low 
trace element abundances, again consistent with the 
distal position of the orebody from the feeder faults of the 
main mineralization at Lisheen.  Textural, mineral 
chemistry and isotopic analysis from the south of the 
Island Pod mineralization reveal slight differences to 
those found in the northern section. Features 
characteristic of hydrothermally influenced ore 
precipitation (e.g. trace elements carried via 
hydrothermal fluids, zoned pyrites, heavier δ34S values) 
are more commonly observed from the south. However, 
no variations in texture, isotope or mineral composition 
have been identified between the orebody and its 
surrounding sub-economic halo. 
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Abstract. Tara Deep is the latest major Zn-Pb discovery 
by the Boliden Tara Mines Exploration Department, which 
significantly adds to the world-renowned Navan-cluster of 
deposits. Tara Deep has a current Inferred Resource of 
18.2 Mt grading at 7.6% Zn and 1.6% Pb (Ashton 2019).  

Mineralisation occurs primarily in two Lower 
Carboniferous lithologies: 1) Micrite and associated 
calcarenite units within the Pale Beds sequence. 2) Pale 
Bed-rich conglomerates in the hanging walls of two key 
faults (G and S faults).  

Sphalerite and galena dominate in a >5:1 ratio. 
Massive, brecciated, veining and collomorphic/cavity 
lining mineralisation textures are the most abundant. 
These textures speak of complex episodic mineralisation 
events that display considerable reworking, fracturing, 
dolomitization, open space infill and selective 
replacement.  

S isotope analyses outline a bimodal distribution, 
revealing both bacteriogenic and hydrothermal sulfur 
sources (n=117), -14 to -4 ‰ and +4 to +15 ‰, 
respectively – broadly similar to the Main Mine at Navan 
and a vital requirement for producing world-class Zn-Pb 
orebodies in Ireland. Both textural and sulfur isotope data 
reveal the dynamic nature of mineralisation at Tara Deep 
and infer fluid mixing. Tara Deep has the potential to 
extend mine life at Navan into the 2030s. 
  
Introduction  
  
Ireland hosts the greatest concentration of zinc per 
square kilometre in the world (Singer 1995). The Navan 
deposit alone is the largest zinc producer in Europe and 
one of the largest underground zinc mines in the world, 
with total production and in situ resources at end 2018 
amounting to over 135Mt @ 7.7% Zn and 1.8% Pb 
(Ashton 2019). Tara Deep is the latest major Zn+Pb 
discovery (announced in 2017) by Boliden Tara Mines 
Exploration Department. Hosted in Lower Carboniferous 
carbonates at a depth of 1.2-1.9 km, this new discovery is 
providing a significant addition to the world-renowned 
Navan-cluster of deposits and sits 3 km SE of the Main 
Mine.  

This study reviews the discovery and presents initial 
results from the Tara Deep deposit to begin constraining 
the depositional and tectonic processes that led to its 

formation.  
 

 
Figure 1. Simplified geological map of Ireland highlighting the 
location of the main Zn-Pb orebodies.  
  
2 History of Successful Discovery   
  
Development of the Navan orebody began in 1974, with 
first production occurring in 1977. Located ~30 km NW of 
Dublin (Fig. 1), this stratabound orebody was initially 
discovered by Tara Prospecting through drilling a shallow 
soil Zn-Pb anomaly (O’Brien and Romer 1971). In the 
1990s, further exploration drilling resulted in the discovery 
of the Southwest Extension (SWEX; Fig. 2), adding 30 Mt 
to the resource base (Ashton et al. 2003). A full review of 
the main phases of exploration can be viewed in Ashton 
et al. (2015). From 2000 to 2010, annual resource 
additions from underground and surface exploration and 
delineation drilling averaged 1.1 Mt. Despite these gains, 
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mine depletion was occurring at 2.6 Mt per annum, 
inevitably leading to potential mine closure before 2020. 
Furthermore, drilling down dip from the SWEX had failed 
to intercept new resources, meaning that further ore 
discovery was vital to the survival of Boliden Tara Mines. 

Following on from an Experts Meeting in 2010, two 
significant aims were developed; 1) it was hypothesised 
that the area to the south of the Navan deposit would 
contain an undiscovered major normal fault that likely 
controlled the development of extensional structures in 
the Navan area, and potentially provide a suitable conduit 
for metal-bearing fluids. 2) Seismic data acquisition had 
the potential to locate these structures. By late 2012, 
seven 2D seismic surveys (totalling 101 km), had been 
acquired, processed, and initially interpreted. Hosted in 
the footwall of a large south-dipping basin margin fault, 
Tara Deep was discovered. See Ashton et al. (2018). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
Figure 2. Map modified from Ashton et al. (2015) summarizing the 
main phases in the exploration and development of Boliden Tara 
Mines.  
  
3 Regional Setting  
  
Navan is located immediately south of the Longford Down 
Lower Palaeozoic inlier, adjacent to a major NE-trending 
fault zone forming the southern margin to the inlier. To the 
south and southwest platformal carbonates and calc-
turbidites of the developing Dublin Basin subcrop.  

The Navan orebody is hosted by Lower Carboniferous 
carbonates. In Ireland, Zn-Pb mineralisation is largely 
restricted to Lower Carboniferous marine sequences of 
Tournaisian and Visean age. In southern and central 
Ireland the Waulsortian Limestone Formation is host to 
economic deposits. Whereas in the northern and central 
regions the Navan Group is favoured (Hitzman and Beaty 
1996; Philcox 1984; Wilkinson and Hitzman 2015).  

 Numerous studies have resulted in an extensive 
literature covering the genesis and stratigraphy of the 
Navan orebody and the surrounding area (Ashton et al. 
2015). The Navan regional stratigraphy records an overall 

marine transgression during the Lower Carboniferous and 
contains pre-rift, syn-rift, and post-rift elements.  

The Courceyan/Chadian (pre-rift) stratigraphy records 
shallow water carbonate deposition within a developing 
sabkha environment. Gradually deepening sea-levels led 
to the accumulation of 200m of micrites, bioclastic 
calcarenites, oolites, calcareous sandstones and 
siltstones. At Navan, this encapsulates the Pale Beds, the 
principle host rock for mineralisation (Fig. 3). 

Increasing water depth during the Chadian led to the 
deposition of the Shaley Pales and Argillaceous Bioclastic 
Limestones, followed by the deeper-water Waulsortian 
mudbank limestones. Although the latter are important 
hosts to many Irish Zn-Pb deposits in central Ireland, they 
are poorly developed and generally unmineralised in the 
Navan area.  

Differential subsidence at Navan increased during the 
Chadian rift-phase and was initiated by the formation of 
basin-margin faults. This culminated in the formation of 
submarine debris flows as footwall degradation 
accelerated (Boyce et al. 1993). Post-rift accumulations 
of Arundian-Holkerian calcturbidites in the Dublin basin 
(Nolan 1989; Philcox 1984), was followed by Namurian 
shallow-water deltaic sedimentation.  

Navan is spatially associated with several east-
northeast-trending Courceyan/Chadian extensional faults 
and low angle slides associated with the developing basin 
margin. Rheno-Hercynian compression led to inversion 
on several of these structures, and a regional dip of 15-
20o was also probably imparted at this time. A detailed 
synopsis of the timing and genesis of faulting is reviewed 
in Ashton et al. (2015).  
  
4 Local Geology  
  
At Tara Deep, mineralisation occurs primarily in two lower 
Carboniferous hosts: 1) Micrite and associated 
calcarenite units within the Pale Bed sequence, which 
display variable dolomitization, and host ~90% of the total 
resource 2) Polymict clasts of conglomerates hosted in 
the hanging walls of the G and S faults in the NW Zone 
(Ashton et al.  2018; Yesares et al. submitted). 
The micrite-hosted mineralisation occurs in a series of 
fault-bounded slides with shallow dips southeast toward 
the Navan Fault. Associated with a quiescent depositional 
environment, the basal units of the Pale Beds at Tara 
Deep are typically 50m thick. Characteristic features of 
this interval are blue-dark grey micrites with 
abundant bird’s eye textures. The two micrite units are 
separated by dolomitized siltstones. The lower micritic is 
the main host to mineralisation at Tara Deep with the 
upper micrite showing variable grades. Mineralisation 
occurring within the dolomitized horizons is typically 
associated with hydrofracturing. Mineralisation within the 
micrites shows clear evidence of multiple phases of 
deposition, disruption and reworking. 

The polymict conglomerates contain detrital clasts of 
sulfide as well as intervals of replacive mineralisation. 
Thus, demonstrating that the mineralising event straddled 
the formation of these debris flows. Similar features within 
the Boulder Conglomerate of the Navan deposit constrain 
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an Arundian (~345Ma) age for mineralisation.  
Understanding the Tara Deep geology is still at an 

early stage. Nevertheless, several important differences 
to the established stratigraphy of the Navan deposit are 
recognized.  Figure 3 shows the development of a 
massive calcarenite overlying the basal micrite 
sequences. In parts, this calcarenite demonstrates 
disruption represented by Healed Conglomerates, as 
described by Philcox (1991) in relation to the nearby 
Clogherboy mineralisation. The matrix of these Healed 
Conglomerates contains complex detrital apatites, 
jadeites, zircons and albites and is dolomitized. Above the 
erosion surface, several debris flows are hosted within the 
Thin Bedded Unit (Yesares et al. in this issue). This differs 
from the single Boulder Conglomerate observed at the 
Navan deposit. At several intervals, tuffs are preserved 
within the sequence. These are missing at Navan, having 
probably been removed during the formation of the 
Boulder Conglomerate. The Thin Bedded Unit thickens 
dramatically in the hanging-wall of the G Fault and has 
been termed the New Thin Bedded Unit.  

 

 
Figure 3. Schematic illustration of the Tara Deep stratigraphy. 
Adapted from Ashton et al. (2018) and Anderson et al. (1998).  
 
5 Mineralogy and Associated Textures  
  
Sphalerite and galena dominate the mineralisation at a 
ratio of >5:1. Gangue consists of calcite, dolomite, pyrite, 
marcasite and barite, in decreasing order of abundance. 
Antimony and copper sulfosalt exsolutions are common in 
galena, especially in those samples demonstrating a 
positive δ34S value. Multiple phases of mineralisation 
have led to a diverse array of complex textures (Fig. 4), 
dominated by collomorphic/cavity infill, brecciated, 
massive and veined mineralisation (Fig. 5).  
 
 

 
Figure 4. High grade mineralisation textures from drillhole N02334 
in a dolomitized region of the Micrite Unit. (A) Marcasite (Mrc), 
sphalerite (Sp) and barite (Ba) veining with coarse galena 
mineralisation (1747.5 m). (B) Massive sphalerite mineralisation with 
minor coarse galena (Gn) (1775.3 m). (C) Sphalerite mineralisation 
nucleating on cavity walls. These cavities have likely been expanded 
over time by acidic metalliferous fluids. Variation in lamination 
colours from red to straw yellow reveal changing iron and zinc 
concentrations, respectively (1765.1 m). (D) Brecciated 
mineralisation with sphalerite and galena nucleating on the margins 
of angular host dolomite (Dol) clasts (1815.3 m). 
 

Figure 5. Transmitted light and SEM images from the Tara Deep 
deposit. (A) Elemental map displaying the complex textures present 
at Tara Deep and the close relationship between bacteriogenic and 
hydrothermal base metal sulfides. Colloform bacteriogenic pyrite 
(Py; -12.5 ‰) is infilled by hydrothermal galena (Gn; 12.2 ‰). (B) 
Back scattered electron (BSE) image showing hydrothermal galena 
with fine exsolutions of stibnite (Stb) and tetrahedrite (Ttr). (C) 
Microlayered colloform sphalerite highlighting the dynamic nature of 
metalliferous fluids. (D) BSE image with galena veining through 
pyrite, this has been brecciated by late-phase barite.   
 
6 S Isotope Results  
  
𝛿𝛿34S in sulfides (n=117) show two main populations of -14 
to -4 ‰ and +4 to +15 ‰ (Fig. 6). The lightest subgroup 
arises from bacterial reduction of Lower Carboniferous 
seawater sulphate (Fallick et al. 2001). The heavier 
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values represent hydrothermal sulfide which entered the 
deposit in mineralising brines (Boyce et al. 1993). Barite 
𝛿𝛿34S is indicative of Lower Carboniferous seawater 
sulphate (22.2 ‰) (Anderson et al 1998).  
Mineralised textures outline a close interplay between 
bacteriogenic and hydrothermal sources and infer that 
fluid mixing was likely a dominant process.  

 
    𝛿𝛿34SCDT (‰)  
Figure 6. S isotope analyses of base metal sulfides from Tara Deep 
outlining a bimodal bacteriogenic and hydrothermal sulfur source.  
  
7 Conclusions  
  
The Tara Deep deposit is comparable to the Main Navan 
Orebody in terms of the stratigraphy, hosting lithologies 
and major mineralogy. Relative to the stratigraphy, Tara 
Deep appears to be the same age as Navan. Although 
the structural setting differs from the Navan system, the 
bimodal S source is pre-requisite of producing world-class 
Zn-Pb deposits, like the Navan Main Mine. Mineralisation 
displays multiple phases of reworking, fracturing, 
dolomitization, open space infill, and selective 
replacement, leading to a complex array of textures. 
These textures highlight a bimodal S isotope signature 
and reveal a close relationship between hydrothermal and 
bacteriogenic conditions. Tara Deep is beginning to show 
the vital signs that will allow Boliden Tara Mines to retain 
its pre-eminence as a major Zn-Pb producer. 
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Abstract. The genesis of Mississippi Valley-Type Zn-Pb 
deposits is widely accepted to occur during expulsion of 
basinal brines during the maturation of sedimentary 
basins. Whilst the role of basement and basin-forming 
faults in MVT deposit formation is well documented, the 
role of contraction deformation and structural modification 
with associated remobilization during orogenesis remains 
relatively under-researched. Here we present a new 
interpretation of the structural framework of the San 
Vicente Zn-Pb deposit of central Peru, which exhibits 
both archetypal MVT mineralization characteristics and 
structural controls attributed to Andean deformation. 
Early deformation is characterized by folding and 
thrusting with subsequent brittle deformation associated 
with the most significant modification of orebody 
geometries and remobilization, spatially restricted to the 
southern half of the deposit.  
 
1 Introduction 
 
The genesis of carbonate-hosted Mississippi Valley-type 
(MVT) Zn-Pb deposits is commonly attributed to 
processes associated with sedimentary basin evolution 
(Anderson and Macqueen 1982). Fluid flow responsible 
for the transportation and deposition of metals occurs 
during basin formation, with brine fluid expulsion driven 
by diagenesis or changes to overburden, local 
geothermal gradients, topographic relief and deformation 
(Leach et al. 1995). Although the extent of influence of 
the tectonic setting for MVT deposits has been a previous 
source of discussion (Bradley and Leach 2003), the role 
of contractional deformation during their genesis and 
subsequent remobilization remains underexplored.   

The San Vicente MVT Zn-Pb deposit is located within 
the eastern foothills of the Andes, 300km east of Lima, 
Peru, in tropical rainforest. Historically, it was one of 
Peru’s largest Zn producers with calculated reserves of 
20 Mt at 11 wt% Zn and 0.8 wt% Pb (Fontboté et al. 
1995). The San Vicente mine is situated in the footwall of 
the Utcuyatu Thrust Fault, responsible for the uplift and 
over-thrusting of the 240±4 Ma Tarma Granodiorite 
(Gunnesch et al. 1990) and Precambrian Basement in the 
hanging wall to the west. The tectonic contact is 
interpreted as late Miocene deformation during the 
Quehua 3 phase of the Andean Orogeny (Mégard 1984). 
The NNW-striking deposit is hosted within platform 
carbonate rocks of the Pucará Group. The group 
comprises alternating sequences of limestone and 
dolostone, the latter of which hosts mineralization, 

deposited on the margin of the Brazilian Shield in the 
Upper Triassic to Lower Jurassic.  

Mississippi Valley-type Zn-Pb deposits are typically 
characterized by epigenetic stratabound, tabular ore 
bodies, or mantos, hosted within in dolostone units with 
simple ore mineralogy of sphalerite-galena ± marcasite ± 
pyrite (Dörling et al. 1998). Mineralization is commonly 
characterized by replacement textures or rhythmically 
banded, zebra texture ore associated with low 
temperature, saline fluids. The regional geological setting 
typical of MVT districts include rift-related intracontinental 
basins, with mineralization localized along basin margins, 
or foreland thrust belts (Leach et al. 1995; Sangster and 
Leach 1995).  

The San Vicente deposit shares a number of these 
characteristics including variably stratabound, 
rhythmically banded ore and associated dark 
replacement dolomite (DRD) and white sparry dolomite 
(WSD) hosted in dolostone units within a platform 
carbonate sequence. Fluid inclusions studies of ore-
related WSD indicate warm, saline fluids (115–162 °C 
and 9.5–26 wt% NaCl equiv.) (Moritz et al. 1996). 
However, the deposit also displays evidence of structural 
modification associated with Andean deformation, which 
prompted Badoux et al. (2001) to hypothesize a syn-
tectonic origin for mineralization at San Vicente. Here we 
present a preliminary new structural framework for the 
San Vicente deposit derived from detailed underground 
and meso-scale mapping, drill core observations and ore 
shoot geometries. We discuss the framework within the 
context of contrasting paragenetic models for MVT 
deposits and explore the influence of structural 
modification and remobilization within the overriding 
tectonic context of the Andean Orogeny.   
 
2 Regional Geological setting 
 
2.1 Andean context 
 
Stretching down the western margin of South America, 
the Andes are divided into five structural zones, defined 
as the Western Cordillera (WC), the Eastern Cordillera 
(EC), the intra-Andean Zone (IAZ), the sub-Andean zone 
(SAZ) and the Andean Plateau (Fig. 1). They 
predominantly comprise inverted pre-Andean 
sedimentary basins and Mesozoic to Cenozoic 
subduction-related continental magmatic arcs (Mégard 
1984). The San Vicente mine area is located near the EC-
SAZ boundary within the NNW-striking Pucará Basin, 
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which has been entrained in thin-skinned Andean 
tectonics since ~ 40 Ma (McQuarrie et al. 2008).  

 
Figure 1. Simplified map of the central Andes. SAZ: sub-Andean 
Zone; EC: Eastern Cordillera; IAZ: inter-Andean Zone; WC: Western 
Cordillera; pC: pre-Cordillera. Red rectangle shows approximate 
location of Fig. 2.  
 
2.2 Local stratigraphy  
 
Sequences exposed in the San Vicente mine area 
include  Lower to Middle Permian black shales and 
limestones of the Tarma-Copacabana Formation, 
deposited during fault-controlled subsidence (Sempere et 
al. 2002). These are overlain by terrigenous clastic 
molasse sequences of red sandstone, conglomerates 
and felsic volcanics, forming the rift-related Triassic Mitu 
Group (McLaughlin 1924; Rosas et al. 2007). Deposition 
of the Pucará Group shallow-water platform carbonate 
sequences is attributed to post-rifting subsidence and 
marine transgression. These units are in tectonic contact 
with the 240±4 Ma Tarma Granodiorite and the 255±4 Ma 
San Ramon Granite (Gunnesch et al. 1990), juxtaposed 
during Miocene Andean deformation. 
 
3 San Vicente deposit geology 
 
In the San Vicente district (Fig. 2), primary basin faults 
and structures are largely obscured by subsequent 
alteration and deformation. Rift-related redbeds of the 
Mitu Group are overlain by the Pucará Group, which is 
tectonic contact with the Tarma Granodiorite along the 
Utcuyatu thrust fault (Dávila et al. 2000). Discrete 
lithological units in the mine area comprise (from oldest 
to youngest): the Basal Unit (UB), which consists of 
intercalated limestone and minor clastic and dolostone 
units. The upper horizon of UB is characterized as a 
porous limestone unit (Caliza Porosa Basal – CPB) that 
partially preserves a primary oolitic texture. The overlying 

medium to coarse-grained San Judas Dolostone (DSJ) is 
the lower most ore-bearing unit. The fine-grained, 
partially dolomitized Neptuno Limestone separates DSJ 
from the main ore-bearing unit, the San Vicente 
Dolostone (DSV). The DSV is characterized by medium 
to coarse-grained dolostone with minor intercalations of 
organic rich material (Dávila et al. 2000; Fontboté and 
Gorzawski 1990). The overlying bituminous, silty Uncush 
Limestone is finely laminated with high total organic 
carbon content (Spangenberg and Macko 1998). The 
uppermost carbonate units comprise the Alfonso and 
Colca dolostones, which bear compositional and textural 
similarities to DSJ and DSV.  

 
Figure 2. Regional geology and stratigraphy in the San Vicente 
district, displaying the surface projection of ore body distribution in 
Pucará Group dolostones, modified after Dávila et al. (2000). 
 
Host dolostone units (DSJ, DSV and DA) contain two 
distinct types of dolomite, fine to medium-grained dark 
replacement dolomite (DRD) and medium to coarse-
grained white (to pale grey) sparry dolomite (WSD). 
Original sedimentary components, such as ooides, 
crinoid fragments and pellets have undergone extensive 
dolomitization and are rarely preserved. Mineralization 
within the dolostone units occurs predominantly in west 
dipping (~15-47°) sheet-like geometries (mantos). The 
main ore minerals are sphalerite and galena. Dolostone 
units feature both barren and mineralized zebra textures. 
The first paragenetic position of sphalerite (Sp1) is as 
fine-grained, anhedral grey-brown replacement textures 
intercalated with DRD. The second sphalerite generation 
(Sp2) is coarser-grained, brown sphalerite associated 
with WSD replacing DRD (Fig. 3). The third generation 
occurs as coarse-grained, orange sphalerite (Sp3) with 
euhedral galena in void-filling dolomite-calcite in a 
mineral-matrix breccia (Spangenberg and Macko 1998).   
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Figure 3. Field photographs of San Vicente ore textures. A) Zebra 
textures of medium-grained sphalerite (Sp2) separated by syntaxial, 
coarse-grained, White Sparry Dolomite (WSD) and grey sparry 
dolomite, adjacent to Dark Replacement Dolomite (DRD) with 
bituminous seam. Red arrows indicate brittle displacement of ore 
textures. B) Coarse-grained orange sphalerite in white sparry 
dolomite and calcite in mineral-matrix breccia.  Sp2/3: sphalerite 
generation 2/3. 
 
4 Structural framework for San Vicente 

deposit 
 
Extensive underground mapping and core logging was 
conducted at the San Vicente mine in December 2018. 
Observations of mine stratigraphy, orebody geometries, 
microstructures and their relationship with different fault 
families were used to develop a new interpretation of the 
structural framework of the deposit.  

The earliest compressional deformation event (D1) has 
as range of expressions depending on lithological 
composition. In limestone units, E-W shortening and 
brittle-ductile deformation are accommodated by east 
verging, inclined to recumbent tight folds (2 cm to ~5 m 
wavelength). F1 folds are observed both underground and 
in drillcore, with fold closures determined from alternating 
S1/S0 vergence. The D1 S-C fabric is characterized by 
deformation of primary lamination in limestone units (S) 
along low angle shear planes (C) in the limestone units, 
with dissolution developing along the C plane. The 
average S1 measurement has a strike of NW-SE to NE-
SW, dipping 25–57° W. In addition, coeval bedding-
parallel to subparallel thrust faults accommodate non-
coaxial strain. Steeply east-dipping, bedding-normal en 
échelon extensional calcite veins in limestone beds 
indicate flexural slip during progressive deformation.  

Within dolostone units, bedding relationships are 
largely obscured by dolomitization and replacement 
textures. Where observed, rhythmically banded ore is 
parallel to subparallel to bedding. Dolomite within the 
banded ore display high-angle undulose extinction and 
tapered edge twins (Fig. 4a) and finely recrystallized 
dolomite at the dolomite-sphalerite contact, indicative of 
accommodation of shearing within zebra textures.   

The deposit is subsequently affected by three 
generations of brittle faulting, associated with the 
generation of hydraulic and mechanical breccias, partial 
remobilization of metals and structural modification of ore 
bodies. The second phase of deformation (D2) is 
characterized by ENE-WSW to NE-SW striking faults, 
dipping moderately NW (27-62°). Slickenfibres and 

slickenlines indicate that the brittle E-W D2 deformation 
was predominantly accommodated by dextral movement, 
evidenced, for example, in the displacement and 
truncation of mantos in the Nuevo Usa ore shoot. The 
third generation of faults is responsible for the strong 
structural modification of ore shoots in the southern half 
of the San Vicente deposit, and associated remobilization 
of sphalerite ore (Fig. 4).   

 
Figure 4. a) W-E oriented 200 m thick cross section from the mine 
Leapfrog model displaying W-dipping units. Nuevo Rhamys 
mineralized corridor plunges shallowly to NW (into page) hosted in 
DSJ and DSV. b) Schematic sketch of a) illustrating east-verging D1 
folds and thrust faults relative to mineralization (yellow). Refer to text 
for additional unit name abbreviations. 
 

North-westerly elongation of pre-existing NNW-
striking, shallow-W dipping mantos is attributed to dextro-
normal movement along steeply W-dipping NW-striking 
D3 faults. Figure 4a displays a W-E oriented 200m thick 
cross-section of the Nuevo Rhamys corridor of 
mineralization, with apparent movement of interpreted D1 
thrust faults and the shallow NW plunge of the Rhamys 
mineralized corridor extending between the DSV and the 
lower DSJ dolostones. The transposition of Nuevo 
Rhamys mineralization from a NNW-strike to a NW-strike 
is attributed to D3 deformation. Displacement of the 
orebodies is observed along both larger faults, as well as 
series of smaller scale faults forming a fine fault mesh. 
Distribution of rock matrix breccias and corridors of 
mineral matrix breccias with dolomite-calcite cement 
align with major NW faults, however, the detailed 
relationship between the two remains a source of ongoing 
investigation. D3 deformation is interpreted as the product 
of WNW-ESE extension. Within the mineral matrix 
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breccia, coarse-grained, orange sphalerite (Sp3) is 
deposited. Minor structural modification and metre scale 
displacement of ore bodies is attributed to N-S extension 
and normal movement along shallowly N- and S-dipping, 
E-W faults during D4.  

 
5 Relative timing of deformation and 

mineralization 
 
Previous studies of the San Vicente deposit have 
thoroughly documented the epigenetic replacement 
textures of the first generation of sphalerite and the dark 
replacement sphalerite (Fontboté and Gorzawski 1990; 
Kilian 2005). Microstructural evidence from this study 
suggest Sp2 was pre- to syn-D1, with non-coaxial 
shearing localized along WSD bands and minor 
sphalerite recrystallization. D2 ENE-WSW dextral faults 
resulted in the structural modification of mantos yet were 
associated with little remobilization. In contrast, D3 NW-
striking dextro-normal faults cause prominent NW-
elongation of pre-existing mantos and the generation of 
alternating NW-striking corridors of ore-bearing mineral 
matrix breccias and rock matrix breccias, coupled with 
elevated galena concentrations. More precise 
geochronological constraints yielded by different 
generations of calcite veins in limestone units and 
gangue dolomite-calcite intergrowths in breccia cement 
will be the focus of future studies.  

 
6 Discussion and preliminary conclusions  

 
The San Vicente Zn-Pb deposit displays paragenetic 
origins akin to most MVT deposits, however, structural 
controls on remobilization and the translation of ore body 
geometries suggest it may be partially analogous to MVT 
deposits in the Ozarks (USA), which were entrained in the 
Ouachita fold belt during Permian orogenesis (Leach and 
Rowan 1986). Where included in genetic models, 
research into the influence of strain on MVT deposits 
primarily focuses on the host-basin evolution. However, 
few studies have examined the direct impact of 
deformation within such deposits, including the potential 
for strain-driven remobilization. San Vicente displays 
evidence of early folding and thrusting followed by brittle 
faulting. The NW-striking structural controls on large-
scale brecciation and their relative timing remains a 
source of interest, including the extent of remobilization 
and new ore formation versus dilution. It is important to 
note that this brecciation and associated fluid ingression 
is spatially limited to the southern half of the deposit. 
Ongoing research aims to explore deformation processes 
within the mine and surrounding areas to better elucidate 
the 4D evolution of the San Vicente deposit, including 
primary ore body geometries. This will be of significance 
in identifying structurally modified, concealed ore shoots 
within the mine and region. 
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Abstract. The Broken Hill deposit is part of the 
Aggeneys-Gamsberg ore district in northwestern South 
Africa. Although often portrayed as metamorphosed 
SEDEX mineralization, the ore district shows unusual 
mineralogical and geochemical features, like a distinct 
Mn-halo and nearby peraluminous rocks that cannot be 
explained by a simple SEDEX model. Here we present 
the first Cu isotope data for chalcopyrite from the Broken 
Hill deposit, which are interpreted as reflecting an 
oxidation event in the pre-metamorphic history of the 
deposit. The oxidation of sulfides was caused most 
probably by intense chemical weathering and led to 
enrichment in elements that are immobile under near-
surface conditions. New trace element data for different 
sulfide generations from Broken Hill reflect such 
weathering-induced change in element abundances.  

Weathering-induced oxidation of the ore prior to 
metamorphism would have led to a spatial redistribution 
of base metals, which is in accordance with observed 
metal zonation in the ore district. Our new data suggest 
that Cu isotopes can help in deciphering such a process 
and thus can be of significant assistance in further base 
metal exploration in this as well as other, genetically 
related, ore districts.  
 
1 Introduction 
 
The Broken Hill deposit is one of five major sulfidic base 
metal deposits in the Aggeneys-Gamsberg ore district, 
located about 500 km north of Cape Town (South Africa). 
With its estimated resource of 439 Mt ore and ore grades 
of 3.6 % Zn, 1.4% Pb, 0.2 % Cu and 21 g/t Ag (McClung 
et al. 2007) it is one of Africa´s most important base metal 
mining districts.  

In concordance with this economic importance, the 
deposit received a lot of attention from economic 
geologists in recent decades. While there is general 
agreement on the primary deposit having had distinct 
SEDEX characteristics, some unusual geochemical and 
mineralogical features in and around the Broken Hill 
deposit challenge a simple genetic model of an 
amphibolite-facies metamorphic SEDEX deposit.  

High concentrations of Mn in various minerals show a 
spatial association to the ore and equivalent strata in the 
vicinity (Spry 1987; Moore and Reid 1988; O’Brien et al. 
2015). Enrichment in Al, reflected by various 
peraluminous sillimanite and sillimanite-corundum rocks 
(Willner et al. 1990) is also strongly centered at 
Aggeneys. Because of the close spatial association of 

these proxies and other unusual observations with the 
ore-bodies, there had been several, only moderately 
successful, attempts in the last years to use those 
observations as exploration guides to mineralization 
(O’Brien et al. 2015).  

One of the major challenges in the understanding of 
the metallogeny of this ore district is the high degree of 
metamorphic overprint, which disguised a lot of 
information about the pre-metamorphic conditions in and 
around the ore-bodies. 

In this study, we use Cu isotope analysis on 
chalcopyrite from the Broken Hill deposit in combination 
with trace element analysis on various sulfides to further 
illuminate the metallogeny of the Aggeneys-Gamsberg 
ore district. 
 
2 Geological setting 
 
The Aggeneys-Gamsberg ore district is located in the 
Namaqua sector of the Namaqua-Natal belt in northern 
South Africa and southern Namibia. This metamorphic 
belt consists of distinct tectonic subprovinces, which 
show characteristics of accretionary terranes from a 
convergent margin (Colliston et al. 2017), with available 
age data between 1.3 and 1.0 Ga (Eglington & Armstrong 
2003) pointing towards a Grenville-age of the Namaqua 
Orogeny. A characteristic feature of the western part of 
the belt is the long-lasting high-temperature history 
(>650°C between ~1350 and <1100 Ma), which is best 
explained by a Mesoproterozoic back-arc situation where 
heat was transferred continually into a thinned crust (Bial 
et al. 2015). 

The Aggeneys-Gamsberg ore district is part of the 
volcano-sedimentary successions of the Bushmanland 
Terrane. The eponymous Bushmanland Group consist of 
ferruginous quartzite, shale, calc-silicate rocks, 
amphibolite and the ore schist formation, which hosts the 
ore exposed at the various deposits (Bailie et al. 2007). 
In the area around Aggeneys, peraluminous sillimanite 
and sillimanite-corundum rocks occur as scattered but 
strata-bound layers (Willner et al. 1990). Isoclinal folding 
and structural duplication are ubiquitous evidence of the 
intense deformation of this area (Colliston et al. 2012). 
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Fig 1. Location of the Aggeneys-Gamsberg ore district within South 
Africa. The magnified area shows the position of the main deposits 
within the local Bushmanland Group outcrops (after Stalder and 
Rozendaal 2004; McClung et al. 2007).  
 
Broken Hill is the southernmost deposit of the ore district 
(Fig. 1) and shows many similarities with the famous 
Broken Hill deposit in Australia. It consists of multiple 
deformed and metamorphosed stratiform, strata-bound 
ore lenses of magnetite and sulfide, rich in Fe, Pb, Mn, 
Zn, Cu and Ba and in places with Cd, Co, Bi, Sb and 
traces of gold (McClung and Viljoen 2011). The sulfide 
mineralogy consists of chalcopyrite, galena, sphalerite, 
pyrite and pyrrhotite (Ryan at al. 1986; Bailie et al. 2007). 
 
3 Results 
 
3.1 Trace elements in sulfides 
 
Trace element concentrations were measured on a total 
of 70 sulfide grains from the Broken Hill deposit using an 
Agilent 7500i ICP-MS with a 266-nm UP193FX New 
Wave Research laser at the GeoForschungszentrum 
Nordbayern, Erlangen, Germany. 
 
Pyrrhotite 
Twenty analyses were conducted on texturally late 
pyrrhotite from Broken Hill. These results confirmed the 
generally trace element-poor character of pyrrhotite. The 
averages for Ru, Rh, Pd, Au, Ga, As, In, Sn and Bi are 
below 1 ppm, whereas the values of Ge, Ag, Sb and Pb 
are lower than 10 ppm. Mn, Cu and Zn revealed slightly 
elevated concentrations (55 ppm, 260 ppm and 195 ppm) 
in combination with high standard deviations, which is a 
strong indicator for them being related to micro-inclusion 
within pyrrhotite. Co and Ni concentrations (1278 ± 827 
ppm; 460 ± 433 ppm) show strong variations but 
generally constant Co:Ni ratios between 2.2 and 4.4 (ø = 
3.6). All results can be described by a trend with a strong 
correlation coefficient of 0.90, which speaks for only one 
pyrrhotite generation (Fig. 2).  
 

 
Fig 2. Co versus Ni plot for pyrrhotite from the Broken Hill deposit at 
Aggeneys. 
 
Sphalerite 
A total of 29 sphalerite grains were analysed. The results 
indicate the existence of two distinct types of sphalerite, 
the first one (Sp1) occurring as small inclusions within 
gangue minerals. In open pore-space this sphalerite type 
shows advanced replacement by other sulfides like 
chalcopyrite, for which it is regarded as relictic. This 
sphalerite type yielded elevated Co (ø = 6100 ppm) and 
Mn (ø =4790 ppm) contents. In contrast, Ni is very low 
with an average of 7.0 ppm. The very heterogenous Cu 
concentrations (ø = 13400; σ = 8340) are in good 
agreement with the microscopic observation of 
“chalcopyrite-disease” within sphalerite. The 
measurements further yielded mean Cd and In 
concentrations of 1890 ppm and 45.8 ppm, respectively. 

The other sphalerite type (Sp2) is spatially associated 
with volumetrically larger amounts of sulfides like 
chalcopyrite, galena and pyrrhotite. Sphalerite of the type 
Sp2 often appears as meniscus cement, indicating that it 
belongs to a texturally late sulfide generation. Compared 
with Sp1 this sphalerite type is richer in Zn (ø = 57.8 ppm; 
σ = 0.96) and Mn (ø =21500; σ = 5900) (Fig. 3). The Cd 
contents are quite constant in all analyses with an 
average of 2050 ppm and a standard deviation of only 
115 ppm. One of the biggest differences to Sp1 is the 
average Co value of 395 ppm, which is on average more 
than 15 times lower than in Sp1. Both sphalerite types 
have similar low Ni concentrations. With 9.6 ppm the 
average In content is significantly lower than in Sp1.  
 
Chalcopyrite 
Chalcopyrite is enriched in Ag (ø = 4070 ppm) and Mn (ø 
= 1640 ppm). In comparison with Co (ø = 14.8 ppm) the 
Ni values are distinctly elevated (ø = 311 ppm) but show 
a strong variation with σ = 1190 ppm. The concentrations 
of Ru, Pd, Au, Ga, As, Sn, and Bi were all found to be 
below the lower limit of detection of 1 ppm.  
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Fig. 3. Mn versus Zn plot for sphalerite of the Broken Hill deposit.  
 
3.2 Copper isotopes  
 
Chalcopyrite of eight samples from the Broken Hill 
deposit yielded a δ65Cu range from 1.20 to 1.68 ‰ with a 
mean value of 1.42 ‰. A comparison with Cu isotope 
values for other sulfide mineralizations from all over the 
world (Fig. 4) shows that the Cu isotope values from the 
Broken Hill deposit are significantly out of the range 
typical of high-temperature hydrothermal chalcopyrite 
(δ65Cu = -0.6 to +0.4) as defined by Ikehata et al. (2011). 
 

 
Fig 4. δ65Cu values of chalcopyrite from the Broken Hill deposit (this 
study) compared to continental high-temperature hydrothermal 
chalcopyrite (grey bar), Besshi-type deposits and supergene ores 
worldwide (Ikehata et al. 2011). Ccp = chalcopyrite.  
 
4 Interpretation and discussion 
 
The δ65Cu values of chalcopyrite from the Broken Hill 
deposit, with an average of 1.42 ‰, differ significantly 
from those of hydrothermal chalcopyrite that could be 
expected in an exhalative deposit. Chalcopyrite from 
Rammelsberg, for example, has an average δ65Cu of     -
0.54 ‰ (Höhn et al. unpubl. data). Because of the inability 
of the Cu isotopic system to fractionate at high 
temperatures, the metamorphic overprint cannot account 
for such a strong fractionation in a world-class sized 
orebody. The study of Pekala et al. (2011) suggested that 
an additional hydrothermal input and thus sulfide 

precipitation on pre-existing sulfides would cause a 
lowering of the δ65Cu values of the ore lenses. The only 
known process that could explain sulfide enrichment 
couples with δ65Cu fractionation of as much as +1 ‰ to 
+3 ‰ is supergene oxidation of sulfides (Mathur and 
Fantle 2015). Fractionation of Cu isotopes is strongly 
temperature dependent. Consequently, resulfidation 
during high-grade metamorphic overprint would not be 
able to fully undo this low-temperature fractionation 
because of the high temperatures at the time of 
metamorphism.  

For the Aggeneys-Gamsberg ore district, we therefore 
propose a pre-metamorphic oxidation event similar to that 
in many non-sulfide zinc deposits all over the world (e.g. 
Borg 2015). Regardless of the exact timing, oxidation of 
sulfide-rich sediments or sedimentary rocks would 
explain the observed fractionation of Cu isotopes, a 
decay of feldspar and mica and a loss of all elements 
mobile under acidic surface to near-surface conditions. 
The product of this process would be a laterite-like 
accumulation of quartz, base metal-rich clay minerals like 
sauconite (Balassone et al. 2017), Fe- and Mn- 
oxides/hydroxides and in case of a high content of 
organic materials phosphates. At the metamorphic event 
between 1350 and 1100 Ma, the close spatial association 
of all these geochemical anomalies could have been the 
base for the characteristic suite of metamorphic minerals 
found around Aggeneys. 

Pre-metamorphic oxidation would be also in good 
agreement with the trace element contents of the sulfides 
from the Broken Hill deposit. They have high Mn contents 
in common, which is most probably due to a high Mn 
activity in the environment they crystallized in. 
Nevertheless, the two observed sphalerite types yielded 
significant differences in Mn, Co and In, which speaks in 
favor of multi-stage re-sulfidation. Furthermore, a multi-
stage hydrothermal sulfur input, possibly from different 
source areas, could explain the different δ34S values 
observed in the different deposits of the Aggeneys-
Gamsberg ore district (McClung et al. 2007).  

In places where the metamorphic sulfur input was not 
sufficient for the genesis of sulfides, the elevated 
temperature and pressure caused silicates with high 
contents of Fe, Mn and base metals. This is in perfect 
concordance with the worldwide highest Mn contents in 
gahnite from the vicinity of the Broken Hill deposit in 
South Africa (O’Brien at al. 2015). New phases of sulfur 
input under higher metamorphic conditions could also 
trigger the variously observed replacement reactions of 
gahnite by sphalerite (Spry 1987).  

The introduction of an early oxidation event in the 
complex metallogenic history might help to solve various 
geochemical and mineralogical peculiarities in and 
around Aggeneys. For example, Stalder and Rozendaal 
(2005) recognized a negative Eu-anomaly in massive 
barite from Gamsberg, which is unusual for hydrothermal 
barite. However, weathering-induced barite formation 
would happen under oxic conditions in which Eu3+ lacks 
the necessary similarity with Sr2+ to form such an 
anomaly. The Sr isotope ratios of barite (McClung et al. 
2007) further indicate an evolved continental crustal 
source. In their study Stalder and Rozendaal (2004) 
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pointed out that the intimate association of apatite with 
the sulfides could be used as an exploration guide. 
However, a spatial association would only make sense if 
both are connected by a common enrichment process 
independent from basin conditions. In laterite, as a 
product of intense chemical weathering, high phosphorus 
contents are not uncommon (Economou-Eliopoulos 
2003). Maybe, fluorapatite, which is abundant in the 
Aggeneys-Gamsberg ore district, has a similar origin. 

All in all, the available geochemical and mineralogical 
evidence, now supplemented by new Cu isotope data, 
point to derivation of the sulfide ore bodies in the 
Aggeneys-Gamsberg ore district from syn-sedimentary 
sulfide concentrations that had been variably oxidized 
prior to metamorphism. 
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Abstract. Bergslagen is one of the richest mineral 
districts in Sweden for base and precious/critical minerals 
and metals. In this work a mineral system approach for 
targeting of iron-oxide apatite-bearing mineralisation has 
been developed. GIS-based mapping of prospectivity for 
this type of mineralisation has been carried out with a 
focus on Ludvika mining area from Blötberget to 
Håksberg with known and high-quality iron-oxide 
deposits. According to spatial analysis on mappable 
criteria’s, strong positive airborne magnetic anomalies, 
density of structures and the contact between felsic 
volcanic rocks and granites are crucial for this type of 
mineralisation in the study area This GIS-based model 
will also be used in targeting of iron-oxide deposits at 
depth in the Blötberget area. However, the mineral 
systems approach considers the origin of deposits in the 
framework of lithospheric-scale processes from the time-
honored aspects of the source, fluids, transport and 
physical and/or thermo-dynamical traps. Applied to 
exploration strategy, this approach allows for more 
predictive models. Rather than matching patterns, 
knowledge of the underlying geological processes and 
tectonic-structural setting can be used for identifying 
areas with higher probability of finding deposits of 
interest. Furthermore, this method can broaden the scope 
of prospectivity indicators and allows for earlier and more 
efficient fertility assessments.  
 
1 Introduction 
 
Iron-oxide (also sometimes apatite-bearing) deposits, in 
Sweden are today are mainly known from Kiruna and 
Malmberget mines in the north. However, iron-oxide 
deposits of similar quality and to a disputed origin can 
also be found in central Sweden in the so-called 
Bergslagen ore province/district. The largest of these 
being Grängesberg, Blötberget and Idkerberget mined for 
their quality iron ore until the 20th century some of which 
for over a few hundreds of years. Based on their overall 
mineralogy, geochemistry, geometry and relationships 
with the host rocks, these Bergslagen deposits are 
suggested to have Kiruna-type origin i.e., high 
temperature to magmatic origin (e.g. Jonsson et al., 
2010). This type of mineralization locally may show some 
differences between style of mineralization, associated 
alteration and texture. Beside, iron in the form of 
magnetite and hematite, fluorapatite and associated rare 
earth-bearing phosphates and silicates in these ores may 

represent a significant potential reserve of REEs as well 
as of phosphorus (Sadeghi et al., 2019) requiring an 
elevated and renewed attention (Malehmir et al., 2017).  

Wyborn et al. (1994) define a mineral system as “all 
geological factors that control the generation and 
preservation of mineral deposits, and stresses the 
processes that are involved in mobilising ore components 
from a source, transporting and accumulating them in 
more concentrated form and then preserving them 
throughout the subsequent history”. However, in most 
practical applications of the mineral systems approach in 
exploration targeting, these factors are ignored because 
they are generally difficult to map particularly for spatially 
variant datasets. 

McCuaig et al. (2010) describe a four-step procedure 
for linking the mineral system with data available for 
practical exploration targeting. These steps include 
translation from (1) critical processes of the mineral 
system, to (2) constituent processes of the mineral 
system, to (3) targeting elements reflected in geology, 
and (4) targeting criteria used to detect the targeting 
elements directly or by proxy. This procedure is today 
used, implicitly or explicitly, in all mineral prospectivity 
modelling studies. 

There is some restriction that prospectivity models are 
dependent on the input exploration data, and any 
targeting criteria that are not mappable in the available 
exploration data cannot be incorporated in modeling.  

In this study, we focus to present a mineral system 
model for iron-oxide apatite ores in the Bergslagen from 
mining camp scale and imply the concept in the deposit 
scale (Blötberget) in the Ludvika mining area. The result 
of this model will be employed for 3D prospectivity 
modeling in the Blötberget and surrounding areas in 
follow up studies within the trans-European H2020-
funded Smart Exploration project.  

 
2 Study area 

 
The study area is situated in the historical mineral district 
of Bergslagen in south-central Sweden extending from 
Grängesberg in the south Håksberg in the north (Fig. 1). 
The mineralisation in Bergslagen comprises of banded 
iron formation (BIF), skarn-type iron-oxide deposits and 
apatite-rich iron-oxide deposits, with the latter deposits 
accounting for more than 40% of the iron ore produced in 
Bergslagen (Magnusson, 1970, Stephens et al., 2000). 
The area of interest, Blötberget and areas north of it are 



New discoveries – new views: Advances in the Science of Mineral Exploration  1217 

known for their iron-oxide apatite-bearing deposits. The 
mineralisation in Blöteberget is known to extend down to 
at least 800–850 m depth (Malehmir et al., 2017) in a 
moderately dipping (approximately 45-50 degree) 
manner. 

Geologically, Bergslagen belongs to the Svecokarelian 
orogen in the Fennoscandian Shield. Metamorphosed 
volcano-sedimentary rocks of Palaeproterozoic age 
(1.85-1.8 Ga) dominate the host rocks (Fig. 1). 
Metavolcanic rocks including feldspar porphyritic rocks 
show close spatial association with iron-apatite 
mineralisation. The rocks show metamorphic grades 
ranging from medium to upper amphibolite facies. Coeval 
dacitic, andesitic and basaltic dykes and subvolcanic 
intrusions, and synvolcanic, granitic to intermediate 
plutonic rocks cut the host rock and the mineralisation. 
Post-mineralisation intrusion of granite-aplite-pegmatite 
and metamorphism severely resulted in the deformation 
of these rocks (Allen et al., 1996; Ripa and Kübler, 2003). 
During their formation, the host rocks were variably 
hydrothermally altered. The origin of the apatite-rich iron-
oxide deposits is considered to be synvolcanic, although 
this is disputed, with a new study favouring a magmatic-
to-high-temperature hydrothermal origin (Jonsson et al., 
2013).  

 
3 Mineral systems approach target 

generation 
 
In a data-driven mineral prospectivity model the model 
parameters are estimated based on statistical spatial 
relationships to a training dataset of the iron oxide apatite 
mineralisation in the study area (knox-Robinson and 
Wyborn, 1997). The data-driven weights of evidence 
method (WofE) have been used (Bonham-Carter et al., 
1994), which is a statistical method for quantifying spatial 
association between mineral deposits and geological 
features. A weight of evidence is normally applied to 
exploration situations in which there is an adequate 
number of mineral deposits or occurrences already 
discovered (e.g., for brownfields). Simply, WofE is a data-
driven method based on the Bayesian theory and its 
fundamental concept of prior and posterior probabilities.  

 
 
 

 
 
Figure 1. Simplified geological map of the study area showing 
locations of major iron-oxide deposits in the Ludvika mining area 
from Grängesberg to .Håksberg. Map courtesy of the Geological 
Survey of Sweden (SGU). 
 

In Table 1, regional scale mineral systems models 
including the list of the targeting elements and relevant 
spatial proxies / predictor maps for IOA mineralisation are 
listed. Based on previous knowledge on IOA 
mineralisation in Sweden and particularly in the 
Bergslagen district, a generalised conceptual mineral 
systems model were developed for iron-oxide apatite-
bearing mineralisation in the Bergslagen; a selection of 
relevant data used for the mineral prospectivity mappig in 
the area. In each case geological proxies for metal 
source, metal transport pathways and depositional were 
applied based on the known characteristics of deposits 
and interpreted geology.  
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Table 1. Regional-scale iron-oxide apatite-bearing mineral system 
models listing targeting elements and relevant spatial proxies/ 
predictor maps for the targeted apatite iron-oxide mineralisation 
deposit.  
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Firstly, spatial association between training site (iron-

oxide apatite-bearing mineralisation) and the mappable 
ingredient was calculated, secondly, evidential maps for 
prediction were optimised, and finally, predictor maps 
were combined based on mineral system approach to 
created favourability maps and target generated map 
produced.  
 

 
Figure 2. Potential prospectivity map of iron-oxide apatite-bearing 
(IOA) mineralisation in the study area around Blötberget and 
Ludvika area. It is remarkable areas west of the city Ludvika with a 
strike SW-NE stands out as high probability.  
 
4 3-D modeling of airborne magnetic data 

 
In the summer of 2016-2017, the Geological Survey of 
Sweden (SGU) conducted a new airborne survey in the 
area along flight-lines of 200 m spacing with nominal 
flight-height of 60 m above the ground surface; an along 
flight-line sampling interval of 15 m was used. Different 
than earlier data from the 70s, this survey was designed 
to orthogonally (NW-SE directed) transverse the 
structures observed on earlier airborne data and surface 
geological mapping. The airborne magnetic data were 
modelled in 3D using the VOXI Earth modelling program 
developed by Geosoft®. The resulting model contains 
voxels each having the average susceptibility of material 
within the voxels’ volume. The voxels have horizontal 
dimensions of 250 m by 250 m and a vertical dimension 
that increases logarithmically with depth starting from 25 
m at the surface. Figure 3 shows iso-susceptibility 
surfaces of 0.05 (SI) generated from the voxel 
susceptibility model. The modelled iso-surfaces coincide 
well with the locations of known iron-oxide mineralisation 
in the area (e.g. Blötberget and Håksberg). Use of 
borehole information in the modeling of magnetic data as 
constraints can improve the accuracy of the method 
specially with depth. Such a model can be utilised for a 
3D perspectivity mapping in the future. Moreover, at 
areas covered by water (e.g. the lake north of Blötberget) 
the model can facilitate planning reconnaissance 
drillings.  
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Figure 3. Iso-magnetic susceptibility shells of 0.05 generated from 
the voxels covering the study area. The susceptibility of voxels is 
estimated by 3D inversion of the airborne magnetic data collected 
along flight lines separated by 200 m.  
 
5 Conclusions 

 
Based on spatial association of mappable ingredient with 
the IOA mineralisation in the Ludvika mining area, the 
highest spatial association with mineralisation is related 
to (i) proximity to the positive airborne magnetic 
anomalies, (ii) intensity of the structure, (iii) proximity to 
the contact between volcanic and granitic rocks and (iv) 
proximity to the dacite-rhyolite volcanic rocks. The data-
driven spatial analysis in the area with several data and 
active mining and exploration activities (e.g. brown field) 
may help to adding values on knowledge of geological 
processes on mineralisation in district-camp scale. All this 
information may reveal new mineral system model(s) for 
better evaluation of targets for mineral exploration. 

There are other types of iron-oxide mineralisation in 
the study area (e.g. skarn type and BIF) and it is essential 
to remembers that the common practice of incorporating 
proxies of all mineral systems components (source, 
pathways and traps) in a single prospectivity model may 
not yield a deposit type-specific prospectivity map. The 
output of 2D mineral prospectivity and mineral system 
model can be applied in the 3D for calculation of 
exploration criteria’s and proximity to the ore deposit 
(target) in the 3D (e.g. proximity to the magnetic 
anomalies in depth and proximity of known mineralisation 
with contact between dacite-rhyolite and granitic rocks.  
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Abstract. REE-HFSE exploration and research projects 
tend to focus on describing deposit- to outcrop-scale 
mineralisation. R egional-scale frameworks, mineral 
system maps and predictive targeting capability are 
largely lacking. A contextual, probabilistic REE-HFSE 
mineral system approach is being developed by the 
authors to enable any REE-HFSE mineral system’s extent 
to be defined, mapped and ‘risked’ in 4D. This will enable 
systematic investigation of the crustal pathways and 
potential trap locations along which a mantle-derived 
REE-HFSE ‘batch’ may now be distributed. A workflow to 
define any REE-HFSE mineral system is presented: (a) 
Identify and hierarchically organize a mineral system’s 
genetically related sub-divisions and deposits, (b) map its 
known and possible maximum extents, (c) name it, (d) 
discern its known mineral endowment, and (e) assess the 
favourability of the system’s critical components for 
preserving project value. The workflow is designed to 
improve predictive targeting along under-evaluated plays, 
in order to prioritise further investigations and expenditure. 
It provides the foundation to compare, risk, and rank REE-
HFSE provinces, plays and projects. And it is easily 
adaptable for other mineral commodities.  
 
1 Introduction, aims and target audience 
 
The global plan to decarbonise energy and transport 
systems is increasing the demand for rare earth elements 
(REE) and high field strength elements (HFSE) (e.g. 
Kalvig and Machacek, 2018). These metals were 
designated as “critical raw materials” for the European 
Union (EC 2010; EC 2017) due to their high economic 
importance and high supply risk. They are mainly 
associated with alkaline igneous rocks (that includes 
carbonatites) and their weathered products (e.g. Kalvig 
and Machacek 2018; Pirajno 2015; Verplanck et al 2016). 
REE-HFSE recycling is unlikely to meet increasing 
demand (Du and Graedel 2010; Binnemans et al 2013), 
thus appraisal and mining (Goodenough et al 2018) of 
known mineralisation and as-yet-undiscovered deposits 
will probably be required. However, most REE-HFSE 
exploration and research projects focus on/below the 
deposit scale and neglect the broader context, where 
significant undiscovered potential may exist. Predictive 

targeting capability of these metals remains limited 
(Verplanck et al 2016). In consequence, REE have been 
mined from only a few deposits so far (e.g. Kalvig and 
Machacek, 2018; U.S. Geological Survey 2018) and many 
alkaline igneous occurrences remain under evaluated. 
Closer collaboration between industry, research and 
government policy will be essential for organisations to 
quantify geological risks and demonstrate acceptable 
geological probability of success. 

To help address this REE-HFSE targeting requirement 
we present a workflow to define any mineral system 
associated with alkaline igneous rocks at the province 
scale. This is a necessary foundation to prioritise data 
acquisition and discern geological uncertainties before 
commencing district- to ore-shoot scale evaluations. The 
workflow is designed for geoscientists, economists and 
strategists to summarise the current knowledge status of 
any mineral system together: quickly, cheaply and easily. 
It is for use at any exploration targeting or research project 
stage. However, it will generate optimal efficiency and 
value if used at province-scale to select district- or deposit-
scale license/research locations. The product will also 
provide context for upside endowment potential around 
occurrences, prospects and mines.  

The overall aim is to assist industry, research, financial 
and government policy stakeholders to more effectively 
visualise and target under-evaluated mineral systems at 
province-scale. Using it should facilitate discussion and 
understanding between stakeholder groups, and improve 
decision quality across the REE-HFSE sector.  

For an overview of the mineral system concept refer to 
McCuaig and Hronsky (2014).  
 
2 Mineral system definition and use 
 
Despite the spectrum of published mineral system 
concepts, approaches and purposes there is a paucity of 
information on how to actually characterise an individual 
mineral system. So one alkaline igneous-associated REE-
HFSE mineral system has been defined as the entire set 
of naturally occurring and genetically related 
mineralisations that originated from one commodity 
provenance ‘batch’ (Fig. 1) by Banks et al. (2019, adapted 
from Magoon and Beaumont 1995). Each REE-HFSE 
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mineral system extends from its active/once active 
provenance of sub-lithospheric mantle, through the 
magmatic/hydrothermal fluid charge pathways, to all the 
resultant REE-HFSE mineralisations throughout the 
province. It encompasses, and links, the magmatic, 
metamorphic, weathering and basinal facies associations 
and processes (Fig. 1). A single mineral system therefore 
encapsulates all the geologic components critical for 
mineralisation to exist present-day, regardless of 
economics (adapted from Magoon 1995 and Royal Dutch 
Shell 2013). The mineral system definition presented 
emphasises the chronologic relationships between 
genetically linked mineralisations (Fig. 2). 

Using a tree geometry analogy, one REE-HFSE 
mineral system has a sub-lithospheric mantle provenance 
root network, a magmatic-hydrothermal trunk that focused 
REE-HFSE-transporting magmas and fluids into the upper 
crust (vertical charge), and district- to ore shoot-scale 
migration branches in/on the upper crust (horizontal 
charge). REE-HFSE deposits /mineralisations are akin to 
fruit (each at various stages of ‘richness’ and inspection) 
that cluster on mineral system branches (plays). Some 
mineral system branches may no longer exist due to the 
province’s climatic and erosional history.  

The known mineral system ‘tree’ needs to be mapped 
to aid spatial modelling of a province’s potential remaining 
endowment and value. Applying the proposed mineral 
system definition workflow can enhance mapping, risking 
and optimal targeting of REE-HFSE mineral systems in 
underexplored regions, regardless of their data volume. 

The proposed mineral system definition is Stage 2 of a 
holistic exploration business process (e.g., Banks 2018; 
Banks et al. 2019), whereby exploration prospects are 
built progressively through province to prospect scales 
with a ‘proceed or stop?’ business decision after each 
stage.  
 
3 REE-HFSE play definition and importance 
 
The base unit of targeting should be a 
chronostratigraphically-bound mineral play (Figs. 1, 2) 
instead of a mineral deposit: to build a REE-HFSE 
prospect portfolio. An alkaline igneous-associated REE-
HFSE play is a group of geologically related ore deposits, 
mineral deposits and untested prospects within a 
chronostratigraphic unit (Banks et al. 2019). A mineral 
play is an appropriate entity because it brings chronologic 
and genetic context between deposits and prospects. As 
an ore deposit is a locus of the mineral system-scale 
processes that generated a play, understanding how a 
mineralised play operated provides predictive capability, 
and appropriate analogues, to generate other prospects 
within that play. Uncertainty and risk can be quantified with 
play analysis methodology, to link geoscience with 
business and strategy decisions (e.g. Banks 2018).  Also, 
using the exploration play enables cross-pollination of 
ideas with exploration stakeholders of other commodities 
(e.g. McCuaig et al 2018) using mutual vocabulary. 

 
4 The mineral system definition workflow 
 
The REE-HFSE mineral system definition workflow is 
summarised below (more detail in Banks et al. 2019). 
Task 1. Organise province framework knowledge 
All available data-knowledge about the host province’s 4D 
evolution and mineralisation—including all historic 
exploration and production data—should be summarised 
and geospatially organised. 
Task 2. Clarify mineral system critical components 
and the project’s investigation products 
The critical components will be different at province, 
district and deposit scales, so will require differing 
mappable criteria. Then list the project’s products that will 
summarise the mineral system in 4D (e.g. Fig. 3). 
Task 3. Identify the mineral system 
Demonstrate it exists via at least one REE-HFSE 
mineralisation that is geochemically anomalous to the 
local lithologies. Next, correlate the genetic relationships 
between occurrences and to their provenance. 
Task 4. Hierarchically organise the mineral system’s 
sub-divisions 
Organising a mineral system into exploration targeting 
sub-divisions (Figs. 1 and 2)—from mantle expulsion to 
the most distal mineralisation—can improve 4D mapping 
and quantifying a mineral system.  
Task 5. Estimate the known mineral endowment (size) 
of the mineral system 
The size is the sum of produced and unrecovered REE-
HFSE mineral resources yielded from one provenance 
commodity ‘batch’. Size is one way to compare mineral 
systems. It could also be used to estimate the system’s 
yield–mineralisation efficiency. 
Task 6. Name the mineral system 
Each mineral system needs a name to distinguish it from 
other mineral systems. We display a standardising naming 
convention that incorporates the certainty of the 
correlation between the commodity provenance and 
occurrences, and the dominant mineral play, e.g. the 
Southwest Germany, Tentative, Variscan-Miocene 
Carbonatite REE-HFSE mineral system. 
Task 7. Map the known mineral system extent 
A mineral system’s known geographic, stratigraphic and 
temporal extents are mapped, to identify possible play 
extensions and new play concepts that could contain 
additional deposits and value. 
Task 8. Summarise the mineral system’s favourability 
To indicate if a REE-HFSE mineral system could yield 
more prospective play opportunities, the favourability (for 
project value preservation) of each critical component 
should be summarised. We then recommend translating a 
mineral system’s critical components into mappable 
targeting criteria (McCuaig et al. 2010) because this 
translation is crucial for subsequent Play Analysis and 
Prospect Maturation exploration stages. 
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Figure 1. A schematic display of one REE-HFSE mineral system’s possible extent and examples of facies associations, plays, deposit types 
and prospect types. It emphasises how genetically linked deposits and prospects form plays, and that plays are genetically linked ‘branches’ 
from one mantle provenance ‘root’. Reproduced from Banks et al. 2019. 
 

 
 
Figure 2. Scale-based, Linnean (1758) hierarchy recommended for mineral system sub-divisions. Reproduced from Banks et al. 2019. 
 

 
Figure 3. A mineral system events chart showing the province-scale, magmatic facies, critical components at Kaiserstuhl Volcanic Complex 
(KVC). KVC is a district in the Southwest Germany, Tentative, Variscan-Miocene Carbonatite REE-HFSE mineral system. Reproduced from 
Banks et al. 2019 (see there for references within Fig. 3). 
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5 Implications 
 
This standardised mineral system definition ‘recipe’ for 4D 
mapping is recommended because a mapped mineral 
system provides a firm foundation to estimate remaining 
endowment potential and to optimise an organisation’s 
often limited resources. Once the known extent of a REE-
HFSE mineral system has been defined, a project can 
switch from a descriptive to a predictive approach to: (a) 
predictively determine the most favourable mineral 
system branches to target/research, (b) probabilistically 
risk prospects during portfolio building, (c) build analogues 
for less-defined mineral systems, and (d) compare and 
rank REE-HFSE mineral systems globally. Optimal 
mineral exploration ground selection can be achieved 
after mineral system facies, depositional processes, 
chronostratigraphic plays and mineralisation loci have 
been linked. Using a chronostratigraphically-bound 
mineral play as the base unit of exploration/evaluation 
enables comparative and probabilistic valuation of a 
‘family’ of prospects. We recommend that industry, 
geological surveys, research and government policy 
stakeholders collaborate closely to define alkaline 
igneous-associated REE-HFSE minerals systems: to 
optimise targeting, highlight knowledge gaps requiring 
further budget and increase the quality of business 
decisions. 
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