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Abstract. Deposit- to camp-scale quantified mineral
maps have been generated for numerous Archean gold
systems within the Yilgarn Craton to delineate gold
mineral systems. Zoning of minerals produced by
hydrothermal alteration are traced using energydispersive x-ray spectral measurements from the
scanning electron microscope (SEM; 1000s of samples),
textural SEM phase maps, whole-rock multi-element
geochemistry and trace elements of select mineral
phases. We show that fluid pathways in Archean gold
systems can be strongly controlled by the architecture
(both structural and lithological). Impermeable or weakly
permeable talc-rich ultramafic and thick coherent
phenocryst-rich mafic volcanics occur in the hanging-wall
of ore-zones. Footwall domains contain broad (>100m)
alteration zones with minerals, such as anhydrite
paragenetically linked to mineralisation. Footwall pyriteanhydrite domains transition into pyrrhotite-domains into
mineralised zones, indicating chemical redox gradients.
Other minerals (micas, chlorite, sulphides, amphibole, Tiphases and feldspars) also display complex spatial
distributions that are controlled by fluid pathways as well
as the precursor lithology. Textural relationships
demonstrate syn-mineral stage alteration that extends
significant distances from the main structures which host
ore zones. These data reflect the chemical evolution of
gold mineral systems, ultimately driven by changes in
fluid chemistry, T and P.

model is not universal, as many deposits are hosted in
rocks with low Fe/(Fe+Mg) ratios (Groves and Foster,
1991). Fluid immiscibility and the generation of two
different fluid phases (e.g. boiling) has also been
proposed as an effective depositional mechanism
(Sibson, 1987). Separation of acid-generating volatiles
(i.e. CO2 and H2S) raises the pH of the residual fluid and
promotes the deposition of native metal, carbonate and
sulphide phases (Drummond and Ohmoto, 1985).
In addition to uncertainty around processes related to
the transport and deposition of gold are the size of
alteration footprints and critical fluid pathways. These
systems are considered relatively difficult to explore due
to the fact that alteration halos are considered cryptic and
less well-developed compared with many other
hydrothermal mineral deposits (Goldfarb et al. 2005).
However technological advances allow new and novel
approaches to mapping cryptic alteration patterns at a
range of scales, delineating fluid pathways. To predict
using minerals requires key data-sets on host-rock
chemistry/lithology, geological framework (i.e., structure
and lithological boundaries), paragenesis (textural data),
and an understanding of how key styles of alteration
relate to fluid chemistry (i.e. CO2-rich fluids, aH2S,
temperature etc.). Here we provide examples of detailed

1 Introduction
Late Archean orogenic gold deposits are known from five
continents and represent one of the great epochs of gold
metallogeny in Earth’s history. The Yilgarn craton, one of
the world’s most well-endowed cratons, has a resource
of >250 Moz of Au (Goldfarb et al. 2005) with
approximately half of this resource occurring in the
Kalgoorlie Terrane (Fig 1). Despite extensive work there
is still debate about the source of gold and fluids, time and
length scales of transport, nature and chemistry of the
transport medium and mechanisms of precipitation for
these systems (Phillips and Evans, 2004; Goldfarb et al.,
2005; Large et al., 2007). Fluid–rock reactions are
considered essential in forming world-class orogenic gold
deposits, with precipitation of gold driven by
physicochemical changes as the gold-bearing fluid
equilibrates with the wall-rocks (Evans, 2010). Rocks with
high Fe/(Fe+Mg) are seen as favorable reactants to
destabilize gold–sulphide ligands (Evans, 2010), leading
to coeval gold and sulphide deposition. However, this
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Figure 1. Map of the major terranes of the Yilgarn Craton.

mineral mapping at the camp- and deposit-scale from
important Au camps (e.g., St Ives and Kundana) from
Western Australia’s Eastern Goldfields. In this paper we
summarize some salient conclusions regarding
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architecture (structural, lithological) controls on fluid-flow
and mineralogical zoning in Late Archean Gold Systems
of the eastern Yilgarn Craton.

2 Architectural controls: Terrane- to depositscale
Major Au camps of the Eastern Goldfields straddle late
Archean, granite-cored domes and related architecture
(Blewett et al. 2010, Davis et al. 2010). The domes are
considered the first-order pathways for advection of lower
crust/ mantle energy and volatiles into hydrothermal
systems in the mid-upper crust. The impacts of dome
architecture on fluid flow patterns were complex. Flat
architectural elements of domes (extensional structures
and basins, thrusts and associated stacked lithologies)
commonly created regional-scale aquitards as well as
aquifers. In contrast steeply dipping intrusive rocks within
domes provided major sub-vertical pathways for
advection of deep-seated crust/mantle fluids. Secondary
porosity in albitised porphyries (Bath et al. 2013) allow the
possibility of significant fluid flow within steeply-dipping
porphyry bodies, not just on the contacts.
Faults as aquicludes: Extant fluid-flow models for the
formation of the St Ives camp consider the Repulse–
Playa Fault as a major fluid pathway linked to the
Boulder–Lefroy Fault System (Cox and Ruming 2004).
The Boulder–Lefroy Fault System forms part of a crustalscale fault architecture (Blewett et al. 2010) and gold
camps such as St Ives ultimately reflect the fluid flux
within this crustal architecture (Groves 1993, Hagemann
and Cassidy 2000). However systematic S- and Cisotope mapping of reduced and oxidised assemblages
within the Victory-Defiance complex (Neumayr et al.,
2008) shows major changes in redox conditions across
the Repulse and Britannia Shears (Fig 2). The most
oxidised fluids (negative δ34S values in sulphides) were
focused below the Repulse Shear and the most reduced
fluids (positive δ13C values in carbonate) above the
Britannia thrust. These patterns imply that Repulse and
Britannia structures acted as aquicludes rather than
aquifers, at least in the vicinity of the East Repulse
deposit and on the eastern side of the Victory-Defiance
complex. The seal above the East Repulse deposit
appears to have a significant factor in the location of the
mineralisation. Breaching of the seal led to mixing of
SO2±HSO41- fluids with CH4-rich fluids, creating a halo of
strongly negative δ13Ccarbonate values above the deposit.
The distribution of trace-elements (Mo, W, Bi),
commonly associated with oxidised fluids, on the footwall
of the Playa-Repulse Fault hints that the Repulse–Playa
segment of the Boulder–Lefroy Fault System behaved as
a district-scale aquiclude rather than as a major aquifer.
The fault system possibly operated in tandem with talc–
carbonate altered Kambalda Komatiite to separate
domains of dominantly oxidised and reduced fluids.
Based on the identification of a sub-vertical pathway of
highly oxidised fluid, spatially associated with porphyries
beneath the East Repulse deposit (Bath et al., 2013), it is
suggested the NW–SE trending porphyry dikes across
the Victory-Defiance complex provided the major sub-

vertical pathways for oxidised fluids, either within or on
the contacts of the porphyries.
Lithological aquicludes and aquifers: Significant gold
deposits occur in almost every rock type of the Kalgoorlie
Terrane. The Golden Mile Deposit is hosted in dolerite,
Wattle Dam in ultramafics, Athena and Hamlet (St Ives
Gold Camp) in basalts, Invincible (St Ives Gold Camp) in
Black Flag Beds, Wallaby in Late Basin conglomerates
and the Kanowna Belle Au deposit in porphyries. This
diversity of rock types hosting both high-grade and largetonnage deposits strongly suggests that fluid-rock
reactions are not the primary control on physicochemical
changes driving gold deposition. Nonetheless, commonly
observed but not unique associations with host rocks do
occur, the most widely recognized being the association
of mineralisation with Fe-rich dolerites. An alternate
explanation is that it is the rheological properties of the
rock that is the important factor. Rocks that are inherently
strong and fail brittlely may act as either aquicludes or
aquifers. There are a number of rock types in addition to
Fe-rich dolerites, including the variole-rich middle Paringa
Basalt (St Ives Camp) and the phenocryst-rich Victorious
Basalt (Kundana Camp) that potentially acted as “strong
beams” within the architecture, influencing fluid flow and
ultimately deposit location. In the St Ives camp the
Paringa basalt has been subdivided into Lower, Middle
and Upper Paringa on the basis the Cr/Ti ratio coupled
with coherent map patterns (Walshe et al. 2014). The
geochemical subdivision is supported by visual logging of
textural characteristics. The Upper Paringa Basalt is fine
grained and massive, the Middle Paringa Basalt is
visually identified by abundant varioles. The Lower
Paringa Basalt is also variolitic but to a lesser degree. The
best gold shoots with the Athena and Hamlet shears are
hosted by the Middle Paringa Basalt.

3 Alteration zonation of the East Repulse
deposit
The Eastern Repulse deposit occurs within the VictoryDefiance Complex, Yilgarn Craton, Western Australia
(approx. 60 km south of Kalgoorlie; Fig 1). Rocks consist
of mafic to ultramafic volcanics of the Kambalda
Sequence, which occur within an antiform that plunges
gently towards the south (~2710-2690 Ma; Blewett et al.,
2010). The Kambalda Sequence is intruded by
intermediate to felsic intrusions, which commonly show
ages of ca. 2670 and 2650 Ma; although younger and
older age intrusions have also been documented (Fig 2;
Nelson, 1997; Neumayr et al., 2008; Watchorn, 1998;
Yeats et al., 1999). Rocks were metamorphosed to upper
greenschist and lower amphibolite facies through four
main deformation events between ca. 2700 and 2630 Ma
(Swager, 1997). Gold mineralisation in the Kalgoorlie
Terrane is thought to have occurred between ca. 2640
and 2630 Ma following peak metamorphism. Gold
mineralisation within the East Repulse deposit occurs at
a depth of about 250 meters below the present surface
(Fig 2). Much of the mineralisation occurs along the
shallowly-dipping Repulse thrust.
Three dominant stages of alteration have been
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established relative to mineralisation at the East Repulse
deposit (Bath et al., 2013). These include: (1) early-stage
albite-carbonate-sulphates-magnetite ± chlorite and/or
epidote; (2) main-stage biotite-amphibole-anhydritecarbonate ± pyrite and gold; and (3) late-stage carbonatealbite-pyrite ±chlorite and/or epidote alteration (Bath et al.
2013). These stages of alteration overprint komatiite,
basalt, dolerite, metasediments and granitoids. Alteration
assemblages of the East Repulse deposit have also been
divided into domains that reflect the distribution of
alteration assemblages from the footwall through to the
hanging wall of the deposit (Bath et al. 2013). Main
domains include upper, transitional, ore and lower and
these zones are reflected in the sulphide-sulphate
mineralogy (Fig. 2). The upper domain contains pyrite
and pyrrhotite, as well as nickel sulphides (e.g., millerite,
pentlandite and seigenite) and cobaltite. The transitional
domain occurs above the ore-domain and contains
bismuthinite and galena. The ore-domain is dominated by
sulphides, but contains minor amounts of sulphate
minerals. Sulphate occurs in the form of barite and
celestine ─ anhydrite is less common. Sulphides in the
form of pyrite, chalcopyrite, molybdenite, galena and rare
bismuthinite. The lower domain contains sulphates
(anhydrite, celestine and/or barite) and sulphides (pyrite,
molybdenite, galena and chalcopyrite). These reflect a
strong redox gradient between the hanging and footwall.

4 Alteration zonation Kundana gold camp
The Kundana gold camp is located approximately 20 km
west of Kalgoorlie along the Zuleika Shear Zone in the
Kundana mining district (Fig. 1). The camp lies within the
Coolgardie Domain of the Kalgoorlie Terrane (Swager,
1997). Mineralisation occurs along a main K2 lode
centered on a shale unit that is bounded by plagioclasephyric
basalt
(hanging-wall)
and
intermediate
volcaniclastic units (footwall). The main high-grade K2
lode contains laminated or massive quartz veins. Freegold occurs with scheelite, galena, sphalerite, pyrrhotite
and pyrite along micro-fractures that cross-cut quartz
veins. Surrounding wall rocks are variably mineralised
and show evidence of weak to pervasive muscovitealbite-arsenopyrite-pyrrhotite alteration or biotiteandesine ± anorthite ±calcite alteration. Pervasive albitecalcite-dolomite-pyrrhotite ± barite alteration occurs in the
footwall and overprints intermediate volcaniclastics.
Lower-grade mineralized lodes occur in the hanging wall
of the deposit (K2A lodes). There K2A lodes cross-cut
equigranular basalt and volcaniclastic units. K2A lodes
show
biotite-anorthite-calcite-arsenopyrite-scheelitecalcioancylite (CaCe(CO3)2(OH)(H2O)) ± muscovite
(often quartz-undersaturated rock matrix) alteration with
peripheral albitized domains, which are enriched in
ullmannite (NiSbS). Cobaltite (CoAsS) enrichment
domains also form halos around main K2 lode and K2A
lodes. These patterns reflect chemical gradients and
predictable mineral zonation patterns around gold lodes.
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Figure 2. Geological and alteration cross-section of the East
Repulse gold deposit from the >12 Moz St Ives gold camp.

High-grade areas of the main K2 lode are associated
with deeper domains of biotite-andesine ± anorthite ±
calcite alteration of wall rocks, whereas shallower lower
grade zones to the east are associated with muscovitealbite
altered
graphitic-rich
sediments.
These
assemblages reflect the presence of more acidic fluids
with lower-grade muscovite alteration (pH <4.3) relatively
to high-grade biotite-calcite (pH >4.3) assemblages. The
presence of anhydrite and barite in footwall albite-rich
alteration assemblages are calculated to form at pH >6.5
at conditions above the CO2 – CH4 buffer, indicating a
switch to alkaline conditions in the footwall (i.e. neutral pH
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≈ 5.5 at 400oC). Auriferous fluids may have been alkaline.
Fluid-mixing between reduced water-rich acid and CO2rich relatively alkaline fluids at the time of mineralisation
may have played an important role in destabilising
Au(HS)2- complexes at the time high-grade gold was
deposited.

Figure 3. Distribution of anhydrite and pyrrhotite along the K2
mineralised zone from the >8 Moz Kundana gold camp. Much of the
mineralization occurs with pyrrhotite where sediments (yellow, blue
and orange) form contacts with mafic volcanics or intrusives (green).

5 Conclusions
Mineralisation in camps from the World class Kalgoorlie
Terrane are hosted along the contact between
impermeable or weakly permeable talc-rich ultramafic
and thick coherent phenocryst-rich mafic volcanics and
permeable albite altered rocks in the footwall. Footwall
domains contain broad (>100m) alteration zones with
minerals, such as anhydrite, mapped and linked to
mineralisation. Footwall pyrite-anhydrite domains
transition into pyrrhotite-domains into mineralised zones,

indicating chemical redox gradients. Other chemical
gradients such fCO2, aH2O and pH likely also played a
role in the deposition of gold in these key zones.
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Critical mineral systems under cover: insights from
magnetic, gravity, and magnetotelluric 3D inversion
models, Southern Midcontinent, USA
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Abstract. 3D inversion models of magnetic, gravity, and
magnetotelluric (MT) data reveal evidence for concealed
critical metal mineral systems at regional scales in the US
southern Midcontinent. The region contains several
igneous-related critical-element-bearing ore deposits of
different types and ages that have been sourced from
ore-forming fluids originating from the upper mantle to
shallow crustal levels.
These include the
Mesoproterozoic IOCG-Co and IOA-REE deposits, which
are part of the southeast Missouri iron metallogenic
province. A depth slice along the top of the mantle from
the 3D models reveals feeder zones that allowed
development of large ca 1.4 Ga magmatic systems that
host mineralization in the upper crust. Shallow crust to
upper mantle conductivity sources dip under the iron
province and may reflect a potential sulfur source for
IOCG mineralization. Our findings indicate that the iron
deposits show an unambiguous connection at depth by
means of an inferred magmatic system that is traceable
to the mantle and that different IOA, IOA±REE and IOCG
deposits may be located in distinct parts of the same
magmatic system. Several trans-crustal to translithospheric magmatic plumbing systems are revealed
and show how the Mesoproterozoic architecture may
have influenced subsequent carbonatite and peralkaline
igneous activity.

Fig. 1 3D model area and location of mineral deposits in Fig. 2. Base
shows Precambrian topography (Marshak et al., 2016).

1.1 Purpose and Scope
The purpose of this study is to leverage existing regionalscale gravity, magnetic, and magnetotelluric data to
create physical property models of the crust below the
southern Midcontinent of the US. The integration of the
3D models with isotopic and geologic constraints allows
for a more robust interpretation of the anatomy of the
crust and provides important guidance in defining
prospective regions for critical mineral-bearing deposits
over a large, under explored region in the US.

1 Introduction

2 Geological Setting

Gravity, magnetic, and magnetotelluric data covering a
large part of the US Midcontinent were inverted to 3D
models of density, magnetic susceptibility, and electrical
resistivity (Fig. 1). Regional- to continental-scale
coverages such as these are required to adequately map
and model the overall crustal architecture underlying
large mineral provinces.
The mining community, along with federal
governments and academia, has shown an increasing
interest in large-scale geophysical data sets and their
utility in exploration. A few examples include Laurentian
University’s Metal Earth Project, Australia’s UNCOVER
initiative, and the recently announced U.S. Geological
Survey’s Earth Mapping Resource Initiative (Earth MRI)
(Day 2019). The growing interest is driven, in large part,
by a global shift to improve resource exploration
undercover and identify large regions for further study.

The Precambrian crystalline basement in the southern
Midcontinent of the US is only partly exposed in the St.
Francois Mountains of southeast Missouri (Fig. 2). The
majority is concealed and known only through sparse drill
hole data and geophysical map interpretation. The
basement consists of a collage of metamorphic and
igneous rocks that formed between ca 1.8 to ca 1.1 Ga
(Lund et al. 2015 and references therein), either through
accretionary processes or intraplate magmatism, along
the southern margin of the Laurentia continent. Major
geologic provinces that form the Precambrian basement
in our model area include the ca 1.8 to 1.63 Ga Central
Plains orogeny; the ca 1.45 Ga Eastern Granite Rhyolite
Province and the ca 1.35 Ga Southern Granite Rhyolite
Province.
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Fig. 2 General geology and mineral deposits. Interpreted section along A-A' is shown in Fig. 3.

2.1 Mineral Resources
The Mesoproterozoic iron metallogenic province in
southeast Missouri (Kisvarsanyi and Proctor 1967)
occurs within a 35- by 115-km region and is comprised of
several iron, copper, cobalt, manganese, and rare-earth
element deposits and prospects (Fig. 2), including one
iron oxide-copper gold (IOCG) deposit and seven known
iron oxide-apatite ± rare earth element (IOA ± REE)
deposits (Nold et al. 2014). The deposits are hosted in
1.48 to 1.44 Ga high-silica rhyolites and intermediate to
mafic-composition volcanic rocks. Most of the known
deposits are located within or near Precambrian outcrops
in the St. Francois Mountains. To date, no mineralization
has been discovered in the contemporaneous ca 1.46 Ga
granitoids or in the younger (ca 1.35 Ga) assemblage of
two-mica granites and minor mafic intrusions that intrude
the older Mesoproterozoic igneous rocks.
In addition to the mineral potential associated with the
Mesoproterozoic IOA/IOCG deposits, other geologic
terranes in the southern Midcontinent have a high
potential for several valuable critical mineral and base
metal commodities. The USGS has identified 35 critical
minerals that either have important technological uses or
are an import supply risk for the United States (Schultz et
al. 2017; Fortier et al. 2018). Critical mineral commodities
or commodity groups that are known to occur within our
study area include aluminum, barite, beryllium, cobalt,
fluorspar, gallium, germanium, manganese, niobium,
rare-earth elements, titanium, and vanadium. Base and
precious metal commodities present in various deposit
types include copper, lead, zinc, and gold.
Critical mineral, base-, and precious-metal mineral
commodities occur in various deposit types across a
range of geologic terranes in the basement and in the

overlying sedimentary section. Igneous deposit types
include the southeast Missouri IOA+REE and IOCG+Co
deposits; the Nb-REE-bearing carbonatite at Elk Creek,
Nebraska; and a peralkaline intrusion complex with
HREE-enriched fluorspar mineralization at Hicks Dome,
Illinois. Sedimentary-hosted MVT Co, F, Ge, and Ba
deposits are also present. A goal of our study is to
evaluate how these various mineral systems might relate.

3 Data and Models
National-scale potential field databases of magnetic and
gravity data (Phillips et al. 1993; Ravat et al. 2009) were
inverted to 3D models of density and magnetic
susceptibility, respectively. National-scale EarthScope
magnetotelluric data, supplemented with stations
collected by the USGS, which provided an increased site
density, were used to construct the 3D resistivity model.
Model constraints were provided by a database of
Precambrian basement topographic elevations (Marshak
et al., 2016) and a database of continental crust thickness
(Shen and Ritzwoller 2016). The surfaces define the top
and bottom elevations of the potential field inversion
models and are especially important given the extreme
structural relief in some parts of the Precambrian
basement. The crustal thickness data are derived from
inversion of USArray/Transportable Array seismic
measurements from the EarthScope initiative and provide
estimates related to variations in the depth to the Moho
relative to the topographic surface.
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A west to east vertical section was extracted through
the magnetic susceptibility and density models (A-A’ in
Fig. 2) along a profile that includes several iron deposits
located in the St. Francois Mountains and major geologic
features. An interpretation was produced that combined
the density and susceptibility properties across the
section (Fig. 3). Map sections from the 3D density and
magnetic susceptibility models of the deep crust were

develop moderate to high susceptibility apotheoses that
envelope both the ca 1.4 Ga caldera structures and ca
1.3 Ga plutons at mid to shallow depths. We assume that
areas where the high susceptibility column is also dense,
larger volumes of mafic rock are present in the crust that
were part of the IOA/IOCG ore-forming system.
The distinct nonmagnetic masses under the ca 1.3 Ga
Graniteville and Buick granitic plutons extend to

Fig. 3 Schematic section showing IOA/IOCG mineral system under southeast Missouri iron metallogenic province from an integration
of magnetic susceptibility and density 3D inversion models.

generated by extracting voxels along an irregular surface
just above the Moho surface (Figs. 4a,b). Depths to this
surface range from 34 to 42 km-equivalent to the variable
thickness of crust across the study. A depth slice of
crustal resistivity was extracted at 27 km from the 3D
resistivity model (Fig. 4c).

4 Results
The mineral system below IOA/IOCG deposits is
visualized on a schematic cross section that transects the
major iron deposits (Fig. 3) and depicts a regional crustal
framework that highlights important physical property
manifestations related to the formation of the deposits.
The susceptibility inversion section is used as a back
drop but the illustration incorporates important
information from the density inversion, geology and
geochronology of the St. Francois Mountains and a
model for the genesis of the of the iron deposits.
Our findings suggest that the iron deposits in southeast
Missouri, with no obvious connection at the surface, are
part of one large magmatic system at depth (Fig. 3). At
deep crustal levels, the section along A-A’ shows the
crust beneath the iron province contains broad (up to 75
km-wide) column of high magnetic susceptibility material,
which serves to anchor the upper caldera-forming parts
of the crust to the mantle. The magnetic column splays
up and outward from the mantle and through the crust to
1134

somewhat greater depths and yield lower susceptibilities
compared to that observed under the older Butler Hill
caldera (Fig. 3). The model results are consistent with
magnetic susceptibility measurements on hand and drill
core samples that show the ca 1.3 plutons have the
lowest magnetic susceptibilities compared to the older
granites. While not conclusive, the lower susceptibility to
greater depths indicated on the magnetic susceptibility
inversion model, may help to distinguish younger plutons
from older caldera structures in concealed parts of the
Precambrian basement. Differentiating these two
features may aid targeting of favorable exploration areas
for IOA/IOCG deposits. Similar trans-crustal boundaries
such as those present in Fig. 3 are also imaged near the
Hicks Dome peralkaline complex (Fig. 2), which suggests
Hicks Dome may be located along a reactivated
Mesoproterozoic structure.
The nature of the lower crust across the southern
Midcontinent is revealed in the susceptibility and density
depth slices (Figs. 4a,b). Results show that the iron
deposits formed above a magmatic system that extends
over 170 km within a 40 to 50 km-wide elongate-track of
high magnetization/moderately dense rocks that trends
northwesterly. The IOA deposits sit directly over the high
magnetization track while the Boss IOCG and the
Camel’s Hump IOA(?) deposits sit within 30 km of the
central axis of the base of the proposed magmatic
system. Other similar magnetic tracks along the top of the
mantle are interpreted to represent the base of other
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prospective regions for iron mineralization.
Inversion of long-period magnetotelluric data to
electrical resistivity, provides a third physical property that
informs changes in the deep crust related to the tectonic
and magmatic history across the southern Midcontinent.

northwest-trending Missouri Gravity Low (DeLucia et al.
2019). Major and minor IOA and IOCG deposits are
located along the northeast edge of the anomaly. Shorter
period magnetotelluric data used in this report show two
parallel tracts of high conductivity exist at mid crust to
mantle depths (Fig. 4c). A permissive source for the high
conductivity may be older metasedimentary rock that
underlies the more extensive granite and rhyolite. A
metasedimentary package could be a potential source for
sulfide mineralization in the iron deposits.
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Abstract. Point-wise gold grade data are commonly used
to guide exploration and resource estimation with the
application of spatial interpolation techniques such as
kriging. The application of kriging is not optimal where
high nugget thresholds exist, such as the gold deposits in
the Witwatersrand Basin of South Africa. To reduce the
impact of subjective grade interpolation and geological
interpretation, as well as to exploit currently unused
geological descriptions, we present a novel machine
learning-based algorithm called GS-Pred. It combines
both sedimentological and gold assay data for point-wise
gold grade prediction and automated facies identification
in a conglomerate-hosted gold deposit. For this
application, GS-Pred requires an input database of
sedimentological descriptions, spatial information and
gold grades, and makes predictions of gold grades at any
point within the spatial coverage of the input database,
provided that it has appropriate sedimentological
descriptions. This novel machine-learning algorithm is
entirely data-driven. We have shown its successful
application in a complex geological setting of the
Witwatersrand basin.

1 Introduction
Conglomerate-hosted gold deposits in the Witwatersrand
Supergroup (South Africa) include the largest
palaeoplacer deposits known in the world. Although their
genesis is still debated, a present-day understanding
suggests a synsedimentary gold concentration with postdepositional hydrothermal remobilisation of some of the
gold particles over short, economically insignificant,
distances (Frimmel 2018). A significant amount of highdimensionality (i.e. more than 10 attributes)
sedimentological and metal grade data has been
accumulated for most of the time these deposits have
been mined (over a century) from various Witwatersrand
goldfields. Qualitative relationships between the
sedimentology and the gold grade in the Witwatersrand
Supergroup have long been recognised through the daily
practice of core-logging, underground mapping and
sampling (Nami and Verrezen 1986), but these
relationships exhibit spatial variability and can be
complex. The evolution and adoption of computer
technology and machine learning in resource exploration
and exploitation has made this data more meaningful and
contextually relevant. Techniques using machinelearning algorithms are well-suited for highdimensionality data, complex processes and spatially1136

dispersed data (Kanevski et al. 2009).
Here we introduce a set of algorithms to predict gold
grade and perform facies identification called GS-Pred,
which uses geological descriptions and gold assay data.
GS-Pred consists of data pre-processing, weighted and
spatially-localised linear regressions, and cluster
analysis. GS-Pred infers unknown metal grades at points
that are within the vicinity of previously sampled areas
and in its present form requires knowledge of the deposits
on a mine- and regional-scale. Compared to the standard
approach of chemical assays, GS-Pred is less accurate
but rapid and highly automatable. This makes GS-Pred a
viable tool for mine production, planning and target
exploration.
We evaluate the performance of GS-Pred on a test
dataset consisting of sedimentological and gold grade
data from the Witwatersrand Basin of South Africa. In
particular, we compare our regression algorithm to the
elastic net, K-nearest neighbours, non-linear support
vector regression and ordinary kriging. We show that our
algorithm is generally more accurate over the test dataset
and that under similar circumstances, the machine
learning algorithms are more capable than traditional
geostatistical methods. In addition, we show that a
simple mixture of kriging and machine learning
predictions enhances the prediction performance.

2 Machine learning, geostatistics
geologic background

and

2.1 Machine learning and geostatistics
Machine-learning algorithms are applied by computers on
data to recognise patterns using automated mathematical
induction. They are highly successful in geosciences and
closely-related fields (e.g. Melo et al. 2017). In this paper,
we explore several multivariate regression algorithms
including LRPCC, non-linear support vector regression
(SVR) with a radial basis function kernel, non-parametric
regression, K-nearest neighbours (KNN) and penalised
linear regression in the form of elastic net regression with
cross-validation (“ElasticNetCV”).
The unique
parameters in each method can be determined through
cross-validation testing. In addition, we use the K-means
clustering algorithm to identify rock facies using
sedimentological descriptions. Kriging is a progressive
interpolation method using a spatial model for point-wise
estimations of a regionalised variable. It is a popular
technique in the geosciences, such as in ore and natural
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resource evaluations (e.g. Goovaerts 1997).

2.2 Geologic background
The Witwatersrand Supergroup, located near the centre
of the Kaapvaal Craton (South Africa), is one of the best
preserved Mesoarchaean sediment archives that records
the development of a cratonic sedimentary basin in a
tectono-sedimentary environment (Fig. 1). It is known to
cover an area that stretches for about 350 km in a
northeasterly, and about 200 km in a northwesterly,
direction and is the largest known gold province in the
world. The Witwatersrand Supergroup has been
subdivided into the lower gold-poor West Rand Group
(2.99–2.91 Ga) and the upper gold- (and uranium-) rich
Central Rand Group (2.90–2.79 Ga; Kositcin and Krapež
2004).
Figure 2. A 2D visualisation of the spatial distribution of samples
and gold grades (g/t) in the study area.

3.2 Development of the prediction model
The mean gold grade in the dataset is 14.91 g/t with a
standard deviation of 45.62 g/t. Within the dataset are
samples with 0 g/t (the detection limit is 0.001 g/t) and
high gold grade (e.g. 1402 g/t). Data below the 2nd
percentile (about 2 % of the data) was removed as
outliers. The gold grade is approximately log-normally
distributed. Normalisation is unnecessary for machine
learning algorithms in general, but is necessary for many
geostatistical techniques. GS-Pred normalises the gold
grade data using a three-parameter log-transformation
with an additional small positive constant, β, that is added
to the gold grade to minimise the D’Agostino’s K-squared
omnibus test results (D’Agostino and Pearson 1973). The
transformation for the gold grades can be written as
Figure 1. Simplified surface and sub-surface geological map of the
Witwatersrand Basin, also showing the distribution of Archaean
granitoid domes, the location of the study area and major faults
(Frimmel and Minter 2002).

3 Material and methods
3.1 Data
Rocks of the Witwatersrand Supergroup are best studied
in underground mine exposures and drill cores. We
collected 1964 samples (Fig. 2) comprising
sedimentological data and gold assays that have been
declared as qualified for resource and reserve
estimations from published industry reports and
dissertations that focused on the West Rand goldfields.
The information contained in the datasets are sample
coordinates (x, y, z); conglomerate thickness (CW);
volume percentage of conglomerate; quartz/chert pebble
size; pebble packing; pebble roundness and sorting; %
pyrite; the colour of the conglomerate matrix; the type of
the conglomerate basal contact. This dataset covers an
area of about 46 km2.

,

Eq. 1

where Au [g/t] are gold grades in grams per ton and Γ are
log-transformed gold grades.
The test statistics of the D’Agostino’s K-squared,
Anderson-Darling and Shapiro-Wilks tests on the
untransformed gold grade data are 1246.11, 102.88 and
0.75 respectively. After the transformation, the mean is
1.97 and the standard deviation is 1.18. The test statistics
of the D’Agostino’s K-squared, Anderson-Darling and
Shapiro-Wilks tests are 18.24, 2.49 and 0.99,
respectively. GS-Pred also maps the sedimentological
descriptions into numeric feature labels (e.g. shades of
colours into a sequence of integers) that are suitable for
regression algorithms.
GS-Pred includes four main steps: (1) an automated
semi-variance modelling routine that incorporates the
spherical model to determine the range and sill within the
dataset; (2) a linear regression and Pearson correlationbased prediction algorithm that predicts metal grades
with sedimentological features using training data
localised within an Euclidean neighbourhood based on
the range (LRPCC); (3) a K-means clustering analysis on
the sedimentological features of the entire dataset to
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automatically identify rock facies; (4) leave-one-out
cross-validation testing and facies-specific prediction
performance evaluation.
In LRPCC, feature weighting and training occurs on a
per-target basis. For each target, the algorithm can be
written as:
Eq. 2
where each feature (“ ”) is used in a univariate linear
regression to make a prediction
, where
is a set of known labels (e.g. metal grades). The output is
normalised by the sum of the squares of the Pearson
correlation coefficients (“ ”) between all features and
the labels ,

. The algorithm output is

the sum of all feature’s contributions,
. A small
positive threshold parameter
can mute
features that are poorly correlated with the metal grade
per prediction target (where
). Fixing all other
algorithms in GS-Pred, LRPCC is compared with
ElasticNetCV, SVR and KNN algorithms to assess its
prediction performance. The parameter c in LRPCC can
range between 0 and 1. For all other regression methods,
the parameters are determined through cross-validation,
and for the elastic net method, on a per-target basis.
Prediction performance is evaluated through the mean
and median of the absolute value of the relative errors
(MRE and MERE). For the K-means cluster analysis,
feature rescaling was applied to ensure that each feature
spans an identical range.

4 Results
From the automated semi-variogram modelling, the
correlation range in the test dataset is about 14 m; the
nugget threshold is 0.54 and the sill 0.87. Crossvalidation testing during feature selection reveals that
sedimentology and CW consistently produces lower
MREs. This combination is used for all subsequent
evaluations. For the parameter c, higher values result in
lower prediction errors at the expense of the predictable
fraction of samples. For comparison purposes, we adopt
c=0.1, which does not decrease the predictable fraction
noticeably (average relative loss of roughly 3 %).
The best kriging results obtained by cross-validation
testing features an MRE of ~1.2 with ~0.9 of the dataset
predictable. On average, LRPCC is more accurate than
any other algorithm, and machine learning algorithms are
usually better than ordinary kriging (Fig. 3). There are
many ways to integrate regression and interpolation
results to improve the overall prediction performance.
Here we use a mixture parameter p based on the kriging
standard uncertainty estimates s, such that p=e-s. In our
test dataset, the maximum kriging contribution is about
76 % and the minimum is 0 %. Results show that
LRPCC+kriging is more accurate at larger radii compared
to LRPCC-alone (Fig. 3).

Figure 3. MRE and MERE versus neighbourhood radii, a fraction of
data points predictable and a mean number of training samples per
prediction.

Cluster analysis of the sedimentological features resulted
in at most four unique clusters that appear to be
correlated with the samples spatial coordinates (Fig. 4).

Figure 4. MRE of LRPCC (𝑐𝑐 = 0.1) and ElasticNetCV vs
neighbourhood radii for 4 unique sedimentological clusters/facies.

These clusters respond very differently to prediction,
which produces distinct MRE profiles (Fig. 5).

Figure 5. Spatial locations of members of 4 unique facies. Cluster
0 occurs at the shallowest depths; cluster 2 occurs in isolated
patches throughout; cluster 1 occurs at mid to deeper depths and is
mutually exclusive with cluster 0, cluster 3 occurs throughout.

The overall behaviour of the clusters is qualitatively the
same with all regression algorithms, except where
LRPCC is significantly more accurate (Fig. 4). Since
these clusters are identified through sedimentological
descriptions, we regard them as geological facies.
Inverse transformation of predictions from log-space to
grams per ton can be performed using Duan’s smearing
estimator (Duan 1983), which can be applied to any of the
parametric methods.

5 Discussion
1138
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For LRPCC, the peak prediction accuracy occurs at a
neighbourhood radius from 9 to 11 m (Fig. 3). Below 9 m
distance, prediction performance degrades. LRPCC is
able to reject a very small population of very-poorly
predicted targets and eliminate poorly-correlated
features. As a result, its MRE profile shows drastic dips
in MRE at various radii. These points almost entirely
belong to a particular facies (Figs. 4 and 5) that is located
at mid to deeper depths of the sampled volume. Cluster
analysis combined with gold grade predictions suggests
that this facies consistently feature gold grades that are
poorly correlated with the sedimentology. Detailed
analysis suggests that members of this facies constitute
less than about 15 % of the dataset population, 1/3rd of
which feature high prediction errors that heavily inflate the
MRE. The gold in this facies may be associated with nonsedimentary mineralisation processes and/or that
additional processes have significantly modified the
primary mineralisation processes, such as remobilisation
via secondary hydrothermal processes (Phillips and
Powel 2011). This is an interesting discovery and could
contribute to the understanding of the genesis of the
Witwatersrand gold deposits and the relative
contributions of the various genetic hypotheses.
Moreover, it is possible to employ GS-Pred to anticipate
prediction behaviours for different facies and then
generalise that knowledge to new exploration targets
based on their geological descriptions.
There are at least two other probable causes for poorly
correlated metal grades in samples that are not faciesspecific. One is the qualitative nature of most of the
sedimentological descriptions that imposes prediction
errors of an unknown magnitude. Traditional interpolation
techniques are at an inherent advantage in the sense that
the assay data have well-constrained uncertainties and
are fully-quantitative. Another probable cause is multiple
remobilisation events of gold by various processes (be it
by mechanical and/or chemical processes; Frimmel
2018).
Given that the dataset was originally unintended for
machine-learning purposes, to be able to predict gold
grade with low MERE demonstrates the potential of these
algorithms and information within such datasets.
Combining both GS-Pred and kriging can significantly
improve prediction results at higher radii, because spatial
correlations become progressively more significant with
higher radii compared to localised relationships between
gold grade and sedimentology. The best combination of
the two still warrants further investigation.

6 Conclusion
We have proposed a set of algorithms called GS-Pred
that use geological descriptions and assay data to predict
gold grade and perform automated facies identification.
GS-Pred was validated on a dataset of samples from the
Witwatersrand Basin. It was able to classify samples into
unique facies that feature different strengths of
sedimentological control on the gold grade, and which are
distributed differently in the sample coordinate space.
Samples that cluster primarily with control sites for high
gold mineralisation potential and feature a good
prediction performance are good candidates for future
exploration and site characterisation. The incorporation of
both qualitative and quantitative geological and gold
assay data in resource estimation of complex mineral
deposits has the potential to expose hidden patterns of
mineralisation diversity, that is of both an academic and
industry interest.
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Abstract. Modern collisional orogens represent a natural
laboratory for the study of mineral deposit distribution in
different tectonic environments. The Pyrenees, Alps,
Zagros and Himalaya are all associated with NeoTethyan subduction and represent the youngest
collisional orogens on Earth. Here, we compare these
four orogens in terms of their composition, architecture,
tectonic evolution, and metallogenic systems. The four
orogens can be divided into simple and composite types.
Simple orogens are represented by the Pyrenees and the
Alps, and are characterized by narrow linear shapes in
plain view and symmetric structures in cross-section, are
free of arc magmatism, and are associated with
Mississippi Valley-type Pb-Zn and orogenic gold
deposits. In contrast, composite orogens, as exemplified
by the Zagros-Iranian and Himalayan-Tibetan Plateaus,
are associated with broad orogenic plateaus in plain view
and asymmetrical structures in cross-section. These
record extensive arc magmatism in continental margins,
and are associated with a variety of deposit types
including porphyry Cu-Mo, orogenic Au, Mississippi
Valley type Pb-Zn, and detachment-fault-related
polymetallic deposits.

1 Introduction
Collisional orogens are one of the most recognizable
geotectonic features along convergent continental
boundaries.
The
Pyrenees-Alps-Zagros-Himalaya
mountain chain is a series of modern collisional orogens
that are located along the southern margin of the
Eurasian continent (Figure 1) and were generated
following the closure of the Neo-Tethys Ocean. These
four orogens have different patterns of collisional orogeny
and tectonic histories, and are associated with different
metallogenic systems (e.g., Hou and Zhang 2015). This
study presents a review on these four orogens with the
aim of gaining new insights into the metallogenesis
across the region.

2 Architecture and evolution of the orogens
The Pyrenean orogen is a narrow linear mountain belt in
the northern margin of the Iberian Peninsula. It is a typical
symmetrical orogenic belt with a central axial zone that is
surrounded by double-wedged ranges on each side
(Verges and Fernandez 2012). It is formed by rifted and
amalgamated of the Iberian plate with the Eurasian
continent from Jurassic to Cenozoic.
The Alpine orogen within the Apennine region of
southern Europe is a nearly E-W trending narrow linear
1140

mountain belt that formed by the underthrusting of the
Eurasian continent beneath the Adriatic Plate (Coward
and Dietrich 1989). The Alps is similar to the Pyrenees in
that the Alpine orogen is a symmetrical orogenic belt (Dal
Piaz et al. 2003). However, the axial zone within the
Alpine orogen is more complex than that in the Pyrenees
and is divided into three units (Schmid et al. 2004): the
Austroalpine domain, the Penninic domain, and the
Helvetic domain. The tectonic evolution of the Alpine
orogen is similar to that of the Pyrenean orogen in that it
is divided into two phases: Mesozoic breakup and
Cenozoic collision.
The structure of the Zagros-Iranian Plateau is different
to that of the Pyrenean and Alpine orogens in that this
region does not contain fold-and-thrust belts or an
associated foreland basin on the upper side of the
collision zone, but contains a broad tectono-magmatic
zone that is present within the Sanandaj-Sirjan magmatic
and metamorphic belt (SSZ) and the Urumieh-Dokhtar
magmatic assemblage (UDMA) (Agard et al. 2011),
indicating the Zagros-Iranian Plateau has an
asymmetrical structure.
The Himalayan-Tibetan Plateau represents a
composite accretionary-collisional orogen (Pan et al.
2012; Zhang et al. 2017a). The plateau also contains a
huge tectono-magmatic zone that spans thousands of
kilometers. The collisional related tectonism and
magmatism of the four orogens are summarized in Figure
2.

3 Mineral deposits of the orogens
The Pyrenean orogen contains numerous Pb-Zn deposits
(Figures 3a) that are generally located within foreland
basins on both sides of the orogen (Leach et al. 2006).
The collision-related deposits of the Alpine orogen
include orogenic Au gold deposits and MVT-type Pb-Zn
deposits (Figures 3b). The orogenic Au deposits are
generally located in the western Monte Rosa (Pettke et
al. 2000) and eastern Hohe Tauern areas (Horner et al.
1997). The Alpine MVT-type Pb-Zn deposits are
generally located within the Drau Range area of the
middle and eastern parts of the orogen (Henjes-Kunst et
al. 2017).
The Zagros-Iranian Plateau hosts a number of
economically significant mineral deposits and contains
various styles of mineralization. Mineral deposits related
to continental collision include porphyry Cu-Mo-Au, MVT
Pb-Zn, and orogenic Au deposits (Figure 3c). The main
metallogenic belts include the Arasbaran-Kerman
porphyry copper belt (Aghazadeh et al. 2015), the Takab-
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Yazd MVT Pb-Zn belt (Ehya et al. 2010)), and the
Piranshahr-Saqez-Sardasht orogenic Au district (Aliyari
et al. 2012).
Numerous large and giant metal deposits within the
Himalayan-Tibetan Plateau (Figure 3d). These include
the Gangdese and Yulong porphyry copper belts (Hou et
al. 2009a), the Sanjiang MVT-type Pb-Zn belt (Zhang et
al. 2017b), the Ailaoshan orogenic Au belt (Deng et al.
2014), the Western Sichuan carbonatite-related rare
earth element (REE) belt (Hou et al. 2009b) and the
southern Tibet detachment-fault-related polymetallic belt
(Li et al. 2017).

4 Comparison and discussion
4.1 Basic types of collisional orogenic belt
Continental collision orogens can be classified into simple
and composite types, as evidenced by the four examples
outlined above. Simple collisional orogens are
characterized by a narrow linear orogenic belt, and has
associated metallogenic systems that are dominated by
processes within the middle and upper crust, forming
mineralization such as MVT Pb-Zn and orogenic Au
deposits, as exemplified by the Pyrenees and the Alps.
Although collisional related calc-alkaline and potassic
magmatism may develop, no pre-collsional magmatism
recorded in this type of collision. In comparison,
composite collisional orogens are characterized by the
occurrence of continental arc magmatism with a broad
orogenic plateau. The metallogenic systems in these
types of collisional environments are associated with both
crust and mantle processes, and form mineralization
such as carbonatite-related REE deposits, collisional
porphyry copper deposits (PCDs), orogenic Au deposits,
MVT-like Pb-Zn deposits, and detachment-fault-related
polymetallic deposits. This type of collision is exemplified
by the Zagros-Iran and Himalayan-Tibetan plateaus.
Simple collisional orogens have symmetrical
structures (Figure 4a) that consist of a central axial zone
surrounded by fold-and-thrust belts and foreland basins.
In contrast, composite collisional belts have asymmetrical
structures (Figure 4b). For example, the Zagros orogenic
belt contains a broad tectono-magmatic zone that
contains the SSZ, the UDMA, and even part of the Central
Iran block. The SSZ and UDMA are related to continental
arc formation associated with subduction of the NeoTethys oceanic crust, whereas the Central Iran block
contains continental lithospheric material that was
located above the Paleo-Tethyan subduction zone. For
the Himalayan orogeny, its influence has extended to a
broad tectono-magmatic zone that includes the Lhasa,
Southern Qiangtang, and Northern Qingtang blocks.
These blocks were amalgamated by multiple accretionary
and collisional processes between the Mesozoic and the
Paleozoic, and the continental arc lithosphere in the
Lhasa block was generated by subduction of the NeoTethys oceanic crust.

4.2 Mineralization within different
continental collisional orogen

types

of

Different types of collisional orogens have similarities in
terms of metallogenesis. For example, sediment-hosted
Pb-Zn deposits (in the form of MVT-type and MVT-like
deposits) are present in all four of the continental
collisional orogenic belts. Three of the four orogenic belts
considered here (except the Pyrenees) contain limited
orogenic Au deposits. This type of gold deposit generally
forms in accretionary orogenic settings and is closely
related to metamorphic fluids that can leach gold from
source rocks, be transported along major fault zones, and
precipitate gold at sites of local extension (Goldfarb et al.
2005). During continental collision, metamorphic fluids
can be produced by dehydration of the subducting crust
and transported along translithospheric faults, including
sutures and large shear zones, which provide ideal
pathways for migration of the metamorphic fluids.
However, there are also some differences in the
mineral deposits that form in different types of collisional
orogen. The simple collisional orogens are absent of
magmatic arcs and do not generally contain magmatismrelated ore deposits, including carbonatite-related REE,
PCD mineralization associated with magmas generated
by the decompressional melting of sublithospheric
mantle, and polymetallic deposits related to partial
melting of the middle and upper crust. All of these ore
deposits are present within the composite collisional
orogens in addition to the occurrence of continental
margin arcs. This indicates that these composite
collisional orogens involve the intense reactivation and
migration of crust and mantle materials as well as the
formation of large ore deposits in shallow crustal
environments.
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Figure 1. Global distribution of collisional orogens (modified from www.ngdc.noaa.gov).

Figure 2. Tectonism and magmatism recorded by the Pyrenean, Alpine, Zagros-Iranian, and Himalayan-Tibetan collisional orogens.

Figure 3. Temporal distribution of mineral deposit types within the Pyrenean, Alpine, Zagros-Iranian, and Himalayan-Tibetan collisional
orogens.

Figure 4. Sketch diagram showing the relationship between structures and the main mineral deposit types within (A) simple and (B) composite
types of collisional orogen (not to scale)
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500 Myrs in the making: control of Gondwana margin
assembly on Carboniferous orogenic gold in Peru
Daniel Wiemer, Steffen G. Hagemann, Nicolas Thébaud
University of Western Australia
Carlos Villanes
Compañia Minera Poderosa S.A.
Abstract. Carboniferous intrusion-related orogenic gold
deposits in the Eastern Andean Cordillera display a high
distribution-density in northern Peru. New geologicalstructural mapping suggests a basement domain
boundary controlling the emplacement of large plutonic
complexes and associated hydrothermal gold deposits.
The southern Montanitas Domain basement comprises
thrust nappes of imbricated ophiolite slices and granitic
gneiss. The basement of the northern Pataz Domain
forms a fold-and-thrust belt, where low-grade Ordovician
volcanic arc rocks and marginal sedimentary rocks are
thrust over semi-pelitic schists. Structural data indicates
that both domains were deformed during a common
orogeny, ascribed to the Late Famatinian (ca. 440 Ma)
that affected the Eastern Cordillera to the south. North of
the study area, no Late Famatinian imprints are
documented. It is proposed that the study area is situated
at the northernmost extent of an orogenic belt that formed
through re-collision with the putative Paracas terrane that
detached from Amazonia during Rodinia break-up.
Carboniferous compression was accommodated in
dextral strike-slip along the trans-crustal Rio Maranon
Fault. We suggest that the greater width of the basement
orogen to the south led to magma and fluid channeling at
its northern tip. Gold mineralization focused in a narrow,
strike-slip-induced dilation zone north of the basement
block.

however, remain to be demonstrated.
Geological-structural mapping of a key area was
conducted in the high production Pataz-Parcoy districts,
and extends southward into the Montanitas-Ongon
prospects (Fig. 1). Previous zircon isotopic data from
Carboniferous igneous rocks, and basement depositional
and metamorphic ages, indicate along strike variation in
magmatic processes and basement components in the
area (Chew et al. 2016; Angerer et al. 2018). Our results
support the presence of distinct basement domains. We
present a refined model of terrane assembly at the
Peruvian Gondwana margin and discuss the role of
basement inheritance on Carboniferous gold formation
and distribution.

1 Introduction
The Eastern Andean Cordillera (EAC) of Peru is
punctuated by numerous Carboniferous granitoid-hosted
orogenic gold districts. The highest density and most
productive (i.e., Pataz-Parcoy) known deposits are
situated in a narrow belt at the latitude of Trujillo in
northern Peru (Fig. 1; Haeberlin et al. 2004). Considering
that the gold-hosting Carboniferous plutonic belt extends
over hundreds of km along strike, the spatially restricted
distribution of most productive deposits is intriguing.
Specific sites in the tectonic framework of the EAC may
have favored concentration of magmatic-hydrothermal
gold-bearing fluids. Indeed, the pre-Carboniferous EAC
formed through complex tectono-magmatic events
associated with repeated terrane detachments and recollisions along the (paleo-)Gondwana margin since the
Mesoproterozoic (Chew et al. 2007, 2016; Mišković et al.
2009). The spatial delineation of crustal blocks/terranes,
and their significance in shaping the basement tectonic
framework(s) for the Carboniferous gold systems,
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Figure 1. Simplified geological map of the Eastern Andean
Cordillera (modified from Haeberlin et al. 2004; Romero et al. 2013;
Chew et al. 2016).

2 Regional tectonic setting
Grenvillian basement of the EAC is evident in inherited
and detrital zircons, attesting to the Mesoproterozoic
Sunsas Orogeny as consequence of collision of Laurentia
and Amazonia (Chew et al. 2007; Mišković et al. 2009;
Witt et al. 2013). Rodinia break-up is poorly documented
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in the EAC. However, putative ophiolite vestiges (Tarma,
Fig. 1) indicate oceanic crust formation at ca. 720 Ma
(Sm-Nd isochron; Tessinari et al. 2011). Ordovician arc
magmatism along the entire EAC occurred at ca. 480 Ma
during the Early Famatinian orogenic cycle (Chew et al.
2007). A Late Famatinian cycle is recorded in ~445 Ma
granitic magmatism and subsequent metamorphism at ca
~435 Ma (U-Pb zircon and titanite, respectively; Chew et
al. 2016). Importantly, Late Famatinian imprints are only
observed as far north as the present study area (Fig. 1),
affecting sedimentary rocks with maximum depositional
ages consistent with Early Famatinian sources (“Young”
Maranon Complex). Towards the north, no Late
Famatinian imprints are documented, and maximum
depositional ages are ~750 Ma (“Old” Maranon Complex)
(Chew et al. 2007; Witt et al. 2013). Geochronological
data from offshore boreholes attest to the presence of
Grenvillian to Ordovician basement, which led to the
interpretation of the existence of the Paracas and
possibly the Oaxaquia (further west) terranes, interpreted
to have been detached during Rodinia break-up and
recollided with the Gondwana margin. In fact, recent
metamorphic constraints indicate the formation of a
paired HP/LT collisional belt, which incorporated the
Tarma ophiolite during the Late Famatinian orogeny
(Willner et al. 2014). However, the northernmost extent of
Paracas offshore basement is located at the Isla de las
Hormigas de Afuera (Fig. 1), whereas further to the north
Permian ages are detected (Romero et al. 2013). Hence,
the northern delineation of the putative Paracas terrane
remains unknown.
Voluminous Carboniferous I-type magmatism largely
affected the central to northern EAC (Fig. 1) and peaked
between ca. 340-320 Ma (Witt et al. 2013). The
Carboniferous gold deposits focus along the Rio Maranon
Fault, a major trans-crustal structure and likely
Famatinian suture (Schreiber et al. 1990; Fig. 1). Gold is
found in quartz-sulfide veins, hosted in the Carboniferous
granitic plutons.

3 Results from the study area
Geological-structural mapping revealed a significant
change in basement lithologies from north to south that
spatially coincides with a bend in the Rio Maranon Fault
(Fig. 2). We defined a northern Pataz Domain and a
southern Montanitas Domain, and provide evidence for
their distinct basement lithological-structural inventories
and Carboniferous magma emplacement style, below.
Pataz Domain: In the Pataz Domain, Carboniferous gold
system-hosting granitoid suites intrude a narrow NNWtrending corridor parallel, and directly adjacent to the Rio
Maranon Fault (Fig. 2). The granitic suites intrude two
greenschist facies basement tectonic units: (i) semipelitic schists with rare m-thick quartzite intercalations,
ascribed to the “Young” Maranon Complex (MC; max UPb detrital zircon depositional age of ~461 Ma; Chew et
al. 2007) to the west, and (ii) easterly adjacent,
tectonically overlying volcanic, volcaniclastic, and
sedimentary rocks belonging to the Eastern Andean
Cordillera Group (EACG; max depositional age of ~467

Ma; Witt et al. 2013). Sedimentary rocks of the EACG are
part of the Contaya Formation, comprising Graptolite
strata and turbidite sequences (Hughes et al. 1980;
Schreiber et al. 1990), and volcanic rocks of the EACG
display characteristic arc signatures.

Figure 2. Simplified geological-structural map of the study area
(location shown in figure 1). Description in text.

The basement tectonic units of the Pataz Domain
show a common deformation history (D1-D3). Early S1foliations developed parallel to bedding (S0) planes.
S0/S1-planes strike NNW and dip dominantly to the E-/NE
(D1). Subsequent F2-folding around S1-strike-parallel subhorizontal axes is evident in dm-scale S-/Z-type parasitic
folds within up- or downward verging limbs of transposed
larger-scale folds. Transposition of high intensity fold
hinge zones led to local S2 foliations. The S2 planes
correlate geometrically with brittle-ductile D2 fault arrays.
These E-/NE-dipping faults caused the tectonic
juxtapositioning of the MC and the EACG through top to
the W-/SW thrusting. A D3 event locally reactivated these
faults as ductile to brittle normal shear zones.
The Carboniferous plutonic rocks (Fig. 2) display a
clear relative timing of distinct magma emplacements: (i)
diorite, (ii) granodiorite/tonalite, and (iii) late-stage
monzogranite, and pegmatite/aplite dikes. These
components successively intruded to form the presently
exposed batholith, without showing systematic spatialcompositional trends. It is noted, however, that the
eastern extent of the batholith is unknown and
tectonically delineated by over-thrusted extrusive
equivalents (volcanic carapace, Fig. 2). Magma
emplacement followed the NE-dipping S0/S1 planes of the
basement, as evident in numerous parallel 10- to 100-mwide supra-solidus magmatic flow zones of elongated
diorite enclaves in granodiorite.
The Pataz Domain experienced a syn- to postbatholith syn-mineralization D4 event that produced F4kink folds and faults in the basement, and faults and fault-
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fill veins in the batholith. Auriferous quartz-sulfide fault-fill
veins follow three orientations: (i) the steep N/NNWtrending western batholith contact, (ii) the medium ENEdipping basement-inherited S1-planes in the magmatic
architecture, and (iii) shallow-medium NE-dipping veins
are observed in the footwall of the mineralized system.
Type-iii veins formed as thrust faults that match
Andersonian-type orientations assuming NE-SW
compression. Type-i/ii veins display progressive textural
dextral shear development. All veins formed during an
early quartz-pyrite paragenetic stage (Fig. 3, D4a). WNWtrending steep faulting accompanied early vein formation,
as evident in syn-mineralization drag-folds. A second
quartz-pyrite-sphalerite-galena paragenetic stage fills
dilational sites indicating re-opening of former shear/fault
veins associated with N-/NE-trending normal faults. The
normal faults indicate NW-SE extension consistent with
horst-and-graben
development during late-stage
deposition of the volcanic carapace (Fig. 3, D4b).

Figure 3. Schematic structural model for gold vein system formation
during D4 in the northern Pataz Domain.

Montanitas Domain: In the Montanitas Domain, the
western demarcation of the Carboniferous batholith is
markedly offset eastward from the present surface
exposure of the Rio Maranon Fault (Fig. 2). Here, the
magmatic suites extend over a much wider area towards
the east, and display a more systematic spatial trend of
eastward increase in more differentiated magmas
(diorite, granodiorite, potassic granite; not shown in Fig.
2).
The basement between the Rio Maranon Fault and the
Carboniferous igneous rocks constitutes imbricated
orogenic nappes, comprising the newly identified Tomac
Ophiolite and Alberado Gneiss (Fig. 2). Where relatively
undeformed, the Tomac Ophiolite comprises alternating
pillow basalt (Fig. 4a) and more massive basalt and
dolerite (i.e., diabase). Deformation intensity increases
towards high-strain thrust zones within the nappe stack,
where sheared pillows and/or mafic schists are observed.
The highest strain occurred where the Alberado Gneiss
nappes are thrust over the mafic rocks (top to SW). Here,
the two basement units are interfolded isoclinally (D2)
over 10-50 m-wide zones (Fig. 4b). Geochemical data of
the Tomac Ophiolite indicates MORB affinity (Fig. 4c).
The Alberado Gneiss nappes are differentiated granites
with pronounced arc signatures (Fig. 4c). The gneisses
comprise remnant former upper amphibolite facies
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mineralogy (plagioclase, biotite, amphibole), but are often
overprinted by retrograde chlorite-bearing assemblages.
Both basement units were affected by cm-scale
recumbent folds and associated incipient hinge faults,
which we correlate to the F4 kink-folds and associated
faults in the Pataz Domain basement.
Auriferous quartz-sulfide veins in the Montanitas
Domain mostly form arrays sub-parallel to steep NNWstriking contacts between distinct Carboniferous
intrusions, or sub-parallel to ~NW-striking faults similar to
those observed in the Pataz Domain.

Figure 4. a. Pillow basalt (Tomac Ophiolite). b. F2-isoclinal
interfolding of the Tomac Ophiloite and the Alberado Gneiss in highstrain thrust zone. c. MORB-type REE pattern for the Tomac
Ophiolite and trace element arc-signature of Alberado Gneiss
(Primitive Mantle normalized after McDonough and Sun, 1995).

4 Discussion
Based on presented data, we propose the following
model:
(1) We correlate the newly identified Tomac Ophiolite with
previously identified ophiolites to the south (e.g., in
Tarma, Huanuco). Oceanic protoliths formed during
Rodinia break-up at ~720 Ma (Tessinari et al. 2011; Fig.
5a).
(2) EACG volcanic activity was part of extensive Early
Famatinian arc formation along the EAC (Fig. 5b). Based
on the similar deformation history, it is likely that the
Alberado Gneiss protoliths were emplaced at this time.
(3) Based on previous constraints for synchronous
deposition of EACG and “Young” MC detritus, we
propose a marginal to sub-marine arc-forearc
environment. During this inter-Famatinian phase,
Graptolite shales, turbidites (EACG) and outboard deepmarine sediments (MC) were deposited (Fig. 5c).
(4) In line with evidence for paired metamorphic belt
formation and associated Tarma Ophiolite emplacement
further south, we propose that Late Famatinian collisional
orogeny affected the study area (D1-D2; Fig. 5d). As
ophiolite and gneiss nappes are only observed in the
Montanitas Domain, and no Late Famatinian imprints are
recorded north of the study area, we suggest that the
study area was situated at the northern extent of this
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orogeny. We propose that this marks the northern
delineation of the Paracas terrane and therefore limits its
re-collision impact on the Gondwana margin.

provides insights into the formation of gold deposits in
northern Peru. The northern delineation of the Paracas
terrane is recorded in the newly identified Tomac
Ophiolite and Alberado Gneiss. Carboniferous intrusionrelated orogenic gold formed in a strike-slip-induced
dilational corridor north of this Late Famatinian basement.
The Paracas detachment may have isolated an upper
mantle reservoir, fertilized during renewed subduction
onset, and tapped in the Carboniferous.
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Neoarchean Qingyuan greenstone belt: evidence from
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Abstract. The Neoarchean Qingyuan greenstone belt
(QGB) is located on the northern margin of the North
China Craton (NCC). Despite close geological similarities
with other greenstone terranes in the NCC, the QGB are
characterized by hosts the oldest volcanogenic massive
sulphide (VMS) deposit (Hongtoushan VMS, with 0.15 Mt
Cu at 1.6% and 0.21 Mt Zn at 2.3%) in China. Moreover,
there are also several economic banded iron formationtype iron deposits (e.g., Xiaolaihe, Yujiabu, and Xiadianzi
BIF) in this belt. Despite previous work in the area, the
tectonic setting of the QGB is under debated; whereas
the genetic relationship between mineralization and
chemostratigraphic evolution of the area has also
remained enigmatic. In this study, we present an
integrated study of the supracrustal rocks in the QGB,
including field and petrographic observations, whole-rock
lithogeochemical data, and U-Pb geochronology of metafelsic rocks that are interlayered with the BIF. The
objectives are to (1) elucidate the petrogenetic history of
these mafic and felsic volcanic rocks, and reconstruct
their geodynamic setting, and (2) decode the
metallogenetic history of VMS and BIF in the QGB.

time the tectonic setting of the QGB is under debated,
whether it represents an intra-continental rift (Zhai et al.
1985) or formed above a mantle plume (Wu et al. 2013)
or was similar to modern arcs (Peng et al. 2015).
Furthermore, the relationship between its mineralization
and chemostratigraphic evolution has also remained
enigmatic. Hence, a detailed work on the supracrustal
rock sequences of the QGB may be a fruitful approach to
achieve these attempting targets, and is presented
herein.

1 Introduction
Archean greenstone belts are fertile terranes for various
mineral deposits, among which the volcanogenic massive
sulphide (VMS) deposits and banded iron formations
(BIFs) of Algoma type have significant research and
economic significance (Bekker et al. 2010; MercierLangevin et al. 2014). In general, there has been
unprecedented research on virtually all aspects of VMS
and BIF has mushroomed in the past fifty years (e.g.,
Franklin et al., 2005; Bekker et al., 2010; Piercey 2011).
Interestingly, some of these research illustrates that in the
Precambrian VMS and BIF usually have close spatial and
temporal associations (e.g., Huston and Logan, 2004),
and in most cases they are recognized as syngenetic and
strata bounded within the supracrustal rocks of old craton
(e.g., Zaleski and Peterson 1995; Slack et al. 2007).
Although great progress has been made to figure out the
cause and connection of VMS-BIF paragenetic
assemblages, but there are still some aspects remain
poorly constrained, such as their tectonic setting and the
relationship between geodynamic evolution of the
greenstone belt and its mineralization.
The Neoarchean Qingyuan greenstone belt (QGB) is
located on the northern margin of the North China Craton
(NCC) (Fig. 1a), it hosts several VMS and BIF-type iron
deposits that formed synchronously (Wan et al. 2012;
Zhang 2014; Zhu et al. 2015). Nevertheless, for a long
1148

Figure 1. (a) Tectonic subdivision of the North China Craton (NCC)
showing location of the Qingyuan area and distribution of major
Archean-Paleoproterozoic BIF and VMS deposits (modified from
Zhao et al. 2005); (b) Geological sketch map of the Qingyuan area
showing Neoarchean pluton and supracrustal rocks together with
post Archean sequences (modified from Shenyang Institute of
Mineral Geology, 2006)

2 Geological background
The QGB is situated in the northern margin of the EB,
covering an area of ~25,000 km2 (Peng et al. 2015). It
comprises Archean plutons (covering about 70% of the
area) and supracrustal rocks, some of which are
unconformable covered by Mesozoic sedimentary rocks
and intruded by Neopaleozoic plutons as partly showing
in Fig. 1b. The Neoarchean plutons in Qingyuan area
were grouped into two major episodes by Wang et al.
(2016) based on U-Pb isotopic data, the older ~2.56-2.53
Ga strongly gneissic quartz dioritic and tonalitic to
trondhjemitic gneisses series, and the younger ~2.522.49 Ga weakly gneissic to massive quartz monzodioritic
and monzogranitic gneisses series. These plutons are
present as domes and as irregularly shaped outcrops,
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which control the distribution of greenstone units within
the study area. Meanwhile, the Neoarchean supracrustal
rocks were subdivided into three main assemblages from
bottom to top mainly based on their lithologic association
and metamorphic grade (Zhai et al. 1985; Shen et al.
1994): the Shipengzi Formation (SF) composed of
tholeiitic to calc-alkalic meta-mafic volcanic rocks with
some bimodal lithofacies and BIFs, the Hongtoushan
Formation (HF) composed of meta-calc-alkaline bimodal
volcanic rocks with VMS and minor BIFs, and the
Nantianmen Formation (NF) composed of sedimentary
lithofacies with lesser amount of tholeiitic to transitional
meta-mafic volcanics and BIFs.

3 Results and Discussion
3.1 Chronology
The analysed zircons can be divided into three groups
according to its CL textures and Th/U values. Group I and
Group II both are mostly subhedral to euhedral prismatic
crystals with blurred oscillatory- or sector-zoning, but their
Th/U ratios are different. The former possess a high Th/U
ratio (average 0.63) and define an upper intercept age of
2616.9±3.6 Ma, whereas the latter have a moderate Th/U
value (average 0.40) and yielded an upper intercept age
of 2565±7.8 Ma. Group III are mostly subhedral prismatic
crystals with fairy dark in colour and misty internal
textures, their Th/U ratios are very low (average 0.07) and
define an upper intercept age of 2516.7±6.1 Ma.
Combined with previous geochronology (Zhu et al. 2015)
in the QGB, we suggest that the 2565±7.8 Ma age is the
formation age of these felsic metavolcanics, and also it
represents the deposition age of the Xiadianzi BIF. In
contrast, the older 2616.9±3.6 Ma age is the
crystallization age of the inherited zircon, which indicates
the existence of old crust in the Qingyuan area, the
younger 2516.7±6.1 Ma age is similar to those
metamorphic age presented by previous researcher
(Wan et al. 2012).

the IAB (island arc basalt) field on the La/Nb vs. La
diagram (Fig. 4b). However, among them the group II
basalts are characterized by slightly fractionated REE
patterns and pronounced negative Nb anomalies, which
closely compare with calc-alkaline island arc andesitesbasalts. Similarly, on the Th/Yb vs. Nb/Yb diagram the
group II basalts all plot in the calc-alkaline area within
Cenozoic counterparts region (Polat et al. 2011), further
supporting their genetic link with arc magmatism formed
by slab dehydration and wedge melting. In contrast,
group III basalts are characterized by unfractionated REE
patterns, moderate negative Nb anomalies and devoid of
pronounced HFSE anomalies, which are compositionally
comparable to the typical primitive arc basalts (Hollings
and Kerrich 2000). As a corollary, the group III basalts
might source from partial melting of the sub-arc mantle
wedge at high level, and accompanied by addition of
limited fluids derived from subducted slab (Pearce and
Parkinson 1993; Polat et al. 2011).

Figure 2. Chondrite-normalized REE diagrams and primitive
mantle-normalized trace element diagrams for felsic rocks from the
QGB (Normalizing values from Sun and McDonough, 1989)

3.2 Petrochemical and Petrogenesis
The systematic stratigraphic variations in the trace
elements geochemical characteristics of the QGB (Fig. 2
and Fig. 3) provide an optimized opportunity to decipher
the petrogenesis of its volcanics. On the La/Sm vs. La/Ta
diagram, all basalt samples show minimal contamination
by continental materials (Fig. 4a), suggesting that they
were formed by uncontaminated magma precursors.
Among them, the geochemical features of groups I
basalts are comparable to those of Mid-Ocean Ridge
Basalts (MORB), which are further supported by the
samples falling into the MORB field on the La/Nb vs. La
and Th/Yb vs. Nb/Yb diagrams (Fig. 4b, c). Hence, the
magmatic precursors of these rocks are inferred to have
formed by the partial melting of depleted mantle, this
inference are supported by their low (La/Sm)N (average
1.3), (La/Yb)N (average 1.4), Nb/Ta (average 16.4,
primitive mantle 17.6) and Zr/Hf (average 34.5, primitive
mantle 36) ratios.
Basalts samples from group II and group III all fall into

Figure 3. Chondrite-normalized REE diagrams and primitive
mantle-normalized trace element diagrams for mafic rocks from the
QGB (N-MORB and the normalizing values from Sun and
McDonough, 1989)

The dominance of FII type felsic volcanic rocks (Group I,
Fig. 5a, b) within the HF is consistent with a high-
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temperature, medium pressure petrogenesis of partial
melting at shallow (10-15 km perhaps) crustal levels with
amphibole and plagioclase as residual mineral phases,
as testified by the LREE-enriched REE patterns, high
contents of HFSE and obviously negative Eu anomalies
(Lesher et al. 1986) (Fig. 2a, b). While, group II felsic
volcanics from bimodal volcanic sequence of the SF are
characterized by high Zr/Y values (average 29.8),
fractioned REE patterns (La/YbCN = 16.5-187.9) and
weakly negative to positive Eu anomalies (Fig. 2c, d),
which are consistent with the typical features of FI type
felsic volcanics, indicating that they might generate by
low-degree partial melting of mafic source at high
pressure (> 0.7 Gpa) with minimal fractionation (Lesher
et al. 1986).

Figure 4. (a) Plot of La/Sm vs. La/Ta plot discriminate interaction of
continental lithosphere mantle (CLM) versus contamination by
continental crust; (b) La/Nb vs. La diagram distinguishing the
tectonic setting for the magmatic precursors of all samples (after Li,
1993); (c) Th/Yb vs. Nb/Yb and (b) Zr vs. Ti diagram distinguishing
the tectonic setting for the magmatic precursors of basalts (after
Pearce, 2008; Angerer et al., 2013), the area of Cenozoic oceanic
island arc basalts modified from Polat et al. (2011); (d) La/Sm vs.
Gd/Yb diagram showing degree of partial melting

Figure 5. (a) Zr/Y vs. Y (ppm) diagram showing FI type affinities for
the rhyodacites/dacites in the SF and FII type affinities in the HF
(after Lesher et al., 1986); (b) La/YbCN vs. YbCN plot outlining the
fields for FI-FIV types felsic volcanics (after Hart et al., 2004)

Collectively, considering the significant abundance of
island arc basalts in the QGB and presence of numerous
VMS deposits in the HF, a geodynamic setting
characterized by arc rifting is favoured for the generation
of these rocks: lithospheric extension in the overriding arc
crust may have occurred in response to subducted slab
rollback, causing rifting of the protoarc, and then the
ascending of sub-arc mantle beneath the extensional arc
may provide the heat source needed for the partial
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melting process (Hart et al. 2004; Piercey 2011).
Meanwhile, the subtle differences, such as lithofacies
affinities and mineralization types, between the lower SF
and the HF are likely attribute to the upwelling of
underplated mafic magma beneath rifts into variable
depths.

3.3 Tectonic evolution and mineralization
As documented earlier, the extensively exposed tholeiitic
basalts (group III) with shallow negative Nb anomalies
and transitional to calc-alkaline basalts (group II; the SF)
with deeper negative Nb anomalies (Fig. 3) recorded the
evolution from primitive arc to mature arc magmatism,
while the stratigraphic younger sequences (the HF)
composed of interlayered N-MORB type basalts (group I)
with FI (group II) to FII (group I) felsic volcanics (Fig. 2, 3)
are petrogenetic in response to rifting processes.
Therefore, an extensional arc setting is proposed for the
QGB, however, given the presence of slightly continental
crust signatures, such as crustal contamination and
xenocrystic zircons, in some supracrustal rocks the arc
are more likely formed along the continental margin
rather than intra-oceanic.
Based on an extensive database of compiled wholerock geochemistry (Fig. 2, 3), U-Pb geochronology (not
shown) and stratigraphic constraints, a simplified
geodynamic scenario including the formation of an
continental margin arc, the subsequent arc-rifting
processes, and end of the extension is proposed for the
formation of the SF, the HF and the NF in the QGB,
respectively. The first stage is characterized by the
generation of volume tholeiitic (group III) to calc-alkaline
(group II) basalts in the lower most SF, it may reflect a
gradual transition from depleted, weakly subduction
altered to subduction metasomatized mantle melts
(Manikyamba et al. 2015), because during early stage of
subduction only limited flux generated by the dehydration
process of oceanic slab, but as the increasement of
subduction depth more transitional to calc-alkaline
basalts occurred attesting to an increasing contribution
from slab-derived fluid and/or melt (Stern 2002). Studies
of the Phanerozoic island arc indicate that the
magmatism can transform form primitive island arc to
calc-alkaline just in a few million years (Jicha and Singer
2006), which is totally comparable with that of the QGB.
The second stage is an extension-dominated
geodynamic setting in which rifting of the continental
margin arc, perhaps triggered by the subduction slab
rollback, induced the thinning of overriding plate and the
formation of numerous normal faults (e.g., synvolcanic
and synsedimentary faults), which would increase the
permeability for fluid flow and provided an
accommodation space for upwelling mantle melts to
occupy, thereby elevated the geothermal gradient of the
rift (e.g., Schardt et al. 2005; Piercey et al. 2011). These
processes, in the end would provide the necessaries for
generation and evolution of sub-sea floor hydrothermal
systems. Convection of seawater through mafic crust
leached large quantities of elements (i.e., sulfur, copper,
zinc, iron, lead, and gold), deposition of these elements
as sulfides and/or ferric oxyhydroxides on the seafloor in

Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 3

certain environment generated the VMS and BIF in the
QGB. Finally, the last stage is characterized by the
presence of dominated sedimentary rocks, such as
marble, quartzite and minor BIF in the upper NF (Zhang
2014), which may represent termination of the extension
process and the following sedimentation.
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Abstract. The Neoarchean Abitibi sub-province of the
south-east Superior Craton represents one of the most
mineralized pieces of crust on Earth. Rich in both
orogenic gold and base metal (Cu, Zn, Pb) VMS deposits,
but relatively poorly endowed in komatiite-hosted Ni-CuPGE systems, the region appears to have a different
mineral systems story to its Neoarchean counterpart; the
Yilgarn Craton in Western Australia. Large-scale isotopic
mapping using Sm-Nd and Lu-Hf systems have proven
useful in understanding the large-scale cratonic
architecture that controls metal endowment in the Yilgarn,
and hence a major component of the Metal Earth project
is to produce similar mapping products for the Superior
Craton. Initial results from a small Lu-Hf dataset
demonstrate a clear spatial variation in εHf across the
Ontario Abitibi region. The area as a whole is juvenile, but
small variations within these data correspond to eastwest trending zones of relatively more- or less-juvenile
crust. The occurrence of VMS systems and orogenic gold
deposits correlate with the most juvenile zones, while the
edge of these zones correlate with major structures
important for mineralization, such as the PorcupineDestor Fault. These observations suggest that crustal
architecture has a fundamental large-scale control on
regional metal endowment in the Abitibi sub-province.

1 Introduction
Lithospheric and crustal architecture – the framework of
major tectonic blocks, terranes and their boundaries –
represent a fundamental first-order control on major
geological systems, including ore deposits and the
location of world-class mineral camps. Existing work has
demonstrated the ability of radiogenic isotope systems
(i.e. Sm-Nd, Lu-Hf) to constrain time-resolved intracratonic lithospheric architecture. Champion and Cassidy
(2007) used regional Sm-Nd isotopic data to map the
crustal architecture of the Yilgarn Craton, while Mole et
al. (2013) and Huston et al. (2014) demonstrated the
association between that lithospheric architecture and
BIF-hosted iron, orogenic gold, and komatiite-hosted NiCu-PGE systems.
Those results demonstrated the underlying control of
lithospheric-crustal architecture and the potential for
isotopic mapping as a greenfields area selection tool.
Further work by Mole et al. (2014), using Lu-Hf isotopes,
demonstrated that the technique could account for rocks,
events, and mineral systems of different ages, showing
how Ni-Cu-PGE mineralized komatiite systems of the
1152

Yilgarn Craton migrated with the changing lithospheric
boundary (craton margin) from 2.9 to 2.7 Ga.
Beyond mineral systems science, the data collected in
these studies allow a time-space assessment of craton
construction and evolution, which provide vital
information on the tectonic environment/s active on the
Archean Earth.
Despite the increasing prevalence and use of the
isotopic mapping technique in China (Hou et al. 2015)
and West Africa (Parra-Avila et al. 2017), it is yet to be
applied across the Earth’s largest Archean craton – the
Superior.

2 Isotopic mapping of the Superior Craton:
the craton-scale module of Metal Earth
In the Superior Craton, the isotopic mapping technique
has been applied locally to the Wabigoon region by Lu et
al. (2013) and Bjorkman (2017), but information from
other regions is currently sparse, or has not be collated
to produce a spatial product. A primary goal of the new
Metal Earth project at Laurentian University is to apply
this technique to the entire Superior Craton, producing a
craton-wide Lu-Hf isotopic map that will be used to: (1)
Understand the development and evolution of the craton;
(2) evaluate the spatial variability in magmatism and
metal endowment; and (3) be available as an area
selection tool for large-scale exploration activities.

3 Methodology
The isotopic mapping of the Superior Craton will be
approached in an incremental method. The craton has
been sub-divided into six main zones, based on geology,
geography, and administration. Each zone is approached
individually, with integration between zones as the project
progresses. Samples are selected from a new, in-house
geochronology database that contains the location of all
current Superior zircon geochronology samples; all are
felsic volcanics or granitoid rocks, which represent a
physical sample of the Archean crust. These samples are
then located in the relevant archive and sub-sampled.
Once mounted and imaged, zircons undergo oxygen
isotope analyses by secondary ion mass spectrometry
(SIMS) at the Centre for Isotopic Microanalysis (CCIM) at
the University of Alberta, before laser-ablation
inductively-coupled plasma mass spectrometry (LA-ICPMS) for U-Pb geochronology, Lu-Hf isotopes, and zircon
trace element analyses at the Minerals Exploration
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Research Centre Isotope Geochemistry Laboratory
(MERC-IGL). The first zone to undergo this method is the
south-east Superior, and data collection is on-going. The
initial data presented here are solution ICP-MS zircon
data provided by John Ayer and Balz Kamber.

4 Early results from the south-east Superior
Craton
The south-east Superior Craton comprises the Quetico,
Abitibi, Opatica, and Wawa subprovinces, and thereby
some of the most well-mineralised crust on Earth, with the
Abitibi producing >180 Moz of Au alone (Spooner and
Barrie 1993).
Initial results from the Ontario portion of the Abitibi are
displayed in Figures 1 and 2. Figure 2 shows the variation
in εHf across this area of crust. This is essentially a timeslice of crustal architecture at 2740-2670 Ma, i.e. during

Figure 1. Geological map and location of Hf-isotope samples (black
circles). Location of map is at the south-east corner of the Superior
Craton. Shades of pink represent TTG-granitoid rocks, green =
mafic rocks, yellow = felsic volcanics.

the development of the major Abitibi volcanic sequences
from the 2750-2735 Ma Pacaud Assemblage to the
Upper Blake River (2701-2695 Ma) and syn-sedimentary
Porcupine and Timiskaming Assemblages. As we collect

more data, we will look to further define time-slices
around major magmatic events (Thurston et al. 2008).
The first observation is that all the crust in this region
of the south-east Superior is juvenile (Figures 2-3). All
data fall between +5 and +2 εHf units, with no data below
the chondrite uniform reservoir line (CHUR). This
suggests that the crust of the Abitibi region has a short
residence time. A number of interpretations are possible:
(1) if the crust was extracted from a depleted mantle (DM)
that corresponded to the DM model line (Figure 3), then
it is possible an older element of the crust is 3100 Ma,
and that this element may have mixed with younger crust
between 2740-2670 Ma, resulting in the scatter in the εHf
plot; (2) the data may represent newly-extracted crust
which was extracted from a DM that was less radiogenic
than the model DM line, in which case any DM model
ages (two-stage) would not be accurate; (3) hypotheses
one and two could be correct, but also involve an older
crustal element not represented here due to dilution
within a mixing system dominated by the juvenile crust.

Figure 2. Contour map of Hf-isotope data (shown as εHf). Gold
deposits, Kidd-Creek VMS (yellow star) and komatiite-hosted Ni-CuPGE deposits (red stars) are shown. Black dashed lines are
interpreted east-west linear isotopic zones. The εHf group interval is
based upon the analytical error, at 0.25 epsilon units (zircon solution
ICP-MS data).
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Given the lack of zircon xenocrysts >2.9 Ga and the
lack of any older component in existing Hf and Nd
datasets (Corfu and Noble 1992), we suggest that the
crust of the Abitibi represents either very young ca. 2.7
Ga ‘primary’ crust (two-stage evolution to felsic crust)
extracted from a depleted mantle that is less radiogenic
than the current DM model; or that the crust has a slightly
older, 3.1-2. 9 Ga component, that would still be relatively
juvenile at 2.7 Ga (Figure 3).
The spatial representation of these data in Figure 2
show a series of east-west trending isotopic zones of
slightly different isotopic character. The regions of ‘hotter’
colours are ca. +5 to +3.5 εHf, whilst the ‘cooler’ regions
are ca. +3.25 to +2 Ga. If we assume this crust was
extracted from a model DM, then the cooler regions
would represent ca. 3.1 Ga crust, and the hotter regions
ca. 2.9 Ga material.
Interestingly, the northern-most juvenile isotopic zone
hosts the major gold camps, including Timmins and
Kirkland Lake, as well as the Kidd Creek and Kirkland
Lake VMS systems. The komatiite-hosted Ni-Cu-PGE
systems appear to form a north-south trend that is normal
to the isotopic zoning and not constrained to a particular
zone, or type of zone.
The Au systems appear to prefer the southern region
of this zone, which corresponds spatially to the
Porcupine-Dester Fault (PDF), suggesting the edges of
the isotopic zones have structural representatives. The
southern juvenile zone is currently poorly constrained, but
additional data will aim to constrain if the margins of this
zone correspond to the highly prospective CadillacLarder-Lake Fault (CLLF). The komatiite-hosted Ni-CuPGE systems appear to be aligned with the margin of the
Wawa sub-province to the west, suggesting this may
have a control on the location of these systems, such as
that observed in the Yilgarn (Mole et al. 2014). However,
at this stage the isotopic dataset is too small to evaluate
this hypothesis.

2.

3.

zones represent grabens of thin, hot crust, and the
relatively less-juvenile zones horsts of cooler
crust. Within this interpretation, the less juvenile
crust also could be slightly older, 3.1 Ga preexisting crust rifted by a later, ca. 2.7 Ga magmatic
period.
The isotopic zones may represent accreted ribbon
continents and/or island arcs, each with a different
character and crustal history. However, long-lived
(<2760 Ma?) shared magmatic events across
these zones do not support this;
Within a complex vertical tectonic regime, with
crustal overturns and ‘drip’-style tectonics in
operation (Nebel et al. 2018; Wiemer et al. 2018),
reworking within overthickened mafic crust may
result in spatial εHf variations depending on the
age of the reworked crust and geometry of a ‘drip’.

Our preferred interpretation at this stage is that the εHf
architecture in Figure 2 represents a rift basin similar to
that in the Basin and Range province (Eaton 1982). This
environment facilitated the formation of the VMS systems
in the Abitibi and set-up the gold-rich source regions, prior
to late compression, granitoid intrusion, and gold
mineralizing events at <2.7 Ga.
This may suggest a rift- or extension-dominated
volcanic evolution between ca. 2740-2690 Ma, followed
by a brief period of ‘late’ subduction which drove
compression, granitoid formation, basin formation
(deposition of Porcupine and Timiskaming sediments),
and ultimately orogenic gold mineralization. However, a
possible alternative for late subduction could be the
internal reworking of the 2740-2690 Ma greenstone
sequence, to produce TTG, and reworking of existing
TTG to form granitoids (Johnson et al. 2017; Bédard
2006; Sizova et al. 2015). This process would form basins
and drive sedimentation processes, with late far-field
compression driving the establishment if the final, current
structural architecture. Further, detailed upcoming work
is planned to try to address the tectonic setting for the
south-east Superior Craton, and the role of subduction
and/or any alternative tectonic processes.

5 Conclusions
Initial results from the isotopic mapping program of the
Metal Earth project show a number of important features:
•

•
Figure 3. Age vs εHf plot for felsic volcanic and granitoid rocks shown
in Figures 1-2. The 2-sigma analytical error is 0.25 epsilon units. The
depleted mantle line is in red, CHUR is in blue.

A number of tectonic-scale processes may have
formed the east-west isotopic zones and corresponding
crustal architecture:
1.
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Rift-basin architecture, where the highly-juvenile

•
•

The spatial distribution of crustal εHf data
reconcile a number of east-west zones of differing
isotopic character; all are juvenile but some are
more juvenile (+5 to +3.5) than others (+3.25 to
+2);
The more juvenile zones correlate with the
occurrence of VMS and orogenic gold systems,
and the edge of the zones correspond to major
structures associated with gold prospectivity;
These relationships are consistent with those
constrained in the Yilgarn Craton;
Together, these data suggest an intimate
relationship between architecture, crustal history,
and endowment, which can be mapped using the
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•

εHf data;
The tectonic processes driving the formation of
this architecture are controversial, and require
more integrated information to differentiate.
However, we suggest that the isotopic map
captures a broad period of rifting, forming the eastwest isotopic zones in a horst-and-graben -like
environment,
allowing
the
autochthonous
greenstone formation observed across the Abitibi.

This dataset represents a fragment of that being
developed as part of Metal Earth’s isotopic mapping
project. Work is ongoing to look in more detail at timeresolved architectural evolution within the 2740-2670 Ma
period in order to separate out the various events vital in
the formation and establishment of this world-class
mineral system.
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Isotopic and geochemical indicators on volcanic-hosted
massive sulfide prospectivity: a review
David L Huston, David C Champion and Michael P Doublier
Geoscience Australia
Abstract. Well-mineralized Neoarchean volcanic-hosted
massive sulfide (VHMS) provinces are characterized by
rhyolites with specific geochemical features and juvenile
radiogenic isotope signatures. Although well-mineralized
Paleoproterozoic provinces share many similar
characteristics, the signatures of fertile Phanerozoic
provinces differ. These temporal changes not only have
implications for the use of geochemical fertility signatures
during VHMS exploration, but also for the secular
evolution of tectonic process and metallogenesis. The
changes in VHMS fertility indicators may relate to the
change from unstable shallow slab break-off to stable
deep break-off (modern-style) subduction during the
Neoproterozoic.

1 Introduction
Black smokers, the modern analogue of volcanic-hosted
massive sulfide (VHMS) deposits, presently form along
mid-oceanic ridges and convergent margins, including
back-arc settings (Hannington et al., 2005). Of these two
settings, the former is highly likely to be destroyed by
subsequent subduction, leaving the latter the dominant
tectonic setting in which ancient VHMS deposits are
preserved. The distribution of black smokers (Hannington
et al., 2005) indicates that ancient VHMS deposits should
be present in back-arc basins and rifted arcs that form
above the subduction channel. Although a broad
convergent margin setting is the main environment for
VHMS formation, some ancient convergent margins
appear to be better mineralized than others, raising the
question as to whether better-mineralized can be
distinguished from poorly-mineralized VHMS provinces
using geological, geochemical and/or geophysical data.
A number of types of geochemical data have been
used to distinguish better-mineralized VHMS provinces,
including whole-rock rhyolite geochemistry, and the lead
and neodymium characteristics of the province hosting
the deposits (Lesher et al., 1986; Huston et al. 2005).
These disparate signals probably reflect the tectonic
environment in which the deposits form. Importantly, the
geochemical
characteristics
of
well-mineralized
provinces change through time: well-mineralized
Archean and Paleoproterozoic provinces have different
geochemical and isotopic characteristics to wellmineralized Phanerozoic provinces. These changes
probably relate to the evolution of tectonic processes
through geological time.
The purpose of this contribution is to review
geochemical and isotopic characteristics indicative of
highly mineralized provinces and how these
characteristics have changed through time, and then use
1156

these observations and models of secular variations in
tectonic processes to develop an overall model which
points to how geochemical characteristics could be used
in exploration for VHMS deposits.

2 Geochemical indicators of VHMS potential
The pioneering study by Lesher et al. (1986) indicated
that the geochemistry of high field strength and rare earth
elements (REE) from rhyolites can be used to determine
the potential of the host package to contain VHMS
deposits. Lesher et al. (1986), who worked exclusively on
Neoarchean deposits, grouped rhyolites into four
categories (types FI to FIIIa: Fig. 1), of which two, FIIIa
and FIIIb, had the highest potential to host VHMS
deposits. Subsequent workers have largely confirmed the
original results of Lesher et al. (1986), with some
important wrinkles.

Figure 1. La/YbCN versus YbCN diagram showing the rhyolite types
of Lesher et al. (1986) and Hart et al. (2004).

Hart et al. (2004) found that the geochemical
characteristics of rhyolites in fertile host packages
changed with time: although the characteristics of most
fertile Archean and Paleoproterozoic packages were
broadly similar, fertile packages in Phanerozoic provinces
were dominated by FII and FIV, the latter a new rhyolite
type not noted in the signatures ofArchean (or
Paleoproterozoic) provinces by Lesher et al. (1986).
Moreover, Mercier-Langevin et al. (2007) noted that the
host to the precious metal-rich, Neoarchean Bousquet
district was dominated by FI rhyolites, indicating that
some Neoarchean districts, in this case containing highsulfidation VHMS deposits, do not fit the results of Lesher
et al. (1986). Other precious-metal rich deposits that
formed on thicker crust, such as the Nimbus deposit in
the Yilgarn Craton (Hollis et al. 2017), also do not fit with
in the classification of Lesher et al. (1986).
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Figure 2. Maps showing variations in the northern Yilgarn Craton for (a) Nd model ages (T2DM) of granites and (b) μ values determined from
lead isotope measurements from mineral deposits using the Abitibi-Wawa lead isotope evolution model of Thorpe et al. (1992). The diagram
is modified after Huston et al. 2014).

The changes in REE geochemistry used by Lesher et
al. (1986) and Hart et al. (2004) as VHMS fertility
indicators relate to presence or absence of garnet in the
source regions of the rhyolitic melts (e.g. Rollinson 1993),
which in turn is related to the pressure (depth) at which
melting occurs (e.g. Zhang et al. 2013). The
geochemistry of FIIIa and FIIIb rhyolites, which are fertile
in the Neoarchean and Paleoproterozoic, indicates high
temperature, shallow melting in the absence of garnet in
the crust, whereas the geochemistry of FII rhyolites,
which are most prospective in the Phanerozoic, and,
particlualry, FI rhyolites are indicative of deeper melting
in the presence of garnet. This suggests that the depth of
melting for VHMS-fertile rhyolites has increased with
geological time, and that rhyolites associated with highsulfidation VHMS deposits may have been sourced from
a greater depth than “normal” VHMS deposits.
Barrie (1995) found zircon saturation temperatures,
which are calculated from rhyolite geochemical data, are
also indicative of VHMS fertility. Fertile volcanic packages
have higher zircon saturation temperatures than lessfertile packages. The results of Barrie (1995) were based
solely on Neoarchean districts, so potential secular
changes in the indicator are not known.

southeastern Canada), and more strongly mineralized
zones within less mineralized provinces (e.g. Teutonic
Zone in Eastern Goldfields Superterrane, and Cue Zone
in Youanmi Terrane, Western Australia) have granite Nd
model ages close to emplacement ages and/or low μ
values (Fig. 2). In general, juvenile Archean provinces are
more fertile for VHMS deposits than more evolved
provinces (Fig. 3). This general relationship also applies
to Paleoproterozoic provinces, but not to Phanerozoic
provinces, where highly mineralized VHMS provinces are
commonly present in more evolved crust (e.g. Mount
Read Volcanics, Tasmania, Australia).

3 Radiogenic isotope indicators of VHMS
potential
Huston et al. (2005, 2014: Fig. 2) first noted that more
fertile VHMS provinces were associated with juvenile
crust as indicated by variations in granite Nd model ages
(e.g. Champion and Cassidy 2008) and μ values
(238U/204Pb) calculated from ore lead isotope data. Highly
mineralized terranes (e.g. Abitibi-Wawa Subprovince,

Figure 3. Plot of Cu, Zn, Pb and combined Cu-Pb-Zn VHMS metal
endowment (in tonnes of metal/km2) for Archean cratonic blocks in
Canada and Australia, highlighting the much greater endowment in
isotopically primitive blocks (after Champion and Huston 2016).
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Figure 4. Possible changes in tectonic style and volcanic-hosted massive sulfide deposit formation between (a) Neoarchean-Paleoproterozoic
and (b) late Neoproterozoic-Phanerozoic times.

4 Volcanic-hosted massive sulfide fertility
indicators in a tectonic context
Disparate geochemical data sets have been used to infer
the fertility of volcanic successions for VHMS deposits. In
most cases these fertility indicators were developed in
Neoarchean VHMS provinces, and later research has
indicated that indicators have changed through time, with
the greatest changes between the Paleoproterozoic and
Phanerozoic.
The style of tectonics also appear to have changed
through geological time as a consequence of mantle
cooling from some form of stagnant lid regime in the
Paleoarchean through shallow slab break-off subduction
in the Mesoarchean through the mid-Neoproterozoic to
modern-style deep slab break-off subduction from the
mid-Neoproterozoic to now (Sizova et al. 2010; Moyen
and van Hunen 2012). Moreover, the style and,
particularly, the duration of metallogenesis along
convergent margins (Huston et al. 2018) has also
changed, with Neoarchean to Paleoproterozoic margins
characterized by a shorter duration of metallogenesis
(<200 Myr) than than those in the Phanerozoic (400-700
Myr). These changes in tectonic setting, metallogenesis
and VHMS fertility indicators may be linked.
Figure 4 illustrates a model that accounts for changes
in VHMS indicators between the Neoarchean1158

Paleoproterozoic and Phanerozoic as a consequence of
changes in tectonics. In this model, subduction during the
Neoarchean to Paleoproterozoic (Fig. 4a) is unstable due
to repeated (and shallow) slab break-off, leading to
relatively short periods of subduction and convergentmargin metallogenesis. Possibly, due to the shallow dip
of subduction, arcs may not form. In contrast, from the
late Neoproterozoic onwards (Fig. 4b), subduction is
characterized by generally coherent and often steeper
slab dips and is more stable with consistent development
of volcanic arcs. This leads to significantly longer periods
of subduction, with a greater flux of hydrated oceanic
crust and eroded continental crust into the subduction
channel, and also to a cooler environment in the
subduction zone (Brown 2014). The cooler environment
leads to melting at greater depths, commonly in the
garnet present zone, leading to the formation of a greater
association of VHMS deposits with type FII and FIV
volcanics. Moreover, the introduction of greater amounts
of evolved crustal material in the subduction channel
along with greater crustal thicknesses lead to a
breakdown in the relationship between juvenile crust and
VHMS deposits seen in older deposits.
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5 Summary, implications for exploration and
future research
The review presented above suggests that although there
appear to be reasonably reliable geochemical indicators
of VHMS fertility at the province- to district-scale, these
indicators appear to change with geological time. This
means that caution needs to be exercised in applying the
techniques during exploration; in particular the age of the
mineralization must be considered.
The development of micro-analytical geochemical and
isotopic techniques, including the geochemistry and
isotopic composition of zircon, offers new opportunities to
develop fertility indicators. These techniques have been
developed for porphyry copper exploration (e.g. Dilles et
al. 2015) and can be potentially adapted for VHMS
exploration.
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Abstract. The Iberian Pyrite Belt (IPB) is historically
considered one of the most important VHMS (felsicsiliciclastic) provinces worldwide. Moreover, its seven
deposits currently in operation represent the most
important base-metal producers in Western Europe.
Notwithstanding, the number of massive and/or stringer
sulfide intersections in the province is currently declining
and, thus, new exploration vectors must be developed for
new deposits to be found, probably at greater depths.
Traditional approaches to brownfield VHMS exploration
focuses mostly on detecting any geophysical and/or
geochemical features possibly related to massive sulfide
orebodies, but the understanding of the relation between
these ore-forming systems and heat sources is still poorly
constrained and can potentially prove to be critical in
defining regional and/or local target areas for VHMS
exploration. This on-going research project uses the
Neves-Corvo deposit as a case-study and aims to
constrain the relationships between petrogenesis and
metallogeny, in order to assess which petrogenetic
conditions, timings, and thermal evolution of the felsic
volcanism are more prone to trigger and sustain hightemperature hydrothermal systems and, hence, VHMS
formation, and/or to provide direct magmatic metal
contributions.

1 Introduction
Heat is one of the most critical components of
hydrothermal systems: it has a crucial role in controlling
metal solubility, transport and metal deposition, and is
paramount in the development of thermal gradients,
which are the effective drivers of sustained crustal-scale
fluid flow processes responsible for the formation of
mineral deposits, such as volcanic-hosted massive
sulfide deposits (VHMS). These deposits are important
base-metal sources that can be classified into five
categories, based on the geodynamic setting and/or
hosting lithostratigraphic sequence (e.g. Barrie and
Hannington 1997). Nevertheless, the relation between
these deposits and magmatism has been proved to be, in
most cases, unquestionable. Magmatism provides not
only the heat source to trigger and sustain hydrothermal
circulation and ore forming processes but can also act as
an important metal source (e.g. Huston et al. 2011).
One of the most important VHMS provinces worldwide
is the Iberian Pyrite Belt (IPB), which hosts nearly 90
1160

deposits, seven of them in operation, providing the most
important EU base-metal supply. In this felsic-siliciclastic
province, despite the variety of sulfide depositional
environments recognized, with some deposits exhibiting
hybrid genetic features between sediment-hosted and
volcanic-hosted massive sulfides, the large majority are
undoubtfully associated with felsic volcanic rocks (Tornos
2006), as in other felsic-siliciclastic VHMS provinces.
VHMS deposits exploration, at a regional and local
scale, in the IPB and elsewhere, commonly relies in the
use of geophysical methods and the detection of the
typical hydrothermal alteration patterns related to
mineralization. Nevertheless, in the IPB and other
brownfield provinces, the rate of deposit discoveries is
decreasing and, although these methodologies keep
being of inestimable value, the challenge is to seek for
new additional exploration tools able to find deeper
orebodies. Thus, new exploration criteria need to be
developed, in order to maintain or even increase the EU’s
contribution of base-metals in the future.
This project aims to understand how magmatism and
volcanism impact (temperature-wise) ore-forming
systems and the formation of massive sulfide deposits.
Its major goal is to establish a more complete relationship
between the orebodies and their likely heat sources, and,
ultimately, to develop new regional exploration criteria,
able to distinguish productive from barren volcanic axes
and cycles, by using the Neves-Corvo ore-forming
system as a case-study.

2 Geological background
2.1 Iberian Pyrite Belt
The oblique collision between the South Portuguese
Zone (SPZ) and the Ossa Morena Zone (OMZ) led to the
closure of the Rheic ocean during the Variscan orogeny
resulted in a local transtensive tectonic setting,
generating a series of pull apart elongated basins infilled
by a siliciclastic-dominated lithostratigraphic sequence
(Tornos et al. 2005, 2006). This infill constitutes one of
the most important tectonostratigraphic domains of the
SPZ.
The most important lithostratigraphic unit is the
Volcanic-Sedimentary Complex (VSC), characterized by
a bimodal volcanic suite, which hosts all the VHMS
orebodies. The VSC outcropping sequences suggest that
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felsic volcanism largely dominates, but geophysical
surveys indicate that mafic counterparts can be more
significant at depth (Tornos et al. 2005).
The IPB deposits occur associated to felsic volcanic
rocks (e.g. Tornos et al. 2006), and thus, this spatial and
temporal association has long been interpreted as
reflecting a genetic relationship with felsic magmatism
and used in exploration. Nevertheless, no direct
correlations between the metallogenetic and the
petrogenetic constraints and signatures have been
established so far.

2.2 The Neves-Corvo deposit
The Neves-Corvo deposit is one of the giant VHMS
deposits in the IPB and one of the seven active mines in
this district. It is composed of seven, unusually Cu-, Znand Sn- rich deposits found in the SE termination of the
Rosário antiform. As in other sectors of the IPB, at the
Neves-Corvo
area
the
tectonically
imbricated
lithostratigraphic sequence includes (from bottom to top)
i) the Phyllite Quartzite group (PQG), composed mostly
of a more than two km thick sequence of metagraywacke
and shale/schists, whose top is dated from the upper
Famennian (base unknown); ii) the VSC, comprising a
variably thick (usually less than 600m thick)
metasedimentary-dominated sequence, with dark shales
and other mudstone-siliciclastic rocks, ranging from the
Upper Famennian up to the Visean, with two important
sedimentary hiatuses – one corresponding to the
Tournasian, and another one dated from the early
Visean; iii) the synorogenic Baixo Alentejo Flysch Group
(BAFG) composed of turbiditic and other gravity-driven
deposits, often more than 2 km thick.
The orebodies are hosted by the lower VSC sequence,
mostly comprising felsic explosive and effusive volcanic
rocks and dark-shales dated from the Upper Famennian
(Oliveira et al. 2004, Rosa et al. 2008, Solá et al. 2015).
Although the gross metal budget of the Neves-Corvo
orebodies formed as typical IPB VHMS ore-forming
system, the unusually high tonnages, metal grades and
ratios, and radiogenic signatures reflect a unique
metallogenic evolution, involving different metal and fluid
sources, in time and space, including the typical IPB orefluid and metal sources, local magmatic-hydrothermal
contributions and tectonometamorphic remobilisations
(e.g. Relvas et al. 2001, 2006). Ore-forming systems
must have been especially effective in this area, and
abundant data has been gathered for the Neves-Corvo
deposit (the best-known deposit in the IPB), making this
deposit an excellent case-study to address the
relationship between magmatism and metallogeny.

3 Petrogenesis of felsic volcanic rocks and
VHMS exploration
Besides contributing with metals and fluids, magmatism
plays a critical and more general role in the formation of
VHMS deposits it acts as the heat source. Crustal thermal
gradients, triggered by the shallow emplacement of
crustal-derived felsic melts or mantle-derived mafic

magmas, promote crustal-scale hydrothermal circulation
and consequently the formation of massive sulfide
deposits. Several authors have proposed that estimating
melt temperatures using zircon saturation temperatures
can provide important regional and/or local criteria for
VHMS exploration, namely at the Abitibi and the IPB
felsic-siliciclastic provinces (e.g. Barrie 1995; Codeço et
al. 2018), where “higher-temperature” rhyolitic melts are
more prone to trigger, sustain and host hydrothermal
systems
and
VHMS
deposits.
Futhermore,
lithogeochemistry data has been also proposed as
regional criteria for VHMS exploration (e.g. Hart et al.
2004), focusing essentially on the petrogenetic processes
and the classification of the felsic rocks that more often
host VHMS deposits: FII, FIIIa and FIIIb rhyolites are
more commonly the hosts of VHMS deposits and their
petrogenetic processes considered ideal to trigger
hydrothermal circulation and mineralization processes.

3.1 Neves-Corvo and other IPB sectors
Numerous studies have focused on the geochemistry and
petrogenesis of the (sub)volcanic rocks in the IPB (e.g.
Munhá 1983, Mitjavilla et al. 1997). Presently, it is widely
accepted that mafic rocks are the result of partial melting
of a heterogeneous mantle source and their
emplacement at shallower (upper-crustal) depths
triggered crustal melting and the formation of felsic melts
from which the calc-alkaline felsic volcanic suites derive.
These suites range from dacites to (high-silica) rhyolites,
interpreted as the result of differential partial melting rates
(Mitjavilla et al. 1997). Minor intermediate rocks
(andesitic-like) are also recognized in the IPB, resulting
from the mixture between felsic and mafic melts.
A compiled local (Neves-Corvo) and regional
(mineralized and apparently barren IPB sectors)
lithogeochemistry database (n=99 and 334, respectively;
references of the regional data in Codeço et al. 2018)
show that both the hanging-wall and footwall felsic
volcanic rocks in the Neves-Corvo area are altogether
similar to those commonly found throughout the IPB,
classified as FII and minor FIIIa rhyolites to dacites (Fig.
1A). Moreover, when inspecting the calculated zircon
saturation temperatures (TSatZirc; Fig. 2) for the various
mineralized (e.g. Neves-Corvo, Aljustrel, Rio Tinto) and
barren sectors (e.g. Ervidel-Roxo), it is clear that: 1) the
temperature range for the IPB is similar to those of the
Abitibi greenstone belt (Barrie 1995); and, 2) although
several “groups” can be divided considering their median
and average TSatZirc temperatures, some mineralized
sectors are clearly characterized by lower TSatZirc
temperatures than some barren sectors, and vice-versa.
Furthermore, the samples do not show geochemical
evidences of intense hydrothermal and/or regional
alteration. Hence, significant mass-changes are not
expected and absolute Zr contents (for TSatZirc
calculations) should not be biased (Fig. 1B).
Another noteworthy feature is the discrepancy
between calculated TSatZirc temperatures and the so far
published Ti-in-zircon temperatures in the IPB, which are
significantly higher (for detailed comparison see Codeço
et al. 2018).
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Figure 1. A. LaN/YbN vs YbN plot from Hart et al. (2004) and
database samples: shaded area corresponds to the regional IPB
database (Albernoa, Ervidel-Roxo, Aljustrel, Lagoa Salgada,
Lousal, Rio Tinto and Aznalcóllar); circles represent footwall and
triangles hanging-wall samples. B. AI vs CCPI alteration indices;
grey areas represent the dacitic and rhyolitic least-altered box areas.

(Watson and Harrison, 1983, Boehnke et al. 2013) had
tremendous impact in the understanding of magmatic
systems. Recent reviews (e.g. Siégel et al. 2018) have
shown that, although these models have been widely
interpreted as real “geothermometers”, the calculated
temperature data must be carefully interpreted. Once the
estimation of the M factor and Zr contents are based in
the whole-rock geochemical composition, the calculated
TSatZirc values only represent the temperature at which a
specific melt, with a specific composition (the
lithogeochemical input data), starts to precipitate zircon.
Hence, TSatZirc should not be considered a magmatic
geothermometer but a theoretical variable intrinsic to the
magmatic evolution process (see Siégel et al. 2018). For
TSatZirc data to be reliable as a geothermometer for
volcanic rocks, it should be applied to rocks with bulk-rock
compositions similar to the melts from which zircon grew,
and, ideally, glassy (if altered, alteration must be
accounted) and almost phenocryst-free rocks, with
autocrystic zircon grains (Hanchar and Watson 2003).
Furthermore, for correctly interpreting such temperatures,
a detailed geochronological characterization is required
examining the relative amount of autocrystic, antecrystic
and xenocrystic zircon. This is not the case for the
previously mentioned works, and hence, the proposals
assume that all Zr contents derive from autocrystic zircon,
precipitated from melts with a similar composition to that
of the volcanic rock, surely biasing and overestimating
temperatures.
Thus, if TSatZirc does not prove to be a reliable magmatic
geothermometer, it should not be considered a useful
criterion for VHMS exploration, and other methodologies
for studying the thermal evolution of these crustal melts
must be envisaged.

5 Thermal evolution of felsic melts: future
approaches and possible implications for
VHMS mineral exploration

Figure 2. Calculated TSatZirc for some mineralized and barren IPB
sectors following the approach of Boehnke et al. (2013) (samples
from: i. Albernoa; ii. Roxo; iii. Aljustrel; iv. Lagoa Salgada; v. NevesCorvo; vi. Lousal; vii. Rio Tinto; and viii. Aznalcóllar; 90% of data
within each box, black line and cross represent median and average
values, respectively). All samples with SiO2 > 60 wt% and 1 < M <
1.9. Ti-in-zircon temperatures from Codeço et al. (2018).

Hence, if overall all the sectors show potential to host
VHMS deposits, are zircon saturation temperatures real
“temperatures” and useful to evaluate potential heat
sources and VHMS deposit “productivity”? And can they
be useful as exploration vectors?

4 Zircon saturation temperature – is it a real
geothermometer?
The development and review of zircon saturation models
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The fact that zircon saturation temperatures alone should
not be used as valid criteria for calculating the
temperature evolution of specific volcanic suites, hence
assessing the productivity of specific melts as favourable
heat sources for triggering and sustaining hydrothermal
systems, does not imply that considering the overall
petrogenetic processes and thermal evolution of crustal
melts for the development of VHMS exploration criteria
cannot be considered. When combined geochronology,
other zircon- and other mineral-based data (e.g. rutile,
quartz) can be used to better constrain the petrogenesis
and thermal evolution of volcanic rocks.
A possible approach is to use Ti-in-zircon (Watson et
al. 2006; Ferry and Watson 2007) to constrain the melt
temperature during zircon crystallization. This approach
is even enhanced when combined with U-Pb data,
tracking temperature evolution within the magmatic
system and the life-span of felsic plutonic to subvolcanic
systems. This data integration must be made carefully, as
zircon-based temperatures give only information
regarding crystallization temperatures, and so,
information regarding subsequent temperature changes
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can only be inferred interpolating the obtained data from
different time intervals. Even when state-of-the-art
equipment or analytical techniques are used, the
combination of geochronology and Ti-in-zircon data does
not provide distinction between continuous long-lived
magmatic systems and episodic, multi-staged shortpulses of melts, as analytical uncertainties (in dating) are
usually too big (Kent and Cooper 2018). This has critical
implications for the understanding of thermal evolution of
igneous systems and, hence, for the heat supply in oreforming hydrothermal systems, sometimes providing
reliable information, useful for mineral exploration. Other
geothermometers that allow to constrain temperature
evolution in magmatic systems are the Zr-in-rutile
(Watson et al. 2006) and/or Ti-in-quartz (Wark and
Watson 2006). The latter is often used for the
interpretation of the time-scale and temperature
estimation of magmatic and hydrothermal systems (e.g.
Audétat 2013, Codeço et al. 2017), and can prove to be
useful as quartz phenocrysts are relatively common in
felsic volcanic rocks, possibly offering a way of estimating
temperatures and/or pressures in subvolcanic settings.
The variety of volcanic rocks in the Neves-Corvo area
(and in the IPB) must reflect different petrogenetic
processes. Thus, a comprehensive and complete
petrogenetic model for the volcanic rocks of NevesCorvo, integrating geochronology and thermochronology,
is envisaged as a possible major contribution to a better
understanding of the metallogenesis of this fascinating
deposit and outstanding province. Different thermal
evolutions should be assessed and since these magmatic
events were conceivably largely responsible for the heat
supply, they should be related with the corresponding
metallogenic processes. In this sense, this project aims
to develop new mineralogical, geochemical and isotopic
exploration criteria, relating heat sources, hydrothermal
systems and formation of VHMS deposits in the IPB.

Acknowledgements
A. Cravinho has been awarded with a PhD scholarship
funded by Fundação para a Ciência e Tecnologia (FCT)
(PD/BD/142784/2018), under the scope of the Earth
Systems Doctoral Program - Instituto Dom Luíz (IDL).
The research project is funded by SOMINCOR-LUNDIN
Mining. Publication supported by FCT- project
UID/GEO/50019/2019 - Instituto Dom Luiz, and
EXPLORA/Op.ALT20-03-0145-FEDER-000025 Project,
funded by Alentejo2020/Portugal2020 + European
Regional Development Fund/ERDF.

References
Audétat A (2013) Origin of Ti-rich rims in quartz phenocrysts from
the Upper Bandelier Tuff and the Tunnel Spring Tuff,
southwestern USA. Chem Geol 360:99–104.
Barrie CT, Hannington MD (1997) Classification of VolcanicAssociated Massive Sulphide Deposits Based on Host-Rock
Composition. In: Barrie, CT and Hannington MD (eds) VolcanicAssociated Massive Sulphide.pp 1–11.
Barrie CT (1995) Zircon thermometry of high-temperature rhyolites
near volcanic–associated massive sulfide deposits, Abitibi

subprovince, Canada. Geology 23:169–172.
Boehnke P, Watson EB, Trail D, Harrison TM, Schmitt AK (2013)
Zircon saturation re–revisited. Chem Geol 351:324–334.
Codeço M, Mateus A, Figueiras J, Gonçalves L, Rodrigues P (2018)
Development of the Ervidel-Roxo and Figueirinha-Albernoa
volcanic sequences in Iberian Pyrite Belt, Portugal: metallogenic
and geodynamic implications. Ore Geol Rev 98:80–108.
Codeço MS, Weis P, Trumbull RB, Pinto F, Lecumberri–Sanchez P,
Wilke FDH (2017) Chemical and boron isotopic composition of
hydrothermal tourmaline from the Panasqueira W-Sn-Cu
deposit, Portugal. Chem Geol 468:1–16.
Ferry JM, Watson EB (2007) New thermodynamic models and
revised calibrations for the Ti-in-zircon and Zr-in-rutile
thermometers. Cont Miner Petrol 154:429–437.
Hanchar JM, Watson EB (2003) Zircon Saturation Thermometry.
Rev Min Geochem 53:89–112.
Hart TR, Gibson HL, Lesher CM (2004) Trace element geochemistry
and petrogenesis of felsic volcanic rocks associated with
volcanogenic massive Cu-Zn-Pb sulfide deposits. Econ Geol
99:1003–1013.
Huston DL, Relvas JMRS, Gemmell JB, Drieberg S (2011) The role
of granites in volcanic–hosted massive sulphide ore–forming
systems: an
assessment of magmatic–hydrothermal
contributions. Miner Deposita 46:473–507.
Kent AJR and Cooper KM (2018) How well do zircons record the
thermal evolution of magmatic systems? Geology, 46:111–114.
Mitjavilla J, Martí J, Soriano C (1997) Magmatic Evolution and
Tectonic Setting of the Iberian Pyrite Belt Volcanism. J Petrol
38:727–755.
Munhá J (1983) Hercynian magmatism in the Iberian Pyrite Belt. In:
Sousa MJL & Oliveira JT (eds) The Carboniferous of Portugal,
Memorias Serviços Geologicos de Portugal 29:39–81.
Oliveira, JT, Pereira Z, Carvalho P, Pacheco N, Korn D (2004)
Stratigraphy of the tectonically imbricated lithological
succession of the Neves Corvo mine area, Iberian Pyrite Belt,
Portugal. Miner Deposita 39:422–436.
Relvas JMRS, Barriga FJAS, Ferreira A, Noiva PC, Pacheco N,
Barriga G, (2006) Hydrothermal alteration and mineralization in
the Neves-Corvo volcanic–hosted massive sulfide deposit,
Portugal: I. Geology, mineralogy, and geochemistry. Econ Geol
101:791–804.
Relvas JMRS, Tassinari CCG, Munhá J, Barriga FJAS (2001)
Multiple sources for ore-forming fluids in the Neves Corvo
VHMS Deposit of the Iberian Pyrite Bet (Portugal): strontium,
neodymium and lead isotope evidence. Miner Deposita 36:416–
427.
Rosa JPC, McPhie J, Relvas JMRS, Pereira Z, Oliveira T, Pacheco
N (2008) Facies analyses and volcanic setting of the giant
Neves Corvo massive sulphide deposit, Iberian Pyrite Belt.
Miner Deposita 43:449-466.
Siégel C, Bryan SE, Allen CM, Gust DA (2018) Use and abuse of
zircon-based thermometers: A critical review and a
recommended approach to identify antecrystic zircons. Earth
Sci Rev 176:87–116.
Solá, AR, Salgueiro R, Pereira Z, Matos JX, Rosa C, Araújo V, Neto
R, Lains JA (2015) Time span of the volcanic setting of the
Neves–Corvo VHMS deposit. X Congresso Ibérico de
Geoquímica/XVII Semana de Geoquímica abs 120–123.
Tornos F, Casquet C, Relvas JMRS (2005) 4: Transpressional
tectonics, lower crust decoupling and intrusion of deep mafic
sills: a model for the unusual metallogenesis of SW Iberia. Ore
Geol Rev 27:133–163.
Tornos F (2006) Environment of formation and styles of
volcanogenic massive sulfides: The Iberian Pyrite Belt. Ore Geol
Rev 28:259–307.
Wark DA, Watson EB (2006) TitaniQ: a titanium-in-quartz
geothermometer. Contrib Mineralog Petrol 152:743–754.
Watson EB, Harrison TM (1983) Zircon saturation revisited:
temperature and composition effects in a variety of crustal
magma types. Earth Planet Sci Lett 64:295–304.
Watson EB, Wark DA, Thomas JB (2006) Crystallization
thermometers for zircon and rutile. Contrib Mineralog Petrol
151:413–433.

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

1163

Unravelling the geochemistry of dark-grey to black
metapelites in the Iberian Pyrite Belt (Portugal): the relation
to massive sulphide ores
Filipa Luz & António Mateus
Dep. Geologia & IDL, Faculdade de Ciências, Univ. de Lisboa, Lisboa, Portugal
Abstract. Volcanogenic massive sulphide deposits in the
Iberian Pyrite Belt can be linked with the deposition and
evolution
of
fine-grained
silicilastic
sediments
represented by dark-grey to black metapelites. We
present a lithogeochemical study of 60 samples from the
Aljustrel and Neves Corvo mines and exploration drill
holes in the Portuguese IPB segment. Geochemical
fingerprinting of these dark-grey to black metapelites
allow us to discriminate barren from altered/mineralized
samples using the ratios Al2O3/(Al2O3+Fe2O3+MnO),
(As+Sb)/Sc,
(Cu+Zn+Pb)/Sc,
and
Fe2O3/TiO2,
Geochemical
data
5×[(Fe2O3+MgO+MnO)/Al2O3].
indicate that sulphide mineralization in dark-grey to black
metapelites does not necessarily imply that early
sediments were deposited in anoxic (to euxinic)
environmental conditions.

1 Introduction
Massive sulphide ores of the Iberian Pyrite Belt (IPB) are
mostly hosted in volcanic-sedimentary rocks of
uppermost Devonian age [Late Strunian, miospore
biozone LN, 360.7 ± 0.7 Ma - 362 Ma] to Early
Carboniferous (e.g. Carvalho et al. 1999; Barrie et al.
2002; Pereira et al. 2007; Oliveira et al. 2013). These ore
bodies do not show simple relationships with volcanic
piles and some of them occur near the top of sequences
that mark the waning stages of volcanic cycles. Here they
show clear connections with the deposition of finegrained siliciclastic sediments now represented by black
metapelites (Sáez et al. 1999, 2011). There are also
examples where the association of sulphide ores with
volcanic rocks is not supported by firm evidence of any
kind (e.g. Tornos et al. 1998). Therefore, additional data
are needed to improve the characterization of specific
geological settings where sulphide ore formation may
have occurred.

2 Geological Background
The IPB is a fundamental unit of the South Portuguese
Zone (SPZ) of the SW Variscides. Its stratigraphy
includes, from bottom to top, the Phyllite-Quartzite Group
(PQG), the Volcano-Sedimentary Complex (VSC) and
part of the Baixo Alentejo Flysch Group (BAFG), also
known as Culm Group (e.g. van den Boogard 1963;
Oliveira 1990). The Middle to Upper Devonian PQG
consists of a siliciclastic succession composed of darkgrey to black metapelites, quartzites and metaquartzwackes. The VSC (Upper Fammenian to Upper
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Visean) comprises different volcanic suites inter-fingered
or interbedded with a variety of metasedimentary rocks,
including dark-grey to black metapelites and metasiltstones, locally accompanied by meta-quartzwackes.
The upper sections of VSC are dominated by siliceous,
green and purple metapelites often coming along with
meta-jaspers (or meta-cherts). The basal sequence of
BAFG (Mértola Fm.) is a typical flysch sequence that
contains intercalations of variable thickness of prevalent
meta-greywackes and metapelites.
Variscan deformation is intense, documenting the
progression of strain accommodation triggered by the
oblique continental collision during Carboniferous. The
resultant south-verging thin-skinned thrust-fold belt (e.g.
Silva et al. 1990; Quesada, 1998) is concurrent of
synorogenic metamorphic re-crystallization from the
prehnite-pumpellyite to greenschist facies conditions
(e.g. Munhá et al. 1983 a, b; Abad et al. 2001).
The sulphide ore-forming systems related to the large
massive bodies are usually rooted in stockworks hosted
in hydrothermally altered volcanic and metasedimentary
sequences (e.g. Barriga et al. 1997, Tornos et al. 2000,
Sáez et al. 2011). Evidence of synorogenic ore
remobilization (during metamorphism and tectonic
stacking) is common, further complemented by lateVariscan hydrothermal activity related to the propagation
and reactivation of several strike-slip fault zones (e.g.
Quesada 1998; Castroviejo et al. 2011; Luz et al. 2014).

3 Sampling
A geochemical sampling program was performed in the
Portuguese segment of IPB, being oriented to
(mineralized or non-mineralized) dark-grey or black
metapelites included in several PQG and VSC sections.
At the Aljustrel and Neves Corvo mining centres, samples
were collected from different orebodies. Additional
samples were obtained from drillcore of exploration
surveys, including the recent massive sulphide
intersection (hosted in black metapelites) of Sesmarias.
According to the compiled information (Pereira et al.
2007; Oliveira et al. 2013; unpublished technical reports),
samples gathered in PQG sections (n=14) range from AD
to LN miospore biozones (Givetian-Strunian). The VSC
samples are distributed into three subsets: i) Lower VSC
(n=15), spreading from VCo to LN miospore biozones
(Upper Fammenian); ii) Intermediate VSC (n=8), between
LN and CM miospore biozones (≈ Lower Tournasian);
and iii) Upper VSC (n=23) ranging from CM to NL
miospore biozones (≈ Upper Visean).
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4 Main features
metapelites

of

dark-grey

to

black

Metapelites show lepidoblastic textures and many
microstructures that document heterogeneous strain
accommodation. Irrespectively of the lithostratigraphic
unit or their sub-divisions, all metapelites are variably
enriched in non- or poorly ordered organic matter and the
prevailing mineral assemblage comprises fine-grained
white mica (± chlorite) and quartz, along with other
accessory minerals, such as zircon, rutile, apatite and
tourmaline. Considering the relative abundance of the
major mineral phases, many of the sampled metapelites
from PQG and Lower VSC comprise a significant
component of sandy-derived (sub-millimetre sized)
quartz. When enriched in sulphides, the relative
abundance of chlorite and siderite (± dolomite/ankerite)
increases.
Botryoidal and euhedral pyrite are common, often
coupled with very fine-grained disseminations of
chalcopyrite, pyrrhotite, sphalerite and galena. Earlyfracture fillings (folded and affected by schistosity) are
frequent and comprise siderite/dolomite/ankerite + pyrite
± pyrrhotite (± chalcopyrite ± sphalerite). At Aljustrel and
Neves Corvo, many of these early-fracture infillings also
contain Co-Ni- and Ni-Sb-bearing sulphides along with
As-Co-Ni- and As-Ni(-Sb)-bearing sulfosalts.

5 Geochemical fingerprinting
According to the available whole-rock geochemical data,
no significant differences exist in major element
abundances for samples from PQG, Lower/Intermediate
and Upper VSC. However, when samples are sorted as
mineralized and non-mineralized according to their
petrographic features, it is clear that: (i) higher median
abundances of SiO2, Fe2O3, MgO and MnO characterize
mineralized samples in Neves Corvo, Aljustrel, Lousal
and Sesmarias; and (ii) higher median abundances of
Al2O3, CaO and Na2O typify non-mineralized metapelites
in all the sampled sections. The K2O, P2O5 and TiO2
abundances are not significantly different for the two
groups of samples.
Abundances of minor and trace elements normalized
to the Average Shale Composition (AS; Wedepohl, 1991)
generate patterns that are similar for PQG and VSC
metapelites. Systematic As and Sb positive anomalies
(up to 5×, sometimes 10×AS) are observed when
metapelites do not comprise sulphides. These As and Sb
anomalies increase to 50×AS (at times 100×AS), when
the samples are mineralized. In these cases, positive
anomalies in Co, Ni and Cu (5× to 30×AS) ± Zn ± Pb
(5×AS) are also seen. Locally stronger (above ×100AS)
positive anomalies in Zn and Pb typify metapelites from
Lower VSC of Neves Corvo and Upper VSC of Moinho
orebody (Aljustrel mine) and of Monte das Mesas
(mineral exploration drilling). Samples from Neves Corvo
also show consistent depletions in Cu, Rb and Ba (<0.05
to 1×AS). One sample from Moinho orebody (Aljustrel
mine) displays a positive anomaly in Ba (×10AS). The

remaining elements tend to be close to the standard AS
contents.
Patterns of REE abundances normalized to AS are flat,
excepting those of mineralized samples from Neves
Corvo which show slightly positive anomalies in Eu.

5.1 Provenance analysis
Considering the Zr/Sc (5.82-29.66), Th/Sc (0.56-2.06)
and Eu/Eu* (0.31-1.90) elemental ratios, an evolved felsic
source might be inferred for the prevalent siliciclastic
component forming the examined dark-grey to black
metapelites from PQG or VSC (for reference values see,
e.g., Middelburg et al. 1998, McLennan et al. 1993; Slack
et al. 2004). This conclusion is also consistent with results
reported in many other studies (e.g. Jorge et al. 2006; Luz
et al. 2019), indicating that the chemically alike PQG and
VSC metapelites derive from the same continental
source.

5.2 Alteration/Mineralization Indexes
The Al2O3/(Al2O3+Fe2O3+MnO) and Fe2O3/TiO2 ratios can
be used to assess overprints of hydrothermal processes
acting over a prevalent siliciclastic component (e.g.
Marchig et al. 1982; Goodfellow et al. 2003). For IPB
metasedimentary rocks, the overprinting is evident for
Al2O3/(Al2O3+Fe2O3+MnO) < ≈0.6 and Fe2O3/TiO2 > 10
(see also, Luz et al. 2019; Fig.1).

Figure 1. Fe2O3/TiO2 vs. Al2O3/(Al2O3+Fe2O3+MnO) diagram
illustrating a possible mixing strip between a “terrigenous” endmember (samples clustering) and a conceptual “exhalativehydrothermal” term represented by the East Pacific Rise and/or the
Red Sea brine pool compositions (e.g. Marchig et al. 1982;
Goodfellow et al. 2003). Black borders indicate mineralized
samples. Average values for felsic metavolcanic rocks of IPB are
shown, using the dataset in Codeço et al. 2018.
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The 5×[(Fe2O3+MgO+MnO)/Al2O3], (Cu+Zn+Pb/Sc
and (As+Sb)/Sc ratios, when above 10, can also be used
to separate barren from altered/mineralized dark grey to
black metapelites (Fig. 2), in agreement with previous
results gathered for other metasedimentary sequences in
IPB (Luz et al. 2019).

Figure
2.
(Cu+Zn+Pb)/Sc
versus
(As+Sb)/Sc
and
5×[(Fe2O3+MgO+MnO)/Al2O3] diagrams illustrating the chemical
effects related to post-sedimentary transformations. Values
between 1 and 10 for the three ratios trace seafloor metasomatism;
ratios above 10 indicate the proximity of hydrothermal discharges
potentially related to massive sulphide ores. Black border mark
mineralized samples.

than 0.52. Deviations from these trends are recorded for
some mineralized samples of Aljustrel and Neves Corvo,
documenting
the
hydrothermal
alteration
and
mineralization progression. The U/Th ratios range mostly
from 0.14 to 0.70; samples from Neves Corvo, Albernoa,
Píncaros and part of Aljustrel are mostly below 0.5, but
mineralized samples of Aljustrel show U/Th ratios above
0.5, reaching 2.94 (Fig. 3 and 4).
Considering only the non-mineralized samples from all
sectors, parental sediments of the dark-grey to black
metapelites were mainly deposited under oxygenated
environments (sometimes transitional to suboxic
conditions). At Aljustrel and Neves Corvo, many of these
samples represent stratigraphic levels laterally equivalent
to those that are mineralized. So, as far as can be
extrapolated from the available information, sulphide
mineralization in dark-grey to black metapelites does not
implies necessarily that early sediments were deposited
in anoxic (to euxinic) settings.

Figure 3. U/Th ratios for all dataset plotted by sector. Black border
mark mineralized samples. Modified after Wignall & Myers, 1988;
Jones and Manning, 1994; Wignall & Twichett, 1996.

5.3 Redox Conditions
Environmental redox conditions are critical to evaluate
the degree of oxygen and hydrogen sulphide available in
bottom-waters in equilibrium with sediments; and these
may be determinant for the accumulation of shale-hosted
massive sulphide ores (e.g. Sáez et al. 2011; VelascoAcebes et al. 2018). Redox conditions can be inferred
from a combined interpretation of some elemental
abundances (e.g. S, Fe, Mn and Co) along with several
element ratios (e.g. V/Cr, V/(V+Ni), U/Th) previously
validated in a large variety of sedimentary settings (e.g.
Wignall & Myers, 1988; Jones and Manning, 1994;
Wignall & Twichett, 1996; Hoffman et al. 1998; Georgiev
et al. 2012). However, as briefly documented above,
some of these elements (S, Fe, Mn, Ni and Co) are
included in mineral fingerprints of hydrothermal alteration
and mineralization processes. In addition, U/Th ratios
tend also to increase during fluid flow related to the
formation of massive sulphide ores (Luz et al. 2019;
Piercey & Kamber 2019). Thus, abundances of redox
sensitive elements are disturbed in mineralized samples,
which should be discarded of the intended assessment.
Most of our dataset display V/Cr ratios below 2 and 0.6
< V/(V+Ni) < 0.9; the correspondent S/Fe ratios are lower
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Figure 4. Bivariate diagram S vs Fe. Modified after Georgiev et al.
2012 and Rainswell et al. 1988.

6 Final Remarks
The main highlights from our results can be
summarized as follows:


Early-developed (prior to Variscan metamorphism
and deformation) hydrothermal overprinting over a
prevalent siliciclastic composition lead to Fe2O3/TiO2
ratios ≥ 10 and Al2O3/(Al2O3+Fe2O3+MnO) ratios ≤
≈0.6;

Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 3





Proximity to hydrothermal discharges potentially
associated with massive sulfide mineralization is
indicated by (As+Sb)/Sc, (Cu+Zn+Pb)/Sc and
5×[(Fe2O3+MgO+MnO)/Al2O3] ratios ≥ 10; and
The development of sulphide mineralization in darkgrey to black metapelites does not implies
necessarily that early sediments were deposited in
anoxic (to euxinic) environmental conditions.
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Diagenetic evaluation of a possible redbed source for
anomalous Cu in the Paleozoic-hosted Cornwallis Zn
district, NU
Mathieu, J., Turner, E.C
Laurentian University
Abstract. The Storm Cu deposit in Arctic Canada
overlies a Proterozoic red sandstone unit (Aston
Formation), which may have had a role in mineralisation.
Petrographic analysis of red and grey/white samples of
the Aston Formation reveal multiple hematite cement
phases, including an early and a late stage. Early
hematite is identified by the presence of hematite-coated
Aston Formation grains in Mesoproterozoic strata. Late
hematite is identified by relationships indicating that it
post-dated chemical compaction during maximum burial.
Bleaching removed hematite cement locally and is
associated with higher amounts of quartz cement and
maximum burial. Bleaching implies the circulation of a
reduced fluid, whereas oxidised fluid circulation is implied
by the presence of hematite post-dating bleaching. The
timing relationship of a reduced fluid mobilised during
early to maximum burial followed by the circulation of
oxidised fluids is similar to that recorded at the Storm Cu
deposit. This suggests that the Proterozoic Aston
Formation red sandstone may have been a source for
metals for the Paleozoic Storm Cu deposit, and that
several prolonged episodes of fluid circulation took place.

1 Introduction
Sedimentary-rock-hosted Cu deposits are commonly
attributed to metals sourced from adjacent red-bed units
(Hitzman et. al. 2005), but diagenetic studies of the
redbeds invoked are generally lacking, Walker et al.
(1984) and Zelinski et al. (1987) concluded that red-bed
source rocks were not deposited red, but were reddened
during early diagenesis over several millions of years. It
is this oxidising process is what liberates and transports
the Cu to the site of mineralisation Brown (2005; 2009).
In the Cornwallis Zn-Pb district of Arctic Canada (Dewing
et al. 2009), an anomalous Cu deposit (Storm copper) is
exposed in the southern part of the district on Somerset
Island. Storm copper is a carbonate-hosted Cu deposit
that overlies Mesoproterozoic red-beds of the Aston
Formation, an inferred source of metal for Storm copper
(Mathieu et al. 2018). The present study involves a
petrographic analysis of the Aston Formation red-beds in
order to determine its diagenetic history and evaluate
whether it was a metal source for the Storm copper
deposit.

2 Geologic history
The stratigraphy on Somerset Island is a succession of
Paleozoic carbonate rocks unconformably overlying
1168

Mesoproterozoic clastic (Aston Formation) and
carbonate (Hunting Formation) units, both of which are
cross-cut by Proterozoic dykes and sills (Tuke et al.
1966).
The Aston Formation is an 800-m-thick succession of
red, purple, grey, brown, and white terrigenous clastic
sandstone, conglomerate, and siltstone/shale (Tuke et al.
1966). The Hunting Formation is a 1.3-km-thick
carbonate succession (Dixon et al. 1971).
The Devonian-Carboniferous Ellesmerian orogeny
was the main tectonic event that affected the Cornwallis
district and resulted in a clastic wedge up to 6 km thick
(Embry 1991). This event is also thought to be the main
fluid mobilisation event responsible for mineralisation in
the district (Dewing et al. 2007).

3 Materials and methods
Samples collected along a transect through the Aston
Formation, which include both red and white (bleached)
sandstone (Fig. 1), were used for this study.
Samples were prepared as polished thin sections for
petrographic and SEM analysis at Laurentian University,
Sudbury Ontario. Petrography was done on standard
petrographic microscope using transmitted, reflected,
and oblique incident light. Abundance of grains, cement,
and porosity was estimated visually.

4 Results
Sandstone samples are composed of 75-85% framework
grains, with 10-20% cement, and approximately 5%
porosity. Framework grains are predominantly fractured
quartz (80%) and feldspar (20%), with rare Ti-Fe grains.
Grain-to-grain contacts are predominantly long concavoconvex surfaces with subordinate sutured and point
contacts (Fig. 1). Quartz cement is the dominant porefilling phase, with lower amounts of feldspar. Hematite is
present primarily as grain-coating cement (providing the
red colour of the formation).
Hematite cement is typically overlain by other
cements, but is also present as overgrowths on other
cements. It is less abundant in bleached samples and
apparently absent at pressure-solved contacts, but
present around pressure-solved grains (Fig. 1). Some
bleached samples have grains that are partially coated
with hematite. Muscovite is primarily pore-filling but is
also present in bleached samples coating grains and
altering feldspars.
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second
hematite-precipitating
event
post-dated
(maximum) burial. This timing then provides a youngest
time constraint on the timing of the bleaching event,
which predated hematite in order to not have hematite at
pressure-solved grain contacts.
Partly hematite-coated grains that are overgrown by
quartz cement suggest that bleaching occurred prior to or
at the same time as quartz cementation. The abundance
of fractures in framework grains, but their absence in
cement, suggests that cementation took place during
(near-)maximum burial, and may be related to pressuresolution. This provides an additional timing constraint
sandstone bleaching which had to take place at burial
depths where pressure-solution is the dominant
compaction process (i.e., deeper than 2 km; von Noort et
al. 2008). Because The Hunting Formation is only
approximately 1 km thick, it may not have been thick
enough to cause chemical compaction of Aston
Formation sandstone; therefore burial must have been
related to the accumulation of Paleozoic passive-margin
strata and/or the clastic wedge of the Ellesmerian
orogeny.

6 Discussion

Figure 1. Hand sample and thin section photographs of unbleached
(A-E) and bleached (F-J) samples that show the characteristics of
the paragenesis. (B and C) transmitted and oblique incident light
images show the red hematite coating around framework grains,
except at (D and E) point and concavo-convex and (I and J) sutured
grain contacts (arrows). (G and H) bleached samples had hematite
removed from around grains.

5 Interpretation
In order to determine the timing of fluid circulation and the
possibility that the Aston Formation was the metal source
for the Storm copper deposit, the paragenesis of
diagenetic events is presented in Figure 2 and discussed
below.
The presence of hematite both underlying and
overlying other cements indicates that at least two
episodes of hematite precipitation took place (reddening
events). The first reddening is represented by hematite
underlying later cements; the timing of this cement is
constrained by the presence of hematite-coated Aston
Formation grains in Hunting Formation (Mesoproterozoic)
rocks, which indicates an early diagenetic event. The
absence of hematite at pressure-solved grain contacts,
but its presence around such grains, indicates that a

The majority of diagenetic events recorded by the Aston
Formation took place during the middle Paleozoic (Fig.
2). The initial reddening processes may have prepared
the rocks for a later fluid that transported Cu. Bleaching
of the red sandstone indicates a reduced fluid, which
removed the hematite at around the time of the
Ellesmerian orogeny, which was probably the driving
force behind fluid circulation. This condition is in
agreement with the fluid history of pre-ore mineralisation
at the Storm copper deposit, which involved a reduced,
basement-equilibrated fluid (Mathieu et al. 2018).
Following bleaching and maximum burial, the Paleozoic
reddening process most probably indicates the circulation
of a meteoric-sourced, oxidised fluid that would have
transported Cu (Brown, 2005; 2009). The shift from a
reduced basin-equilibrated fluid to an oxidised meteoric
fluid as indicated here is in agreement with the change
from pre-ore to main-stage ore at Storm copper, which
was precipitated by a meteoric-sourced fluid that
acquired Cl by dissolving evaporites and equilibrated at
depth (with the Aston Formation), bringing Cu to a site of
reduction (Mathieu et al. 2018). Therefore, it is probable
that the Aston Formation red-beds were the metal source
for the Storm copper deposit.
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Hot,
deep-sourced,
hydrothermal
Cu-Ag-Au-PGEpolymetallic deposits of Zechstein Kupferschiefer age
Volker Spieth, Hans-Joachim Massonne
University Stuttgart, Germany, Institute for Mineralogy and Crystalchemistry
Jürgen C. Kopp
JCK Consulting, Seddiner See, Germany
Tillmann Viefhaus
AViSpectro TGU, Stuttgart, Germany
Michael Trinkler
Erz und Stein, Bobritzsch, Germany
Heinz-Jürgen Bernhardt
University Bochum, Mineralogical Institute
Stanley B. Keith, Jan C. Rasmussen
MagmaChem, Sonoita, Arizona, USA
Abstract. Cu-Ag-Au ore grade mineralization of hot
hydrothermal origin has been discovered in the Zechstein
Kupferschiefer deposit in Spremberg, Lausitz, Germany.
The uppermost Permian-aged, 15 by 5 km deposit is
hosted in Weissliegend silica extrudite, Kupferschiefer
sensu stricto Mg-Ca-Si-rich chemical mud and Mg-Carich Zechstein dolostone.
Multi-phase mineralogical investigations based on a
large number of new exploration drill samples have
revealed hydrocarbon-rich and co-existing metallic
mineralization with depositional temperatures of >350oC.
The dominant metallic mineral assemblage is chalcocite,
digenite,
bornite,
chalcopyrite,
electrum
and
disseminated silver and gold. Microscopic, electron
microprobe, Raman and Sulfur isotope studies indicate
an origin of deep-sourced basic-ultrabasic brines of
serpentinitic-lherzolitic geochemistry in the continent
sized European-Copper-Belt extending over more than
750 km with a width of 5 to 20 km. Non-stoichiometric
composition of the Cu-sulfides, copper-copperexsolutions in solid-state and of electrum in bornite are
common. The PGE-V-Mo-polymetallic-hydrocarbon-rich
extrudite Kupferschiefer sensu stricto slurry mud is typical
for Kupferschiefer Zechstein deposits of Germany and
Poland. The sheer billion-ton-volume of economic grade
Cu-Ag-Au-PGE-polymetallic-hydrocarbon-rich
mineralization of the narrow E-W continuous EuropeanCopper-Belt of Zechstein age favors a dynamic extrusive
Zechstein age submarine depositional model.

1 Introduction
The recent exploration of the Spremberg Kupferschiefer
Cu-Ag-Au-polymetallic deposit, Lausitz, Germany, has
produced a great many new samples and insights.
Geological and mineralogical research has resulted in a
paradigm change in the depositional model for the
European upper Permian Kupferschiefer class of
deposits of global importance.

The European Copper Belt of Permian Kupferschiefer
deposits stretches from the Rhoen-Richelsdorf
mountains in the west of Germany via the Spremberg to
the Sudetic Forelands in the east of Poland over a
distance of more than 750 km. The individual deposits are
about 5 to 20 km wide, 2 to 40 meters thick, outcropping
sometimes, but are mostly at a depth from 300 to 2,500
m. The Polish Lubin district mines produce more than
500,000 t of Cu metal annually (Zientek et al. 2015).
Change is happening in the understanding of the high
grade Zechstein Kupferschiefer paragenesis. For
decades the depositional model was synsedimentarysapropelic, replacement, low-temperature mineralization
in the context of an euxinic Kupferschiefer sea (Kölbel
1958; Richter 1941; Rentzsch 1965; Borg at al. 2012).
Recent publications have indicated the novel possibility
of Permian to Triassic era rift-related, multi-phase,
hydrothermal geological models (Blundell et al. 2001;
Blundell et al. 2003; Kopp and Spieth et al. 2012; Spieth
et al. 2014) causing the abandonment of the “obsolete”
syn-sedimentary (Borg 2017) model. Though most
paragenetic observations are shared, the interpretation of
the origins is leading to a contentious scientific discourse.
Here, the current research results favor the high energy,
hot hydrothermal, deep sourced models.

2 Geological setting and age of the deposits
The Kupferschiefer sea transgression covered more than
600,000 km2 of upper Permian peneplain from Greenland
to eastern Poland. The calcareous shale may carry some
iron sulfides and rarely reaches a thickness of more than
a few centimeters. The southern margin of the
Kupferschiefer sea covered the west-east striking
continent size lineaments on top of the buried Variscan
massifs with a perpendicular tectonic faulting pattern.
These basement deep lineaments and faults have been
active pre- and post-Permian. They can be traced by 3-D
seismic geophysical and residual anomalous heat
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measurements (Blundell et al. 2003; Borg et al. 2012;
Kopp and Spieth et al. 2012; Oszczepalski et al. 2017).
A great deal of individual micro-layers in the
Kupferschiefer sensu stricto was analyzed (Von Bubnoff
1950) and calculated regarding the time needed for the
deposition with the result of not more than 10,000 years.
This does not contradict the accepted depositional age of
the Zechstein Kupferschiefer black shale sensu stricto to
be from 247 to 257 Ma, based on Re-Os dates (Mikulski
et al. 2017). Also reported is a whole-rock and mineralseparate isochron from several samples from the
Sangerhausen, Germany, Kupferschiefer sensu stricto
deposit with a Re-Os date of 257±1.6 Ma. This represents
a depositional age for the base of the Zechstein Group.
Six samples of non-mineralized black shale from a
Kupferschiefer section in the northern part of the Polish
Zechstein Basin yield a Re-Os date of 247±20 Ma
(Pašava et al. 2010). The paleo-magnetic dating of the
alteration phase “Rote Fäule” hematite yielded dates of
255 to 245 Ma (Nawrocki 2000). Eight high-quality illite
samples (Bechtel et al. 1999) yielded an average age for
the Kupferschiefer sensu stricto of 252.5 ± 4.5 Ma (Keith
and Spieth et al. 2018). These illite samples occur in the
high energy / high early copper / Rote Fäule illite-hematite
core zones of the Cu-Ag-Au-polymetallic high grade
Kupferschiefer system. The complex age history centered
on 252.5 Ma with a range of plus/minus 5 Ma indicates
the multi-phase origin and consequent alteration of the
high grade Kupferschiefer deposits.

3

Spremberg, Lausitz, Germany, Zechstein
Kupferschiefer deposit

The
Spremberg-Graustein-Schleife
Zechstein
Kupferschiefer deposit is representative for the
mineralization along the Permian-Triassic age European
Copper Belt. In each of these deposits, the geometallurgy
of the Kupferschiefer related high-grade, copperpolymetallic-precious-metal, hydrocarbon mineralization
is present. Chalcocite and digenite are common
occurrences. Bornite often carries disseminated silver
and exsolutions of electrum. Base-metal-bearing
selenides (klockmannite [CuSe] and krutaite [CuSe2])
coexist with covellite and digenite, which form at high
temperatures (384-343°C). The Kupferschiefer sensu
stricto facies contains exotic elements such as PGE, Co,
Ni, Cr, V, Se, Re, Os, that suggest Kupferschiefer coppersilver mineralization fractionated from deep-sourced,
high-temperature, hydrothermal fluids, possibly mantlesourced ultra-mafic rocks. The new high energy hot
hydrothermal Kupferschiefer deposit model is a paradigm
change to the “obsolete” (Borg 2017) syn-sedimentary to
epigenetic model.

3.1 Zechstein Weissliegend
extrudite silica slurry

sand

injectite/

A principal geological parameter for the recognition of the
dynamic emplacement model are the observations and
geological mappings in Sangerhausen-Wettelrode and
Spremberg, Germany, and the Lubin-Rudna district,
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Poland, that shows: (1) The Weissliegend sand is an
injectite/extrudite, silica slurry of Zechstein age that
mostly rests on top of the Permian Rotliegend peneplain
and is covered in an undulating manner by Kupferschiefer
sensu stricto. (2) The Weissliegend sands are cut by
veins and veinlets of sulfides and hydrocarbon and
Kupferschiefer-like black mud rock that may represent the
feeder veins of an open, hot-hydrothermal vent. (3) The
Weissliegend sand hosts by far the majority in quality and
quantity of the Kupferschiefer-type, mineable copper
resources, measured in 100s of millions of tons. The
recognition of sand injectites/extrudites is a paradigm
change in evaluation of the Zechstein Weissliegend
sands and sandstone sedimentary structures globally
(Hurst et al. 2006; Hurst et al. 2011).

3.2 Hot hydrothermal metallic and hydrocarbon
mineralization
Mineralogical results obtained from the SprembergGraustein-Schleife and other European Cu-Ag-Aupolymetallic high grade deposits through microscopy,
electron microprobe, Raman spectroscopy, geochemistry
and δ34S sulfur isotope analysis show that: (1) The
Kupferschiefer deposit type mineralization in its vast
majority is somewhat monotonous, as it is made up in
Spremberg and the European Copper Belt of chalcocite
(Cu2S), digenite (Cu1.75S5), covellite (CuS), bornite
(Cu5FeS4) and chalcopyrite (CuFeS2), plus a high (up to
24 wt. % Corg or nearly 50 % by volume) hydrocarbon
content, which is significant as it occurs over a distance
of more than 750 km in length. (2) Much of the copper
minerals are of non-stoichiometric composition and
unusual association. Bornite, chalcocite, chalcopyrite and
pyrite occur as spherules, immiscible metallic drops in the
slurry mud. Bornite of the Kupferschiefer sensu stricto T1 layer often shows exsolutions of electrum (AuAg) and
other solid state copper-copper exsolutions with
chalcopyrite and covellite, indicating pre-mixture in the
rising metal-hydrocarbon mud slurry and rapid cooling
after extrusion on the sea floor surface. (3) The
microprobe element analysis of sulfide phases that are
widespread in natural ores of the Kupferschiefer Cu-Ag
deposits plot in a phase field that includes chalcocite,
digenite, djurleiite, anilite, yarrowite (“blaubleibender”
covellite), klockmannite and krutaite. Klockmannite
(CuSe) and krutaite (CuSe2) have a stability field of about
343°C and 384°C and thus document the hightemperature, hydrothermal nature of the mineral
deposition (Kopp and Spieth et al. 2012; Viefhaus and
Spieth et al. 2013). The calculations were undertaken
with the MINCALC program (Bernhardt et al. 1995;
Bernhardt 2010).

3.3 δ34 Sulfur stable isotopes analysis
The δ34 Sulfur stable isotopes are a unique feature to the
Kupferschiefer sensu stricto and at Spremberg have a
similar composition as those of the copper mineralization
of the other deposits of the European Copper Belt. The
δ34 Sulfur stable isotopes are light to very light with values
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ranging from –15‰ to –31‰ to –42‰ in chalcocitedigenite and chalcopyrite samples of the Kupferschiefer
sensu stricto. Given the high temperature of the sulfide
mineralization, these low values cannot be explained by
microbial reduction. Published diagrams (Tornos et al.
2008; Wagner et al. 2010; Schwarzenbach et al. 2012;
Basori et al. 2017) show deep-sourced systems of
ultramafic to serpentinitic origin and composition can
contribute brines with a similar light δ34 Sulfur stable
isotope composition.

3.4 Geochemistry and geometallurgy
Geochemical, major and trace element compositions are
anomalous and much enhanced compared to average
global black shale. The Kupferschiefer sensu stricto
analysis and geostatistical comparison diagrams
demonstrate the interdependence of the base, precious
and polymetallic mineralization with the hydrocarbon
deposition in the Zechstein rocks.
Geometallurgical analysis of the available operational
and scientific data proves the genetic association of the
enriched exotic elements PGE, Co, Ni, Cr, V, Se, Re, Os
with the contemporaneously deposited (up to 24 wt. %
Corg) hydrocarbon chemical mud, a mineralogical factum
that influences the beneficiation of the Kupferschiefer
sensu stricto ore greatly. (Guzmer 2014; Rahfeld and
Guzmer et al. 2018)

3.5 Rote Fäule hematitic alteration
Geological observation and mineralogical analyses
demonstrate that the hematitic “Rote Fäule” is a postZechstein-Kupferschiefer pervasive alteration event. In
places, the “Rote Fäule” may have two distinct phases, of
which one might have added gold to the system, forming
independent new deposits. The advancing “Rote Fäule”
front creates a “TZ Transition Zone” where existing base
and precious metals are enriched to a higher grade while
in the vast areas covered by pervasive “Rote Fäule” all
sulfide mineralization has been oxidized leaving hematitic
remnants.

4 The new hot, deep-sourced, hydrothermal
Cu-Ag-Au-PGE-polymetallic deposit model
The new hot hydrothermal deposit model documented by
geochemical,
mineralogical,
sulfur
isotope
measurements in tables and diagrams has been
developed during the recent PhD study by Spieth (2019).
The new model for the Zechstein Kupferschiefer
depositions postulates a high-energy, hot hydrothermal,
extrusive environment that is somewhat similar to
submarine “black smoker” and volcanogenic, submarine,
metal-brine deposits. The metal-rich fluids ascended
through deep-reaching faults and erupted as slurries in
low-relief, mud volcanism above fractures in an open,
shallow, inland sea. Metal sulfide deposition is
systematically accompanied by the precipitation of silica,
dolomitic carbonate, and illite, as well as primary copper
chlorides (such as atacamite CuCl2) and other brine

minerals, such as anhydrite and sylvite.
Large,
deep-reaching,
continent-size,
rifting
lineaments are known in the Zechstein mineralized area
of the European Copper Belt. These NW-SE lineaments
are disrupted by NE-SW faults. This tectonic pattern is
common in all Kupferschiefer districts and has been
demonstrated with a seismic exploration program at
Spremberg
The ultimate brine source is interpreted to be
serpentinized peridotite in the lower crust near the Moho
transition to the mantle. Dehydration of the serpentinite
source to talc (steatization) by mantle heat during failed,
intra-continental rifting of the Pangaea supercontinent at
the end of Permian time released vast amounts of
element-laden, high-density brines into deep basement
fractures, depositing them above the continental flysch
sediments of the Rotliegend sandstone and
conglomerate peneplain in the shallow Kupferschiefer
sea, which is analogous to the modern northern Caspian
Sea and the Salton Sea of southern California, USA.

5 Outlook
The paradigm change (Spieth 2018) in the geologic and
paragenetic Kupferschiefer deposit model has
consequences for exploration and mining in the European
Copper
Belt.
The
Cu-Ag-Au-PGM-polymetallic
“undiscovered Kupferschiefer resources” (Zientek and
Spieth et al. 2015) may be hosted by (1) the
underexplored
footwall
Zechstein
Weissliegend
injectite/extrudite hot hydrothermal primary silica slurry
metallic mud strata; (2) the primary native gold deposits
(Pieczonka et al. 2008); and (3) the Cu-Ag-Au-PGMpolymetallic enriched “TZ” Transition Zone in front of the
vast advancing “Rote Fäule” hematitic alteration
(Oszczepalski et al. 2017).
Two thirds of the European Copper Belt is
underexplored. The new model, based on the
underground mining and geological knowledge from the
Polish operations and the Spremberg deposit, indicates
that the guides to locate new Zechstein Kupferschiefer
resources are (1) large tectonic lineaments; (2)
Weissliegend “sand bars” in the sulfide mineralized
areas; (3) the up to several kilometer wide fringes of the
“TZ” Transition Zone in front of the “Rote Fäule”
alteration; and (4) the large “sand bars” possibly
mineralized with primary native gold within the “Rote
Fäule” alteration zone that was previously considered
barren. This exploration model has been successfully
tested at the Spremberg-Graustein-Schleife deposit that
contains in an area of about 20 km by 5 km an
underground resource of 3 Mt copper plus associated
metals (Spieth 2016).
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