
1232 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 3 

Impact of subduction zone seismotectonics on magmatic 
systems and porphyry deposits 
Alex Jenkins, Juliet Biggs, Alison Rust 
University of Bristol, UK 
 
Rosa Jara Torres 
BHP-Exploration Peru 
 
 
Abstract. This project investigates the interactions 
between subduction zone seismotectonics and 
magmatism. Specifically, how faults and transient 
stresses associated with the earthquake cycle influence 
the development of magmatic systems and associated 
porphyry ore deposits. Recent work has showed that 
magmatic systems at the volcanic and sub-volcanic level 
can be affected by large earthquakes, resulting in surface 
deformation and eruptions. We apply the mechanisms 
implicated in these studies to much greater depth, 
covering the entire transcrustal magma system. Initial 
modelling is of coseismic elastostatic stress changes, 
particularly the normal stress change on planar structures 
(such as magma conduits) of varying orientations. It is 
hypothesised that increasing normal compressive stress 
(clamping of magma conduits) will impede magma rise, 
whilst decreasing normal compressive stress 
(unclamping) will open magma conduits and facilitate 
magma rise. Future work will investigate how subduction 
zone tectonics (slab dip, tectonic stress state) affect the 
stress changes associated with the seismic cycle. The 
outcome will have implications for the development of 
magmatic systems and the physical processes 
responsible for the formation of ore deposits. 
 
1 Introduction 
 
Understanding the geological processes occurring at 
subduction zones is important in both mitigating the 
hazard associated with earthquakes and volcanoes and 
understanding the formation and distribution of ore 
deposits. The crustal stress field, which is largely 
controlled by global plate tectonics, is a first-order control 
on the occurrence of many large earthquake events. 
Changes to the crustal stress field may occur over 
timescales of millions of years, caused by changes in 
subduction rate or geometry, such as dip of the 
subducting slab (Lallemand et al. 2005). However, 
earthquakes themselves also modify the crustal stress 
field (Steketee 1958). The timescales involved may vary 
from a few minutes for coseismic elastic stress changes 
(Stein 1999) to decades for processes such as viscous 
flow (Freed and Lin 1998). 

Magmatic systems and associated porphyry ore 
deposits may also be controlled by processes acting 
across a variety of timescales. For example, copper 
porphyry deposits may be found within metallogenic belts 
formed over millions of years (Sillitoe and Perelló 2005), 
whilst individual porphyries may form on the order of 

100,000 years (Shinohara and Hedenquist 1997). 
Further, it is possible that individual porphyries form from 
discrete pulses of magma and magmatic fluids on even 
shorter timescales, as is believed to occur for larger 
magmatic bodies (Glazner et al. 2004).  

Many models of (deep) magmatic systems and 
porphyry ore deposits focus on geological processes 
acting over longer timescales associated with plate 
tectonics (e.g. Sillitoe 2010; Wilkinson 2013; Bertrand et 
al. 2014). Whilst such processes are no doubt critical in 
controlling magmatic and porphyry systems, research 
into potentially important processes operating at much 
shorter timescales, such as those associated with the 
seismic cycle, may help further our understanding of how 
these systems work (e.g. Richards 2018).  

 
2 The crustal stress field 
 
2.1 Long-term tectonic stresses 
 
Long-term stress field variations, caused by plate tectonic 
changes such as dip of the subducting slab, are known to 
affect magmatic systems and consequently 
mineralisation prospectivity. For example, porphyry 
copper deposits form within discrete metallogenic epochs 
(Sillitoe and Perelló 2005), which have been linked to the 
stress state in the magmatic arc (Bertrand et al. 2014). 
One hypothesis to explain this involves the trapping and 
accumulation of water-rich magma at the base of the 
continental crust during periods of compression 
(Wilkinson 2013). When the stress then relaxes, suitable 
pathways open and the magma can escape upwards 
through the crust.  

Other models for porphyry formation also highlight the 
importance of compression in trapping magma within 
upper crustal reservoirs which are then able to fractionate 
and exsolve the fluids responsible for porphyry formation 
(Takada 1994). This compression has been linked to 
tectonic factors such as fast plate convergence rates 
(Bertrand et al. 2014) or flat-slab subduction (Kay et al. 
1999, Cooke et al. 2005).  
 
2.2 Seismic cycle 
 
Here, we investigate the role stress field variations on 
shorter timescales, associated with the seismic cycle, 
play in controlling the development of magmatic systems 
and porphyry deposits. Earthquakes act to decrease 
regional differential stress by releasing elastic stresses 
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accumulated largely because of plate motions. 
Differential stress increase is also possible beyond the 
fault tips due to the finite length of earthquake ruptures. If 
these coseismic stress changes are accommodated 
elastically as is reasonable for at least the upper crust, 
the stress changes are instantaneous and permanent 
and referred to as static or coulomb stress changes (Stein 
1999). Such stress changes can be computationally 
modelled using software such as Coulomb 3.3 (Lin and 
Stein 2004; Toda et al. 2005). 

Although Coulomb stress changes are often relatively 
small (<1 MPa), they have been observed to be important 
in controlling the location of both aftershocks and 
subsequent earthquakes (e.g. Stein et al. 1992; King et 
al. 1994; Stein et al. 1997; Toda et al. 1998). Coseismic 
stress changes have also been implicated in affecting 
magmatic systems, as discussed in the following section. 
 
3 Earthquake-magmatic interactions 
 
Porphyry deposits form the upper parts of magmatic 
systems and so any effect on the magmatic system 
caused by an earthquake will have implications for their 
development. The idea that earthquakes can affect 
magmatic systems is not new (e.g. Darwin 1840), 
although most studies have investigated the link between 
earthquakes and volcanoes as the response of the 
magmatic system at the surface is easiest to observe.  

The exact mechanism for triggering of eruptions by 
earthquakes is not currently understood, and various 
theories have been suggested involving time delays from 
hours to tens of years. Trying to pick triggered events out 
of the volcanic record is thus difficult. However, several 
studies have found there to be a statistically significant 
link between large earthquake events and nearby 
volcanic eruptions (e.g. Linde & Sacks 1998, Watt et al. 
2009, Sawi & Manga 2018). 

Volcanic eruptions are only one component of the 
magmatic system and non-eruptive responses can also 
be observed. For example, subsidence was observed at 
volcanic regions following two recent large subduction 
zone earthquakes in Chile and Japan. This has been 
attributed to coseismic stress decrease across the 
volcanic arc following the earthquakes, though the 
mechanisms are still debated. After the Maule 
earthquake in Chile, subsidence was attributed to escape 
of fluids along fractures opened by the stress decrease 
(Pritchard et al. 2013), whereas in Japan, subsidence 
after the Tohoku earthquake was attributed to 
deformation of weak hot magmatic rock in response to 
stress relaxation (Takada & Fukushima 2013). Coseismic 
stress changes are also important at greater depths and 
have been associated with affecting mantle flow (e.g. 
Barbot 2018, Agata et al. 2019).    

 
4 Preliminary modelling 
 
This project aims to apply the mechanisms implicated in 
studies of earthquakes affecting the shallow parts of 
magmatic systems to the entire transcrustal magma 
system, across which coseismic stress changes have not 

been greatly previously considered. We study the change 
in normal stress on planar structures (potential magma 
conduits) of varying orientations (e.g. Bonali et al. 2013) 
following large synthetic earthquake events. Increasing 
compressive normal stress is expected to act to clamp 
structures shut, preventing magma rise, whereas 
decreasing compressive normal stress is expected to 
open or unclamp structures, encouraging ascent of 
magma (Fig. 1). 

Figure 1. Mechanisms for coseismic stress change affecting 
magma bodies. Mechanisms 2 and 3, clamping and unclamping of 
planar magma conduits respectively, have been considered in 
preliminary models. 
 

Preliminary modelling has been carried out using 
Coulomb 3.3 software, modified for automation. The 
results presented here are calculated using a Mw 8.7 
magnitude earthquake, arising from 25 m of reverse slip 
on a 500 km long north-south trending dislocation with a 
dip of 30° east from the surface to 15 km depth. This 
dislocation represents the upper part of the subduction 
zone interface. The distance of the magma conduits in 
the volcanic arc from the subduction zone interface is 
assumed to be controlled by the dip of the subducting 
slab. This will control the location at which the down going 
material dehydrates, causing partial melting of the 
overlying mantle wedge. For a dip of 30° and dehydration 
depth of 100 km, this places the volcanic arc 175 km east 
of the fault surface trace.  

Three end-member structure geometries are chosen 
based on structures typical of subduction zones; these 
are vertical structures trending north-south parallel to the 
subduction zone boundary, east-west trending structures 
perpendicular to the subduction zone boundary and 
horizontal structures. Coseismic normal stress change is 
resolved onto these structures at every grid point in the 
model. The mean normal stress change, which is the 
average of the three end-member models is also 
calculated (Fig. 2). 

Figure 2. Schematic illustration of the end-member magma conduit 
geometries and the normal stress acting on them. From left to right: 
vertical and trench-parallel, vertical and trench-perpendicular, 
horizontal, and the mean stress change. 
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5 Preliminary Results 
 
For vertical structures parallel to the subduction interface, 
a large lobe of unclamping is visible in the overriding 
plate, with decreasing magnitude downdip and along 
strike away from the fault (Fig. 3). This result is similar to 
that previously described for subduction zone 
earthquakes, implying large subduction zone 
earthquakes may unclamp trench-parallel magma 
conduits in the volcanic arc (Walter and Amelung 2007). 
Vertical structures orientated perpendicular to the 
subduction interface also show a normal stress change 
response, with a lobe of unclamping in the overriding 
plate. However, the unclamped lobe is smaller in 
magnitude and extent in this instance and there are also 
two small off-fault lobes of unclamping for the trench-
perpendicular structures in the region around the fault 
tips. Both vertical structure orientations display clamping 
around areas of stress concentration at the fault tips 
(along strike from the rupture).  

Figure 3. Plan view maps of normal stress change (MPa) at 2 km 
depth, unclamping positive. Left: vertical structures orientated 
parallel to the subduction zone interface. Right: vertical structures 
orientated perpendicular to the subduction zone. The green line 
shows the surface trace of the imposed dislocation (earthquake), the 
red box shows the surface area of the dislocation.  
 

Within the volcanic arc 175 km east of the subduction 
zone interface (Fig. 4), trench-parallel structures show 
decreasing unclamping along strike away from the 
earthquake and with depth. Trench-perpendicular 
structures show a smaller unclamping effect, although 
this decreases much more slowly with depth and along 
strike, due to the presence of the off-fault lobes. 
Horizontal structures (e.g. sills) have an interesting 
response in that, while the amount of unclamping also 
decreases along strike away from the earthquake, 
unclamping increases with depth.  
 
6 Discussion 
 
Two interesting points arise from these preliminary 
results. Firstly, there is a strong unclamping at depth for 
horizontal structures. Many models of crust structure 
include sills at the base of the crust, and this shows that 
earthquakes can create space for those sills. Secondly, 
both the trench-parallel and trench-perpendicular vertical 
structures are unclamped in the magmatic arc adjacent to 
the earthquake. In both ore deposit models and 

volcanology, intersections of structures can be important 
loci for economic ore deposits and volcanoes 
respectively. That both of these structures can be 
unclamped by the earthquake makes intersections 
between such features highly favourable for fluid flow 
following such an earthquake as modelled here. 

Figure 4. Stress change versus depth profiles for all end-member 
structures at each of the locations C-G within the volcanic arc 
labelled on Figure 3. Blue represents trench-parallel structures, red 
trench-perpendicular structures, pink horizontal structures, and 
black the mean stress change.  
 
7 Future work and implications for 

porphyries 
 
The work presented here forms part of the first year of a 
PhD study. Immediate future work will focus on further 
Coulomb modelling, to investigate how changing 
parameters such as earthquake size and location, the dip 
of the subducting slab and location of the magmatic arc, 
and whether or not fault slip is tapered affects the normal 
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stress change on the magma conduits. These Coulomb 
models are a simplification of the real-world situation. For 
example, all deformation is considered to be elastic, 
whereas in the deeper crust where temperatures are 
greater, other deformation mechanisms (visco-elastic, 
pore-fluid diffusion) are also likely to be important. More 
advanced models accounting for this, and non-
homogeneity of the model space with depth, will be 
developed. 

From the porphyry perspective, a key theme will be 
addressing how these short-term earthquake-induced 
stress changes fit into the overall development of 
porphyries. Questions to be investigated include: what 
are the characteristics of earthquakes that occur under 
tectonic conditions suitable for porphyry formation, what 
are the physical implications of coseismic stress changes 
on magmatic systems and porphyry depoists, and under 
what conditions are these stress changes important, 
relative to the overall tectonic stresses? 
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Abstract: Mantle plumes, buoyant upwellings of hot 
material from deep within the Earth, share a spatial and 
temporal link with orthomagmatic platinum-group 
element (PGE) mineralisation e.g. the Greenlandic 
Skaergaard intrusion from the proto-Icelandic plume 
and Noril’sk Talnakh complex from the Siberian plume. 
Crustal processes ultimately focus PGE into economic-
grade deposits, but the role of mantle plumes in the 
magmatic metal budget is poorly constrained. Given 
that plumes can interact with two suggested PGE 
reservoirs, the core and the sub-continental lithospheric 
mantle (SCLM), we expect that metal baskets in plume-
derived magmas will reflect this. This project examines 
the major, trace and PGE element geochemistry of 
ocean island basalts from Hawaii, Iceland, the Canary 
Islands, Ontong-Java and Paraná–Etendeka in order to 
uncover the metallogenic signatures of these plume-
related igneous provinces and in doing so highlight the 
controls on plume fertility. Osmium, W and He isotopes 
will contextualise plume properties and source localities 
as we attempt to recognise the geochemical trends and 
patterns conducive to higher PGE abundances in 
magma. The generated geochemical data will be 
compared to data available for plume lavas around the 
world, in an attempt form a global model for plume-PGE 
metallogeny. 
 
1 Platinum-group elements on Earth 
 
During Earth formation and segregation ~4 Ga ago, 
highly siderophile elements (HSE) such as the PGE and 
Au, preferentially partitioned into the Earth’s metallic 
iron-alloy core (Wood et al., 2006). However, magmas 
produced from subsequent melting of the (silicate) 
mantle are not as depleted in these elements as 
geochemical modelling would imply, and it has therefore 
been suggested that the ‘late veneer’ of meteoric 
bombardment re-stocked the mantle after the core 
formation (e.g. Kimura et al., 1974; Maier et al., 2009). 
Together, these two predictions of HSE and PGE 

concentration in the Earth’s core vs. mantle have 
important implications for the metallogeny of plumes 
and resultant large igneous provinces.    

Magmatic plumes are thought to rise from different 
depths in the mantle as hot diapirs of silicate material – 
some plumes are thought to derive from shallower 
melting in the asthenosphere and some are thought to 
derive from deep melting. Upon eruption, the lavas they 
produce provide us with geochemical information about 
melting conditions within the plume and thus an insight 
into the composition of the Earth’s mantle (Courtillot et 
al., 2003; Stracke et al., 2005). It is hypothesised that 
some of the deepest plumes may incorporate a 
component of liquid outer core material at the D” layer 
(Fig. 1) (Brandon and Walker, 2005). Given that HSE 
(including the PGE) are likely concentrated to levels an 
order of magnitude greater in the core than that in the 
mantle, we would expect these deep mantle plumes to 
be more enriched in HSE than other shallower plumes 
(Fig. 2). For example, the inclusion of as little as 0.5% 
of material of the predicted outer core composition 
would enrich the magmas in Os by 4 times (Andersen 
and Power, 2002). 

If plumes impinge below the continental crust and 
cause decompression melting in an intracratonic 
setting, they can incorporate lithospheric material in 
resultant magmas. Subducting oceanic plates often 
delaminate and underplate the continental crust/SCLM 
with high melting point or compatible metals (including 
PGE) otherwise not incorporated into arc magmatism. 
Plumes interacting with the lithosphere will have access 
to these metals (Hughes et al., 2014), just as they have 
access to core material (Fig. 1).  

Pressure, temperature, density, and melt/fluid flow 
dynamics all play a key role in the eventual composition 
of plume magmas but are difficult to quantify in the 
context of this project.   These factors will be considered 
on a case-by-case basis in the geodynamic setting of 
each locality studied, but plume depth and plume-
lithosphere interaction will be the main factors tested.
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Figure 1 Schematic cross-section of Earth, showing hypothetical plumes interacting with the core, SCLM and D” layer. 

Figure 2 The rationale behind Hypothesis 1; plumes originating from different depths (a, b and c) will have 
different PGE/HSE concentrations, in addition to the core (x), the mantle (y) and Bulk Silicate Earth (BSE; z) 
having fundamentally different PGE/HSE contents to each other 
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2 Hypotheses & Methods 
 
Through this project, two major hypotheses will be tested 
through laboratory analyses, following from the literature 
implications regarding global PGE concentrations. The 
first [H1], that plumes sourced from the lowermost mantle 
(i.e. at the core-mantle boundary) will have higher 
PGE/HSE concentrations than plumes sourced from the 
transition zone (Fig. 2), will be tested on plume-derived 
lavas from different source depths. The second [H2], that 
plumes erupting through or near the continental 
crust/SCLM will have different PGE ratios than plumes 
erupting through oceanic crust, will be tested on the 
migrating Tristan plume. The bulk major and trace 
geochemistry of each lava sample obtained via XRF and 
ICP-MS analyses, respectively, will contextualise their 
magma source properties. PGE concentrations will be 
obtained from NiS fire-assay analysis. Osmium and 
helium isotope signatures for a sub-set of samples will 
provide a proxy for plume depth to test the first hypothesis 
(Brandon and Walker, 2005). There is also scope to 
include Hf-W and stable S isotope in the study. The 
generated data set will be compared to global plume 
geochemical signatures to model the PGE 
concentrations/relative ratios with respect to isotope 
signatures, with a view to extend this framework to 
plumes outside this study. 
 
3 Study localities  
 
3.1 Hawaii 
 
The Emperor-Hawaiian hotspot trail is possibly the most 
well-known surface expression of a mantle plume in the 
world. Isotopic evidence (e.g. Pb, Os and He) strongly 
suggests a core-mantle boundary source locality and 
material derived from recycled oceanic crust (with 
distinctive isotope signatures) at the D” layer has been 
recognised in magma components (Harrison et al., 2017). 
Hawaii will contribute to the testing of [H1]. 
 
3.2 Iceland 
 
The proto-Icelandic plume initiated under the conjoined 
continental landmass of Greenland and Britain, before 
they rifted apart and volcanism continued in an oceanic 
setting (Momme et al., 2003). The Icelandic hotspot lies 
geographically on top of the Atlantic Mid-Ocean Ridge, 
which can make its geochemical signature a complex mix 
between shallow and deep melting sources. The focus 
will be on Icelandic lavas of pure plume/deep magma 
sources, to test [H1].  

 
3.3 The Canary Islands 

 
The Canary Island plume has two spatial and 
geochemical trends, dividing the seven islands into two 
groups. The varying geochemical signatures are thought 
to represent the varying effects of sources from the 
African and Atlantic sides of the mantle (Marcantonio et 
al., 1995). Helium and Os isotopic evidence suggests that 

the Canarian plume is shallow (Day and Hilton, 2011) and 
subject to influence from the African landmass to the east 
(Hieronymus and Bercovici, 1999), and will thus 
contribute to testing [H1] and [H2]. 
 
3.4 Ontong-Java 
 
In comparison to Hawaii and Iceland, the Ontong-Java 
plume has a relatively straightforward geochemical 
signature, albeit with a wider and less focused hotspot 
expression due to formation via the plume head (Chazey 
and Neal, 2004). Isotopic evidence (mainly Os and He) 
very clearly shows it to be from a deep source (Courtillot 
et al., 2003) and it will contribute to testing [H1]. 

 
3.5 Paraná-Etendeka 
 
Similarly to the Icelandic plume, the Cretaceous Tristan 
plume initiated between the then-joined South America 
and Africa to form the Paraná-Etendeka Large Igneous 
Province (PELIP) (Peate et al., 1992). After rifting, 
volcanism continued across the newly formed ocean to 
its current location under Tristan da Cunha. The effect 
that gradual removal of continental crust/SCLM has on 
plume magma PGE concentrations can be tested [H2]. 
Results should form a direct analogy with work completed 
on the north Atlantic plume (Hughes et al., 2015).  
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Abstract. This study presents new Sr-Nd–O isotope 
compositions for mineral from metasomatised xenoliths 
from the Grib kimberlite pipe. The garnet, orthopyroxene, 
and clinopyroxene were formed during the interaction of 
an enriched ancient lithosphere mantle and depleted 
isotopic kimberlite. Clinopyroxene and phlogopite from 
clinopyroxene-phlogopite (Cpx-Phl) xenoliths and wall 
rock (WR) garnet lherzolites have additionally reflected 
the contribution of a more radiogenic source to the 
metasomatic agent, which was responsible for phlogopite 
subcratonic lithospheric mantle (SCLM) metasomatism.  
 
1 Introduction 
 
Kimberlite commonly comprises multiple units that 
originated from discrete magma pulses. Early kimberlite 
magma do not reach the surface frequently due to the fact 
that it reacts with ambient peridotite. (Kargin et al., 2016, 
Kargin et al., 2017a, Kargin et al., 2017b).  

Xenoliths from kimberlite have evidence of mantle 
metasomatism (Shchukina et al., 2015, Kargin et al., 
2017b). Dating metasomatic events is a great issue and 
link of metasomatic processes with kimberlite generation 
are discussed. At least two models of mantle 
metasomatism beneath Arkhangelsk province are 
described: 1) several stages of metasomatic enrichment 
(Shchukina et al., 2015); 2) metasomatic events 
associated with the generation of the kimberlite (Kargin 
et al., 2017b and reference therein). Metasomatism of the 
lithospheric mantle beneath Arkhangelsk province led to 
the formation of sheared peridotite, garnet lherzolites, 
phlogopite-garnet lherzolites and Cpx-Phl rocks (Kargin 
et al., 2016, Kargin et al., 2017a, Kargin et al., 2017b). 
Rb-Sr, Sm-Nd and oxygen isotopes’ compositions were 
determined for xenolith minerals. This preliminary data 
can discuss the time of mantle metasomatism and its 
source. 

 
2 Geological position  
 
The Grib kimberlite is an industrially mined pipe which is 
located in the central part of the Arkhangelsk 
Diamondiferous Province (ADP) in a Paleoproterozoic 
collisional suture zone underlain by roots of Archean 
lithosphere (Samsonov et al., 2009). The pipe intruded 
into Neoproterozoic sedimentary rocks and is overlain by 
Carboniferous siliciclastic and carbonate rocks and 

Quaternary sediments. The age of the Grib kimberlite 
pipe can be defined as 376 ± 3 Ma on mineral phlogopite 
isochrones (Larionova et al., 2016). 

 

 
Figure 1. Schematic map showing the distribution of Paleozoic 
magmatic rocks in the northeastern East European Craton. 1–4: The 
Precambrian crust after Bogdanova et al. (2016); 1 - Archean crust 
reworked within the Lapland-Kola collision orogen; 2 - Early 
Paleoproterozoic volcanic belts and sedimentary basins (2.50-1.95 
Ga); 3 - Paleoproterozoic crust (1.83-1.82 Ga); 4 - Aulacogens, 
intracratonic basins (1.50-0.70 Ga). 
 
3 Results  

 
Isotopic compositions were analyzed at the Laboratory of 
Isotopic Geochemistry and Geochronology at Institute of 
Geology of Ore Deposits, Petrography, Mineralogy and 
Geochemistry Russian Academy of Sciences (IGEM 
RAS) and the Laboratory of Isotopic Geochemistry and 
Geochronology at Vernadsky Institute of Geochemistry 
and Analytical Chemistry of Russian Academy of 
Sciences (GEOKHI RAS). The oxygen isotopic 
composition of minerals was analyzed by fluorination with 
laser heating (Sharp, 1990) at IGEM. (87Sr/86Sr)o and ᵋNd 
for orthopyroxene, clinopyroxene and wall rock (WR) 
analyses calculated at kimberlite age (376 Ma years ago).  
 
3.1 Sheared peridotite 
 
The xenolith consists of olivine, orthopyroxene, 
clinopyroxene, and garnet with subordinate phlogopite 
and Cr-spinel. The clinopyroxene partially replaces the 
orthopyroxene grains. The trace-element composition of 
garnet grain rims and clinopyroxene from sheared 
peridotite suggests their chemical equilibrium with a high-
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Fe-Ti metasomatic agent (Kargin et al., 2017a). The 
sheared peridotite comes from the deepest layer of the 
lithosphere (∼210 km) and was equilibrated at a 
temperature about 1200 oC (Kargin et al., 2017a). The 
minerals and WR have a broad range of isotopic 
composition (Table 1).  

 
Table 1. Sr-Nd-O isotopic data for minerals in xenoliths from the 
Grib kimberlite. 

 87Sr/86Sro ᵋNd δ18O 
Sheared peridotite 
Opx 0.704842 1.5 5.51 
Cpx 0.703439 3.7 5.36 
WR 0.706664 1.9  
Garnet lherzolites 
Grt 0.706327–

0.710572 
-2.5 5.2-5.7 

Cpx 0.702662–
0.705822 

-4.4–0.2 5.36 

WR 0.703957–
0.709724 

0.7–3.1  

Cpx-Phl xenoliths 
Cpx 0.704857–

0.708132 
-0.1–1.3 5.11-5.33 

Phl 0.706552-
0.708792 

1.01.2  

 
3.2 Garnet lherzolites 
 
Isotopic analyses performed for four garnet lherzolite 
xenoliths. They consist of olivine, orthopyroxene, 
clinopyroxene, and garnet with minor ilmenite, magnetite, 
Cr-spinel, and phlogopite. They have typical granoblastic 
and medium- to coarse-grained textures. The 
composition of clinopyroxene has been interpreted as a 
result silicate metasomatism. Equilibrium conditions for 
those xenoliths have ranged from 3.5-3.8 GPa and 
temperature from 600 to 800 oC (Kargin et al., 2016). 
Minerals of garnet lherzolite have a wide range of Sr-Nd 
isotopic composition (Table 1).  
 
3.3 Cpx-Phl xenoliths 
 
Cpx-Phl xenoliths are represented by four medium to 
coarse-grained rocks with granoblastic. Clinopyroxene-
phlogopite xenoliths were formed during the metasomatic 
equilibration with the kimberlite melt at depths 
corresponding to 3.5–5 GPa (Kargin et al., 2019). 
Clinopyroxenes from Cpx-Phl xenoliths exhibit a large 
variation in the range in 87Sr/86Sr (Lebedeva et al., 2018) 
and narrow range Nd and O isotopic composition (Table 
1). 
 
4 Discussion  
 
The Sr-Nd isotope composition of clinopyroxene and 
orthopyroxene from sheared peridotite is non-equilibrium. 
Clinopyroxene shows depleted isotopic composition and 
overlaps with clinopyroxene from PIC (Phlogopite-
Ilmenite-Clinopyroxene). Orthopyroxene has 
considerably more radiogenic 87Sr/86Sro than 

clinopyroxene from the same sample (fig.2). WR 
xenoliths have more radiogenic 87Sr/86Sro ratios than 
minerals separate. 

The δ18O clinopyroxene value is bellow typical mantle 
values (5.57 ± 0.18, 1sd; Mattey et al., 1994).  
 

 
Figure 2. Ranges of 87Sr/86Sro for clinopyroxene and orthopyroxene 
in this study compared to MARID and PIC clinopyroxene (Giuliani et 
al., 2015; Fitzpayne et al., 2019) and pyroclast Grib kimberlite 
(Kononova et al., 2007). 
 

Garnets from garnet lherzolite have considerably more 
radiogenic 87Sr/86Sro than clinopyroxene and the host 
pyroclastic kimberlite (∼0.704) (Kononova et al., 2007). 
Similar observations were noted for xenoliths from 
Siberia and Kaapval cratons (Pearson et al., 1995). 
Clinopyroxene from garnet lherzolite display is close 
87Sr/86Sro values with sheared peridotite clinopyroxene. 
Nd isotope composition of clinopyroxene from garnet 
lherzolite shows wide variation (Table 1). One of them is 
located in the MARID (Mica-Amphibole-Rutile-Ilmenite-
Diopside) area (ᵋNd from -1 to -11) (fig.4). MARID rocks 
originally display extremely radiogenic isotope 
compositions, the fluids/melts parental to MARID rocks 
might be related to partial melting of recycled crustal 
components. The oxygen isotopic compositions of 
MARID phlogopite and zircon have crustal signatures 
(averaging more than ∼5.9) (Giuliani et al., 2015; 
Banerjee et al., 2018) 

The WR xenoliths are more enriched initial Sr isotopic 
composition than the pyroclastic host kimberlite (∼0.704). 
It could reflect the contribution of a more radiogenic 
source than the metasomatic agent. The WR xenoliths Sr 
isotope systematics suggest that these xenoliths have 
suffered a small amount of kimberlite phlogopite (with 
high 87Rb/86Sr ratios) contamination during sample 
transport (Schmidberger et al., 2003, Kargin et al., 2019).  

Strontium isotopic compositions of clinopyroxenes 
from the Cpx-Phl xenoliths are heterogeneous. Isotopic 
composition of studied clinopyroxene is overlapped with 
secondary MARID clinopyroxene (fig. 2).  

Oxygen isotopic composition clinopyroxene from Cpx-
Phl xenoliths overlap with clinopyroxene from sheared 
peridotite. The δ18O values for all studied clinopyroxene 
are below then typical mantle values (Mattey et al., 1994) 
(fig. 3).  
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Figure 3. Oxygen isotope composition of studied clinopyroxene 
grains and primary MARID clinopyroxene (Giuliani et al., 2015, 
2017) 
 

87Sr/86Sro phlogopite isotopic ratio is more radiogenic 
than host kimberlite. Sr-Nd phlogopite isotopic 
composition overlaps with clinopyroxene. Phlogopites 
were in geochemical equilibrium with clinopyroxenes 
from the Cpx-Phl xenoliths.  
 

 
Figure 4. εNd vs 87Sr/86Sro for orthopyroxene, clinopyroxene, garnet 
and WR sheared peridotite and garnet lherzolite compared to 
MARID and PIC clinopyroxene (Fitzpayne et al., 2019) 
 

We can distinguish two genesis processes according 
to Sr-Nd-and O isotope composition minerals in 
lherzolites, sheared peridotite and Cpx-Phl rocks: 

The Sr-Nd isotope data for garnet, orthopyroxene and 
clinopyroxene present a continuous compositional range 
(Fig. 4). They were formed as the result of mixing 
between an enriched component (ancient lithospheric 
mantle) and a depleted component (kimberlite).  

In addition, there is evidence of a contribution of a 
more 87Sr/86Sr radiogenic source. This metasomatic 
agent was responsible for phlogopite SCLM 
metasomatism. 
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Abstract. Rock samples from nepheline syenites, as well 
as samples of active sediment and colluvion were 
collected in February of 2017 in SE Colombia. This, in 
order to gain knowledge about mineral deposits related 
to rare elements (RE) in this unexplored area. 
Petrographic analyses, showed that the syenites are 
composed mainly of potassium feldspar, nepheline, 
plagioclase, and biotite and calcite; with total absence of 
quartz. In both, active sediments and colluviums heavy 
minerals such as zircons (up to more than 1cm in 
diameter), ilmenite and magnetite were found. Whole 
rock geochemistry (XRF) indicate subsaturated and 
peralcaline rocks. The geochemical analyzes in zircon 
(XRF, SEM-EDX) showed enrichments in Hafnium (Hf), 
traces of rare earth elements (REE) such as Yb, Dy, Ho, 
Er, La, Pr, Sm, Nd, Pm, Eu and other RE such as U, Th 
and Nb. Cathodoluminiscence analyzes show typical 
zonation of magmatic zircons. LA-ICP-MS U-Pb results 
on zircons showed concordant Neoproterozoic-Cambrian 
ages that can be correlated with previously obtained ages 
for this unit. Currently, the presence of RE in the study 
area can only be associated with zircons. For future 
researches it is suggested a greater exploration of the 
area for searching other minerals associated with RE. 

 
1 Introduction 
 
The Amazonian Craton is one of the largest and least 
known Archean-Proterozoic areas of South America, and 
one of the main tectonic units in the continent. The craton 
is divided into two Precambrian shields: the Guatapore 
shield and the Guyana shield, which are separated by the 
Paleozoic sedimentary basin of the Amazon. Many 
models have been proposed to describe the craton, 
among them by Santos et al. (2000), who divides it in 
seven geochronological provinces and one shear belt: 1) 
Carajás-Imataca (3.2-2.53 Ga). 2) Transamazónica 
(2.25-2.0 Ga). 3) Tapajós-Parima (2.10-1.87 Ga). 4) 
Amazonia Central (1.88-1.70 Ga). 5) Rio Negro (1.86-
1.52 Ga). 6) Rodonia Juruena (1.76-1.47 Ga). 7) Sunsas 
(1.33-0.99), (which includes the K’Mudku shear belt with 
ages of 1.33-1.10Ga) 

The nepheline syenite of San José del Guaviare 
(NSSJG), corresponding to the main unit studied in this 
work, outcrops in the area of San José del Guaviare 
(Guaviare Department) as part of the Rio Negro Province 

(Santos et al. 2000). 
The very few studies about the NSSJG made by 

Ingeominas (current Colombian Geological Survey, SGC) 
and university researchers describe it as an igneous body 
composed of microcline, nepheline, albite, cancrinite 
(aureols), with smaller amounts of biotite, magnetite, 
zircon, sphene, monazite, apatite and pyrochlore? 
(Galvis et al. 1979; Celada et al. 2006; Arango et al. 2012; 
García and Cramer 2015; Campos Rodríguez and 
Cramer 2017) 

Pinson et al. (1962) obtained a K-Ar age in biotite of 
445-495 Ma, whereas Arango et al. (2011), with U-Pb in 
29 zircons obtained an age of 577.8 ± 6.3 Ma, interpreted 
as rock crystallization age; Ar-Ar ages of 494 ± 5 Ma were 
interpreted as closing age of the cooling process. The 
rocks are of peralkaline character and geochemically fall 
in the field of intraplate granites. 

Celada et al. (2006) report these rocks as possible 
sources for rare earths elements (REE) in the 
surroundings of San José del Guaviare in a potential area 
of 200 km2. 

Cramer et al. (2011) define the Guaviare Department 
as an interesting area for finding primary and secondary 
mineralizations of REE.  

Arango et al. (2011) performed geochemical analyzes, 
which indicate that nepheline syenite rocks are enriched 
in RE like Rb, Zr, Ba, Th, U, Nb and K; and impoverished 
in RE like Dy, Ho, Er, Tm, Yb, and Lu 

This work describes in detail the geochemistry of the 
body in the surrounding area of El Jordán, in the Guaviare 
Department. This, in order to analyze which minerals are 
carriers of RE and to improve the knowledge of mineral 
deposits related to RE for future explorations in this area. 

 
2 Study Area 
 
The study area is located 30km southwest of San José 
del Guaviare, near to the municipality of El Retorno, in the 
surrounding area of El Jordán, in the Guaviare 
Departement, SE Colombia (Fig. 1). 
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Figure 1. Map - Studied locality. Jordán-Guaviare Departement, SE 
Colombia. 
 
3 Petrography and sediment analysis 
 
Petrographic analysis show two different types of 
lithologies: non-silica-saturated igneous rocks, mainly 
foid syenite and foid monzosyenite composed of 
potassium feldspar, nepheline, plagioclase, and biotite 
and calcite; with total absence of quartz. 

Minerals found in both, active sediments and 
colluviums near to the outcrops of the NSSJG, 
correspond to heavy minerals such as zircons (up to 
more than 1cm in diameter), ilmenite and magnetite. The 
NSSJG was intruded by acid dykes with more than 1cm 
thick minerals, which are mainly magnetite, ilmenite and 
zircons. All of the minerals found in sediments are 
inferred to come from the NSSJG. Other possible source 
for the zircons could be the igneous basement (see Fig. 
1). Nevertheless, these rocks present a different 
mineralogy compared to minerals in active sediment and 
show an aphanitic texture which does not match with the 
size of zircons that are inferred to come from pegmatitic 
phases of the NSSJG.   
 
4 Geochemistry 
 
4.1 Whole rock Geochemistry 
 
All rock samples analyzed by means of XRF fall in the 
shoshonitic series field (Peccerillo and Taylor 1976) (Fig. 
2); and in the foid-syenite field (Middlemost 1985) (Fig. 
3), which is consistent with the results obtained with 
petrographical analyses. 

          
Figure 2. Diagram K2O/ SiO2 for seven rock samples. All of them fall 
into the shoshonite series field (Peccerillo and Taylor 1976). 
 

                      
Figure 3. Diagram Na2O+ K2O/ SiO2, All rock samples fall into the 
foid-syenite field (Middlemost 1985). 
 
4.2 Zircon geochemistry 
 
Table 1. XRF analysis of zircons 

Element 
XRF-4301 M-Zircon 
Jordán-wt% 

ZrO2 61. 809 
SiO2 31. 937 
HfO2 1. 550 
Fe2O3 1. 336 
Al2O3 1. 267 
TiO2 0. 634 
CaO 0. 335 
Y2O3 0. 314 
P2O5 0. 109 
ThO2 0. 106 
MnO 0. 095 
W 0. 090 
MgO 0. 088 
Nd 0. 076 
Yb 0. 071 
S 0. 063 
Ti 0. 049 
K2O8 0. 047 
Co 0. 023 
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XRF analyses of zircons in the sediments show that 
theses minerals present 1.55%wt HfO2, which 
correspond to normal Hf-values in nepheline syenites 
between 0.55-1.78%wt (Pavlenko et al. 1957). 

 
5 SEM-EDX-Zircons 
 

 
Figure 4. BSE images from zircon crystals of this study, displaying 
relevant features of the crystal lattice as fractures and inclusions 
with high contents of Nb and Y. 
 
Scanning Electrone Microscopy (SEM) and SEM-EDX 
(Fig. 4) revealed the heterogeneous character of some of 
the zircons with inclusions with high contents of Nb and 
Y. 
 
6 Cathodoluminiscence Imagery 
 
Cathodoluminiscence imagery showed growth and 
oscillatory zoning, typical of magmatic crystals (Corfu et 
al. 2003); sometimes convolute zonning and deep 
fracturing, also frequently crystals displayed cores (Fig. 
5). 

 

 
Figure 5. Six representative images of panchromathic 
cathodoluminiscense imagery used in this study from el Jordán 
locality, a total of 203 ablations were performed in 25 crystals, either 
in cores, rims and profiles following oscillatory zoning (Franco et al. 
2018). 
 
7 U-Pb LA-ICP-MS Geochronology 
 
U-Pb dating was performed in 25 zircon crystals coming 
from active sediment at the facilities of the Colombian 
Geological Survey by LA-ICP-MS method. Our results 
showed concordant Neoproterozoic-Cambrian ages that 
can be correlated with previously obtained ages of c.a. 
577.8 ± 6.3 – 9 Ma (Arango et al. 2011) in a site 17 km 
towards the NW of our location. In this case our results 
correspond to a first magmatic pulse and the results of 
Arango et al. (2011) to a second one. Confirming thus the 
extent of this intraplate magmatic unit and its regional 
character (Franco et al. 2018) (Fig. 6).  
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Figure 6. Zr U-Pb Geochronology results on crystals from the 
Nepeline Syenite of el Jordán, data reduction was performed in 
IGOR Pro software using Iolite for baseline extraction, and data 
reduction of Isotopic ratios, results are plotted in IsoplotR 
(Vermeesch 2018). 
All selected and plotted data is beyond 95% concordance. 
Concordia, weighted average, KDE, and Radial plots evidence a 
central and mean age clustering around 608 ± 1 Ma, accordingly 
MSWD between 0.56 -0.71 evidences a single statistical population. 

 
8 Conclusions 
 
The main plutonic rock comprises foid syenite 
(Streckeisen 1974). 

Geochemically in most of the studied igneous rocks in 
the TAS Diagram (Middlemost 1985) and in the K2O vs. 
SiO2-Diagram (Peccerillo and Taylor 1976) correspond to 
the foid-syenite field and the shoshonitic series, 
respectively. 

Among the Rare Elements (RE) related to zircons, 
hafnium enrichments as well as  rare earth elements like 
Yb, Dy, Ho, Er (heavy REE), La, Pr, Sm, Nd, Pm, Eu (light 
REE) and U, Th, Nb could be identified. 

A group of inclusions in zircons is enriched in Nb 
whereas in other inclusions enrichment of U and Th 
prevail. 

CL analyzes show typical oscillatory zonation of 
magmatic zircons (Pagel et al. 2000; Corfu et al. 2003) 

The high grade of fracturing of the zircons may be due 
to metamictization processes (Möller et al. 1986; Corfu et 
al. 2003) 

Zircons sampled in both active sediments and 
colluvium near outcrops of NSSJG come from this unit. 

Ages obtained on zircons can be correlated with 
previous ages obtained for this unit. Nevertheless, our 
ages can be interpreted as a first magmatic pulse. 

RE contents in this area can be associated with 
zircons.  
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Abstract. U/Pb ages measured by means of LA-ICP-MS 
in Nb-rutiles cogenetic with cassiterite, columbite and 
REE minerals proved to be a powerful tool for dating rock-
forming and mineralization events. In four different 
locations grains of Nb-rutile were extracted from duricrust 
LOC (2) Cachicamo, from colluvial deposit Cerro Espina 
LOC (4), from colluvial and pegmatitic dykes San Jose 
LOC (5) and from colluvial deposit Barranquilla LOC (6) 
(Fig. 1). Metallographic and SEM - EDX analyses have 
revealed that most of the rutiles-Nb contain Fe-columbite 
inclusions and in some cases tantalite and cassiterite up 
to 0.2 mm length. The geochemical data for major oxides 
and trace elements was obtained using FRX-EPMA and 
ICP-MS, respectively. The results revealed a different 
variation regarding the TiO2, Nb2O5 Ta2O5, Fe2O3 and 
SnO2 contents of the matrix. The measurements in single 
Nb-Ta rutile crystals for each locality yielded enough U, 
Pb and Th for LA-ICP-MS analyses that were performed 
at the University of Rennes 1 and in ETH Zurich. There, 
40 Nb-Ta rutile crystals were dated obtaining concordant 
U/Pb ages coherent with rocks and mineralization.  
 
1 Introduction 
 
Rutile is a common mineral in almost all lithologies. These 
minerals have considerable concentrations of Nb and Ta 
mainly by coupled titanium diadoxy. Substitution of Ti4+ 
by Nb5+ or Ta5+ requires charge balancing by a cation with 
less charge such as for example Al3+ or Fe3+ (e.g. 2Ti4+ 

<=> Nb5+ + Fe3+). The titanium in the structure has a 
coordination number of 6. Half of the octahedral 
vacancies are occupied by the titanium cations [TiO6] 
which form tetragonal octahedron columns connected by 
the edges [TiO4/2 O2/1]) parallel to the crystallographic axis 
c. Additionally, the columns are connected through joint 
corners forming a three-dimensional network of [TiO6/3], 
which leads to the short formula TiO2. 

Most of the rutiles in the world are extracted in placers 
coming from metamorphic rocks especially in Sierra 
Leone and Cameroon (Elsner 2010). Much less common 
are Nb-rutiles or ilmenorutile (Ti, Nb, Fe+++) O2 with more 
than 13 wt% Nb2O5 which have been reported by (Cerny 
et al. 1981) in pegmatites of Manitoba, Canada and 
classified in (Möller et al. 1986). Rutiles with Nb and Ta 
present diverse paragenesis in mineralized miazkites, in 
deposits associated with nepheline syenites and in 
alkaline anorogenic granites of rare earths elements 

associated with metasomatic deposits and veins. 
The Parguaza batholith, emplaced 1500-1550 My ago, 

represents nowadays a primary source of Sn, Nb, Ta and 
REE mineralization (Aarden and Davidson 1977), 
although it is largely covered by partially laterized 
Cenozoic sediments in plains and valleys. However, In 
the localities of El Burro, La Fortuna and Aguamena 
colluvial - alluvial deposits contain (sub-?) economic 
concentrations of minerals like cassiterite, Nb-Ta rutile, 
columbite-tantalite and REE minerals.  

The application of rutile in earth sciences was 
reviewed by Meinhold (2010). The material for 
standardization, petrochronology and geochronology has 
been described and reviewed (Bracciali et al. 2013; Zack 
et al. 2017). 

It has already been shown that some crystals of Nb-
rutiles, columbite-tantalite and cassiterite have enough U 
and Pb contents to allow radiometric U / Pb dating using 
the LA-ICP-MS technique. The radiometric dates of the 
Nb-rutiles follow the methodology described in Franco 
(2015) and for comparison we reviewed the columbite-
tantalite and cassiterite methodologies used by several 
authors (e.g., Che et al. 2015; Li et al. 2016; Melcher et 
al. 2015; Chew et al. 2014; Rösel et al. 2014; Bracciali et 
al. 2013; Sitnikova et al. 2007). 

 
2 Methodology 
 
The samples were selected manually in the field and 30 
crystals of Nb rutile from each locality were identified 
using portable FRX Bruker tracer. The determination of 
major and minor elements was made on pearls, prepared 
by melting at 1200 °C. For the geochemical 
characterization, powders of the fragments (made in 
agate mortar) were analyzed using the 
PANanalyticalAXios equipment of the National University 
of Colombia. For EPMA we used a polished epoxy 
mounting covered with graphite.  

The analysis for major oxide were made using JEOL 
electron microprobe (EMP), JXA-8900 model, at LMA-
CM-UFMG - Universidade Federal de Minas Gerais 
(UFMG), Brazil. The recognition of Nb-rutiles was 
confirmed by energy-dispersive X-ray spectroscopy 
(EDS). 
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Figure 1. Geological map of the east part of Colombia showing the 
Departments of Guainía and Vichada, the studied locations and the 
geological units mapped. Paleoproterozoic (PP-Mmg1) Mitú 
Migmatitic Complex; Mesoproterozoic (MP-Pf1) Granites with 
texture rapakivi (Granite de Parguaza) and (MP-Mmbg1) formations 
Roraima and La Pedrera; Ordovician (O-Sm) Metamorphosed 
sediments; Cenozoic (N1-Sc) continental Sediments; Quaternary 
(Q-al) Alluvial deposits and (Qt) Terrace deposits. Taken and 
modified from the Geological Map of Colombia (Gómez et al. 2015). 
 

SEM photographs of the Nb-rutile crystals were taken 
for choosing the most homogeneous zones, with no 
inclusions or in very low proportion. To perform ICP-MS 
analyses we use the equipment Agilent 7700 ICP-MS 
spectrometer brand Terre, Temps, Traçage with an 
excimer laser system 193 nm ESI (NWR193UC) in the 
Laboratory of geochronology of the University of Rennes 
1 in France; and the Thermo Scientific Element XR, a 
single collector, high resolution, magnetic sector ICP-MS 
with an excimer ArF laser (193 nm) laser at the Institute 
of Geochemistry and Petrology of ETH-Zurich. Standards 
R10 and R19 (rutiles) were used. The conditions of 
ablation change depend on the behavior of the material. 
 
3 Results of characterization and LA-ICP-MS 

dating 
 
3.1 LOC (2) Cachicamo – Orinoco River 
 
The Nb-rutiles of Cachicamo are found together with 
quartz magnetite, ilmenite and zircons embedded in a 
layer (duricrust) composed mainly of Fe-Al (hydro-oxides) 
covering a lateritic profile over the Parguaza rapakivi 
granitoids. The EPMA analyses exhibit up to 67 wt% 
TiO2, 11% Nb2O5, 11% Ta2O5, 6% Fe2O3 and 3 % SnO2. 
For the minor elements ICP-MS analyses show up to 800 

ppm of Si, V, Zr, Nd and Mn; up to 405 ppm of Hf, less 
than 50 ppm of P and Ca, and less than 10 ppm of La, 
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Rb, Tm, y, Lu, Cr, P, 
Co and Y. The SEM-EDS images show inclusions of Fe-
columbite and Mn-tantalite. The concentrations of U and 
Pb were not detected by EPMA, but ICP-MS U-Pb results 
showed viability for dating purposes. 

Due to the size of the crystals, the laser ablation of the 
grains was performed in spots of 65 microns, using a 
frequency of 5 Hz and an intensity of 8.44 J / cm2.The LA-
ICP-MS data acquired yielded concordant ages of 
1512±12 Ma (Fig. 2). This data coincides with the ages of 
1550-1500 Ma reported for the Parguaza rapakivi granite 
in Venezuela with Sn, Nb-Ta and REE mineralization. 

 

 
Figure 2. Concordia diagram for Nb-rutiles of the Cachicamo 
locality. 

 
3.2 LOC (4) Cerro Espina- Inírida River 
 
The Nb-rutiles of Cerro Espina are found in colluvial 
deposits together with crystals of xenotime, monazite, 
samarskite, betafite and REE-zircons. The EPMA 
analyses exhibit up to 62 % TiO2, 13 % Nb2O5, 6% Ta2O5, 
10% Fe2O3 and 0,1 % SnO2. For the minor elements, ICP-
MS analyses show up to 600 ppm of Si, Al and Zr; up to 
405 of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Rb, Tm, 
Lu, Hf and less to 50 ppm of Mn and Mo and below to 10 
ppm of Cr, P, Co and Y. The SEM-EDS images show a 
paragenesis with monazite and several inclusions of Fe-
columbite and tantalite. The initial EPMA and ICP-MS 
U/Pb results show a viability for dating purpose. 

Due to the size of the crystals, laser ablation of the 
grains was performed in spots of 30 microns, with a 
frequency of 4 Hz and an intensity of 7 J/cm2. The LA-
ICP-MS data acquired yielded concordant ages of 
1342±27 Ma (Fig. 3). This data match with the U/Pb ages 
of 1343±11 and 1381±8 acquired from monazite and 
xenotime, respectively. 
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Figure 3. Concordia diagram for Nb-rutiles of the Cerro Espina 
locality. 
 
3.3 LOC (5) San Jose - Guainía River 
 
The Nb-rutiles of San Jose are found in pegmatitic dykes 
together with Fe-columbite near to the Guainía river and 
in colluvial deposits with crystals of Fe- columbite, 
monazite, xenotime, tourmaline and magnetite in some 
places. The pegmatite and colluvial deposits are related 
to migmatites of the Mitú Complex with some young 
rapakivi granite intrusions like the Tabaquen Granite and 
other with small outcrops. The EPMA analyses exhibit up 
to 64 wt% TiO2, 19 % Nb2O5, 4 %Ta2O5, 10% Fe2O3 and 
0,5 % SnO2 confirming a genetic relation with Ta and Nb 
ore mineralization. For the minor elements ICP-MS 
analyses show up to 700 ppm of Si, W and Al; up to 405 
ppm of Mn, Zr, Cr, Y and Pb, less than 50 ppm of Cr, P, 
and Hf, and below 10 ppm of La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Rb, Tm and Lu. The SEM-EDS images shows 
inclusions of Fe-columbite and Mn-tantalite. Low W and 
Mn contents indicate pegmatitic or pneumatolytic affinity 
of the rutiles. The EPMA and ICP-MS U/Pb results show 
viability for dating purposes. 

Due to the size of the crystals, the laser ablation of the 
grains was performed in spots of 30 microns, with a 
frequency of 5 Hz and an intensity of 7 J/cm2. The LA-
ICP-MS data acquired yielded concordant ages of 
1377.8±1.1 Ma (Fig. 4). This data coincides with the ages 
of 1410 Ma for Fe-columbite from alluvial deposits in 
Colombia (Melcher et al. 2017). 
 

 
Figure 4. Concordia diagram for Nb-rutiles of the San Jose locality. 
 
3.4 LOC (6) Barranquilla – Cuyari River 
 
The Nb-rutiles of Barranquilla are found in colluvial 
deposits together with blocks of pegmatites of quartz, 
muscovite, beryl and Fe-columbite, crystals of monazite, 
xenotime, tourmaline and REE-Zircons and with 
spessartine garnets from pegmatitic dikes. The garnet 
pegmatite and the colluvial deposits are related to the 
granites of the Mitú Complex with rapakivi texture. The 
EPMA analyses exhibit up to 58 wt% TiO2, 19 % Nb2O5, 
10% Ta2O5, 12% Fe2O3 and 0.1 % SnO2. For the minor 
elements ICP-MS show up to 600 ppm of Si, Al, and V, 
up to 405 ppm of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 
Rb, Tm, Lu, Hf, less than 50 ppm Mn and Mo, and below 
3 ppm of Zr, Cr, P, Co, Y. The SEM-EDS shows 
inclusions of Fe-columbite and Mn-tantalite. The initial 
EPMA and ICP-MS U/Pb results show viability for dating 
purposes. 

Due to the size of the crystals, the laser ablation of the 
grains was performed in spots of 20 microns, using a 
frequency of 4 Hz and an intensity of 7 J/cm2. The LA-
ICP-MS data acquired yielded concordant ages of 1411± 
5 Ma (Fig. 5). This data matches with the ages of 1410 
Ma for Fe-columbite from alluvial deposits in Colombia 
(Melcher et al. 2017). 
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Figure 5. Concordia Diagram for Nb-rutiles of the Barranquilla 
locality. 
 
4 Conclusion 
 
The data acquired is very solid, and the ages interpreted 
as crystallization can be correlated with the ages of rocks 
and mineralization reported for this part of the Amazonian 
craton. Low W and Mn contents indicate pegmatitic or 
pneumatolytic affinity of the Nb-rutiles confirming a 
genetic relation with Sn, Nb and Ta ore mineralization. 
The Nb-rutiles showed a great variability of the matrix, but 
crystals having less than 15 wt% of Nb2O5 and no 
inclusions provide the best results for LA-ICP-MS.  
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Abstract. A look through the wide-angle lens has been 
the way by which pioneers in Earth sciences (e.g., 
Canfield 1998) have spawned concepts and views in 
benchmark studies that drove a generation of research 
on frontiers topics. In ore deposit research, this 
methodology has only recently been systematised to 
achieve an improved understanding of the relationships 
between unprecedented conditions in the evolution of 
Earth, and the origin of the world’s largest mineral 
provinces (e.g., Heinrich 2015). Here, we suggest that 
direct dating of ore minerals using rhenium-osmium 
(Re-Os) geochemistry holds a key role in order to 
synthesize multi-disciplinary ore data sets and assess 
their signification within the wider scope of the evolution 
and interaction of Earth’s biosphere, atmosphere, 
hydrosphere, lithosphere, and asthenosphere. Using a 
tried and tested, yet constantly evolving, methodology 
for the production of mono-phase ore mineral 
separates, we have used Re-Os isotope geochemistry 
data to, e.g., propose a refined view for the origin of the 
Central African Copperbelt, possibly as one more 
outstanding consequence of the dramatic Cryogenian 
Snowball Earth, which caused the erosion of kilometres 
of material from the continents, and may explain the 
Great Unconformity, the rise of metazoans in the 
Neoproterozoic, and the first-order pattern of 
Phanerozoic sedimentation. 
 
1 The Re-Os geochronometer – the tool to 

directly date sulphide, sulpharsenides & 
arsenides 

 
Sulphide, sulpharsenide and arsenide minerals 
(collectively termed “ore minerals” hereafter) contain 
siderophile and/or chalcophile (e.g., Fe, Ni, Co, Cu) 
elements. Two siderophile elements, rhenium (Re) and 
osmium (Os), may be concentrated in crustal ore 
minerals at the part per million level (e.g., ppm in 
molybdenite; Selby and Creaser 2001; Stein et al. 2001; 
Selby et al. 2007) or more commonly at the part per billion 
to part per trillion levels (e.g., ppb in bornite or carrolite; 
Saintilan et al. 2018; ppt in cobaltite; Saintilan et al. 
2017a). Thus, those minerals are amenable to absolute 
geochronology using the long-lived 187Re-187Os isotope 
system with a half-life of 41.6 Ga (λ187Re = 1.666 ± 0.005 
x 10-11 a-1; Smoliar et al. 1996; Selby et al. 2007). State-

of-the-art Re-Os isotope geochemistry is based on our 
capacity to obtain Re and Os aliquot fractions from ore 
minerals at low Re and Os blanks (Shirey and Walker 
1995; Selby et al. 2009), in addition to being able to obtain 
intense ion beams of Os and Re by negative thermal 
ionization mass spectrometry (N-TIMS; Creaser et al. 
1991; Völkening et al. 1991). Therefore, in the last 15 to 
20 years, there has been significant development of the 
Re-Os chronometer applied to ore minerals, with 
particular focus on the robust molybdenite Re-Os 
geochronometer (e.g., Stein et al. 2001; Selby and 
Creaser 2001; Selby et al. 2007). In light of these findings, 
the Re-Os geochronometer in pyrite and arsenopyrite has 
received a steady interest contributing to constant 
developments and applications to the ore deposit 
environment (e.g., Davies et al. 2010; Morelli et al. 2007, 
2010; Ootes et al. 2011) but also in sedimentary rocks 
(Bekker et al. 2004; Morelli et al. 2004) or in high-grade 
metamorphic rocks (Saintilan et al. 2017b). In recent 
years, we have focused on and successfully constrained 
the absolute Re-Os ages of several Cu- and/or Co-
sulphide and sulpharsenide species in major sedimentary 
rock-hosted ore deposits (e.g., carrolite, cobaltite, 
bornite; Saintilan et al. 2017b, 2018). 
 
2 The critical role of analytical methodology 

in modern Re-Os geochronology  
 
Some existing ore minerals Re-Os geochronology 
studies have led to problems with interpretation of these 
data and the significance of the ages produced (e.g., 
Muchez et al. 2015; Selley et al. 2018). 
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Figure 1. The Re-Os budget of ore minerals and the various 
approaches to Re-Os geochronology of ore minerals, a 
review (see Stein et al., 2000). 
 

This situation stems from multiple issues including, but 
not limited to: (1) Re-Os isotope geochemistry of ore 
minerals is recognized as analytically challenging. For 
example, in cases where sulphides have very low Re and 
Os abundances, control of both the abundance and 
isotopic composition of the laboratory Re and Os blanks 
can materially affect the age outcome; (2) Re-Os isotope 
geochemistry procedures have been applied to sulphide 
mineral fractions comprising mixtures of several sulphide 
species, and in some cases, by combining analytical data 
from different deposits and ore locations; (3) age data 
derived from single analysis ‘model ages’ and those from 
isochron ages have been used equivalently. Here, we 
explain our approach to modern Re-Os sulphide 
geochronology in terms of analytical and mineralogical 
protocols, and show the effect such protocols have when 
applied to sulphide mineral geochronology in the Central 
African Copperbelt.  

Most ore minerals contain common Os. The term 
“common Os” encompasses any isotope of Os (192Os, 
190Os, 189Os, 188Os, 187Os, 186Os in crustal ore minerals) 
that was incorporated at the time of ore mineral 
precipitation prior to closure of the Re-Os system and 
decay of 187Re to radiogenic 187Os. Such an Os budget 
justifies the use of a “185Re+190Os spike” solution for 
analysis. With such a spike, Re-Os model ages cannot 
be calculated, and, we therefore use the Re-Os isochron 

approach which is based on our capacity to determine the 
187Os/188Os isotopic compositions and the 187Re/188Os 
values for each aliquot (Case 1, Figure 1). In this 
approach, the positive correlation of 187Re/188Os values 
with variably radiogenic 187Os/188Os compositions yield a 
Re-Os date for which the 2σ precision is a function of the 
spread in the 187Re/188Os values, the variability in the 
initial 187Os/188Os compositions, and the propagated 
uncertainty in the standard mass spectrometry 
measurements, spike calibrations and blanks. 

When an aliquot of a given ore mineral (e.g., 
molybdenite, in some instances arsenopyrite or pyrite) 
does not contain any common Os, the budget of Os that 
we currently measure by using a “mixed spike of Re & 
normal Os” (Selby and Creaser 2001; Stein et al. 2001; 
Selby et al. 2007) or a “mixed double spike of 
185Re+188Os+190Os” (Markey et al. 2007) only comes from 
the radioactive decay of 187Re. In this case, a model Re-
Os age may be calculated (Case 2, Figure 1). In some 
instances (Case 3, Figure 1), the 187Re/188Os values for 
ore minerals (except molybdenite) are extremely high 
(>>5,000). These values translate into the fact that the 
analysed ore mineral contains little common Os, including 
188Os (e.g., 1.3–1.6% common Os in carrolite, Saintilan et 
al. 2018). Yet, at low Re and Os blank conditions and with 
state-of-the-art Re & Os analyses by N-TIMS, such low 
contents of common Os can be precisely and accurately 
quantified. Although, the isochron approach may yield a 
precise and geologically robust Re-Os age and provide 
the 187Os/188Os initial ratio (Osi) with reasonable 
uncertainty (e.g., Saintilan et al. 2018), an isochron 
regression in the 187Re vs. 187Os space, after a minimal 
correction for common Os, is advised for such mineral 
species (Stein et al. 2000). 
 
3 Re-Os geochronology of individual ore 

minerals: ‘what it takes and what it brings’ 
 
Specialists of the uranium-lead (U-Pb) isotope 
geochronometer produce individual mineral separates of, 
e.g., zircon and baddeleyite, and proceed with U-Pb 
geochronology of those minerals individually, supported 
by petrography and scanning electron microscopy (SEM) 
imaging in cathodoluminescence mode (e.g., Schoene et 
al. 2010; Schaltegger and Davies 2017). Similarly, Re-Os 
isotope geochemistry must be carried out on mineral 
separates of individual ore minerals, as the behaviour of 
the Re-Os system is known to differ markedly between 
sulphide minerals (Morelli et al. 2004, 2010). Such 
mineral separates are produced by following a 
demanding and time-consuming protocol that relies on 
preliminary detailed ore mineral petrography (Figure 2). 
Prior to performing Re-Os isotope geochemistry on those 
mineral separates, a quality control is performed by using 
SEM microscopy in back-scattered electron mode (SEM-
BSE) with point EDX chemical analyses or extensive 
electron microprobe mineral chemistry (e.g., Saintilan et 
al. 2017a, 2017b, 2018). The protocol presented in Figure 
2 is the recommended way to produce reliable (i.e., 
precise and reproducible) Re-Os isotope data of a given 
ore mineral. Those data can then be utilised for ore 
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deposit research by converting Re-Os dates into 
geologically- and petrographically-supported Re-Os 
ages. Yet, we recognize that imprecise Re-Os age 
determinations with high scatter are known to exist with 
this bulk analysis method. Therefore, Hnatyshin et al. 
(2018) have stressed the importance of linking Re-Os 
age data to the mineralogical location and distribution of 
Re by using LA-ICPMS mapping methods that can now 
quantify and spatially map Re distribution in sulphides at 
the low ppb level. 
 

 
Figure 2. Recommended protocol for the production of mineral 
separates of individual ore mineral species destined to Re-Os 
isotope geochemistry. The protocol presented here was applied by 
Saintilan et al. (2018). 
 
4 The Central African Copperbelt case study 
 
Absolute geochronology of sulphide minerals using the 
above-described methodologies yield accurate and 
precise Re-Os ages of individual sulphide minerals at 
specific stratigraphic locations within a given deposit 
(e.g., carrolite and bornite at Kamoto, Saintilan et al. 
2018). Those Re-Os ages may then be used to constrain 
the three following aspects that are central to ore deposit 
research: (1) the absolute timing of sulphide precipitation 
is critical knowledge that links the various components 
(e.g., metal-bearing fluids, reducing agents, geodynamic 
engine) that converge to form a mineral deposit; (2) 
constraints on the discrete timing of precipitation of 
individual sulphide minerals within a given deposit 
contribute to assess the timescales of mineralizing 
processes; (3) evaluating the timing of major (often called 
“world-class”) metallogenic provinces relative to 
unprecedented and peculiar evolution and interaction of 
the Earth biosphere, atmosphere, hydrosphere, 
lithosphere and asthenosphere. 

At Kamoto in the Congolese part of the Central African 
Copperbelt, our Re-Os isochron ages include: epigenetic 
carrolite in an evaporite breccia (609 ± 5 Ma), and, bornite 
(473 ± 4 Ma) that replaces carrolite in this breccia and is 
disseminated in the stratiform carrolite ores. In addition, 
we produced two less precise Re-Os isochron ages for 
stratiform carrolite mineralisation in the Lower and Upper 
orebodies (ca. 518–517 Ma). Yet, those less precise ages 
are concordant with the timing of Cu mineralisation on the 
Zambian side of the Copperbelt, as previously identified 
by Sillitoe et al. (2017). Those new Re-Os ages for 
carrolite and bornite are in stark contrast with previous 
Re-Os evaluations (e.g., Barra et al. 2004; Muchez et al. 
2015), for which caution is warranted based on features 

including a large spread of non-concordant model ages 
from a single deposit, the analysis of mixtures of sulphide 
phases, and aspects of the analytical data and their 
treatment, as previously pointed out by Sillitoe et al. 
(2017). 

The ca. 717 to ca. 635 Ma Cryogenian Snowball Earth 
period was constrained by a series of benchmark studies 
(Hoffman et al. 1998; Hoffmann et al. 2004; Condon et al. 
2005; Rooney et al., 2014; Rooney et al. 2015; Calver et 
al. 2013; Prave et al. 2016). This period dramatically 
caused the removal of kilometres of material from the 
continents (DeLucia et al. 2017; Keller et al. 2018), led to 
the deep erosion of copper-enriched crust (Parnell & 
Boyce 2019) and influenced the first-order pattern of 
Phanerozoic sedimentation (Keller et al. 2018). The 
Central African Copperbelt, which is the largest 
sedimentary rock-hosted Cu-Co province in the world, is 
hosted by a sedimentary sequence deposited prior, 
during and after the Snowball Earth period. By using the 
Re-Os age constraints for Cu-Co sulphide mineralisation 
(Sillitoe et al. 2017; Saintilan et al. 2018) and the “wide-
angle lens on Earth history”, a refined view for the origin 
of the Copperbelt is emerging by reconciling (1) the 
Cryogenian geochronology, (2) the inspiring views for a 
connection between Snowball Earth and the Copperbelt 
(Robb et al. 2002; Hitzman et al. 2010), and (3) all 
available multi-disciplinary ore deposit research data 
(e.g., Selley et al. 2018). 
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Abstract. The late Paleozoic Iberian Pyrite Belt (IPB), 
southwestern Iberian Peninsula, hosts one of the largest 
concentrations of volcanogenic massive sulphide 
deposits on the Earth’s surface. The ore-bearing 
sequence includes felsic-rock-hosted VMS deposits 
formed by host rock replacement in the northern area of 
the IPB, and shale-hosted deposits formed by direct 
sulphide precipitation on the seafloor in the southern 
area. The high-grade Elvira Cu-Zn-Pb deposit is the most 
recent discovery, and is located eastward of one of the 
largest orebodies in the southern IPB, the Sotiel-Migollas 
cluster. This deposit consists of a single massive sulphide 
lens located ca. 250-500 m below the surface and is 
hosted in an overturned and thrusted sequence 
dominated by dark shales dated to uppermost Devonian. 
The stratigraphic footwall includes a well-developed 
stockwork zone and pervasive chlorite-rich alteration. 
The massive sulphides show abundant sedimentary 
structures typical of deposition on the seafloor but also a 
large zone of sub-seafloor replacement of muds which 
marks the transition from the feeder zone to the 
exhalative massive sulphides.  
 
1 Introduction 
 
The Iberian Pyrite Belt (IPB) is an E-W 250 km long by 
20-70 km wide VMS district in the southwestern Iberian 
Peninsula. It represents one of the most important ore 
provinces in Europe and the largest concentration of 
sulphides in the Earth’s crust (Tornos 2006). It holds over 
1600 Mt of massive sulphides originally in place, and 
about 250 Mt of stockwork ore, distributed in around 90 
VMS deposits (Tornos 2006).  

Detailed geophysical exploration by MATSA of the 
areas nearby the Sotiel-Migollas VMS deposits, which 
have been mined since Roman times, has led to the 
discovery of a new massive sulphide body called Elvira 
(37°36'17"N, 6°49'51"W; Fig. 1). Exploration drilling of an 
electromagnetic (VTEM) anomaly located near the 
eastern end of the Migollas orebody intersected massive 
sulphides. This new deposit has been delineated by over 
80 drill holes and will start production in late 2019.  

 
2 Geological background 
 
The formation of the IPB is related to the Late Paleozoic 
(Devonian to Carboniferous) Variscan orogeny. Oblique 
collision between the South Portuguese Zone, to which 
the IPB domain belongs, and the Autochthonous Iberian 
Terrane produced an evolving depositional setting with 

formation of continental pull-apart basins and intraplate 
magmatism to which the mineralization is related (Barriga 
1990; Leistel et al. 1998; Tornos 2006).  

The geological record of the IPB consists of a 1000-
5000 m thick stratigraphic sequence. Three main units 
have been described. The lower Phyllite-Quartzite (PQ) 
Group (Middle-Late Devonian) consists of interbedded 
quartz sandstones and shales deposited in a stable and 
shallow epicontinental platform (Moreno et al. 1996). 
Subsequent trans-tensional regime related to left-lateral 
northwards oblique continental collision generated pull-
apart basins with lowered, tilted and uplifted blocks that 
subdivided the depositional environment into several sub-
basins separated by shallow marine to subaerial areas 
(Tornos et al. 2005). Decompression-induced mantle 
partial melting generated mafic magmas that underplated 
and intruded the continental crust, promoting its partial 
melting and the generation of hot dry felsic magmas 
(Mitjavila et al. 1997). These magmas reached the 
surface producing a volcanic sequence in which alkaline-
tholeiitic basalts and calc-alkaline andesites to rhyolites 
coexist with mudstone and some chemical sediments 
(Volcanic Sedimentary Complex; VSC). The massive 
sulphides formed in response to the accelerated 
dewatering of the PQ Group and degassing of felsic 
magmas (Tornos 2006). Finally, compressional tectonism 
related to the main collisional stage of the Variscan 
orogeny formed a foreland basin in which syn-orogenic 
flysch sediments (Baixo Alentejo Flysch Group) were 
deposited (Oliveira 1990). 

The collision-related compressive deformation 
produced tectonic inversion and deformation forming a S-
SW-verging thin-skinned foreland fold and thrust belt 
(Oliveira 1990; Quesada 1998). Regional metamorphism 
associated to Variscan orogeny is low grade, from 
prehnite-pumpellyite to low greenschist facies (Sánchez 
España 2000). Deformation and metamorphic grade tend 
to increase from south to north although a general 
metamorphic gradient is not clear, and are locally 
enhanced close to high strain zones (Sánchez España et 
al. 2000). 

Two styles of VMS deposit formation have been 
described in the IPB: shale-hosted and felsic volcanic 
rocks-hosted deposits (Tornos 2006). Shale hosted 
deposits are mostly interpreted to have been formed in 
sub-oxic to anoxic third order basins where upwelling 
deep sulphur-depleted fluids mixed with modified 
seawater rich in biogenically reduced sulphur, leading to 
the precipitation of the massive sulphides on the seafloor. 
Felsic volcanic rocks-hosted deposits are interpreted to 
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have formed by stratabound replacement of porous or 
reactive massive and volcaniclastic (vitriclast- or pumice-
rich) volcanic rocks. It is suggested that mineralization 
was triggered by mixing of the deep sulphur-poor fluids 
with modified seawater bearing variably reduced sulphur 
acquired from leaching of the host volcanic rocks or by 
thermochemical reduction of the marine sulphate.  

Most of the massive sulphide deposits are underlain 
by, or imbricated with, large stockwork or stringer zones 
despite subsequent Variscan thrusting that produced 
major tectonic inversion (Quesada 1998). 

 
3 The Elvira VMS deposit 
 
The Elvira deposit is located in the eastward continuation 
of the Sotiel-Migollas massive sulphide cluster (Santos et 
al. 1996; Velasco-Acebes et al. 2018), located in the 
south-eastern IPB. It is a polymetallic (Cu-Zn-Pb) pyrite-
rich massive sulphide body with evidence of having been 
dominantly deposited in a sub-oxic to anoxic basin and 
rooted on a large stockwork zone.  
 
3.1 Local stratigraphic sequence 

 
The stratigraphic sequence in the Sotiel-Migollas-Elvira 
area is highly tectonized, with individual units limited by 
major thrusts (Fig. 1). It consists of: (1) a structural 
footwall dominated by felsic dome complexes intruding 
and interbedded with dark shales; (2) an overlying shale 
unit which hosts the massive sulphides; and (3) the 
structural hanging wall including the PQ Group, which 

hosts a well-developed stockwork in the Migollas deposit 
(Santos et al. 1996; Velasco-Acebes et al. 2018). The 
contact between the VS Complex and the PQ Group is 
interpreted to be a major thrust located in the inverse limb 
of a major south-verging fold (Velasco-Acebes et al. 
2018). This contact is delineated by abundant bands of 
mylonite developing zones of tectonic mélange with 
lenses of mixed lithologies from both groups and that 
show widespread chlorite and carbonate alteration 
(Velasco-Acebes et al. 2018). This surface was 
interpreted to have favoured the widespread 
remobilization of the sulphides in the Sotiel-Migollas-
Elvira area, showing abundant thin sulphide-rich veins 
parallel to the foliation and zones of high grade copper 
with massive chalcopyrite concentrations along shear 
bands (Velasco-Acebes et al. 2018). 

If overturned to its original position, the stratigraphic 
sequence would include: 

1) A footwall dominated by the PQ Group, consisting 
of a monotonous sequence of shale and quartz-rich 
sandstone with only some minor lenses of limestone, 
which is crosscut by abundant microdiorite sills and dykes 
(Velasco-Acebes et al. 2018). 

2) A 400 m-thick dark shale sequence which is host to 
the massive sulphides. This sequence is locally carbon-
rich and presents a cm-thick sedimentary layering. It 
includes sparse levels of volcaniclastic sandstone of 
dacitic composition, some layers of quartz-rich 
sandstone, and abundant disseminated to stratiform 
pyrite, with local bodies of likely sedimentary breccias 
with chloritized fragments supported by unaltered shale 

 
 

Figure 1. Geological cross section of the Elvira deposit area. Modified from MATSA internal report (2018). 
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(Velasco-Acebes et al. 2018). In addition, in the direct 
structural footwall to the Sotiel-Migollas massive 
sulphides the shale hosts a discontinuous layer of black 
limestone with organic matter and disseminated pyrite. At 
the Elvira deposit, the massive suphides are hosted in a 
shale-dominated sequence that includes black shales 
both in the footwall and hanging-wall to the ore body, with 
only minor fragmental volcanic rocks (Fig. 1). This 
suggests that its position is more distal to the domes than 
Sotiel-Migollas. The age of the ore-hosting sequence is 
uppermost Devonian (Gonzalez et al. 2006). 

3) A felsic volcanic sequence which is several hundred 
meters thick and is dominated by felsic volcanic rocks 
with abundant lateral changes; these are mostly dacites 
forming dome complexes (Velasco-Acebes et al. 2018). 
It also presents abundant intercalations of mafic rocks; 
these are likely submarine lava flows, related 
volcanoclastic rocks, and subvolcanic sills that become 
gradually more abundant towards the structural footwall. 
In the structural footwall of Elvira, a coherent (lava/dike) 
volcanic to subvolcanic mafic rock has been intersected 
(Fig. 1). 

 
3.2 Location and shape of the deposit 

 
The Sotiel-Migollas-Elvira is one of the largest clusters of 
massive sulphide deposits in the IPB, with a tonnage well 
above 100 Mt. The Sotiel-Migollas part consist of three 
large stratabound massive sulphide bodies (Sotiel, Sotiel 
Este and Migollas) and several smaller lenses, which are 
aligned along a E-W 2 km-long narrow area (Velasco-
Acebes et al. 2018). Elvira deposit represents the 
eastward continuation of the Sotiel-Migollas cluster. 

The Sotiel orebody is up to 60 m thick and consists of 
three stacked lenses separated by up to 20 m thick barren 
shale; Sotiel Este is up to 40-50 m thick and is distributed 
in six stacked lenses; Migollas is up to 120 m thick and 
includes two large stacked dome-shaped lenses 
separated by shale (Santos et al. 1996). These massive 
sulphides occur at depths between near surface to ca. 
700 m.  

Elvira consists of a single sulphide lens located 250 to 
500 m below the surface (Fig. 1). As in the Migollas 
deposit, the stockwork related to Elvira deposit is located 
in its hanging-wall. 

 
3.3 Ore mineralogy 

 
Most of the shale-hosted VMS deposits in the IPB do not 
display either clear metal zonation or zones of major base 
metal enrichment (Tornos 2006). In Sotiel-Migollas, Cu 
and Zn–Pb rich zones are common, but they do not show 
a well-defined distribution (Santos et al. 1996), and 
neither does Elvira. The style of mineralization in the 
Sotiel-Migollas cluster has been observed to vary 
between the individual orebodies (Velasco-Acebes et al. 
2018). The mineralization at Sotiel and Sotiel Este is 
banded and dominated by alternating layers of massive 
sulphides and hydrothermally altered shale.  On the other 
hand, the mineralization at Migollas, the deposit closest 
to Elvira, is mostly massive and with no interbedded 
shale, and is dominated by a siderite-rich massive 

sulphide. The style of mineralization in Elvira is yet to be 
studied in detail, but exhalative massive sulphides and 
dark shale interbedding is locally observed (Fig. 2). 

The mineral assemblage of the massive sulphides in 
the Sotiel-Migollas-Elvira area is dominated by massive 
pyrite with variable amounts of chalcopyrite, sphalerite 
and galena, lesser amounts of arsenopyrite, pyrrhotite, 
magnetite and tetrahedrite-tennantite, as well as trace 
amounts of sulfosalts (boulangerite, bournonite, 
jaskolkiite and meneghinite), cassiterite, native bismuth 
and electrum (Velasco-Acebes et al. 2018 and references 
therein). 
 

3.4 Alteration characteristics 
 

Characteristics of the hydrothermal alteration related to 
the shale-hosted massive sulphide deposits in the 
southern IPB differ from those of deposits located in felsic 
volcanic rocks in the northern IPB. The alteration is 
conspicuous in the footwall, less pervasive and irregular 
adjacent to the mineralization and almost non-existent 
above it, and mostly produces a unique zone of massive 
chlorite ± quartz. 

Alteration characteristics in the Sotiel-Migollas area 
have been described by Velasco-Acebes et al. (2018). 
The less hydrothermally altered shale mainly consists of 
a foliated groundmass of fine-grained illite ± muscovite, 
sparse pyrite, disperse grains of anhedral quartz, 
carbonates, ilmenite (altered to rutile) and zircon. In areas 
affected by hydrothermal alteration chloritic alteration is 

 
 
Figure 2. Exhalative pyrite-dominated massive sulphide with 
interbedded dark shale and quartz. Drill core from Elvira deposit. 
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closely associated to zones of brecciation or veinlets of 
carbonates and sulfides ± quartz. Primary shale layering 
was lost during chloritization, and the illite was replaced 
by massive chlorite. The resulting mineral assemblage 
contains clinochlore ± chamosite, variable amounts of 
carbonates, abundant anhedral pyrite (10-30%), and 
small amounts of disseminated sphalerite, chalcopyrite, 
galena, monazite and a significant amount of 
hydrothermal zircon. In the Migollas area, the shale 
between the individual lenses and lateral to the 
mineralization shows irregular chloritization and a subtle 
carbonate-rich alteration.  

Like Elvira, Migollas deposit has an associated 
stockwork, which in this case is hosted by the PQ Group 
rocks in the structural hanging wall. The stockwork 
includes a zone of pervasive chloritization with a network 
of abundant 1-20 cm thick veins of medium- to coarse-
grained sulphides, dominantly disseminated pyrite, and 
abundant stratabound layers of massive pyrite. The 
altered shale in the stockwork area shows zones of 
widespread carbonatization with abundant sparsely 
disseminated carbonate. The Migollas stockwork also 
has a carbonate-rich zone with veins of coarse-grained 
siderite and scarce sulphides that postdate the pyrite-rich 
veins. Despite major deformation, the intensity of 
alteration seems to increase downwards towards the 
contact with the massive sulphides (Velasco-Acebes et 
al. 2018). 

Remarkably, the volcanic rocks in the footwall of the 
massive sulfides in the Sotiel-Migollas-Elvira area lack 
hydrothermal alteration and only the peperites host some 
alteration with replacement of the volcanic fragments by 
quartz, sericite and pyrite; in contrast, the few layers 
interbedded with the sulphide-hosting shales show a 
conspicuous replacement by illite and pyrite (Velasco-
Acebes et al. 2018). 
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Abstract. Magnesite, talc, and MVT ore deposits are 
hosted in burial dolomites in several districts because 
they all form from the same deep hot Mg-rich brines that 
first drive replacement of limestone by dolomite. Then talc 
and magnesite replace the dolomite. These replacements 
are Mg-driven and happen by precipitation/pressure-
dissolution, which is why mineral volume is preserved, 
which warrants adjusting replacement mass balances on 
volume. The dolomite-for-calcite replacement is self-
accelerating via the Ca2+ released and affects huge 
volumes of limestone. Continued infiltration of the 
dolostone by the Mg-rich brine causes its replacement by 
magnesite and talc. The talc, magnesite, and MVT ores, 
and dedolomitization too, are part and parcel of the 
dolomitization process. 

We propose that the huge amount of Mg needed to 
dolomitize limestones and form associated magnesite 
and talc ores, comes most likely from another huge 
process, the serpentinization of peridotites, which – only 
if we adjust the serpentine-for-olivine mass balance on 
volume – is seen to release much Mg2+(aq) and SiO2(aq). 
The release of these two ingredients makes the 
replacement self-accelerating, which in turn, through a 
rheological-kinetic feedback, accounts for the typical 
mesh and/or zebra displacive veining of serpentinites, 
and for the fact that even huge peridotite massifs are 
serpentinized completely. 
 
1 Introduction  
 
Burial dolomites around the world are host to Mississippi-
Valley-type ore deposits (Zn-Pb sulphides or carbonates, 
barite, celestite, fluorite), and also to magnesite (MgCO3) 
and talc (Mg3Si4O10(OH)2) ores. One such association of 
burial dolomites hosting MVT, magnesite, and talc ores 
occurs across the northern Iberian Peninsula (e.g., 
Velasco et al. 1987; Tornos and Spiro 2000).  Another 
example is the set of MVT, talc, and magnesite ore 
deposits hosted in dolomites of southeastern British 
Columbia (e.g., Powell et al. 2006; Paradis and Simandl 
2018).   

Why are those ores typically hosted in burial 
dolomites? To drive dolomitization as well as magnesite 
and talc mineralization, magnesium is needed. The 
minerals involved form by replacement: dolomite 
replaces entire limestones. Magnesite replaces dolomite 
(Velasco et al. 1987; Lugli et al. 2000). Talc replaces 

dolomite and may also replace quartz in quartzites 
(Tornos and Spiro 2000).  

However, saying that Mg is needed to make magnesite 
and talc does not make it clear which are the mineral 
reactions involved, or what are their driving forces, or how 
to account for the fact that all the ores and the dolomite 
that hosts them occur as replacements, or where the 
necessary magnesium comes from. Our approach below 
is to adjust replacement mass balances on volume (as 
required by the conservation of volume shown in Figures 
1-3), and to take account of the new replacement physics 
(Merino and Dewers 1998; Merino and Canals 2011), by 
which replacement forms not by dissolution-precipitation 
as widely assumed, but by its opposite, 
precipitation/pressure-solution.  

We very briefly discuss below the dynamic model of 
dolomitization and MVT mineralization by deep hot Mg-
rich brines also rich in Sr, Ba, Zn and Pb (Merino and 
Canals 2011). The model shows how the brines drive the 
dolomite-for-calcite replacement essential to 
dolomitization, along with associated MVT ores, and how 
the same brines – if they continue infiltrating the 
dolostone – can drive the replacement of (some of) the 
dolomite formed by magnesite and talc.  

The second question raised is: What is the source of 
the colossal amount of aqueous Mg2+ needed to make 
burial dolomites and their associated magnesium ores, 
magnesite and talc? Again, it is by studying the 
serpentine-for-olivine replacement according to the new 
physics of replacement that we realize that the 
serpentinization of peridotites releases much magnesium 
and can provide the Mg needed by dolomitization.  
 
2 Replacement and self-accelerating 

dolomitization 
 
The phenomenon of replacement is essential in all types 
of metasomatism. (Please refer in detail to Merino and 
Canals (2011) and Merino et al. (2006).) Replacement is 
characterized by its spatial property of pseudomorphism 
- that the new mineral preserves both the volume and 
some ‘ghosts’ of the host. That double preservation 
implies two kinetic properties already grasped by Bastin 
et al. (1931, p.603): that the two ‘half-reactions’ of any 
replacement must be simultaneous and equal-rate. The 
pseudomorphism and the kinetic properties it implies can 
be produced only by precipitation/pressure dissolution, 
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not by dissolution-precipitation as generally assumed. 
 

Figure 1. A) Zebra dolomite texture (Dol) is partly replaced by talc 
(Tlc)). B) Talc replaces saddle dolomite from the central part of a 
zebra vein. C) Photomicrograph XP. Talc completely replaces two 
large saddle dolomite crystals, preserving their curved outlines. 
Samples from the Respina Mine, Spain.       
 
Merino and Canals’s (2011) comprehensive model of 
dolomitization dynamics rests on that view of 
replacement. Dolomite grows within a rigid limestone 
from a Mg-rich brine, exerting a local induced stress on 
the adjacent calcite and on itself. The stress pressure-
dissolves the calcite and automatically equalizes the 

rates of calcite dissolution and dolomite growth (Nahon 
and Merino 1997), thus preserving mineral volume. As an 
increment of dolomite grows,  

Mg+2 + Ca+2 + 2CO3-2 = CaMg(CO3)2 (Dol) (eq1) 
it pressure dissolves an equal volume of calcite. The 
mass balance, adjusted on volume (Merino and Dewers 
1998), is:   

1.7CaCO3 (Cal) + Mg+2 + 0.3CO3-2 ≈ 
CaMg(CO3)2 (Dol) + 0.7Ca+2 (eq2) 

The Ca+2 released drives the growth of a new 
increment of dolomite by eq1, which will pressure 
dissolve more calcite, releasing more Ca+2, and so on. 
This replacement is thus self-accelerating via Ca+2.  
Numerous predicted consequences of this self-
acceleration are all confirmed by independent 
observations (Merino and Canals 2011). One prediction 
is that, when the dolomite-for-calcite replacement 
becomes fast enough, it lowers the local rock viscosity 
(because crystalline carbonate aggregates are strain-rate 
softening), and it should convert itself into a late minor 
phase of displacive growth, and indeed displacive is 
precisely what the characteristic zebra and breccia-like 
dolomitic veins are (Merino et al. 2006). Also, the self-
acceleration makes it easier to understand why burial 
dolostones are so large and why they replace the original 
limestone completely. Another prediction of the model is 
that, because of the positive feedback between Ca+2 
concentration and replacement rate, when the fast 
dolomite growth shuts itself down by using up all local 
Mg+2(aq), the huge Ca+2 concentration in the local brine 
immediately drives precipitation of calcite as so-called 
late-stage calcite and as calcite-for-dolomite 
replacement, or dedolomitization. 
 
3 Mass balances for the dolomite 

replacements  
 
If the Mg-rich brine continues to infiltrate the dolostone, it 
can then drive the replacement of the dolomite by talc 
(Fig. 1) and/or by magnesite (Fig.2) according to the 
following mass balances: 
  
3.1 Talc-for-dolomite, Figure 1: 
 

2.3CaMg(CO3)2(Dol) + 0.7Mg+2 + 4SiO2 + 4H2O ≈ 
Mg3Si4O10(OH)2(Tlc) + 2.3Ca+2 + 4.6CO32- +6H+ (eq3) 
where 2.3 (=145/64 or quotient of formula volumes) 
equalizes mineral volume.  This replacement is not self-
accelerating, since it does not release Mg or SiO2 that 
would reinforce further talc growth. Note that published 
replacement reactions for the talc-for-dolomite 
replacement are adjusted to conserve Mg among the 
minerals. For example, Tornos and Spiro (2000) gave:  

3CaMg(CO3)2(Dol) + 4SiO2 + 4H2O ≈ 
Mg3Si4O10(OH)2(Tlc) + 3Ca+2 + 6CO3-2 + 6H+ (eq4) 
which has the unintended consequences of hiding that 
Mg+2 drives the phenomenon and of violating the 
petrographically observed volume conservation. 
 
3.2 Magnesite-for-dolomite, Figure 2: 
 



New discoveries – new views: Advances in the Science of Mineral Exploration  1262 

CaMg(CO3)2(Dol) + 1.3Mg2+ + 0.3CO32-  ≈ 
≈ 2.3MgCO3(Mgs)  + Ca2+ (eq5) 

where the 2.3 factor (≈ 64.5/28.1) equalizes mineral 
volume, as required by petrography (Fig. 2). This mass 
balance tells us that when magnesite grows (from Mg2+ 
and CO32-) and pressure dissolves an equal volume of 
dolomite, only Ca+2 is released, which does not reinforce 
the growth of more magnesite. Thus magnesite-for-
dolomite is not self-accelerating. 
  
 

Figure 2. (A) Large porphyroblasts of magnesite (only visible in  
frame B) have completely replaced many sparry dolomite crystals, 
perfectly preserving their outlines and volumes, under PP. (B) Same 
area as in frame (A), rotated 50o clockwise around tip of red arrow, 
under XP. The magnesite porphyroblasts are distinguishable only 
by their uniform birefringence. Sample from the magnesite mine at 
Eugui, Spain.  
 
3.3 Talc-for-quartz: 
 

6.4SiO2(Qtz) + 3Mg+2 + 4H2O ≈ 
≈ Mg3Si4O10(OH)2(Tlc) + 2.4SiO2(aq) +6H+ (eq6) 

where the 6.4 factor (≈145/22.7) equalizes volumes. 
Themass balance releases SiO2(aq) which does make this 
replacement self-accelerating, and which could help talc 
to replace dolomite by providing silica (eq3) especially if 
the site of talc-for-dolomite was downflow from the site of 
the talc-for-quartz replacement. 

All texturally correct mass balances, eqs 2, 3, 5 and 6, 
explicitly have Mg+2 on the left side, confirming that these 
replacements are driven by Mg-rich brines.  
 
4 Serpentinization: Mg source for 

dolomitization and its magnesium ores 
 
Burial dolomites and the associated magnesite and/or 
talc deposits require huge amounts of hot Mg-rich brines 
that rise from deep sedimentary basins. Where does the 
Mg come to those basins from?  

We propose that the Mg2+ needed comes from the 
serpentinization of peridotites and dunites, which consists 
primarily of the replacement of Mg-rich olivine by 
serpentine. Again, because the replacement preserves 
volume (Fig. 3B), we adjust its mass balance on mineral 
volume:  

2.5Mg2SiO4(Ol) + 4H+ ≈ 
Mg3Si2O5(OH)4(Srp) + 2Mg+2 + 0.5SiO2(aq)  (eq7) 

where a round factor of 2.5 (≈106.6/43.7) on olivine 
equalizes volumes. Thus, every increment of serpentine 
growth pressure dissolves olivine and releases Mg and 
silica, which reinforce growth of the next increment of 
serpentine by: 

3Mg+2 + 2SiO2(aq) + 5H2O = 
Mg3Si2O5(OH)4(Srp) + 6H+   (eq8) 

replacing more olivine, releasing yet more Mg and silica, 
and so on. Thus, the serpentine-for-olivine replacement 
is self-accelerating. Once each olivine crystal starts to be 
replaced by serpentine, it propels its own replacement 
faster and faster, simultaneously with all the others, until 
completion – unless water runs out first. That’s probably 
why “Incompletely serpentinized peridotite and the 
nearby co-occurrence of little-altered and highly altered 
peridotite are both commonly observed” (Evans 2013, 
p.103). That serpentinization, if it starts, always tends to 
go to completion is significant for geophysical model 
calculations in gravity and magnetics surveys (e.g., 
Pedrera et al. 2017). The combination of self-accelerating 
feedback with the known strain-rate-softening rheology of 
olivine-rich rocks (Faul et al. 2011), leads – exactly as for 
dolomite-for-calcite replacement (Merino and Canals 
2011) – to driving the conversion of replacive serpentine 
growth into displacive veins of serpentine, zebra-like (Fig. 
3A). 

The dynamics just described – the release of Mg+2 plus 
silica, the self-accelerating replacement, and the kinetic-
rheological feedback producing veins – has remained 
hidden from geochemists and petrologists because 
serpentinization reactions proposed in the literature, such 
as  

3Mg2SiO4(Ol) + 4H2O + SiO2(aq) = 
= 2Mg3Si2O5(OH)4(Srp), (eq9) 

and others (Deer et al. 2009, p.213), are routinely 
adjusted conserving Mg between the minerals involved, 
which unintendedly violates petrographic evidence of 
volume conservation and makes it impossible to realize 
that Mg is actually lost to the pore fluid. 

The fact that the serpentine-for-olivine replacement is 
self-accelerating means that serpentinization of an 
ultramafic body takes place roughly simultaneously 
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everywhere, not at a travelling hydration front. 
 

Figure 3. A) Zebra serpentine veins in ophiolite, Val d’Aosta, from 
Merino et al. (2006). B) The serpentine lizardite completely replaces 
an olivine crystal with hourglass and mesh textures. PP light. 
Northern Serpentinite Belt, Dominican Republic. Courtesy of Benoit 
Saumur. The zebra veins in frame A are displacive and result from 
the fact that the serpentine-for-olivine replacement is self-
accelerating. The rheological-kinetic feedback involved is the same 
that produces zebra and breccia-like displacive veins in dolostones 
(Merino et al. 2006; Merino and Canals 20011) 
 
5 Conclusions 
 
Magnesite and talc ore deposits are hosted by burial 
dolostones because they are actually – along with MVT 
ores and dedolomitization – part and parcel of the burial 
dolomitization process, and are driven by the same deep 
Mg-rich brines that drive the dolomitization itself. This is 
seen when mass balances are adjusted on volume (eq 2-
5), not on Mg. 

The huge amount of Mg2+ needed to make burial 
dolomites and their associated magnesium ores is most 
likely provided by serpentinization of peridotites and 
dunites, among the largest alteration process in the crust 
(Evans et al. 2013), which releases up to 40 percent of 
the Mg in olivine upon its replacement by serpentine. 

Volume-adjusted mass balances combined with 
replacement-by-precipitation/pressure-solution leads to 

the discovery that some replacements are self-
accelerating. Two of these, both huge, are dolomite-for-
calcite in dolomitization and serpentine-for-olivine in 
serpentinization of peridotites. The former requires Mg, 
the latter releases it. 
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Abstract. The Cornwallis Pb-Zn district in Canada’s 
Arctic has over 80 base-metal showings, in addition to the 
past-producing world-class Polaris Zn-Pb deposit 
(Paleozoic). The district can be geographically divided 
into regions based on their location relative to the Polaris 
deposit. The majority of showings are hosted in the same 
Paleozoic carbonate rock as Polaris (Thumb Mountain 
Formation), but other strata also contain mineralisation. 
This study uses an integrated multiple in-situ analytical 
approach to establish fluid histories recorded throughout 
the district. Consistent paragenetic, textural, δ18OCarbonate 
(~25‰), and fluid inclusion characteristics (Th and salinity 
80-100°C and 25-30 wt.% NaCl equiv., respectively) 
suggest that a single regional rock-buffered fluid was 
involved throughout the district. Different δ34S values 
among showings, even in the same region, suggests 
independent, isolated sources of sulphur for each 
showing. Shale-normalised REEY patterns of dolomite 
gangue and trace-element concentrations in sphalerite 
are shared within regions, but differ among regions, 
suggesting local stratigraphic influences. Collectively, 
these results indicate that mineralisation was facilitated 
by a single regional fluid that interacted with local strata 
and sulphur sources, and that the size of the Polaris 
deposit was a function of local structural controls, in 
addition to local geological and fluid variation. 
 
1 Introduction 
 
The Cornwallis district in Canada’s Arctic (Fig. 1) has over 
80 MVT mineralised showings in its 450 km by 200 km 
area, including the high-grade Polaris Zn-Pb deposit, 
which closed in 2002 (20.1 Mt at 17% Zn+Pb; Dewing et 
al. 2007). Despite the large economic potential in the 
area, most attention has been paid to Polaris, with little 
attention has been paid to understanding the fluid 
histories of the showings and how they relate to the 
Polaris deposit (e.g., Mitchell et al 2004). Even with the 
amount of work focused on Polaris, there is no consensus 
to the mode of mineralisation (e.g. Dewing et al. 2007; 
Reid et al. 2013). This study uses an integrated multi-
analytical approach to determine the fluid source(s) and 
relative mineral paragenetic histories of the different sites 
for the mineralisation throughout the district. This 
information will then be used to determine and assess 
possible controlling factors among mineralised showings 
and the Polaris deposit.  

  
Figure 1. Cornwallis District geologic map (after Dewing et al. 2007) 
in Canada’s arctic showing highlighted regions for the study and 
representative showings in each.  
 
2 Geologic setting  
 
The Cornwallis district is composed of a thick succession 
of Paleozoic mixed carbonate, clastic, and evaporite 
strata (Franklinian succession) that overlies Precambrian 
basement (Fig. 1; Dewing et al. 2007). The majority of 
showings in the district (42.5%) are hosted in the 
Ordovician Thumb Mountain Formation (Dewing et al. 
2007), a fossiliferous, organic-rich limestone that is 
locally dolomitised. Other showings are hosted in other 
carbonate formations. Tectonically, this area has been 
exposed to numerous Phanerzoic events, including, 
Silurian Caledonian orogeny (Miall 1986), Devonian 
Ellesmerian orogeny (Embry 1991), Carboniferous rifting 
(Sverdrup Basin; Davies and Nassichuk 1991), and 
Cenozoic Eurekan orogeny (Piepjohn et al. 2016). The 
Ellesmerian orogeny is credited as the most probable 
cause of fluid mobilisation related to mineralisation 
(Dewing et al. 2007; Mathieu et al. 2018). However, 
faults, which initially developed during the earlier 
Caledonian orogeny controlled, the spatial distribution of 
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mineralisation at Polaris during the Ellesmerian orogeny 
(Turner and Dewing 2004). 

 
3 Materials and Methods 

 
Representative dolostone samples (n=20) were selected 
from the different geographic regions in the district, for 
comparison. Regions are generalised based on their 
position (north, south, east, west, and central) relative to 
Polaris (Fig. 1). Samples include sphalerite (+/- galena), 
dolomite gangue, and post-mineralisation calcite. This 
study focuses on the sphalerite and dolomite phases. 

The samples were subjected to standard petrographic 
analysis including SEM-EDS imaging and analysis, 
assessment of fluid inclusion assemblages (FIA) with 
follow up microthermometry on FIAs, secondary ion mass 
spectrometry (SIMS) for δ34Ssphalerite and δ18Ocarbonate, and 
laser ablation inductively coupled mass spectrometry (LA 
ICP-MS) for sphalerite and carbonate. 

 
4 Results 

 
The paragenesis in the district is presented in Figure 2 
and can be divided into an early-, main, and late-stage. 
Main-stage mineralisation, the focus of this study, 
consists of dolomite gangue, sphalerite, and galena. 
These three phases are found overprinting and being 
overprinted by each other. Sphalerite can be divided into 
early (Sph1 and Sph2) and main (Sph3) generations. 
Sphalerites 1 and 2 have colliform texture and only 
present in some showings, whereas Sph3 is coarsely 
crystalline and is ubiquitous. Dolomite and Sph3 will be 
the focus of the study in order to compare fluid 
characteristics across the district. 
 

 
Figure 2. Simplified paragenesis of Polaris and the Cornwallis 
district (from Reid et al 2013). 
 

Fluid inclusion microthermometric data for FIAs in 
sphalerite and gangue dolomite yielded homogenisation 
temperatures (Th) that average 101 °C with an unknown 
salinity because of metastability for the northern region; 
88 °C and 28.8 wt. % NaCl equiv. for the eastern region, 
82 °C and 28.9 wt. % NaCl equiv. for the western region, 
and 92 °C and 28.7 wt. % NaCl equiv. for the southern 
region (Fig. 3).  

Gangue dolomite δ18OVSMOW values ranged from 22.8 
to 26.9 ‰ for northern showings, 27.7 to 30.7 ‰ for 
eastern showings, 21.5 to 24.8 ‰ for central showings, 

and 19.7 to 26.4 ‰ for southern showings (Fig. 4). Water-
mineral fractionation equations (Horita 2014) using 
average Th values indicate δ18OH2O values of 3.5 to 7.6 ‰, 
6.8 to 9.8 ‰, -1.0 to 5.7 ‰, and -0.7 to 6.0 ‰, for 
northern, eastern, central, and southern showings, 
respectively.  

Sphalerite δ34S data of the same generation vary for 
each region, and even among showings within the same 
region (Fig. 5). Values in the district range from -4.0 to 
33.5 ‰ (VCDT). When present, Sph1 and Sph2 have 
slightly lighter (~5‰) δ34S values than Sph3. 

Average sphalerite trace element compositions and 
Polaris-normalised are present in Figure 6. In general, 
most elements from the different regions are within an 
order of magnitude of Polaris, with Fe, Ag, Ga, Cu, and 
Pb having the greatest difference (can be more than an 
order of magnitude).  

Shale-normalised REEY patterns of gangue dolomite 
(Fig. 7) fall into two groups: positive slopes (La/Yb<1), 
and negative slopes (La/Yb>1). Southern, western and 
Polaris dolomite patterns have negative slopes, whereas, 
northern, eastern, and non-Polaris central samples have 
positive slopes. Patterns for northern samples are flat. 
Positive Eu and Y anomalies in Polaris gangue minerals 
are also (varying intensities) in western and southern 
dolomite 

 

  
Figure 3. Fluid inclusion data, plotted as FIAs, from sphalerite and 
gangue dolomite show uniform (A) homogenisation temperatures 
and (B) salinities throughout the district. Black line represents range 
in values for Polaris (from Savard et al., 2000). 
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Figure 4. Calculated δ18OH20 values using δ18ODolomite values and 
complementary homogenisation temperatures. 
 

Figure 5. δ34SVCDT values of sphalerite from each region. 
 
5 Discussion 

 
The presence of gangue dolomite with shared fluid 
inclusion characteristics (80-100 °C and 28 wt. % NaCl 
equiv.) and δ18OH2O values (-1 to 10 ‰) for each showing 
indicate the possibility of a single regional fluid being 
present throughout the district. This fluid likely originated 
as seawater and was mobilised by the Ellesmerian 
orogeny, when it equilibrated at depth, acquired elevated 
temperatures and dissolved evaporites to modify the 
isotopic composition. 

The region-specific trace and rare earth element 
characteristics of the gangue dolomite indicate a fluid 
composition strongly influenced by local stratigraphy. The 
negative-sloped dolomites from the south, west, and 
Polaris regions (Fig. 7A) indicate a fluid-dominant, open 
system, whereas the positive-sloped dolomite from the 
east, west and central regions (Fig. 7B) indicates 
inheritance from host dolostone in a relatively closed, 
rock-buffered system (Azmy et al. 2011). 

The distinct δ34S values of sphalerite for each showing 
indicate a shared sulphur source was not dominant 
throughout the district. Local pools of reduced S may 
have controlled the location of smaller showings, 
therefore limiting the extent of mineralisation. A general 
increase in δ34S values from early to later sphalerite may 
indicate the depletion of the initial S source and/or the 

progressively increasing influence of a heavier S source, 
possibly related to the regional fluid. Rayleigh 
fractionation is unlikely because of the relatively open 
fluid-dominant system. 

Geochemical data (fluid inclusion temperatures and 
isotopes) from Polaris has characteristics of both BSR 
and TSR source of S, thereby resulting in contradicting 
mineralisation models (Dewing et al. 2007; Reid et al. 
2013). This can be resolved by a condition whereby a pre-
existing bacterially reduced sulphur pool interacted with a 
regional sulphate-bearing fluid; when the bacterially 
reduced S was consumed, TSR became the dominant 
reduced S source. 

The positive Eu in gangue dolomites may indicate TSR 
processes (Jiang et al. 2015) associated with Polaris. The 
limitation of these Eu anomalies to the Polaris and 
southwest regions may indicate a predominance of TSR 
processes. A possible controlling factor for where TSR 
was able to take place may have be the availability of 
reductants (e.g. organics). However, because these 
anomalies are not restricted to Polaris, it is unlikely that 
this process controlled the successful development of the 
deposit. 

 

 
Figure 6. (A) Average trace-element concentration of sphalerite 
across the Cornwallis district and (B) Polaris-normalised trace 
element concentration of sphalerite throughout the district. 
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It is probable that although all regions experienced a 
generally similar fluid history, local variations in 
stratigraphy and fluids probably were not dominant 
controlling factors in formation of the Polaris deposit. The 
main controlling factor, therefore, must be the ease and 
volume of fluid circulation – fluid flux was simply higher at 
Polaris than elsewhere. The concept of reactivated 
Boothia-aged (Caledonian) faults during the Ellesmerian 
orogeny being the main mineralisation control in the 
district (Turner and Dewing 2004) is the most reasonable 
explanation for the size and grade of the Polaris deposit. 
The relatively lower mobility of fluid at the other showings 
resulted in less mineralisation, which may also have been 
limited by the local volume of initial sulphur, even though 
the regional fluid that was responsible for mineralisation 
was everywhere the same as Polaris. 

 
 

 
 
Figure 7. Average shale-normalised REEY plots for gangue 
dolomite throughout the district (two showings in each region) that 
can be grouped into two patterns (A and B), with the exception of 
northern showings (shown in both). PAAS values from Pourmand et 
al. (2012). 
 
6 Conclusions 

 
Despite similar host rocks, paragenesis, fluid 
characteristics, and timing throughout the Cornwallis 
district, the Polaris deposit stands out in size. The most 
probable control on mineralisation in the district is the 

presence of isolated sulphur pools that were present, in 
various abundances, at the time of regional migration of 
the mineralising fluid. Local variation in stratigraphy was 
probably the reason for the varied trace element 
concentrations in sphalerite. The main controlling factor 
for the size of the Polaris deposit must have been the 
position of mineralisation relative to reactivated faults 
during the main fluid mobilisation event (i.e. the 
Ellesmerian orogeny), which supports the topographic 
fluid-flow model for carbonate-hosted Zn-Pb deposit 
formation (MVT; Garven 1995). 
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Abstract. The Taivaljärvi Ag-Zn-Pb-Au deposit is 
located in the Archean Tipasjärvi greenstone belt (TGB) 
in eastern Finland. The deposit is hosted by strongly 
altered felsic meta-volcanic rocks and has silver as its 
main commodity. Geochemical characterization of the 
host sequence (Koivumäki Formation) was carried out 
using lithogeochemical data, normative mineralogy 
plots, mass-balance calculations, alteration indexes 
and petrographic observations. For this purpose, 
samples from different profiles across the TGB were 
analyzed for whole-rock geochemistry. The main 
alteration processes are sericitization, chloritization and 
silicification. Felsic rocks from the mine area are of FII 
affinity, gently sloping REE patterns, La/YbN ratios of 
5.5-7.99, moderate Zr/Y ratios, intermediate HFSE 
concentrations and negative Eu anomalies (0.35-0.55). 
They show considerable mass gains in K2O, SiO2, MgO, 
and metals (e.g. Ag, Pb, Zn, Au), moderate FeO mass 
gains and depletion in Na2O and CaO. Once fertile 
areas were delineated, they were contrasted against 
areas of yet unproven fertility. Areas of lesser and 
greater potential for mineralization styles similar to 
those of Taivaljärvi deposit were subsequently 
identified. 
 
1 Introduction 
 
The Taivaljärvi Ag-Zn-Pb-Au deposit is located in the 
Archean Tipasjärvi greenstone belt, which is part of N-
S-trending Tipasjärvi-Kuhmo-Suomussalmi (TKS) 
greenstone complex in eastern Finland. The deposit is 
hosted by strongly altered felsic metavolcanic rocks and 
has silver as its main commodity. It is characterized by 
a low content of sulfide minerals (<5%), disseminated 
and vein-type ore textures, and well-defined alteration 
zones (Papunen et al. 1989). Two models have been 
proposed for the formation of the Taivaljärvi deposit. 
Kopperoinen and Tuokko (1988) describe the deposit 
as a volcanic hosted exhalative (VMS) type, whereas 
Papunen et al. (1989) and Lindborg et al. (2015) favor 
a low-sulfidation epithermal type of ore formation. Both 

models emphasize the role of hydrothermal fluids in the 
metal enrichment. The Nimbus Ag-Zn-(Au) VHSM 
deposit in the Yilgarn Craton of Western Australia 
shares many features with the Taivaljärvi deposit, such 
as a quartz-carbonate-sericite dominated alteration 
assemblage, pyrite, sphalerite and galena as well as 
some Ag-Sb-Pb-Bi sulfosalts in the sulfide 
mineralization and a similar geotectonic setting. This 
deposit has been interpreted as a hybrid VHMS-
epithermal deposit resulting from low temperature and 
shallow water conditions (Hollis et al. 2017, Caruso et 
al. 2018) 

 

Figure 1. Detailed geological map of the Tipasjärvi greenstone 
belt after Pietikäinen et al. (2008), as modified by Lindborg et al. 
(2015) with the location of the main areas of this study added. 1: 
Koraminvaara. 2: Mine. 3: South Jäkäläsuo. 4: Koivumäki. 5: 
Katajasuo. 6: Kivisuo-Talassuo. 7: Lapasuo. 8: Palovaara. 
 

Volcanic lithogeochemistry is a powerful tool in the 
exploration for volcanic-hosted massive sulfide (VHMS) 
deposits (Piercey 2009). The combination of 
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lithogeochemical data together with mass balance 
calculations, normative mineral plots, alteration 
indexes, and geological and geophysical data allow 
exploration targets to be easily contextualized within a 
VHMS system. 

The purpose of this study is to make a geochemical 
characterization of the host rock unit of the Taivaljärvi 
Ag-Zn-Pb-Au deposit across several areas of the 
Tipasjärvi Greenstone Belt (TGB) in order to identify 
potential areas for new discoveries in the belt.  

The study began with an extensive sampling 
campaign performed during the summer of 2018 as part 
of Sotkamo Silver’s brownfield exploration program. 
Sixty-five samples were selected for whole-rock 
geochemical analysis and 19 for thin sections. 

Observations were made by studying thin sections 
under polarized optical microscope and calculating 
normative alteration mineralogy based on whole-rock 
geochemical analyses. A least altered sample was 
chosen as a precursor for mass-balance calculations. 
Trace element geochemical analysis and fertility plots 
for VHMS deposits in rhyolites were applied. Samples 
from different parts of the mine were used as a frame of 
reference for fertile areas. Their compositions were 
compared with those of samples from other profiles in 
an attempt to delineate areas of potential new silver ore 
discoveries. 
 
2 Geological background 
 
The Taivaljärvi Ag-Zn-Pb-Au deposit is located in the 
central part of the Tipasjärvi Greenstone Belt (Fig.1). 
The ore deposit is hosted by felsic metavolcanic rocks 
in the upper part of the Koivumäki Formation. The 
orebody crops out at the surface has a size of 40x400 
m and  a lens-shaped structure. It dips 65° to southeast, 
plunges 60° to south-southwest and extends at least to 
a depth of 600 m (Papunen et al. 1989). Geophysical 
“Sampo” surveys indicate that the mineralized zone may 
even go down to a depth of  about 2 km (Lindborg et al. 
2015). The Taivaljärvi deposit has been interpreted as 
part of an isoclinally folded antiform structure, lying in 
the eastern flank of the antiform. With a cutoff grade of 
30 g/t Ag, the current resource estimate amounts to 6.6 
Mt of measured and indicated resource with additional 
4.3 Mt of inferred resource. 

 
3 Alteration 
 
The rocks studied range from intermediate to felsic 
metavolcanites and quartz-kyanite rocks of which the 
latter are interpreted in previous studies as a 
metamorphosed bleached lithocap (Papunen et al. 
1989). Most of the samples show a high degree of 
alteration following sericitization trends (Fig. 2) and few 
show evidences for chloritization. Moreover, when 
heading eastwards, samples start showing strong 
silicification as well as paragenetic Al-bearing minerals 
such as staurolite, kyanite, garnet and no mafic phases. 

Normative alteration mineralogy was calculated 
based on the program developed by Kackstaetter 

(2014) and then used to construct ternary diagrams 

allowing to assess alteration processes, such as 
sericitization, chloritization and silicification (Fig. 3). 
 
Figure 2. Na/Al vs K/Al molar ratio diagram (modified after Davies 
and Whitehead 2006). Circled area represents the least altered 
zone. 
 

Figure 3. a: Qtz-Src-Ab ternary plot that shows sericitization and 
silicification processes.  b: Ab-Src-Chl ternary plot that shows 
sericitization and chloritization processes. c: Qtz-Src-Chl 
integrated plot that shows silicification, sericitization and 
chloritization processes. Circled areas represent those of relatively 
less alteration. 
 
4 Trace element geochemistry and fertility 

evaluation 
 
4.1 REE patterns 
 
Figure 4 shows selected chondrite-normalized rare 
earth element patterns for samples from the mine area, 
representing the mineralized zone and the hanging-wall 
and footwall rocks. They show steep LREE, flat HREE 
and a pronounced Eu anomaly, being similar to the 
patterns reported from Archean mineralized felsic rocks 
such as the Wabigoon and Abitibi belts (Lesher et al. 
1986). Samples from the Koivumäki and Kivisuo-
Talassuo profiles share a similar REE signature but 
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those from Lapasuo are characterized by flat to slightly 
LREE-depleted REE patterns and low REE and HFSE 
abundances.  

Samples from the Koraminvaara and Katajasuo 
profiles have a lower level of YbCN than the previous 
profiles (Fig. 5) and they do not show strong a negative 
Eu anomaly. 

Figure 4. REE profiles of samples from the mine area. AC-63: 
Hanging-wall, AC-64: Mineralized zone, AC-65: Footwall. 
Normalized values after Taylor and McLennan 1985 in Rollinson 
1993. 

 
Samples from Palovaara profile have not only a low 

level of YbCN, but also a steep REE pattern, with high 
La/YbCN and depletion in HREE. 

According to MacLean and Hoy (1991) some 
alteration processes might affect the distribution and 
concentration of LREE. For instance, chloritization may 
cause the rocks lose REE and sericitization gain REE. 
This is because REE are leached from high-
temperature Fe-rich chlorite alteration zones and 
deposited in lower temperature quartz-sericite zones.  

 
4.2 Fertility plots 
 
Fertility was assessed according to the methodology 
described in Lesher et al. (1986) and Hart et al. (2004). 
Most of the samples fall into the FII category (Fig. 5). 
Footwall, deposit and hangingwall rhyodacite samples 
all fall in this category, and show moderate Zr/Y values 
of 3.35-9.73, [La/Yb]CN of 5.53-7.99, Eu/Eu* of 0.35-
0.55 and intermediate HFSE contents. 

Other areas such as Koivumäki and South 
Jäkäläsuo, show similar trace element characteristics to 
those of the mine area. The Kivisuo-Talassuo samples 
show also FII trends whereas the Lapasuo samples, fall 
into the FIV category, consisting of rhyodacites, 
rhyolites and high-silica rhyolites characterized by flat to 
slightly LREE-depleted REE patterns and low REE and 
HFSE abundances. 

On the other hand, the Koraminvaara and Katajasuo 
samples fall near the edge of the FII field but they have 
a lower level of YbCN than the previous profiles. The 
Palovaara samples have not only a small Yb content, 
but also a steeper REE pattern, with higher La/YbCN 
ratio. 
 
Figure 5. Fertility of felsic volcanic rocks hosting VHMS after Hart 

et al. (2004). 
 

In summary, the Kivisuo-Talassuo and Lapasuo as 
well as Koraminvaara areas show similar trace-element 
characteristics to those from the silver mine, 
representing areas of higher potential of new discovery. 

 
5 Mass Balance Calculations 
 
In mass-change calculations, sample AC-6 from the 
Koraminvaara profile was considered as the precursor 
after petrographic, normative alteration mineralogy and 
major/trace elements geochemical evaluations. Mass 
changes were calculated using the single precursor 
method outlined by MacLean and Kranidiotis (1987) and 
Barrett MacLean (1994). Aluminum was chosen as the 
least mobile element for the enrichment factor. 

 

Figure 6. ∆K2O [wt. %] vs ∆SiO2 [wt. %] showing silicification, 
sericitization + silicification, sericitization (src) + chloritization and 
total sericitization alteration processes (modified after Buschette 
and Piercey (2016). 

 
Positive ∆K2O values are clearly highest in the mine 

area, correlating well with positive ∆Zn, ∆Ag and ∆MgO 
values and moderately well with ∆SiO2 and ∆FeOT. This 
area also shows one of the greatest depletions in 
∆Na2O (Fig. 6). The Lapasuo and Kivisuo-Talassuo 
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areas display a similar behavior, which could indicate 
potential anomalies related to the same type of 
mineralization. 

Some samples from the Lapasuo profile (AC-43, AC-
44, AC-45) show a trend towards the same behaviour 
as that of the Silver Mine. Furthermore, it is observed as 
well that samples AC-31, AC-26 and AC-27 from 
Kivisuo-Talassuo profile are on the field of interest. 
 
6 Conclusions 
 
The main alteration processes on the host unit are 
sericitization, chloritization and silicification with 
different degrees of intensity. 
The rocks from the mine area are characterized by FII 
affinities, gently sloping REE patterns with La/YbN ratios 
of 5.5-7.99, moderate Zr/Y ratios, intermediate HFSE 
concentrations and negative Eu anomalies (0.35-0.55). 
They show gains in K2O, SiO2, MgO, and metals (e.g., 
Ag, Pb, Zn, Au), moderate gains in FeO and depletion 
in Na2O and CaO. After integrating the trace-element 
geochemical data, alteration indexes and normative 
alteration mineralogy plots, and mass-balance 
calculations, the Lapasuo and Kivisuo-Talassuo areas, 
followed by Koraminvaara were identified as those of 
the highest discovery potential of silver ore. 
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Abstract. In 2011, Miedzi Copper Corp. initiated an 
exploration programme focused on deep Cu-Ag deposits 
in the Fore-Sudetic Monocline. The exploration target 
initially comprised 21 concessions. Their boundaries 
were based on known prognostic areas in the vicinity of 
palaeo-elevations and contacts between oxidised and 
reduced facies. During the first stage of the exploration 
programme, historical drill cores were analysed and 
samples were collected for further examinations, 
including organic geochemistry and the Rock Eval 
method. In some regions it revealed so-called strong 
Rote Fäule, a facies usually associated with high grade 
copper mineralisation. Also, geophysical data 
reprocessing was performed using an innovative method 
of effective reflection coefficients. Due to the results of 
this stage, the number of concessions was reduced in 
order to focus on the most promising areas. The drilling 
programme started in 2013. After its initial results, the 
operations continued in 6 concessions with the highest 
grade of ore. The exploration programme has led to the 
discovery of three deep Cu-Ag deposits in the Fore-
Sudetic Monocline: Mozów, Sulmierzyce and Nowa Sól. 
The performed economic analyses proved that profitable 
mining operations in all three deposits are possible using 
modern extraction technologies. 
 
1 Introduction 
 
Copper supply from easily accessible deposits is recently 
decreasing due to the depletion of shallow, high grade 
reserves, both in porphyry and sediment-hosted deposit 
types, and due to the growing costs of copper extraction 
(Zieliński and Speczik 2017). Moreover, technological 
progress enables major companies to perform successful 
mining operations at greater depths (Addison et al. 2012, 
Zieliński et al. 2017). With growing demand for copper, it 
is much more justified to extract higher grade ore from 
deeper deposits, than lower grade ore from the shallower 
ones. For that reason, the exploration begins to target 
deeper mineralisation which in the near future will be a 
subject of economically reasonable extraction. 

Therefore, in 2011 Miedzi Copper Corp. started a 
greenfield exploration programme in the northern part of 
the Fore-Sudetic Monocline in SW Poland. Copper-silver 
deposits in this region are of the stratiform sediment-
hosted type, occurring in a contact zone between the 
continental red beds (Rotliegend) and Zechstein marine 
sediments. The ore-bearing series consists of white 

sandstones (Weissliegend), Kupferschiefer shales and 
Zechstein limestones (Oszczepalski 1989). The central 
part of the Fore-Sudetic Monocline is a well-known 
mining area (the Legnica-Głogów Copper District) where 
operations focused on deposits at depths between 700 
and 1000 metres below ground level. However, deeper 
Cu-Ag mineralisation, occurring up to 1300 meters below 
ground level, have recently become a subject of interest. 
Miedzi Copper Corp. is focusing its exploration 
programme on targets where the ore occurs deeper than 
1500 metres, with the potential for future extraction of rich 
deposits (Speczik et al. 2013; Zieliński et al. 2017). 

 
2 Assumptions of the exploration project 
 
The occurrence of Cu-Ag ore in deep parts of the Fore-
Sudetic Monocline was noted for the first time in 1956; 
however, at this time the possibility of its development 
was not considered. Further investigation based on the 
re-examination of core samples and drilling data from 
deep oil and gas wells ultimately allowed the demarcation 
of Cu-Ag prognostic areas within deep parts of the Fore-
Sudetic Monocline (Oszczepalski and Speczik 2011; 
Oszczepalski et al. 2012). 

Miedzi Copper Corp.’s programme was focused on 
deep parts of the Fore-Sudetic Monocline, which had not 
previously been an object of interest of other companies 
(Zieliński et al. 2017). In 2011, Polish Ministry of 
Environment granted the company 21 prospecting 
concessions on the Fore-Sudetic Monocline. The 
concessions were selected based on several criteria, 
most importantly the vicinity of Permian palaeo-
elevations (Wolsztyn and Szprotawa domes) surrounded 
by contacts between oxidised and reduced facies. High 
grade copper mineralisation is very likely to occur in 
places where transgressive, epigenetic and oxidising 
Rote Fäule facies contacts reduced sediments 
(Oszczepalski and Rydzewski 1997; Pieczonka et al. 
2007). The areas with prognostic copper mineralisation 
demarcated by the Polish Geological Institute 
(Oszczepalski and Speczik 2011) were also considered 
while establishing the boundaries of exploration targets. 

 
3 Investigation of historical data and 

geological materials 
 
The first stage of Miedzi Copper Corp.’s exploration 
programme involved the examination of historical drill 
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core samples. These studies were carried out in core 
repositories of the National Geological Archive and 
PGNiG – Polish oil and gas company, and included the 
review of rock material from a total of 411 boreholes. 
Samples from 216 selected boreholes were a subject of 
extensive laboratory examination. Miedzi Copper Corp. 
collected 2559 samples for lithogeochemistry analyses 
and 1081 samples for petrological and mineralogical 
studies, with simultaneous examination of organic matter 
geochemistry. This constituted the first research-based 
determination of future copper and silver drilling targets 
in deep parts of the Fore-Sudetic Monocline. 

In addition, the company performed the reprocessing 
of geophysical data, which involved examining 24 000 
gravimetric points and more than 1700 km of seismic 
sections. Seismic data was reprocessed using the 
method of effective reflection coefficients (Speczik et al. 
2012). It allows transforming a conventional seismic 
image into an impulse form of seismic records, meaning 
a temporal sequence of coefficients, whose sections can 
be correlated with the logs of historical boreholes in order 
to trace the course of lithological series. This method is 
useful for establishing the location of major structural 
features like faults, which are the crucial components of 
a mineralising system. The identification of certain major 
tectonic deformations forced the company to modify its 
exploration programme for the first time, in order to focus 
on zones where the probability of finding abundant 
mineralisation was higher. 

Moreover, in two of its concessions the company 
carried out experimental field studies using the 
magnetotelluric method, with a total profiling length of 27 
km. The results of magnetotelluric surveying were not 
accurate enough to trace the macro trends of copper 
mineralisation at depths exceeding 1500 metres. For this 
reason, the company decided to discontinue the use of 
this method. 
 
4 Results of geochemical analyses 
 
The analyses of archival core samples included a wide 
range of specialised examinations of organic matter. 
Their results show positive correlation between the 
occurrence of orebodies and pervasiveness of the 
alteration of organic matter in rocks hosting the ore 
(Oszczepalski and Speczik 2009, Zieliński et al. 2017). 
Oxidised rocks are depleted of organic carbon and exhibit 
a lower hydrogen index, while their vitrinite reflectance 
index, thermal maturity and oxygen index are elevated 
(Table 1) (Sawłowicz 1993; Speczik 1994). Moreover, 
dominant components of organic matter in copper-
bearing shale include macerals from the liptinite group, 
with vitrinite and inertinite group macerals occurring in 
minor amounts (Speczik and Pütmann 1987). 

Furthermore, Miedzi Copper Corp. performed organic 
matter decomposition tests on the collected core samples 
using the Rock-Eval pyrolysis. Results showed the 
presence of strong Rote Fäule in prognostic and 
prospective areas. High grade copper mineralisation is 
usually directly correlated with strong Rote Fäule zones 
(Oszczepalski and Speczik 2009), thus the identification 

of such alteration became a strong argument in favour of 
further exploration in selected areas. 
 
Table 1. Differences in the parameters of organic matter between 
mineralised zones and oxidised zones of the Fore-Sudetic 
Monocline (after Sawłowicz 1993, Speczik 1994). TOC - total 
organic carbon, HC - hydrocarbons, Ph/ΣMePh – 
phenanthrene/total methylphenanthrene ratio, Vr - vitrinite 
reflectance. 

Cu-bearing shales Mineralised zones Oxidised zones (RF) 

TOC [%] 12.6 4.6 
HC/TOC 0.015 0.004 
Saturated HC/ 
aromatic HC 0.71 0.29 

S in bitumines [%] 2.1 3.1 
Ph/ΣMePh 0.9 2.2 
Vr [%] 0.7 1.1 
H/C in kerogen 0.89 0.44 
O/C in kerogen 0.16 0.12 
 

5 Drilling programme and its results 
 
Based on the results of the above-mentioned analyses, 
more precise boundaries of prospective areas were 
established (Oszczepalski et al. 2016). Furthermore, 
Miedzi Copper Corp. amended some of its concessions 
before the initiation of drilling operations. The company 
decided to resign from areas where the base of Zechstein 
was particularly deep and initial investigation of 
mineralised intervals indicated low grades. Before the 
commencement of drilling, the only available data about 
Zechstein base in deep parts of the Fore-Sudetic 
Monocline originated from oil and gas wells. 

Of the 32 holes drilled in the years 2013-2019, 24 
produced positive results in terms of Cu-Ag grade. 
Moreover, all boreholes led to more precise identification 
of boundaries between major oxidised fields and reduced 
zones. After the initial phase of drilling, certain 
concessions were reduced in area in order to focus on 
the richest, the most prospective parts – the so-called 
“sweet spots”. Effectively, the operations continued in 6 
most promising concessions (Nowa Sól, Wilcze, Zatonie, 
Jany, Mozów-1 and Sulmierzyce). As a result of its drilling 
operations, Miedzi Copper Corp. has discovered 3 
stratiform Cu-Ag deposits in Poland – Nowa Sól, Mozów 
and Sulmierzyce, lying within the boundaries of all six 
aforementioned concessions. 
 
6 Geology – new aspects 
 
The drilling results indicate that the general ore 
distribution and zonation are similar to the Legnica-
Głogów Copper District, with the ore-bearing zones being 
adjacent to oxidised fields. The biggest differences 
involve narrow zones of very intense mineralisation, as 
well as the fact that areas with elevated Pb-Zn content 
are more extensive. Furthermore, in numerous holes lead 
and zinc minerals occur at the same depths as copper 
and silver, instead of forming a separate layer above 
them like in the mining district. This is caused by the 
presence of two sources of mineralising fluids: the 
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Szprotawa and Wolsztyn elevations, which resulted in the 
mixing of brines and a more polymetallic nature of 
mineralisation. An example of this can be seen in Figure 
1, which shows selected core samples from the Nowa Sól 
C14B hole, along with the results of chemical analyses of 
the whole ore-bearing interval. 
 

 
 

Figure 1. Example of Lower Zechstein profile from the Nowa Sól 
C14B borehole with results of chemical analyses and ore 
mineralogy. Orange line represents copper grade, blue line 
represents polymetallic copper equivalent grade (Cu+Ag+Pb+Zn) 
calculated using the formula of Zieliński and Wierchowiec (2018). 
Lithostratigraphic abbreviations: A1d – Lower Anhydrite; Ca1 – 
Zechstein Limestone; T1 – Copper-bearing shale (Kupferschiefer); 
BS – Weissliegend. Photomicrograph abbreviations: sp – sphalerite; 
gn – galena; ccp – chalcopyrite; py – pyrite; bn – bornite; cc – 
chalcocite; cv – covellite. 
 
6.1 The Mozów deposit 
 
The Mozów deposit is characterised by the deepest 
mineralised interval that occurs at the depth from 2100 to 
2700 metres below ground level. The location of the 
deposit is shown in Figure 2A. Currently, the estimated 
resources are 4.4 million tonnes of Cu and 7.3 thousand 
tonnes of Ag in Polish category C2 (an equivalent of 
indicated resources), with average thickness of 2.45 
metres and average copper content amounting to 2.42%. 
Additional resources in category D1 (inferred) are 8.4 
million tonnes of Cu and 11.9 thousand tonnes of Ag. 
Despite the depth, according to a technical report 
prepared by Runge-Pincock-Minarco, mining operations 
in this deposit are economically justified. The estimated 
production costs are US $ 2705 per 1 tonne of copper 
with underground milling or US $ 2765 per 1 tonne with 
conventional milling (Goodell et al. 2017). All calculations 
for this and the following deposits are based on an 

expected average copper price of US $ 3 per 1 pound in 
a 10-year period. 

 

 
 
Figure 2. Miedzi Copper Corp.’s concessions and boundaries of 
resources calculated in Polish categories C1+C2. Geochemical 
zonation and prospective areas are based on Oszczepalski and 
Speczik (2011) and Oszczepalski et al. (2016). 
 
6.2 The Nowa Sól deposit  
 

The Nowa Sól deposit partially overlaps 4 concession 
areas: Nowa Sól, Jany, Zatonie and Wilcze (Figure 2A). 
The depth of the mineralised interval in that deposit varies 
from 1500 to 2400 metres below ground level. The 
demarcation of this deposit was a true greenfield 
discovery, as there had been no historical boreholes in 
the Nowa Sól concession, with no archival cores to 
examine before the initiation of Miedzi Copper Corp.’s 
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drilling programme. Currently, the estimated resources in 
categories C1+C2 (indicated and measured) are 7.0 
million tonnes of Cu and 17.8 thousand tonnes of Ag, with 
average thickness of 3.40 meters and 1.40% of copper. 
Additional 4.5 million tonnes of Cu and 11.0 thousand 
tonnes of Ag are calculated in category D1 (inferred). 
According to the technical report, mining operations in 
this area are also possible from an economic point of 
view. The estimated production costs are US $ 2670 per 
1 tonne of Cu with underground milling or US $ 2698 per 
1 tonne with conventional milling (Goodell et al. 2017). 
Geological documentation of the Nowa Sól deposit 
fulfilling the requirements of Polish law is in the final stage 
of preparation and it will be presented to the Minister of 
Environment in 2019. After the Minister’s approval it will 
be possible to apply for a mining licence. 
 
6.3 The Sulmierzyce deposit 
 
The mineralised interval of the Sulmierzyce deposit lies 
between 1400 and 2000 metres below ground level. The 
location of the deposit is shown in Figure 2B. The current 
estimated resources in categories C1+C2 (indicated and 
measured) are 4.7 million tonnes of Cu and 10.5 
thousand tonnes of Ag with average thickness of 1.87 
metres and 2.93% of copper. Resources in category D1 
(inferred) are 5.4 million tonnes of Cu and 13.2 thousand 
tonnes of Ag. According to the technical report, future 
mining operations are also economically justified. The 
estimated production costs are US $ 2429 per 1 tonne of 
Cu (Bohnet 2017). Geological documentation of this 
deposit is also in preparation and it will be conveyed to 
the Minister of Environment in the middle of 2019. 
 
7 Summary 
 
Calculations have proved that mining operations in all 
deposits discovered by Miedzi Copper Corp. are 
economically profitable for the assumed average copper 
price of US $ 3 per 1 pound. Underground extraction 
should focus on copper ore of the best quality and highest 
grade. Currently available mining techniques are 
sufficiently developed to meet the challenge of building a 
deep copper and silver mine on discovered new Polish 
deposits of the Fore-Sudetic Monocline. The construction 
of mines in these areas is determined by the introduction 
of modern mining techniques of shaft sinking, waste 
management and air conditioning (Addison et al. 2012; 
Bohnet 2017; Goodell et al. 2017; Zieliński and Speczik 
2017). Miedzi Copper Corp.’s drilling operations are 
currently continuing in the Nowa Sól area with the 
purpose of increasing the amount and accuracy of 
resources which will be disclosed in the annex to the 
geological documentation of this deposit. 
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