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Abstract. The shallow submarine environment is known 
to be prospective for precious- and base-metal 
mineralization (e.g. Eskay Creek). Recently emerged 
volcanic-hydrothermal systems provide an ideal location 
to understand the influence of emergence on submarine 
systems. This study integrates hyperspectral airborne 
and handheld shortwave infrared (SWIR) spectroscopic 
techniques, with geological observations and mineralogy 
(XRD). Mineral mapping on Milos reveals a previously 
unrecognized alunite-kaolinite topographically controlled 
steam-heated horizon. We suggest hydrothermal activity 
was contemporaneous with emergence, and can 
potentially be used to track the paleo-shoreline. 
Downhole SWIR data from the shallow submarine 
Profitis Ilias low-sulfidation Au-Ag deposit displays 
pervasive alunite-kaolinite overprinting on the original 
argillic assemblage. Preliminary ratios between the 
brightness of the ~1.48 µm feature and ~1.76 µm in the 
SWIR may infer crystallographic order with increasing 
temperature. We conclude that the shallow submarine 
environment can be deleterious to ore preservation. 
 
1 Emergent volcanoes 
 
Recently emerged volcanic-hydrothermal systems 
provide a geologically young and accessible laboratory 
to study the interaction between the discharge of 
thermal fluids and landscape evolution as volcanism 
transitions from submarine to subaerial. Ore forming in 
the shallow (<1500 m) submarine environment can 
contain significant Au, Ag, Pb, Zn and Cu (e.g. Eskay 
Creek). Emergent volcanic islands such as those found 
in the Aegean and Aeolian arcs, are limited to <500 m 
and <1000m water depths respectively. The overlying 
water column modifies the depth-to-boiling of thermal 
fluids (e.g. Sherlock et al. 1999), which are subjected to 
dynamic processes in the steep submarine landscape 
(Smith et al. 2018). 

Remote sensing imagery (SWIR; 1.00-2.43 µm) has 
demonstrated its effectiveness in the discovery of ore 
deposits at a range of scales (e.g. Kruse et al. 2012). 
Distinctive wavelength profiles and major absorption 
features assist in differentiating groups significant to 
exploration including clays, sulfates and micas at 2.2-2.3 
µm associated with Al-OH, Mg-OH and Fe-OH bonding. 
Alteration zoning within volcanic-hydrothermal and 
geothermal systems can infer conduits for thermal fluid 
flow (e.g. Simpson and Rae 2018) and level of erosion 
(e.g. Márton et al. 2010).  

This study evaluates the use of spectroscopy at 
different scales (airborne survey, drill core and hand 
samples) to understand landscape evolution using the 
advanced argillic footprint on the emerged volcanic 
edifice of Milos island, Greece. 
 
2 Milos island, Greece 
 
The island of Milos has on-land exposures of young 
calc-alkaline volcanic activity (3.5 – 0.1 Ma; Fytikas et 
al. 1986; Stewart & McPhie 2006) associated with a 
range of mineralization styles and alteration products. It 
is centrally located within the South Aegean Volcanic 
Arc (SAVA; Fig. 1) and transitioned to subaerial eruptive 
activity 2.18 – 1.44 Ma (Fytikas et al. 1986; Stewart & 
McPhie 2006). The SAVA formed from back-arc 
extension initiating 35 – 30 Ma (Walcott and White 1998; 
Jolivet and Faccenna 2000), after the convergence of 
the African plate beneath the Aegean microplate. 

Basement exposures of Cyclades metamorphic core 
complex is widely overlain by Miocene and Lower 
Pliocene sediments and late Pliocene volcanism in the 
form of lava domes, pumice breccia, tuff and dacitic 
cryptodomes (Fytikas et al. 1986). Intensely altered 
volcanics result in abundant non-metalliferous deposits 
on the island including bentonite (Christidis 1995), and 
kaolinite (Fig. 1).  

 

 
Figure 1. Inset map displays location of Milos in the SAVA. Milos 
comprises monogenetic lava doming and a wide range of 
mineralization styles. Adapted after Stewart and McPhie (2006). 

 
Exposed metal mineralization is greatest on western 
Milos, including marine exhalative Mn at Vani (Kilias 
2012) epithermal Au-Ag at Profitis Ilias and Chondro 
Vouno (Kilias et al. 2001; Naden et al. 2005); and Zn-
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Pb-(Ag) deposits at Triades-Galana (Marschik et al. 
2010). The metallogenic evolution of these varied 
minerals deposits is summarized in Alfieris et al (2013). 
Eastern Milos has an active geothermal system with 
expressions in the shallow submarine and terrestrial 
environments (Valsami-Jones et al. 2005), where active 
venting, fumaroles, steam caves and thermal springs 
are within close vicinity to paleosurfaces.   
 
3 Methods 
 
This study utilizes a high-resolution airborne survey 
(Specim AISA Eagle/Hawk 970-2450 nm scanner) flown 
by NERC Airborne Research & Survey Facility (ARSF) 
in 2012 over the island of Milos (project EM10/02) to 
map hydrothermally altered rocks by their spectral 
signature, through measuring the reflected 
electromagnetic radiation in the short-wave infrared 
(SWIR) region (1.60-2.43 µm). The dataset is integrated 
with an airborne LiDAR (Light Detection and Ranging) 
digital elevation model (DEM) providing a high spatial 
resolution (2 m) topographic dataset of Milos. Abundant 
rock exposure combined with the dry summer climate 
makes Milos an ideal location to mineral map with 
ENVI’s Spectral Angle Mapper (SAM) tool. The dataset 
was groundtruthed by field observations, laboratory 
spectroscopy measurements (ASD) and bulk mineralogy 
conducted at the British Geological Survey (X-ray 
diffraction; XRD). Selected samples were further 
scanned using Corescanner’s in-house Hyperspectral 
Core Imager II (HCl-2) in Perth, WA. 

 
4 Spectroscopic mapping: alunite-kaolinite 
 
Alunite [KAl3(SO4)2(OH)6], a sulfate mineral in the 
advanced argillic assemblage, is found in both volcanic-
hydrothermal and geothermal systems (Hedenquist et 
al. 2000). It forms in a range of environments (Deyell 
and Dipple 2005) including supergene settings (~30°C) 
to epithermal conditions: steaming ground (~110-
140°C), magmatic steam (200-300°C) and magmatic-
hydrothermal fluids (~200-340°C). Alunite has diagnostic 
absorption features at ~1.76 µm, ~2.16-2.17 µm and a 
doublet at ~1.44-1.36 µm and ~1.47-1.48 µm in the 
SWIR part of the electromagnetic spectrum (Kokaly et 
al. 2017). Wavelength shifts at ~1.76 µm reflect cation 
substitution between potassium, sodium and calcium 
(Bishop and Murad 2005). 

 
4.1 Island scale 
 
Combining mineralogy (ASD and XRD), field 
observations and reflectance from hyperspectral 
airborne imagery, mineral mapping reveals a 
widespread alunite-kaolinite alteration on western Milos. 
The assemblage typically contains heterogeneous 
amounts of alunite (30-70%), kaolinite (<10%) and silica 
(30-70%), likely a function of permeability of the volcanic 
host. The alteration is near-white, fine-grained (<50 µm), 
friable and pervasively overprints original volcanic 
fabrics. The horizon varies in thickness (< 10 m), with 

the base not often observed unless actively quarried. It 
is often capped by frequently massive but locally 
laminated silicified volcanics (amorphous silica, opal-C 
or opal-CT; XRD), When integrating the sample 
locations with the DEM (Fig. 2), the alunite-kaolinite 
assemblage is situated ~130-170 meters above current-
day sea level (asl). 

 
Figure 2. Alunite-rich horizon (blue) crops out ~130-170 m asl, 
identified by ENVI mineral mapping and confirmed by ASD and 
XRD measurements. 
 
4.2 Deposit scale 
 
The Profitis Ilias Au-Ag deposit is located on the western 
peak of Milos island, topographically much higher than 
the island-wide alunite-kaolinite horizon observed on 
western Milos (Fig. 2). Crustiform-banded quartz-
adularia veins host pyrite, galena, chalcopyrite, electrum 
and native gold, within sericitied rhyolitic lapilli-tuffs and 
ignimbrites (Kilias et al. 2005). Limited alteration 
exposures between Profitis Ilias and Chondro Vouno 
consists of quartz, Na- and K-feldspar, mica and minor 
kaolinite (XRD). Downhole SWIR data from PD007 
located near the peak of Profitis Ilias displays alunite 
(both K- and Na-) from surface with mica, to depths 
beyond 70 m (Fig. 3). 
 
4.3 Sample scale 

 
Crystallographic order usually reflects relatively high 
formation temperature (e.g. Oluwadebi 2015). Selected 
alunite-bearing samples (Fig. 2) were scanned to 
determine the ratio between the absorption features at 
~1.48 µm and ~1.76 µm. Control samples of known 
origin (hypogene and supergene) were also scanned 
using Corescan’s HCl-2 to compare to the blind Milos 
alunite samples. The depth of ~1.48 µm absorption 
feature (OH and water) increases with the depth of 
~1.76 µm (OH) feature (Fig. 4), which may reflect 
increased crystallinity with increased absorption. 
Hypogene control samples exhibit the deepest 
absorption features, reflecting relatively higher formation 
temperatures. One sample from Milos lies between the 
hypogene cluster and the lower temperature samples,  
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Figure 3. Downhole data for PD007 drillcore (location Fig. 2) from 
Profitis Ilias Au-Ag deposit on western Milos. Minor alunite Al-OH 
absorption features observed in the Spectral Geologist. Lithology 
adapted from Alfieris (2006). 
 
suggesting that this sample may have been closer to an 
upflow zone or has a magmatic steam origin. Mineral 
mixing affects the amount of free or bonded water, the 
width and depth of diagnostic absorption features, 
resulting in highly variable wavelength profiles. 

 
Figure 4. Linear relationship between the absorption features at 
~1.48 and ~1.76 µm. Control samples displayed for comparison to 
unknown samples from Milos Island. Drainback sample identified 
from field observations after steaming ground waned. 
 
5 Landscape evolution 
 
Integrating the spectroscopic datasets with XRD, the 
western alunite-kaolinite horizon (130-170 m asl) is 
topographically controlled, likely the product of a single 
hydrothermal event. Alunite infers oxidizing conditions 
(Marumo and Hattori 1999) indicating formation likely 
took place from subaerial hydrothermal activity, at or 
after island emergence, possibly reflecting a paleo-
shoreline. Such a horizon overprints the Cuprite low-
sulfidation system in Nevada (Swayze et al. 2014) and 
is indicative of steaming-ground conditions within the 

vadose zone. The silicified cap located directly above is 
likely a paleo-piezometric surface, such as the 
paleowater table. At areas of discharge, the silica 
displays laminations and evidence of fluid upflow. The 
relative inversion of the preserved paleowater table 
above the paleo-vadose zone indicates a preservation 
bias. The inversion is often explained by burial or 
significant landscape incision causing the water table to 
descend, subjecting the rocks above the original water 
table to steam-heated conditions (Sillitoe 2015). Neither 
hypotheses are observed on Milos island. 

Downhole SWIR data from the Profitis Ilias Au-Ag 
deposit displays veining pervasively overprinted by a 
relatively acidic advanced argillic assemblage. 
Steaming-ground conditions during emergence agree 
with fluid inclusion data that suggests mineralisation 
occurred in the shallow submarine environment (Naden 
et al. 2005). Abundant K-feldspar remaining may 
indicate the short longevity of the hydrothermal activity, 
resulting in minimal dissolution of K-feldspar by the 
acidic steam, or rapid uplift of the mineralised block, 
from either faulting or magmatism. Depth-to-boiling 
curves suggest the paleosurface at Profitis Ilias was 200 
m above the present summit (Kilias et al. 2001). Since 
the alunite-kaolinite and silica horizons are usually the 
uppermost unit exposed on western Milos bar magmatic 
centres, this may suggest 200 m of erosion occurred 
prior to emergence in the shallow submarine 
environment. Moreover, the alunite-kaolinite 
assemblage at Profitis Ilias could be a different 
steaming-ground event entirely, due to the presence of 
Na-alunite, assuming no recent tectonic movements. 
The sodic exchange may indicate higher temperatures 
(Deyell and Dipple 2005) or cation exchange with 
seawater, as observed at the Taupo volcanic zone.  

Results of the reflectance ratio of the ~1.48 µm and 
~1.76 µm features may infer crystallographic order with 
increasing temperature. Steam-heated alunite-kaolinite 
horizons form at much lower temperatures (~110-140°C) 
than the hypogene (~200-340°C) control samples (Fig. 
4). Drainback alunite displays the same signature as the 
original steam-heated counterparts, suggesting alunite 
is not mobilized in solution, rather transported already 
once crystallized when hydrothermal activity wanes. The 
supergene control samples cluster around the steam-
heated samples of Milos. This may suggest that the 
vibrational bonds <140°C and subsequent crystallinity 
below this temperature are similar and data cannot be 
further deconvolved. 

 
5.1 Implications of emergence 
 
The steep submarine environment is deleterious to ore 
preservation as suggested by high erosion observed at 
Profitis Ilias prior to emergence and overprinting 
steaming-ground activity. Relative inversion of a 
widespread alunite-kaolinite horizon suggests 
exhumation rates of <10 m post-emergence (1.4my). 
Submarine erosion through mass wasting and collapse 
of volcanic edifices can be an order of magnitude larger 
than subaerial volcanic edifices. Hydrothermal activity 
(i.e. steaming-ground) during or after emergence 
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overprints submarine systems, further complicating 
exploration if remote sensing is used alone. 
 
6 Conclusions 
 
Emergent volcanic-hydrothermal systems display 
pervasive advanced argillic alteration from steaming-
ground activity, related to or directly after emergence 
and can help to deduce landscape evolution. Shallow 
submarine ore deposits can be overprinted by steaming-
ground activity, such as at the low-sulfidation Au-Ag 
Profitis Ilias deposit on western Milos. Remote sensing 
techniques should be integrated with geological 
observations to put mineralization and alteration into the 
correct context. Ratios of the reflectance wavelengths of 
~1.48 µm and ~1.76 µm in the SWIR may infer 
crystallographic order with increasing temperature and 
could offer a faster and cheaper alternative to stable 
isotopes to decipher the origin of alunite. The shallow 
submarine environment is deleterious to ore 
preservation with erosion significant prior to emergence.  
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Abstract. Hydrothermal processes are important 
processes at Mid-Oceanic Ridges (MOR). However, 
limited exposure on the seafloor often restricts complete 
understanding of these complex systems at depth. 
Fossil hydrothermal systems, such as the 
Marmorera/Cotschen system preserved in the Platta 
nappe, SE Swiss Alps, offer insights to decipher the 
hydrothermal architecture and processes. The 
serpentinite-hosted Cu-Fe-Ni-Co-Zn mineralization at 
Marmorera/Cotschen (MCHS) displays a close 
association with mafic intrusions. Mineralogical and 
geochemical investigation allowed to highlight an 
evolution from the fresh serpentinite to Fe-Ca-rich 
silicates to semi-massive sulphides and then to Cu-rich 
massive sulphide. Even if the geometry, mineralogy and 
sulphide geochemistry of the MCHS are close to those 
of ultramafic-hosted black-smokers (e.g., Rainbow) at 
the MOR, the lack of chimneys and the systematic 
association between mineralization and mafic dykes 
suggests that the MCHS likely corresponds to the root 
zone of an ultramafic-hosted black-smoker system. 

 
1 Introduction 
 
Extensional ridge settings are an ideal setting for the 
element mobility related to elevated fluid-rock ratios. 
Fluid circulation during on-going deformation, leaching 
of metals from rocks and subsequent deposition from 
the hydrothermal fluid (source-transport-deposition) lead 
to numerous reactions such as: i) the serpentinization of 
the peridotite mantle at (ultra)slow-spreading ridges, ii) 
the formation of hydrothermal mineralized systems 
(black and white smokers), and iii) the carbonation of 
the mantle seafloor (ophi-calcitization).  

Active hydrothermal vent systems and associated 
seafloor massive sulphides have been recognized in 
oceanic settings, worldwide. At the Mid-Atlantic Ridge, 
these hydrothermal systems have been extensively 
studied through mineralogical (Hannington et al., 1995; 
Marques et al., 2006), geochemical (Herzig et al., 1998; 

Douville et al., 2002) and tectonic studies (McCaig et al., 
2007; McCaig et al., 2010). Unfortunately, the remote 
nature of seafloor deposits often limits understanding of 
the internal hydrothermal architecture and   
characterization of the hydrothermal system involved in 
the metal deposition.   

Magma-poor Ocean-Continent Transitions (OCTs) 
show numerous similarities with slow spreading MOR 
realms; coupled mantle exhumation along detachment 
faults, instauration of mafic magmatism and a high 
geothermal gradient can trigger the development of 
hydrothermal systems. Hence, magma-poor rifted 
margins presently outcropping on land are favorable 
targets for the study of oceanic hydrothermal processes. 
Here we present geometric, petrological and 
geochemical information on a fossil serpentinite-hosted 
hydrothermal system preserved in a fossil hyper-
extended Tethys margin preserved in the Platta nappe, 
Eastern Switzerland. Our first results indicate that it 
closely resembles the oceanic hydrothermal systems 
hosted in ultramafic-rock at slow-spreading MOR, with 
the noticeable advantage to expose the roots of the 
hydrothermal system. 
 
2 Geological context 
 
The Platta nappe is located in the southeastern part of 
the Swiss Alps (figure 1). It represents the OCT of the 
Adriatic margin. During the E-W oriented opening of the 
Alpine Tethys Ocean during the Jurassic, crustal 
breakup triggered exhumation of the sub-continental 
mantle. Mantle exhumation occurred along detachment 
faults rooting towards the west underneath the 
European plate (Froitzheim and Manatschal, 1996). 
Contemporaneous mafic magmatism is related to 
emplacement of gabbroic bodies and the extrusion of 
basalt flows and pillow lavas onto the exhumed mantle 
(Desmurs et al., 2002). U-Pb zircon ages from the 
gabbros yield 161±1 Ma (Schaltegger et al., 2002). The 
deposition of the Radiolarian Chert Formation has been 
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dated between 161 and 147 Ma (Bill et al., 2001) 
assumed to be the end of the rifting phase. During the 
Late Cretaceous tectonic inversion, the subduction of 
the European plate beneath the Adriatic plate induced 
the closure of the Alpine Tethys Ocean. As a result of its 
paleogeographic position, the Platta Nappe escaped 
strong Alpine deformation and metamorphic 
overprinting.   

 
Figure 1. (A) Simplified geological map of western Alps and 
Apennines (B) Geological map of the Platta nappe (Coltat et al., 
2019, modified after Desmurs et al., 2002)  
 
3 Results 
 
3.1 Hydrothermal architecture 
 
The preserved Marmorera/Cotschen hydrothermal 
system (MCHS, figure 2A) is hosted in the serpentinized 
footwall of a detachment juxtaposing mantle rocks and 
basalts, the latter being altered to a greenschist 
assemblage at their base. The system can be traced 
vertically for 600 m with sporadic mineralizations 
recognizable along the cliff exposure. Mineralizations 
occur as thin corridors of reddish altered rocks (figure 
2A) that become thicker upwards exhibiting an overall 
funnel-like structure. At Cotschen, an ancient Cu mine is 
easily accessible. At Snake Pit (figure 2A), the 
mineralized serpentinite is crosscut by sub-vertical 
calcite veins which remobilized the sulphide 
mineralization. This level corresponds to the shallowest 
part of the exhumed mantle where seawater-derived 
fluids interacted with serpentinites to form ophicalcites. 
The Alpine deformation and metamorphic overprint 
appears to be negligible on the mineralized structures.  

Mineralization is spatially associated with mafic dykes 
intruding the serpentinites (figure 2B). A lateral zonation 
of the mineralization can be observed along the mafic 
dyke-serpentinite contacts, evolving from massive to 
semi-massive mineralizations to a Fe-Ca-silicate 
stockwork and finally to the fresh serpentine (figure 2B).  

 
3.2 Metallogeny 
 
Several distinct mineralized zones have been 

distinguished in the MCHS. The mineralization displays 
narrow corridors inside the serpentinite (several meters 
to tens of meters wide) following an almost systematic 
metallogenic sequence at each mineralized spot.  

The host rock represents fresh serpentinite, which 
contains small disseminated euhedral grains (<50 µm) 
of magnetite and pentlandite. Magnetite grains are 
generally located at the grain boundaries of the 
serpentine, whereas pentlandite grains may occur within 
these limits (figure 2E). Textural relationships indicate 
that this mineralization was formed prior to the Cu-rich 
hydrothermal event, likely during the serpentinization of 
mantle rocks. 

Close to mafic dykes, in the centre of the 
mineralization, serpentinite is extensively replaced by 
Cu-rich massive sulphides (Cu-rich MS). This facies has 
only been encountered at Marmorera but evident mining 
activity at higher elevations suggests it occurred there 
as well. Cu-rich sulphides are coarse grained (up to 2 
cm) and represent approximately 50% of the total rock 
volume. The mineralized assemblage comprises 
chalcopyrite, magnetite, pyrrhotite, isocubanite, 
pentlandite, and minor sphalerite (figure 2C). 
Chalcopyrite is the main phase and exhibits typical 
isocubanite exsolutions. Coarse pentlandite grains 
display irregular shapes and are commonly surrounded 
by pyrrhotite. Chalcopyrite and pyrrhotite are often found 
as inclusions in euhedral magnetite grains suggesting a 
contemporaneous crystallization of these phases from 
the same mineralizing fluid. Diopside crystals are 
abundant within the sulphide mineralization and display 
equilibrium textures with the surrounding chalcopyrite 
suggesting that they crystallized contemporaneously.  

Cu-rich MS are accompanied by a halo of semi-
massive sulphide mineralization (SMS) in the 
serpentinite, which systematically decreases away from 
the proximal mineralization. The copper content is lower 
in this transitional zone, where mineralization is 
comprised of pyrrhotite, magnetite, pentlandite, and 
minor chalcopyrite (figure 2D). There, the mineralization 
forms veins replacing the serpentinite. The relative 
proportion of pyrrhotite and magnetite inside the veins is 
highly variable. Chalcopyrite is commonly oxidized and 
in places a supergene assemblage of bornite and 
covellite replaces chalcopyrite.    

Away from the mafic dykes, a network of veins 
crosscut the serpentinites. They define a typical 
stockwork structure composed of ilvaite, andradite and 
diopside (Fe-Ca-rich stockwork). The proportion of 
minerals composing the stockwork is variable. Locally 
the silicates almost completely replace the former 
serpentinite and the proportion of ilvaite increases. 
These silicates can either surround blebs of sulphides 
and magnetite or can be crosscut by sulphide veins 
suggesting they precipitated synchronously from the 
same hydrothermal event. On the vertical scale, the size 
of the Fe-Ca-silicates stockwork becomes more 
important at Cotschen. Locally, the serpentinite along 
some mafic intrusions are barren and develop a whitish 
alteration due to actinolite enrichment.  

At Snake Pit (upper part of the MCHS), the 
metallogenic sequence appears different. Disseminated 
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euhedral pyrite rimmed by pyrrhotite, pentlandite, 
chalcopyrite and sphalerite is crosscut by late calcite 
veins. Some pyrite grains appear zoned. 
 
3.3 Trace element signatures of the mineralized 

phases 
 

Electron microprobe analyses have been carried out on 
both representative sulphides (chalcopyrite, pyrrhotite, 
pentlandite) and oxides (magnetite) sampled at different 
elevations throughout the mineralized profile. 
Pentlandite grains from the various mineralized units at 
Marmorera (Cu-rich MS, SMS and disseminated 
sulphides in the fresh serpentinite) display specific Ni 
and Co contents (figure 3A). Early pentlandite from the 
fresh serpentinite displays the highest Ni and the lowest 
Co contents (36.1% and 1.7% respectively) giving an 
average Co/Ni ratio of 0.05. In the semi-massive 
sulphides, pentlandite displays an enrichment in Co up 
to 3.6% and a decrease in the Ni content with mean 

concentration about 22.5% giving a Co/Ni ratio about 
0.15. These Ni contents are low for pentlandite grains 
and cannot be explained only by lattice substitution of Ni 
by Co. However, these pentlandite show typical 
oxidation features resulting in their transformation into 
violarite and Fe oxi-hydroxides (figure 2D). In the Cu-
rich MS replacing serpentinites, pentlandite displays the 
highest Co concentrations (up to 15.3%) and 
homogenous Ni contents at approximately 25.5%. The 
average Co/Ni ratio for these pentlandite grains is 0.58.   

Magnetite grains also display a specific distribution of 
Si and Mg from the Cu-rich MS to the disseminated 
mineralization in the fresh serpentinite. Indeed, in the 
disseminated mineralization, Si+Mg contents range from 
0.7 to 1.8% whereas they range from 0.07 to 0.5% and 
from 0.2 to 0.4% in the semi-massive sulphides and Cu-
rich MS respectively.  

Pyrite grains have Ni and Co concentrations ranging 
from 1164 to 2678 ppm and from 1227 to 2947 ppm

Figure 2. (A) Trace of structural lineaments and mineralization for the Marmorera-Cotschen deposits; the cliff is 600m in height. (B) 
expanded view of the Marmorera area (see inset box in A) where relationships between intrusive mafic dykes and fluid circulation are 
displayed. A mineralized front is recognized in the serpentinites and corresponds to the transition between massive sulphides and a 
disseminated halo in the serpentinite groundmass. (C) Cu-rich MS mineralization replacing the serpentinites (Srp) with a mineralogical 
assemblage comprising chalcopyrite (Cp), isocubanite, pentlandite (Pn), pyrrhotite (Po), magnetite (Mt) and diopside (Dp). (D) Semi-massive 
sulphide mineralization in the serpentinites with increased magnetite (Mt) and pyrrhotite (Po) and minor pentlandite (Pn) and chalcopyrite 
(Cp). (E) Fresh serpentinite with small magnetite (Mt) and pentlandite (Pn) grains located at the grain boundaries of the serpentine. 
 
respectively. Although most of the grains have 
concentrations below the detection limits, these 
concentrations seem similar to those described in 
ultramafic-hosted hydrothermal systems at the Mid-
Atlantic Ridge (figure 3B, Marques et al., 2006). 

4 Conclusions 
 
In the Platta nappe, Swiss Alps, a fossil hydrothermal 
system hosted in serpentines has been characterized. 
Mineralogically, it resembles those associated with slow-
spreading MORs, notably the Rainbow site along the  



Advances in Understanding Hydrothermal Processes  63 

 
Figure 3. (A) Co (ppm) vs. Ni (ppm) discriminant diagram of 
pentlandite grains from the different mineralized units described at 
Marmorera. The lines showing the Co/Ni ratios for values of 1.0, 
0.5 and 0.1 are displayed. (B) Co vs Ni discriminant diagram of the 
pyrite from the Rainbow hydrothermal field (Marques et al., 2006) 
overlain with compositions of pyrite grains (electron microprobe) 
from Snake Pit (Platta Nappe). Black arrows represent a vector for 
increasing Co/Ni ratios with hydrothermal circulation. 
 
Mid-Atlantic Ridge (Marques et al., 2006). The contact 
between mafic dykes and serpentinites is mineralized. It 
appears to have acted as a preferential conduit for 
hydrothermal fluids, with mineralization (Cu-Fe-Ni-Co-
Zn) found along both vertical and sub-horizontal mafic 
intrusions.  

The paragenetic sequences described at the MCHS 
are very similar to ultramafic-hosted oceanic 
hydrothermal systems (Rainbow, Ashadze). Trace 
element compositions (Ni and Co) of the pyrite grains 
are also comparable with those reported at the Rainbow 
hydrothermal field (Marques et al., 2006). The Ni and Co 
partitioning (i.e. variation in the Co/Ni ratio) observed in 
the pentlandite from different hydrothermal facies 
allowed us to distinguish between: i) an early pentlandite 
generation (with a low Co/Ni ratio) formed together with 
magnetite during serpentinization (associated with 
mantle exhumation) and ii) a second pentlandite 
generation (high Co/Ni ratio) formed during the main Cu-
Fe-Ni-Co-Zn mineralization event. In addition, an 
increase in the Co/Ni ratio of pentlandite with respect to 
the metal content of the serpentinite suggests that this 
ratio is a useful proxy to constrain the intensity of 
hydrothermal alteration.  

The overall geometry of the Marmorera-Cotschen 
hydrothermal system and the differences observed 
between the MCHS and present-day systems (dykes, 
lack of chimneys, lower size of the mineralization) 
suggests that the MCHS likely corresponds to the 
feeding zone of present-day systems. 
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Abstract. Sulphide-rich scales precipitated in wells of 
the seawater-dominated Reykjanes geothermal system 
on the Mid-Atlantic Ridge (MAR), Iceland are directly 
comparable to mineralisation in active seafloor 
hydrothermal systems. Geochemical profiles from 2.7 
km depth to low-temperature silica-rich surface 
discharge show consistent temperature-dependent 
enrichment and depletion trends under well-constrained 
conditions. Copper, Zn, Cd, Co, Te, Ni, Mo, Sn, Fe and 
S are enriched at higher pressures and temperatures in 
the deepest scales, and Zn, Bi, Cu, Pb, Ag, As, Sb, Ga, 
Hg, and Tl are enriched at lower temperature and 
pressures near surface. Cobalt, Se, Cd, Zn, Cu, and Au 
have bimodal distributions and are hosted by different 
mineralogical assemblages at higher- and lower-
temperature and pressures. Boiling and destabilisation 
of metal-bearing aqueous complexes are the dominant 
controls on sub-seafloor deposition of most metals 
(particularly Au), although some (e.g., Cu and Se) may 
be transported in the vapour phase. At least three 
quarters of the total Reykjanes metal budget is 
precipitated downhole and indicates a significant 
proportion of metals will be precipitated in the sub-
seafloor of other boiling systems in the oceans. Extreme 
enrichment of Au, Ag and Pb further highlights potential 
metal accumulation and enrichment in the deep 
geothermal reservoirs. 
 
1 Introduction 
 
Knowledge of the behaviour of trace metals in 
submarine hydrothermal systems is limited by the 
difficulties of directly sampling the high-temperature 
upflow. Compositions of venting fluids have been 
extensively studied (e.g., Von Damm 1990), but little is 
known about metal behaviour in the deepest part of 
systems at >2 km where metals and reduced sulphur 
concentrations in end-member high-temperature 
(~400oC) hydrothermal fluids are highest (Hannington et 
al. 2016). Except in a few cases where underlying 
stockwork zones have been drilled, in-situ subseafloor 
geochemical profiles of actively-forming massive 
sulphide deposits have not been possible. Questions 
remain about metal contents in deeper parts of 
hydrothermal systems, and how much of the metal load 
may be deposited at depth or in upflow zones before 
ever reaching the seafloor. 

Sulphide-rich scales precipitated in production wells 
of the seawater-dominated basalt-hosted Reykjanes 
geothermal field provide a unique opportunity to 
investigate trace metal distributions in scales formed in 
equilibrium with deep, pre-boiled reservoir fluids from 
2.7 km depth, through the boiling zone and upflow zone 
to the distal low-temperature surface discharge (Grey 
Lagoon).  
 
2 Geology 
 
2.1 Reykjanes geothermal system 
 
The high-temperature Reykjanes geothermal field is 
located on the subaerial continuation of the slow-
spreading MAR on the southwestern tip of Iceland and 
is the only seawater-dominated, basalt-hosted energy 
production site globally (Fig. 1). At least 37 wells have 
been drilled to a maximum depth of 3028 m drawing on 
a high-temperature reservoir fluid of modified seawater 
directly analogous to vent fluids in modern black smoker 
systems (Hardardóttir et al. 2009).  

At the time of sampling, the reservoir fluid was boiling 
in every well from the surface to depths of ~1500 m, 
below which the system is liquid-dominated (one-phase) 
and temperatures of 280o to 380oC to a minimum depth 
of 2.5 km (Sigurdsson 2012). Wells are classified 
according to the fluid pressure (P) at the wellhead: high 
pressure (HP; 32-50 bar), medium pressure (MP; 28-32 
bar), and low pressure (LP; 25-28 bar). Supercritical 
fluids have recently been measured in permeable layers 
below the current production zone (426oC and 340 bar; 
Fridleifsson et al. 2017). Metal-rich sulphide scales 
precipitate in closed production pipes as a response to 
temperature and pressure changes during artificial well 
management (Fig. 1).  
 
2.2 Mineralogy 
 
Down-hole and surface scales were sampled from five 
different zones, each with well-defined conditions: I) 
below the boiling zone in wells RN-10, RN-22, and RN-; 
II) within the deep part of the boiling zone, from 1504 m 
to 1085 m in RN-10 and 1064 to 1088 m in RN-22; III) in 
the central part of the boiling zone from 904 m to the 
wellhead in RN-10, from 669 m to 141 m in RN-22, and 
then from the wellhead to the first orifice plate where  
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Figure 1. Schematic profile of sulphide scaling across the high- 
pressure well RN-10 in the Reykjanes geothermal field from 1.8 km 
depth to the Grey Lagoon (not to scale). Circles indicate two-phase 
fluid. Minerals: grey = sphalerite, yellow = chalcopyrite, pink = 
bornite. FFCV = fluid flow control valve. All photomicrographs 
contain numerous <5 µm electrum (el) inclusions similar to Figure 
2. Roman numerals indicate scale group locations (see text). 
 
pressure drops to ~22 bar; IV) in the surface boiling 
zone from the first OP and FFCV to ~40 m downstream; 
V) in distal surface pipes from the separation station to 
the Grey Lagoon.  

The most common sulphides in Group I below the 
boiling zone are dark brown to black sphalerite and 
wurtzite. Zn-sulphides exhibit a variety of textures, most 
commonly as lath-shaped crystals up to 3 mm in size 
and as fine-grained dendrites, often with a preferred 
alignment or growth direction. Chalcopyrite is also 
associated with bornite and/or covellite and complexly 
intergrown with the host Zn-sulphide at a micron scale, 
giving the sphalerite and wurtzite a mottled appearance 
(Fig. 1). Trace galena, pyrrhotite, pyrite, and magnetite 
are also present. Numerous inclusions of electrum occur 
associated with sphalerite and chalcopyrite. Above the 
onset of boiling, Group II scales are dominated by 
massive, dendritic and skeletal Zn-sulphides. 

Chalcopyrite abundance increases upwell and bornite 
and digenite are the most abundant Cu-sulphides 
between ~1130 to 1085 m depth (well RN-10), 
coinciding with abundant magnetite and electrum (Fig. 
2). Sphalerite is the dominant sulphide in Group III 
scales with similar textures to Groups I and II. All 
sulphides become distinctly finer-grained towards the 
surface OP (Fig. 1). Minor wurtzite, bornite and rare 
pyrite and pyrrhotite are present in some wells. 
Abundant electrum is associated with chalcopyrite and 
discrete <5µm clusters of silver are intergrown with 
sphalerite and bornite at shallow downhole depths (RN-
22; Hardardóttir et al. 2010).  

 

 
Figure 2. Gold-rich electrum associated with chalcopyrite and 
sphalerite at 1098 m below surface in well RN-10 (location shown 
in Fig. 1). Bulk assays comprise 72.5 ppm Au and 85.0 ppm Ag. 

 
Group IV scales are dominated by sphalerite and 

minor wurtzite intergrown with digenite and bornite 
within fine-grained silica. Zn sulphides textures are 
similar to Group I, II, and III scales but much finer-
grained. Chalcopyrite is much less abundant, and 
bornite and digenite are the most common Cu-
sulphides, particularly on the OP and FFCV. In MP and 
LP wells, fine-grained galena is intergrown with Cu-(Zn)-
sulphides on OPs and FFCVs. Discrete grains of 
electrum (<1-2 μm) occur with trace chalcopyrite where 
Au concentrations exceed ~250 ppm; concentrations 
reach a maximum of 948 ppm on the FFCV cone in HP 
wells. Late covellite coats scales immediately after the 
OP in some MP wells. Downstream of the OP, sulphide 
abundance relative to silica decreases in all wells, 
however scales in HP wells ~32 m downstream still 
contain significant sphalerite. Silica-rich Group V 
precipitates beyond the separator station contain 
sphalerite as trace disseminations or as discrete layers.  

 
3 Hydrothermal mineralisation 
 
3.1 Controls on ore mineral distributions 
 
The Reykjanes system can be viewed as mostly a 
closed system (particularly in surface pipes) as there is 
limited or no influx of cold seawater reacting with hot 
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hydrothermal fluid. Scaling is mainly caused by pressure 
(and temperature) decrease due to boiling during power 
production. Precipitation in the surface pipes is also 
caused by large pressure changes across the OP and, 
to a much lesser extent, by conductive cooling of 
hydrothermal fluids. The main ore minerals (sphalerite 
and wurtzite, chalcopyrite and bornite, galena, native 
silver and electrum) are precipitated due to abrupt 
changes in temperature and pH during phase 
separation. High degrees of supersaturation are 
indicated by mineral textures such as hopper crystals 
and dendrites and shows that precipitation conditions 
are far from equilibrium. 

There is a strong temperature-dependent zonation of 
the major ore minerals in the Reykjanes system. Zinc is 
precipitated as the hexagonal polymorph wurtzite at 
higher temperatures and mainly as the cubic polymorph 
sphalerite at and below ~250oC. Abundant Zn-sulphides 
are deposited at the onset of boiling in the Reykjanes 
system. Chalcopyrite precipitation occurs mainly at 
temperatures between 280° to 320°C, coincident with 
the onset of boiling, and boiling cause further 
temperature decrease and precipitation. In the HP wells, 
more of the Cu remains in solution up to the FFCVs 
where the largest pressure and temperature decrease in 
the boiling zone occurs, and the temperature drop 
results in scales with the highest Cu concentrations 
(mainly as Cu-sulphides; Group IV). In many wells, 
unordered intermediate Cu-Fe-S solid solutions are 
produced as a result of rapid quenching during well 
management (Hardardóttir et al. 2010). Because the Au 
is likely transported as aqueous sulphur complexes, any 
processes that cause a loss of reduced sulphur, such as 
sulphide precipitation, boiling, or fluid mixing will 
destabilize the Au complexes (Seward et al. 2014). 
Boiling is the dominant mechanism, and the abundance 
of Au (i.e., electrum) in the wells increases dramatically 
with the onset of boiling. Whereas Ag-chloride 
complexes predominate at aquifer temperatures, at 
boiling temperatures, Ag may also be partly transported 
as aqueous sulphur complexes, like Au (e.g., AgHS2-).   
 
3.2 Controls on trace element distributions 
 
The compositions of the scales can be divided into two 
main groups: those enriched in elements deposited at 
high pressures and temperatures at depth in the wells 
(Fe, Mn, Zn, Cd, Cu, Co, Ni, Sn, Se, Te, V, Ni, Mo, W), 
and those enriched in elements deposited at lower 
temperatures and pressures in the surface pipes (Pb, 
Ag, Sb, Bi, As, Hg, Ga). Consistent enrichments and 
depletions of the trace elements, according to 
temperature-dependent solubilities, are similar to those 
observed in seafloor chimneys and in ancient 
volcanogenic massive sulphide (VMS) deposits. Scales 
formed at the highest temperatures below the boiling 
zone are particularly enriched in Fe, Mn, Co, and Ni, as 
well as Zn, Cd, and Sn and represent mineral scales 
that precipitated directly from unboiled fluids. The latter 
are also highly enriched in scales throughout the boiling 
zone and on the FFCV and OP. Copper, Se, and Te are 
mostly enriched in scales from the lower (higher-

temperature) part of the boiling zone, but also where 
flashing has been induced in the surface pipes at the 
FFCV. Lead, Ag, Sb, (+Bi) are mostly enriched in the 
upper (lower-temperature) part of the boiling zone and 
immediately downstream of the FFCV. Arsenic and Hg 
are enriched in scales even farther downstream. Other 
trace elements, such as Mo, Ga, V, and Cr are enriched 
in the deepest scales and also in silica-rich precipitates 
in the surface pipes, but are not present in abundance in 
the boiling zone. This behaviour reflects different 
aqueous complexing at different temperatures and 
precipitation in different mineral phases in different parts 
of the system (e.g., sulphides and oxides at depth; clays 
and other silicates in the downstream precipitates). 
Importantly, some trace elements, such as Se and Cu, 
are enriched in both the deep, high-temperature scales 
and in some distal scales downstream of the boiling. 
This may be attributed to a combination of transport in 
either the liquid of the vapour phase and can produce 
unexpectedly high, distal concentrations of trace 
elements normally considered to be of a high 
temperature affinity. 
 
4 Quantification of Reykjanes metal fluxes 
 
The documented major and trace element associations 
in the Reykjanes system are directly comparable to 
trace element distributions in modern sub-seafloor 
seafloor massive sulphide (SMS) mineralisation, as 

 

  
 
Figure 3. Comparison of selected elements using the average bulk 
geochemistry for all Reykjanes scale samples (n = 129) versus 
average bulk geochemical data for high-temperature sulphide 
(black smoker) samples from analogous basalt-hosted MAR 
deposits (n = 103; GEOMAR unpublished database). Elements 
plotting above the 1:1 line are enriched in Reykjanes scales, and 
elements plotting below the 1:1 line are enriched in MAR samples. 
The darker the marker symbol is the higher the relative enrichment. 
Au, Ag, and Pb are significantly enriched in Reykjanes scales. Ba 
is significantly enriched in MAR samples due to seawater mixing. 
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observed in the large, actively-forming TAG deposit 
(e.g., Grant et al. 2018).  

Flashing of the high-pressure fluids also promotes 
deposition of some elements in the scales that 
otherwise might have been expected to remain in 
solution as aqueous complexes stable at lower 
temperatures (e.g., Zn, Cd, Au), particularly at the OP 
where massive changes in concentrations of Ag, As, Sb, 
and Hg illustrate the efficiency of deposition by flash 
boiling. Similar enhanced deposition of metals has been 
noted in boiling seafloor hydrothermal vents (e.g., 
Gartman et al. 2018).  

A calculated estimated sulphide mass accumulation 
rate of ~91 t/yr for the Reykjanes geothermal system is 
comparable to large basalt-hosted seafloor 
hydrothermal systems elsewhere on the MAR, and 
corresponds to metal flux rates of 27 t/yr Zn, 9 t/yr Cu, 3 
t/yr Pb, 0.4 t/yr Ag, and 16 kg/yr Au. The majority of 
siderophile elements (e.g., Mn, Cd, Ni, Zn) are enriched 
in the Reykjanes system compared to black smokers, in 
part because of dilution by silica and sulphate in the 
seafloor vents, however, Fe, Co, Ga, Ge, In, and Mo are 
relatively depleted, implying a significant difference in 
fluid or source-rock concentrations. Very large 
enrichments of Au, Ag and Pb in the scales (e.g., 948 
ppm Au, 23,200 ppm Ag, and 18.8 wt.% Pb) versus 
average concentrations in black smoker chimneys (Fig. 
3) show that some elements are preferentially deposited 
in boiling systems.  

The major differences in the trace metal 
concentrations between the Reykjanes scales and black 
smokers reflect the important role of boiling as a 
depositional mechanism; however, this cannot account 
for some of the high metal concentrations, as previously 
observed by Hardardóttir et al. (2009). Hannington et al. 
(2016) recently suggested that some metal enrichment 
may be due to accumulation of the metals in the deep 
geothermal reservoir prior to discharge into the 
hydrothermal system ‒ a process that has not yet been 
observed in active seafloor hydrothermal systems. This 
is supported by the significant enrichment of Au, Ag and 
Pb in Reykjanes scales versus MAR black smokers (Fig. 
3), analogous modern mafic-dominated SMS deposits, 
and ancient mafic-dominated VMS deposits. 

At least three quarters of the Reykjanes metal budget 
may be deposited at depth or in the upflow zones of the 
boiling system. Discovery of a supercritical fluid 
reservoir at 4.5 km depth at Reykjanes (Fridleifsson et 
al. 2017), and the accumulation of Au and potentially Ag 
and Pb in deep reservoirs (Hannington et al. 2016, and 
this study) further highlights the potential for metal 
enrichment and accumulation in the deep parts of the 
geothermal system. 

The results of this study are among the first to 
document sub-seafloor mineralisation directly 
associated with boiling of end-member, primary metal-
rich hydrothermal fluids in an active hydrothermal 
system and provides an important baseline against 
which similar conditions of primary mineralisation trends 
can be recognised in modern and ancient seafloor 
hydrothermal systems. 
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Abstract. The sulfide breccias from the Semenov-3 
hydrothermal field (Mid-Atlantic Ridge) are composed of 
marcasite–pyrite clasts enclosed in barite–sulfide–
quartz matrix. Pyrite, marcasite, and quartz are 
accompanied by barite, chalcopyrite, hematite, jarosite, 
bornite, sphalerite, pyrrhotite, covellite, HgS, rutile, 
chlorite and plagioclase. The mineralization is of 
hydrothermal and diagenetic origin. The colloform and 
fine-crystalline pyrite–marcasite clasts are hydrothermal. 
The coarse-crystalline pyrite and marcasite, as well as 
pyrite framboids, ovoids and nodules, are authigenic. 
Hydrothermal chalcopyrite occurs as (i) subhedral 
crystals in the matrix and volcanic clasts, (ii) 
intergrowths with sphalerite and bornite and (iii) 
anhedral inclusions in marcasite–pyrite clasts. 
Authigenic chalcopyrite occurs (i) in authigenic pyrite 
together with pyrrhotite and sphalerite and as (ii) 
anhedral aggregates in the matrix and (iii) reniform 
aggregates after marcasite. 
 
1 Introduction 
 
Most studies of oceanic hydrothermal fields concern the 
sulfides from smoker chimneys, diffusers, massive or 
colloform ores, which are the result of medium- to high-
temperature hydrothermal processes. Little attention has 
been paid to the products of erosion of massive sulfide 
(MS) bodies (clastic sulfide sediments), although some 
MS bodies host significant amounts of clastic sulfides, 
e.g., Bent Hill, Middle Valley of the North Juan de Fuca 
Ridge (Goodfellow et al. 1993). Fossil MS deposits may 
completely be composed of clastic layers produced by 
vigorous erosion of massive sulfide mounds (Ohmoto 
1996; Prokin and Buslaev 1998; Maslennikov 2012; 
Tornos et al. 2015). Here, we investigate the formation 
of authigenic minerals in pyrite-rich sulfide breccias from 
the Semenov-3 hydrothermal field (Mid-Atlantic Ridge) 
and illustrate the differences between primary 
hydrothermal and authigenic minerals. 

 
2 Geological background 
 
The Semenov-3 hydrothermal sulfide field is part of a 
giant eponymous hydrothermal sulfide cluster located at 
13°30' N on the Mid-Atlantic Ridge (Beltenev et al. 
2007). The cluster consists of four inactive (1, 3, 4 and 
5) and one active (2) hydrothermal fields (Fig. 1). The 
Semenov-3 field (13° 30.70´ N, 44° 55.00´ W) is located 
on the northeastern slope of the seamount at depths of 
2400–2600 m and is associated with altered basalts 
(Fig. 1). Sulfide breccias were recovered using dredge 
station 30L284 (Beltenev et al. 2007). They were 

studied macroscopically on-board and by reflected light 
at the Institute of Mineralogy (IMin UB RAS), Miass 
(Russia). 

 
3 Results 
 
Sulfide breccias are composed of angular clasts of 
marcasite–pyrite aggregates up to 10 cm across and 
rare angular fragments of strongly altered volcanic rocks 
~1 cm in size (Fig. 2a). The breccia matrix mostly 
consists of quartz accompanied by small (<1 cm) sulfide 
aggregates similar to large clasts and newly formed 
sulfides. The major minerals are pyrite, marcasite, and 
quartz, which are accompanied by barite and rare 
chalcopyrite, hematite, jarosite, bornite, sphalerite, 
pyrrhotite, covellite, HgS, rutile, chlorite and plagioclase. 

Marcasite–pyrite clasts exhibit colloform, concentric-
zonal, massive, radial and porous structures (Fig. 2b). 
Colloform and concentric-zonal clasts consist of 
aggregates of dendritic, fine-grained and fine-crystalline 
pyrite and marcasite. Locally, the clasts contain small 
inclusions of chalcopyrite, sphalerite and barite. In the 
breccia matrix, pyrite and marcasite occur as small 
clasts or as individual crystals and their aggregates; 
pyrite also forms framboids, ovoids and nodules (Fig. 
2c, 2d). Pyrite framboids or their coalesced aggregates 
are locally overgrown by crystalline pyrite. 

Lens-like, ovoid or round porous fine-crystalline pyrite 
aggregates are composed of small (1 to 3 µm) cubic 
crystals, often with round areas interpreted as former 
pyrite framboids (Fig. 2c). Rare nodular pyrite 
aggregates are composed of two domains: a strongly 
porous center with inclusions of barite and quartz and a 
more compact exterior, which is made up of small 
crystals of pyrite and less abundant marcasite, with fine 
(<5 μm) inclusions of sphalerite, chalcopyrite, and 
pyrrhotite. Coarse-crystalline pyrite is observed as 
euhedral to subhedral crystals and their aggregates in 
both the breccia matrix and within the pores of fine-
grained clasts. Coarse-crystalline pyrite replaces clasts 
of fine-grained pyrite and is host to inclusions of 
pyrrhotite, chalcopyrite, sphalerite, and quartz. Some 
pyrite crystals contain “shadows” of earlier barite 
crystals. 

Chalcopyrite in sulfide breccias occurs as (i) small 
subhedral to euhedral crystals and their aggregates in 
the breccia matrix and altered volcanic clasts, (ii) 
individual acicular crystals and their radial aggregates in 
the breccia matrix (Fig. 3a); (iii) zonal crystalline 
intergrowths with sphalerite in quartz; (iv) small round 
grains and their aggregates in the breccia matrix, which  
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Figure 1. Geological scheme of the Semenov hydrothermal cluster in the Central Atlantic (a), simplified after unpublished PMGE open-file 
reports. 
 

 
 
Figure 2. Sulfide breccias from the Semenov-3 hydrothermal field: a. combination of clasts of various textures and structures (on-board 
photograph); b. fragment of colloform marcasite-pyrite aggregate and authigenic pyrite crystals; c. ovoid (former framboidal) pyrite 
aggregate; d. pyrite nodule with porous center and crystalline exterior with inclusions of other sulfides and barite (indicated by arrows). Photo 
b–d, reflected light; pyc, clastic pyrite; mcc, clastic marcasite; pya, authigenic pyrite; mca, authigenic marcasite; qtz, quartz. 
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Figure 3. Morphological varieties of accessory minerals in sulfide 
breccias from the Semenov-3 hydrothermal field: a. radial 
aggregate of acicular chalcopyrite crystals in quartz; b. small 
bornite grain with chalcopyrite rim in quartz; c. pyrrhotite–
chalcopyrite–sphalerite assemblage in crystalline pyrite; d. 
reniform chalcopyrite after radial marcasite aggregate (etched by 
vapors of a HNO3 + HCl mixture; black dots are areas of LA ICP 
MS analysis). Reflected light; ccp, chalcopyrite; bn, bornite; sp, 
sphalerite; po, pyrrhotite. 
 
replace and overgrow bornite from the rims, and rims 
around bornite and lamella inside it (Fig. 3b); (v) rare 
inclusions in marcasite–pyrite clasts; (vi) intergrowths 
with pyrrhotite and sphalerite inside crystalline pyrite 
crystals (Fig. 3c); (vii) relatively large anhedral 
aggregates in the breccia matrix; and (viii) single 
reniform aggregates, which show radial structure after 
etching indicating possible replacement of radial 
marcasite aggregates abundant in sulfide breccias (Fig. 
3d). 

Bornite occurs as small (~10 μm) isometric grains in 
the breccia cement and quartz rims around pyrite 
crystals and is associated with chalcopyrite. Covellite 
replaces chalcopyrite and bornite. Pyrrhotite is observed 
as small (<10 μm) anhedral grains or intergrowths with 
chalcopyrite and sphalerite, which fill the pores inside 
crystalline pyrite, and as rare inclusions in crystalline 
chalcopyrite. Sphalerite forms crystalline aggregates in 
assemblages with crystalline chalcopyrite (see above) or 
subhedral grains up to 10 μm in crystalline pyrite. 

Hematite is found as globules ~20 μm in size in the 
quartz rims around pyrite clasts or as specular crystals 
up to 70 μm long and ~5 μm wide in the breccia cement. 
A mineral with approximate composition HgS  was found 
as tiny (~1 μm in size) round grains in chalcopyrite and 
pyrite crystals.  

Quartz composes most of the breccia matrix also 
overgrowing the pyrite clasts and the barite crystals. 
Tabular barite crystals up to 1 mm in size fill fractures in 
the sulfide clasts, are present in the breccia matrix and 
form druses up to 0.5 cm thick. Jarosite replaces the 
marcasite–pyrite clasts. Rutile, chlorite and plagioclase 
were found as inclusions (~20 μm in size) in the coarser-
crystalline pyrite. 

 
4 Discussion 
 
In the Semenov-3 sulfide breccias, the sulfide clasts 
have only occasional contacts, lack any sorting or 
bedding and show a variety of textures typical of primary 
hydrothermal ores. According to the morphological 
analysis of the massive sulfide bodies developed for the 
Uralian MS deposits (Maslennikov 2012), these features 
are characteristic of proximal sulfide breccias, which 
have been transported for some distance from the place 
of erosion. In well-preserved sulfide mounds from the 
Urals (e.g., Yaman-Kasy, Saf’yanovskoe, Dergamysh 
deposits), these breccias occur at a distance of at least 
~25 m from the center of the interpreted sulfide mounds. 

Pyrite and marcasite in the sulfide breccias represent 
a variety of morphological aggregates. Their clastic 
nature is mainly indicated by cutting-off of their textural 
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pattern and zoning, as well as by the similarity of their 
internal structure with that of larger sulfide clasts.  

The sulfide breccias underwent a series of lithification 
processes (Fairbridge 1967). The presence of some 
indicative morphological varieties of pyrite is evidence 
for their diagenetic origin, e.g., framboidal pyrite (Love 
1967). The next stage of the diagenetic process, when 
framboids coalesce and are recrystallized, is most likely 
marked by the formation of ovoid fine-crystalline (former 
framboidal) pyrite aggregates and by the replacement of 
framboids by crystalline pyrite. Nodular pyrite, which is 
characterized by a porous core and a polycrystalline 
exterior, and subhedral to euhedral coarse-crystalline 
pyrite were formed during late diagenesis. 

The diverse morphology and mineral assemblages of 
accessory minerals are also indicative of their clastic 
and authigenic origin. Subhedral to euhedral isometric 
chalcopyrite crystals in the breccia matrix and altered 
volcanic clasts could represent the fragments of Cu-rich 
stringer–disseminated mineralization from high-
temperature feeder zones of the sulfide mound (cf., 
Fouquet et al. 1993). Chalcopyrite inclusions in pyrite–
marcasite clasts are most likely of primary hydrothermal 
origin. The acicular chalcopyrite crystals and zoned 
crystalline intergrowths with sphalerite and bornite 
resemble the fragments of black smoker chimneys 
(Maslennikov et al. 2017). In contrast to primary 
hydrothermal chalcopyrite, the authigenic phase is 
observed as inclusions in authigenic coarse-crystalline 
pyrite, anhedral aggregates in the breccia matrix, and 
pseudomorphic reniform aggregates after radial 
marcasite. 

Sphalerite and pyrrhotite associated with 
hydrothermal chalcopyrite are hydrothermal in origin, 
whereas those found in authigenic coarse-crystalline 
pyrite, are authigenic. The euhedral morphology of the 
hematite crystals, its presence in the breccia cement 
and assemblage with quartz most likely indicate its 
authigenic origin. The fact that crystalline hematite is 
never in contact with authigenic chalcopyrite, bornite, 
pyrrhotite and sphalerite indicates its probable 
crystallization during late diagenesis. 

Barite, which is associated with pyrite–marcasite 
clasts, is most likely hydrothermal in origin. The well-
formed barite laths in the breccia matrix likely formed 
during early diagenesis were further replaced by late 
diagenetic coarse-crystalline pyrite. 

 
5 Conclusions 

 
Diagenetic transformation of hydrothermal sulfide clasts 
into a lithified rock has resulted in the formation of 
various authigenic mineral assemblages: framboidal 
pyrite, ovoid fine-crystalline (former framboidal), nodular 
and coarse-crystalline pyrite; zoned bornite–chalcopyrite 
grains; pyrrhotite–sphalerite–chalcopyrite inclusions in 
coarse-crystalline pyrite; specular and globular hematite, 
and HgS in authigenic chalcopyrite and pyrite.  

Recognition of clastic Cu- and Zn-rich mineral 
assemblages in sulfide breccias indicates the erosion of 
primary Cu–Zn sulfides within the Semenov-3 

hydrothermal field, including a black smoker complex, 
which have not yet been discovered. 

Morphological similarities between pyrite nodules of 
sulfide breccias from the Semenov-3 hydrothermal field 
and fossil MS deposits point to a common diagenetic 
process, which occur in sediments composed of clasts 
of variable size, from coarse-clastic breccias to fine-
clastic sediments (cf., Maslennikov et al. 2019).  

The discovery of an authigenic HgS phase in sulfide 
breccias indicates possible environmental hazards of 
seafloor sulfide sediments similar to eroded pyrite-rich 
ores and primary massive sulfides. 
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Abstract. The Nimbus Ag-Zn-(Au) deposit is located in 
the Kalgoorlie Terrane of the Yilgarn Craton and has 
been recently presented as the first reported case of an 
older episode of VHMS mineralisation associated with c. 
2705 Ma plume magmatism in the Eastern Goldfields 
Superterrane. However, the absence of typical 
indicators of syn-volcanism prevents Nimbus from being 
unambiguously classified as VHMS-replacement type. A 
more detailed understanding of the timing of 
mineralisation could test and improve exploration 
models for this type of deposit in the Kalgoorlie Terrane. 

We present a detailed multi-disciplinary study to 
constrain the processes involved in the evolution of 
Nimbus and generate a 4D evolutionary model of the 
Nimbus VHMS system. Re-Os ages for the first sulphide 
phase provides a maximum age for the ore formation. 
Alteration is constrained by Ar-Ar dating of altered 
plagioclase and U-Pb SHRIMP dating of hydrothermal 
monazites. Pb-isotopes in galena track chemical 
variations in the sulphides over time and help support 
the observed ages. The result is the detection of a 
strong late hydrothermal alteration event at c. 2640 Ma, 
which indicates that the mineralisation at Nimbus could 
be significantly younger than the formation of the host 
sequence. 
 
1 Introduction 
 
Volcanic-hosted massive sulphide (VHMS) ores are 
relatively common in a wide variety of extensional 
environments ranging in age from 3.55 Ga to modern 
deposits and are exceptional sources of Cu, Zn, Pb, Au 
and Ag. The Nimbus Ag-Zn-(Au) deposit is located near 
the margin between the Kalgoorlie and Kurnalpi 
Terranes in the Eastern Goldfields Superterrane (EGS) 
in the Yilgarn craton, Western Australia (Fig. 1). This 
deposit was formed through the replacement of the host 
stratigraphy associated with c. 2705 Ma plume 
magmatism of the Kambalda Sequence (Hollis et al. 
2017). 

The establishment of the 2.7 Ga plume stratigraphy in 
the EGS as a prospective target for comparable VHMS 
deposits (Hollis et al. 2017) would open up new areas 
for VHMS exploration in the EGS. For that reason, it is 
important to comprehend the timing of mineralisation in 
the Nimbus deposit for the future of VHMS exploration in 
Western Australia. 

The age of the mineralisation at Nimbus is still 
unclear due to the lack of strong textural and 

stratigraphical evidence of syn-volcanism.  
 

 
 
Figure 1. Location of the Nimbus deposit. Also indicated are the 
low-Ca Four Mile Hill granite (magmatic age from Nelson 1997) 
and Golden Mile gold mine (lamprophyre age from McNaughton et 
al. 2005). 

 
We use here comprehensive studies of multiple 

isotope systems such as Re-Os dating of massive 
sulphides, Ar-Ar dating of altered plagioclase, U-Pb 
dating of hydrothermal monazites and Pb-Pb isotopes in 
galena to develop a 4D model of the Nimbus deposit 
with time constraints for mineralisation and alteration in 
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addition to the previously established age of volcanism. 
Our findings have a direct and significant impact on 
assessing the prospectivity of the ~ 2.7 Ga plume 
sequence in the EGS.  
 
2 Geological context 
 
The Nimbus deposit lies in the Kalgoorlie Terrane, in the 
footwall of the Mt. Monger Fault, part of the Ockerburry 
Fault System that separates the Kalgoorlie and Kurnalpi 
Terranes (Fig. 1). The host stratigraphy at the Nimbus 
deposit consists of stacked dacitic rocks with 
hyaloclastite-rich margins, intruded by mafic sills that 
were interpreted as broadly coeval (Hollis et al. 2017). 
Both lithologies exhibit peperitic relationships with less 
common carbonaceous mudstones. These rocks are 
geographically superimposed by a sedimentary 
sequence of polymict conglomerates with carbonaceous 
matrix interpreted to represent pulsing debris flow units 
from a subaerial shoreline into a deeper anoxic basin 
(Hildrew 2015; Hollis et al. 2017).  

Two dacite samples from Nimbus were dated at 2703 
± 5 and 2702 ± 4 Ma, indicating that the volcanism is 
part of the Kambalda Sequence of the Kalgoorlie 
Terrane, which is further supported by a predominant 
mantle oxygen isotope signature of zircon from this unit 
(∂18O = + 6.03 ± 0.23%) (Hollis et al. 2017). 

The Kambalda Sequence is contemporaneous to 
localized high-T metamorphism in the eastern Yilgarn. 
This high-T phase is followed by a regional 
metamorphism stage, with temperatures ranging 
between 300 and 550 °C. The main regional 
metamorphism is locally overprinted by localized 
hydrothermal events (M3b) associated with the 
emplacement of significant volumes of low-Ca granites 
in the Kalgoorlie Terrane (Czarnota et al. 2010). Multiple 
Au-mineralisation events are recorded during the late 
M3b metamorphic stage, including evidences of gold 
mineralisation associated with lamprophyre 
emplacement at the world-renowned Giant Golden Mile 
Deposit, Kalgoorlie, approximately 10 km west of the 
Nimbus deposit (McNaughton et al. 2005). 
 
3 Results 
 
3.1 Re-Os in pyrite 
 
In the Nimbus deposit, primary Ag-Zn mineralisation 
occurs as a series of stacked, steeply plunging and 
subparallel lenses (Hollis et al. 2017). 

Caruso et al. (2018) classified the sulphide 
occurrences at Nimbus according to mineral 
association, texture and host lithology. The sulphides 
were subdivided into 7 main occurrences from older to 
younger: colloform pyrite, barren pyrite, polymetallic ore, 
arsenopyrite-rich veins, stringer sulphides, disseminated 
sulphides and siltstone-hosted pyrite.  

Six samples of colloform pyrite from a single 15cm 
interval (NBDH035 136.10m to 136.25m) yield an 
isochron with a Model 1 age of 2719 ± 45 Ma and 
MSWD of 0.55. Re and Os concentrations range from 

5.8 to 8.0 ppb and 0.2 to 0.3 ppb, respectively. All 
samples have highly radiogenic Os contents (>29), 
which diminishes the precision of the isochrons and 
initial 187Os/188Os. 
 
3.2 Pb-isotopes in galena 
 
Two types of galenas were analysed for Pb isotopic 
composition including galenas from the polymetallic ore 
phase, proximal to the mineralisation (ore galenas), and 
galenas from disseminated or stringer phases (late 
galenas). 

Ore galenas form a cluster with an average value of 
13.5291 ± 0.0007 for 206Pb/204Pb, 14.7168 ± 0.0007 for 
207Pb/204Pb and 33.3433 ± 0.0021 for 208Pb/204Pb. A Pb 
evolution curve from a single source was determined 
considering the average value calculated from the 
cluster of ore galenas as the initial Pb. Evolution from 
this composition is modelled using mu = 7.19 (Stacey 
and Kramers 1975) and is shown from 2.7 to 2.6 Ga in 
figure 2. Late galenas have more radiogenic Pb when 
compared to ore galenas and show both a slight 
207Pb/204Pb enrichment and depletion relative to the 
calculated growth curve. These reflect: (a) galena 
formation at a later time, (b) Pb-sources from an older 
component, most probably the host sediment, and in-
situ U-decay.  

 

 
Figure 2. Pb modelling of double-spike galenas analyses from 
Nimbus. Stacey and Kramers (1975) growth curve with initial Pb-
Pb at the ore cluster at 2.7 Ga. U-decay in closed system 
represents the 2.7 Ga isochron with initial Pb-Pb value at the ore 
cluster. 
 
3.3 40Ar/39Ar geochronology 
 
Alteration ages were obtained by 40Ar/39Ar dating of 
different types of dacites, both proximal and distal to the 
mineralisation that contained plagioclase crystals with 
30% or more of its structure replaced by sericite. 

The best quality analyses yielded plateau ages of 
2659 ± 22 and Ma 2630 ± 10 Ma. Other significant 
results include a plateau age of 2606 ± 5 Ma with 
approximately 70% of 39Ar released included in the 
calculation and a mini-plateau age at 2626 ± 8 Ma.  
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3.4 U-Pb of hydrothermal monazites 
 
A number of monazite crystals of size ranging from 
approximately 20 to 60 µm were observed in thin section 
from the polymict (meta) conglomerate with 
carbonaceous matrix from the sedimentary sequence of 
rocks that overlie the mineralized dacites 

Monazites in such rocks are in most cases either 
detrital of igneous origins or post-depositional 
hydrothermal/metamorphic. The monazites crystals 
appear to be syn- to late-foliation, therefore their 
crystallization age is inferred to be coeval to the main 
deformation/metamorphic event that affected these 
sedimentary rocks. Concordant measurements 
produced a concordia age of 2627±16 with MSWD = 
0.73 and probability = 0.67 
 
4 Discussion 
 
Considering that the colloform pyrite exhibit textures 
which indicate insignificant modification by later 
hydrothermal or metamorphic overprint, the age 
obtained for these pyrites of 2719 ± 45 Ma indicates the 
time of precipitation of these sulphides. The colloform 
pyrites show textural and chemical evidence of syn-
volcanic/syn-sedimentary precipitation which is further 
demonstrated by the similarity between the age 
obtained in this study and the reported age of volcanism 
(Hollis et al. 2017 c. 2700 Ma ). The precipitation of the 
colloform pyrites can be interpreted as a maximum age 
for the mineralisation emplacement, as they represent 
the earliest form of sulphide and have been interpreted 
to act as a seal to the hydrothermal system (Caruso et 
al. 2018). 

The existence of multiple sources of lead in late 
galenas, specially the involvement of a younger source 
of more radiogenic lead, suggests remobilization of 
metals and potentially a second mineralisation episode 
related to a late alteration event 

Alteration ages obtained by 40Ar/39Ar dating of sericite 
or sericitized plagioclase are commonly slightly younger 
than the mineralisation ages in VHMS systems, when 
the alteration is the product of the same process that 
results in the mineralisation (e.g., Tessalina et al. 2017; 
Barrote et al. in prep). However, in the case of the 
Nimbus deposit the alteration ages obtained are much 
younger than the magmatic age of the dacites and are 
unlikely to be related to the volcanism of the host rocks. 

The U-Pb age of hydrothermal/metamorphic 
monazites from the polymict conglomerates of the 
sedimentary sequence that overlies the mineralized 
rocks further supports the existence of a significant 
alteration event much younger to the volcanic system. 
This age also suggests that the peak 
alteration/metamorphism is at ~2630 Ma. This age is 
broadly coeval with the emplacement of low-Ca granites 
(Fig. 3). 

The classification of the Nimbus deposit as a 
replacement type VHMS is dependent on identifying 
features that demonstrate the temporal link between 
volcanic activity and mineralisation. 

Previous models have questioned the classification of 
Nimbus as a VHMS deposit (Henderson et al. 2012), 
suggesting a structural control to the mineralisation at 
Nimbus, hosted within faults and shear zones. Although 
the model proposed by these authors is not the most 
accepted for the Nimbus deposit, the observation of a 
younger alteration event associated with the main 
foliation could be linked to a potential late structural 
control to the mineralisation in this deposit. 

Therefore, in light of our discoveries there are two 
possible evolutionary models for Nimbus: (1) Nimbus is 
a replacement-type VHMS deposit formed in a mantle 
plume context, the age of the main mineralisation is 
close to 2700 Ma, slightly younger than the dacites, but 
resulting from the same magmatic activity. The late 
alteration simply modifies the pre-existent ore and 
overprints the previous VHMS-related alteration. (2) The 
mineralisation at Nimbus postdates the dacitic 
volcanism and colloform pyrite precipitation, is fault-
hosted and is associated with metamorphic and 
hydrothermal fluids (~2660-2620 Ma), broadly coeval 
with the main metamorphic and Au-mineralisation 
events in the Yilgarn Craton (Czarnota et al. 2010). 

 

 
 
Figure 3. Processes dated in this study compared to a generalized 
metamorphic-structural evolution of the Eastern Goldfields 
Province (from Wyche et al. 2012). 
 

VHMS deposits commonly rely extensively on 
alteration front mapping as a vectoring tool. Such 
customary procedures have been ineffective up to date 
at Nimbus due to the lack of such features. In this study 
we have identified the existence of a long-lived (either 
continuous or episodic), younger and significant 
hydrothermal activity which introduces a previously 
unaccounted for and major component to the geological 
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and metallogenic history of the Nimbus deposit. The 
younger alteration may account for the absence of 
alteration fronts in this deposit. The recognition of post-
volcanic processes in the early stages of exploration 
planning may avoid incorrect geological interpretations, 
not only at Nimbus, but in other unusual VHMS deposits 
worldwide. 
 
5 Conclusions 
 
A multi-disciplinary approach to understanding ore 
deposits allows for better constraints on the timing and 
processes involved in VHMS mineral systems. That is 
especially true when dealing with the less conventional 
VHMS-replacement type deposits, where the syn-
volcanic nature of ore formation is not always clear. 

Our observations regarding the Nimbus deposit 
evolutionary model indicate a strong late alteration 
overprint. This alteration is possibly linked to the 
mineralisation itself, in which case the search for similar 
deposits to Nimbus should focus on areas of intense 
hydrothermal alteration of similar age. 

Alternatively, the ore formation could be linked to 
volcanism and the late alteration is only responsible for 
remobilizing metals. In this case there is potential for 
sub-mineralisation to be found at Nimbus by 
understanding the effect of the younger fluid to the main 
ore.  

Direct Re-Os dating of sulphide phases does not offer 
enough age precision to resolve the mineralisation 
timing issues. However, further multi-disciplinary studies 
could be applied to better constrain the relative age of 
the polymetallic ore phases, including trace element 
determinations on different sulphides and the expansion 
of high-resolution Pb-isotope studies to incorporate 
other Pb-bearing minerals, among others. 
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Abstract. Metasomatic alteration of the deep oceanic 
crust by heated seawater produces a variety of 
hydrothermal–metamorphic mineral assemblages 
including spilites and epidosites. Epidosites have been 
proposed as markers of deep upflow in hydrothermal 
convection cells and as source rocks for the metals in 
seafloor VMS deposits. Whereas spilitization is 
attributed to fluid of seawater salinity, the salinity of 
epidotizing fluids is debated. In addition, the metal 
contents of the fluids have been constrained by 
experiments and observations of vent fluids, but no 
direct analyses are available. 

We have analyzed primary fluid inclusions in spilites 
and epidosites in the Semail ophiolite (Oman). The 
results confirm that both fluids have salinity close to that 
of seawater (2.6–4.1 wt.% dissolved solids). The fluid 
inclusion data reveal that the alteration occurred over a 
range of P-T conditions: 170–430 °C for spilitization and 
235– 400 °C for epidotization, all at hydrostatic 
pressures of 27–50 MPa. Laser-ablation-ICP-MS 
analyses show that the spilitizing fluid is enriched in Fe, 
Cu and Zn, whereas the epidotizing fluid is metal-
depleted. Therefore, we view the spilitizing fluid rather 
than the epidotizing fluid as the major carrier of metals 
to black-smoker sulfide deposits on the seafloor. 
 
1 Introduction  
 
Seafloor massive sulfide (VMS) deposits in basaltic 
lavas are widely considered to be products of metal-
leaching from the oceanic crust by circulating hot 
seawater. Metasomatic alteration of the basalts at 
greenschist-facies P–T conditions produces spilites 
(rocks consisting of chlorite + albite + quartz ± actinolite 
± epidote) at low to moderate water/rock ratios, and 
locally epidosites (rocks consisting of epidote + quartz + 
titanite + Fe-oxides) at very high water/rock ratios 
(Weber and Diamond 2019). Richardson et al. (1987) 
proposed that epidosites mark deep upflow zones in the 
hydrothermal convection cells and that they are the 
source rocks for metals in VMS deposits. However, 
Jowitt et al. (2012) showed that spilites may be just as 
depleted in metals as the epidosites. Constraints on the 
metal contents of sub-seafloor fluids are available from 
experimental studies and observations of seafloor vents 
(e.g. Seyfried and Ding 1995), but no metal analyses of 
deep spilitizing or epidotizing fluids have been available 
so far to test the plausibility of the source-rock proposal. 
Another point of contention is whether the fluid that 
produces epidosites has seawater salinity or if it is a 

hypersaline brine, as argued from fluid inclusion studies 
in plagiogranites (Juteau et al. 2000).  

To clarify these issues we have investigated fluid 
inclusions in hydrothermally altered basaltic dikes and 
lavas as well as plagiogranites in the Semail ophiolite, 
Oman. The salinity of the inclusions was determined by 
microthermometry and the major- and trace-element 
compositions were analyzed by laser-ablation-ICP-MS 
analyses. By comparing the results to hydrothermal vent 
fluids at mid-oceanic ridges we are able to identify which 
of the hydrothermal fluids likely feed the black smokers 
and generates seafloor VMS deposits. 
 
2 Geological setting  
 
The oceanic crust that is observable today in the Semail 
ophiolite formed above a nascent subduction zone in the 
Mid-Cretaceous southeastern Tethys Ocean (Belgrano 
and Diamond 2019, and references therein). The upper 
crustal sequence of the ophiolite consists of a basaltic 
sheeted dike complex covered by axial (spreading ridge) 
and off-axial basaltic volcanic units which host late off-
axial gabbros, diorites and plagiogranites. Numerous 
VMS deposits occur at various stratigraphic levels in the 
volcanic sequence (Gilgen et al. 2014), and spilite and 
epidosite alteration can be found in all stratigraphic 
positions of the Semail crust, from the basal gabbros 
through the overlying sheeted dikes to the upper pillow 
lavas (Gilgen et al. 2016). 
 
3 Results of fluid inclusion analyses 
 
3.1 Fluid inclusion petrography 
 
The analyzed samples from plagiogranites contain three 
stages of fluid-inclusion-bearing quartz: (1) magmatic-
hydrothermal quartz in miarolitic cavities which is locally 
overgrown by (2) hydrothermal quartz belonging to a 
spilite alteration assemblage (accompanied by albite, 
actinolite and chlorite), which is in turn occasionally 
overgrown by (3) hydrothermal quartz belonging to an 
epidosite assemblage. Cathodoluminescence (CL) in 
the quartz crystals helps discriminate between light-grey 
magmatic and magmatic–hydrothermal-stage quartz, 
medium-grey spilite-stage quartz and dark-grey to 
almost black epidosite-stage quartz (Fig. 1b). 

Early crystal growth zones in magmatic quartz hosts 
devitrified melt inclusions consisting of several solid 
phases + aqueous liquid + vapor. Later overgrowths of 
magmatic–hydrothermal quartz contain aqueous liquid + 
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vapor + halite (LVH) inclusions with coexisting vapor-
rich inclusions. The variation of phase proportions 
between inclusions in coeval assemblages shows that 
these hypersaline brine + vapor inclusions were trapped 
heterogeneously, i.e. from a two-phase fluid. 
 

 
Figure 1. a. Field, b. CL and c. transmitted light microphotographs 
of hydrothermal quartz in plagiogranite. d. Magmatic quartz hosts 
liquid–vapor–halite fluid inclusions. e. Later hydrothermal spilite 
with primary aqueous liquid-vapor inclusions. f. Latest epidote in 
an epidosite assemblage consisting of epidote + hydrothermal 
quartz hosting primary aqueous liquid–vapor inclusions. 
 

The fluid that precipitated the spilite mineral 
assemblage is trapped as inclusions in the second-
stage hydrothermal quartz within plagiogranites, and 
also within quartz in amygdales of pillow lavas (Fig. 1b 
and e). The inclusions consist of liquid (L) and vapor (V) 
with uniform phase proportions in individual inclusion 
assemblages, implying entrapment from a 
homogeneous (one-phase) fluid. 

The epidosite fluid is trapped in epidote and 
contemporaneous quartz in patchy to locally completely 
epidotized plagiogranites (Fig. 1a) as well as in massive, 
pervasively epidotized dikes and lavas, and in epidote + 
quartz veins. Primary fluid inclusions trapped along 
crystal growth zones in these epidosites are deduced to 
have been trapped from single-phase fluids, as shown 
by the constant LV phase proportions within individual 
assemblages (Fig. 1f). 

3.2 Fluid inclusion microthermometry 
 
Upon heating, the LVH inclusions in the magmatic-
hydrothermal quartz homogenize either by (a) vapor 
disappearance after halite melting (Th (LV→L) or (b) by 
halite dissolution after vapor disappearance (Th = 
Tm(H)). In case (a) halite melts in the range of 210–285 
°C, implying salinities from 32–38 wt.% NaCleq, and the 
vapor phase disappears from 400–410 °C in individual 
fluid inclusion assemblages. In case (b), in contrast, 
Th(LVH→LH) = 231–273 °C and Tm(H) = 355–445 °C, 
which implies fluid salinities from 44–52 wt.% NaCleq. In 
both cases, V-rich inclusions homogenize to the V 
phase. Freezing of the V-rich inclusions shows final ice 
melting temperatures (Tm(Ice)) from -2.2 to -1.4 °C, 
equivalent to 2.4–3.7 wt.% NaCleq. 

Fluid inclusions trapped in spilite quartz show Tm(Ice) 
over small ranges within individual fluid inclusion 
assemblages, varying from -1.4 to -2.4 °C and 
corresponding to 2.4–4.0 wt.% NaCleq. Homogenization 
(LV→L) temperatures vary from 130–140 and 160–180 
°C in quartz within amygdales and cavity fillings in pillow 
lavas, and from 380–390 °C in spilite-altered 
plagiogranites.  

The epidotizing fluid, which is trapped as fluid 
inclusions in epidote + quartz, has salinities from 2.4–
4.0 wt.% NaCleq as calculated from Tm(Ice) values of -
1.4 to -2.4 °C. Homogenization temperatures are tightly 
clustered within fluid inclusion assemblages, with values 
of 220–315 °C in epidotized sheeted dikes and pillow 
lavas, and 365–370 °C in epidotized plagiogranites. 
  
3.3 Fluid inclusion analysis by laser-ablation-

ICP-MS 
 
Element concentration ratios were determined by laser-
ablation-ICP-MS analysis of individual fluid inclusions 
(method of Pettke et al. 2012) in petrographically well-
defined inclusion assemblages in spilite-stage, 
epidosite-stage and magmatic–hydrothermal-stage 
quartz. The detected elements are displayed in figure 2 
in units of molality, calculated from the known fluid 
salinities. To facilitate comparison with the various fluids 
shown in figure 2, the extremely high concentrations of 
elements in the hypersaline brines have been 
normalized to seawater chlorinity (0.57 mol/kgH2O). The 
metals Fe, Cu and Zn were below detection in the 
epidosite fluid and so their analytical limits of detection 
(LOD) are shown in figure 2 to provide maximum 
possible concentrations. 
 
3.4 P-T conditions of hydrothermal alteration 
 
Since the spilitizing and epidotizing fluids were originally 
trapped as homogeneous liquids in the fluid inclusions, 
their homogenization temperatures set minimum limits 
on trapping temperatures (TTrap). Estimates of the true 
trapping temperatures were obtained by reconstructing 
the fluid pressure at the time of fluid entrapment, based 
on a pressure–temperature (P-T) plot of the fluid 
isochores. Fluid pressure is assumed to have been 
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hydrostatic, as the overlying rocks are porous and 
permeable. The values of fluid pressure were calculated 
from the sub-seafloor depth of the rocks during 
alteration (0.9–1.8 km; Table 3 in Gilgen et al. 2016) and 
from the assumed thickness of overlying seawater 
(2000–2500 m, as typical of modern oceanic ridges). 
Owing mostly to the wide Th ranges of the fluid 
inclusions from different localities, the resulting trapping 
conditions of the spilite fluid spread from 140–430 °C 
and 27–50 MPa. Similarly, the epidosite fluid is 
estimated to have been trapped at 235–400 °C and 27–
50 MPa.  
 

 
 
Figure 2. Multi-element plot of fluids trapped in early magmatic 
quartz, intermediate spilite quartz and late epidosite quartz 
obtained by LA-ICP-MS analyses of individual fluid inclusions in 
well-defined assemblages. The composition of the magmatic 
hypersaline brine is normalized to seawater chlorinity. The data 
are compared to modern seawater (Millero et al. 2008; Butterfield 
et al. 1990) and an active seafloor vent fluid (James et al. 2014). 
 
4 Discussion 
 
4.1 Fluid origins 
  
In all the samples we studied the hypersaline brine is 
petrographically of magmatic-hydrothermal origin. This 
fluid is thus interpreted to represent saline magmatic 
water exsolved from the crystallizing plagiogranites at 
pressures low enough (27–50 MPa) to induce unmixing 
into hypersaline brine + vapor. The inferred magmatic 
origin of the brine is consistent with the ratios of its non-
volatile elements (especially K, Mn, Zn, Rb and Sr with 
respect to Na; grey curve in figure 2), which are notably 
higher than those of the spilitizing or epidotizing fluids. 
The hypersaline brine is therefore not the product of 
boiling of chemically modified seawater near the cooling 
plagiogranites. 

In contrast, the spilites and epidosites evidently 
formed from homogeneous aqueous liquids with 
salinities (2.4–4.0 wt.% NaCleq) in the range of modern 
seawater (3.1–3.8 wt.% total dissolved solids, cf. Levitus 
et al. 1994). They thus represent modified seawater that 
maintained its chlorinity while changing its cation ratios 
during circulation through the basaltic crust. 

 

4.2 Chemical evolution from seawater to vent 
fluid 

  
The multi-element plot in figure 2 demonstrates that 
recharging seawater (light blue curve) decreases its Mg 
concentration by more than two orders of magnitude 
and increases its Ca content by one order of magnitude 
as it converts its basaltic wall rocks to chlorite- and 
albite-bearing spilites (dark blue curve). Also Mn, Fe, Cu 
and Zn become significantly enriched along the path 
from seawater to spilite fluid. The epidosite fluid shows 
an even lower Mg concentration and a higher Ca/Mg 
ratio (green curve), consistent with its replacement of 
the spilite assemblage by epidote and quartz. 

In the epidosite fluid, the concentration of VMS-type 
ore metals Fe, Cu and Zn and also Mn (often deposited 
distally to VMS mounds) are all at least an order of 
magnitude lower than in the spilite fluid. This is because 
the epidosites form by metasomatic replacement of 
spilites that have already been depleted in metals. For 
this reason we view the spilite fluid, rather than the 
epidosite fluid, as the essential carrier of metals to form 
seafloor vents VMS deposits. The vent fluids 
themselves (red curve) have very low Fe, Cu and Zn 
contents, because they are sampled above the black 
smokers following loss of their metals as sulfide 
precipitates at and below the seafloor. 

 
5 Conclusions 
 
We conclude that any genetic model of VMS deposits in 
basalt-dominated systems should consider the spilitizing 
fluid, which is formed by interaction of basalt with 
seawater under greenschist-facies conditions, as the 
ore-bearing fluid. Although epidosites may indeed 
represent focused upflow zones in hydrothermal 
circulation cells, the fluid from which they form appears 
to be too poor in metals to form massive sulfide deposits 
upon venting at the seafloor. 
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Abstract. Seafloor massive sulfides (SMS) have 
become a target of increased global exploration activity 
due to their presumed resource potential. Recent 
investigations have shown that these occurrences are 
more variable than previously thought and that this 
variability is not necessarily reflected in analogous 
volcanogenic massive sulfide deposits preserved in the 
ancient rock record. The geological differences strongly 
affect the fluid composition, mineralogy as well as the 
major and trace element geochemistry of the deposits. 
New technologies are helping us to define their third 
dimension and to understand the subseafloor processes 
taking place, but also shed light on their fate after 
hydrothermal activity ceases and seafloor weathering 
and oxidation take over. 
 
1 Introduction 
 
Seafloor massive sulfides (SMS) are occurrences of 
metal-bearing minerals that form on and below the 
seabed from the interaction of heated seawater, 
magmatic volatiles and a large variety of source rocks. 
These SMS deposits have become a target of increased 
global exploration activity (seven exploration licenses 
granted by the International Seabed Authority by the 
end of 2018) due to their presumed resource potential. 
We know that SMS deposits form as a consequence of 
seawater circulating through hot oceanic crust deep 
beneath the seabed with possible contributions from 
magmatic volatiles and metals. This usually occurs at 
volcanically active tectonic plate margins including mid-
ocean ridges, back-arc spreading centres, and volcanic 
arcs (Hannington et al. 2005). Over the past few years 
scientific research and state-funded exploration 
activities have identified significant variations in the 
simple convection cell deposit model. 
 
2 Geological setting 
 
By early 2019, about 400 sulfide-bearing or high-

temperature hydrothermal sites have been found 
throughout the modern global ocean, indicating the 
widespread occurrence of this type of seafloor 
mineralization. Deposits are commonly basalt-hosted at 
typical Mid-Ocean Ridges (Fig. 1), but over one third is 
related to subduction zones, where they are associated 
with back-arc spreading centres (in either continental or 
oceanic crust), arc volcanoes or rifted arc. The majority 
of the occurrences (73 %) are active black-smoker type 
high-temperature vent fields with only about one quarter 
being inactive. This is still a reflection of the exploration 
methods that are being used and does not represent the 
true distribution at the seafloor that is expected to 
contain far more inactive occurrences than active ones. 
This has been confirmed in recent years as more 
inactive sites have been found due to a slow change in 
methodology used for exploration.  
 

 
 
 
Figure 1. Variability of the tectonic setting of SMS occurrences on 
the modern seafloor (N=400; GEOMAR). BA = back-arc; MOR = 
Mid-Ocean Ridge; UM = ultramafic-hosted. 
 
Until 1984, it was widely accepted that hydrothermal 
activity on slow‐spreading ridges would be rare because 
of the limited input of near sea‐floor magmatic heat. 
However, since the discovery of the TAG hydrothermal 
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field on the Mid‐Atlantic Ridge, it became apparent that 
the slow‐spreading ridges may host some of the largest 
hydrothermal systems (Hannington et al. 2011). Recent 
increased exploration activities along those slow- to 
ultraslow-spreading ridges, commonly by state parties, 
result in a growing number of known SMS occurrences 
(Fig. 2). Within this setting, hydrothermal fluid flow is 
strongly controlled by tectonic processes and especially 
deeply-penetrating faults that favor circulation of 
seawater to considerable depths and, in some cases, to 
some distance off-axis. This concept is supported by 
recent discoveries in the Indian and the Atlantic Ocean, 
where many of the sites are unusually large and 
enriched in metals (German et al. 2016).  
 

 
 
Figure 2. Distribution of SMS occurrences associated with 
spreading centers according to spreading rate (N=347; GEOMAR). 
Ultraslow = <20mm/yr; slow = 20-50mm/yr; intermediate = 50-
80mm/yr; fast = 80-140mm/yr; ultrafast = >140mm/yr.  
 

The diversity of the regional and local geological 
settings in which SMS occurrences are found also has 
increased. Detailed investigations of areas with 
exposure of mantle rocks (oceanic core complexes), for 
instance, have shown that hydrothermal activity is 
widespread on these core complexes. They largely form 
along slow- and ultra-slow spreading mid-ocean ridges, 
but are also observed in back-arc basins (Anderson et 
al. 2017). This is an important addition to geological 
models for the formation of seafloor massive sulfide 
occurrences. It also indicates that off-axis magmatism in 
areas of presumably low-magma budget is still capable 
of forming seafloor massive sulfide deposits. Recent 
investigations along slow- to intermediate-spreading 
ridges have shown important occurrences of active 
venting over 14 kilometers away from the neo-volcanic 
zone. This has important implications, not only for our 
understanding of hydrothermal processes at spreading 
centers, but also for the exploration of seafloor massive 
sulfide occurrences, the global distribution of associated 
chemosynthetic faunal communities and how they 
colonize new areas. It is now clear that research 
programs and exploration must consider larger areas of 
the modern seafloor than previously thought. 

SMS deposits are 3-dimensional bodies and drilling is 
still rarely conducted on the modern seafloor. Over the 
past few years, a number of drilling and coring 
campaigns have investigated the interior of various 

occurrences (Petersen et al. 2014, Murton et al. 2019. 
Additionally, new geophysical methodologies and tools, 
including seismic and electromagnetic systems, are 
currently being developed and used to image the 
subseafloor of SMS occurrences. It is clear that 
subseafloor processes such as replacement and the 
formation of siliceous cap rocks within the overlying 
sediments are important processes for the preservation 
potential of SMS deposit as observed in ancient VMS 
deposits in the geological record.  

 
3 Mapping the Seafloor 

 
Another recent advance in the understanding of SMS 
deposits comes from new efforts to truly map the 
geology of the modern seafloor. Such geological maps 
are fundamental for systematic exploration because the 
depicted features (lithology, composition, structural 
relations, age) correspond to diagnostic elements in 
genetic models of the mineral deposit types (e.g., metal 
sources, transport pathways, and depositional traps). 
Regional geological maps of the oceans are rudimentary 
and to a large part limited to the sedimentary cover and 
the ages of the oceanic crust as defined by 
paleomagnetic studies. A step change is further required 
in the density of sampling for regional groundtruthing. 
Spatial and temporal variability in the composition of the 
crust, especially in the geologically more complex and 
metal endowed arc/back arc regions such as the SW 
Pacific, is significant, yet samples that are needed to 
identify rock types are often collected 10s or even 100s 
of kilometres apart or only along the recent spreading 
centres, neglecting the majority of the crust surface. 
 
4 Hydrothermal processes 
 
Advances in analytics such as laser-ablation ICP-MS 
and unconventional metal isotopes have a resulted in a 
multitude of papers describing the trace element 
composition of the major sulfide minerals, the 
distribution of trace metals within deposits, and the 
variable influence of magmatic contributions and their 
impact on metal endowment. Further to the overall 
regional geological control on metal endowment, a 
strong influence of even the local geological settings 
(here proximity to the arc) has been shown in studies of 
the vent fluid and sulfide composition of several closely 
spaced vent fields in the Lau Basin (Evans et al. 2017) 
Sampling of deep, boiling and precious-metal-rich 
hydrothermal fluids at the Reykjanes peninsula, Iceland 
(Hannington et al. 2016) and of gold nanoparticles in 
boiling vents in the West Pacific (Gartman et al. 2018) 
have shown that precious metals are likely enriched in 
the deeper part of the hydrothermal convection cells and 
that transport of colloidal particles could be important in 
hydrothermal systems. This has clearly changed our 
understanding of SMS formation. 
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Abstract. Epidosites (basalts altered to epidote + quartz 
with minor titanite and Fe-oxide) have been proposed to 
form along the deep segments of hydrothermal 
upwelling zones in oceanic crust, possibly leading up to 
VMS deposits at the seafloor. During epidosite alteration 
of the precursor rock, Na and Mg are leached 
completely and Ca is added. This metasomatic 
exchange requires substantial fluid flux but the exact 
amount is unclear. We use reactive-transport modeling 
to calculate the mass of fluid per mass of rock (water–
rock ratio) needed to form complete epidosites. Our 
simulated mineralogical changes during epidosite 
alteration closely match changes measured in samples 
from the Oman ophiolite, supporting the validity of our 
approach. Calculated water–rock ratios for epidosite 
alteration range from 1200 up to as high as 80,000, 
strongly depending on the reactant rock composition. 
Such high water–rock ratios support the proposal that 
epidosites form along focused flow paths of discharging 
hydrothermal fluid.  
 
1 Introduction 
 
It is well known that seawater infiltrates the basaltic 
oceanic crust in response to thermal gradients above 
shallow intrusions in extensional tectonic environments 
(e.g. Alt 1995; Fig. 1). The circulating seawater reacts 
with its wall rocks, leading to substantial chemical 
changes in the crustal rocks as well as to the formation 
of volcanogenic massive sulfide (VMS) deposits at 
seafloor vents. Understanding the formation of VMS 
deposits is therefore intimately linked to understanding 
the processes of hydrothermal alteration below the 
seafloor (e.g. Alabaster and Pearce 1985). 

Two main types of hydrothermal alteration are 
recognized in seafloor and ophiolite studies. First, 
regionally distributed "spilite" alteration pervasively 
overprints most of the upper crust, due to recharge of 
seawater, which leaches Ca from the rocks and 
enriches them in Na and Mg. Greenschist-facies spilites 
are thus characterized by albite and chlorite with minor 
Fe-oxides, titanite, epidote, quartz and actinolite. Relict 
magmatic augite is common. The second, less abundant 
alteration type is "epidosite", consisting of epidote and 
quartz with minor titanite and Fe-oxides. These rocks 
have been found in modern oceanic crust, albeit rarely, 
in both MOR (Quon and Ehlers 1963) and forearc 
settings (Banerjee et al. 2000). Epidosites are also 
commonly exposed over large areas in ophiolites, e.g. in 
the sheeted dyke complex of the Troodos ophiolite in 
Cyprus (Schiffman et al. 1987) and in the extrusive 
sequence in the Semail ophiolite in Oman (Gilgen et al. 

2016). To form epidosites from spilites, Na and Mg need 
to be entirely leached and Ca needs to be added to the 
rock, i.e. the spilitization reaction is reversed. Epidosites 
have therefore been assumed to be the fossil upflow 
zones of hydrothermal convection cells (Richardson et 
al. 1987). The low concentrations of base metals such 
as Cu and Zn led to the conclusion that epidosites could 
be the source rocks for metals deposited in VMS 
deposits (Richardson et al. 1987). This would imply that 
the presence of deep-seated epidosites in ophiolite 
terranes may be an indicator of the presence of 
overlying VMS deposits. On the other hand, Jowitt et al. 
(2012) showed that spilites may be depleted in Cu and 
Zn too, thus the significance of epidosites for VMS 
formation remains enigmatic. 

One of the parameters required to test the source-
rock model is the amount of water that is required to 
create epidosites. The mass of fluid per mass of rock 
(water–rock or W/R ratio) has been estimated by 
different methods. Kawahata et al. (2001) calculated a 
W/R ratio of 22 based on the change in Sr isotopes 
during alteration. Seyfried et al. (1988) calculated a 
much higher W/R ratio of 1040, based on the 
experimentally determined Mg-leaching capacity of hot, 
seawater-derived fluids. Bettison-Varga et al. (1995) 
calculated a similar W/R ratio of up to 1250 with batch-
reaction thermodynamic modeling.  

Our goal was to calculate the W/R ratio needed to 
form an epidosite by using reactive-transport modeling 
based on the thermodynamic properties of minerals and 
aqueous solutes. We assess the effect that different 
precursor rock compositions have on the product 
epidosite and on the W/R ratio. We verify our predicted 
precursor-to-epidosite reaction paths by comparing 
them to the mineralogy of reaction fronts in real 
epidosites from the Semail Ophiolite.  

 
2 Samples and element maps 
 
Samples were collected in the volcanic sequence of the 
Semail ophiolite. Each consists of an alteration halo 
around an epidosite nodule, which contains both spilite 
(reactant) and epidosite (product) zones. Thin-sections 
were cut perpendicular to reaction fronts to analyze 
mineralogical changes during epidosite alteration. 
Element concentration maps of thin-sections were 
acquired by electron-microprobe and minerals were 
assigned to each measured spot using XMapTools 
(Lanari et al. 2018).  
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Figure 1. Conceptual model of hydrothermal convection cell 
including recharge of cold seawater, reaction zone where 
epidotizing fluid is formed, epidosite occurrences along focused 
upflow zones and VMS deposit at the seafloor. Labels on grey 
background refer to stratigraphic units and labels on white 
background refer to hydrothermal alteration. Modified after Gilgen 
et al. (2016). 

 
3 Reactive-transport modeling 

 
3.1 Model setup 
 
We used the fully coupled reactive-transport code 
Flotran (Lichtner 2007) to perform numerical simulations 
based on the thermodynamic database supcrt92 
(Johnson et al. 1992). The epidosite zone was simplified 
as a 1D flow-through domain composed of 10 sequential 
cells of 1 cm length each, somewhat larger than the 
width of observed reaction zones (e.g. Fig. 2). The cells 
were initially assigned the composition and mineralogy 
of a porous spilite rock and saturated with an aqueous 
solution in equilibrium with the spilite. The simulations 
were run at constant temperature (350 °C) and pressure 
(50 MPa), corresponding to representative  formation 
conditions of the epidosites determined from fluid 
inclusion analysis (Richter and Diamond 2019). A fluid 
pre-equilibrated with the epidosite mineral assemblage 
enters the model at a constant flow rate from one side 
and exits on the other side, thereby continuously 
replacing spent fluid with fresh fluid. Flow is held at a 
very low rate to assure local equilibrium is reached at 
the scale of individual cells within the model domain. 
The W/R ratio is calculated as the time-integrated mass 
of fluid that passed through the model at the time of 
complete epidosite formation divided by the initial mass 
of spilite. Unfortunately, we cannot model the presence 
of titanite in our simulations due to the absence of 
thermodynamic data in the supcrt92 database.  
 

3.2 Composition of the epidotizing fluid 
 

We used three different sources to estimate the 
chemical properties of the fluid in equilibrium with 
epidosite. Firstly, total chloride concentration and the 
Na/Ca molal ratio were obtained from analyses of fluid 
inclusions in epidosites (Richter and Diamond 2019). 
Secondly, the pH of the fluid was constrained to be 
around 5, due to the narrow stability range of the 
epidosite mineral assemblage. Thirdly, knowing the 
above parameters allows us to calculate total aqueous 
Al, Fe and Si concentrations from mutual equilibrium 
with quartz, epidote and hematite. 
 
3.3 Composition of the reactant rock 

 
Most spilites from the extrusive sequence in the Semail 
ophiolite can be classified in two mineralogical groups. 
One is composed of hydrothermal albite, chlorite, 
titanite, hematite and variable amounts of quartz and 
epidote. The other additionally contains relict magmatic 
augite. We discuss only two examples here, but the 
relative mineral abundances vary within each group.  

 
4 Results 
 
The mineral map of an epidosite reaction front is shown 
in Fig. 2a. The epidosite assemblage replaces a spilite 
composed of albite, augite, quartz, chlorite, epidote, 
hematite and titanite. Calcite is interpreted to have 
precipitated during or after ophiolite obduction and is 
therefore ignored in the modeling. Albite is clearly 
consumed first, followed by chlorite and later augite. The 
reactive-transport simulation with a comparable spilite 
reactant assemblage is shown in Fig. 2b. Complete 
epidosite alteration would only be achieved at a W/R 
ratio of about 80,000, although complete alteration is 
clearly not reached in the real sample, as abundant 
relict augite is still present in the epidosite zone.  

We also show the results of a simulation with an 
augite-free spilite assemblage in Fig. 2c. The sequence 
of alteration is comparable to the spilite in Fig. 2b. Albite 
is consumed first, followed by chlorite. The calculated 
W/R ratio at complete epidosite alteration is only about 
1200 for this example, much lower than the sample 
shown in Fig. 2b. 

 
5 Discussion 
 
Our calculated W/R ratio needed to form complete 
epidosites can be as high as 80 000. This extreme W/R 
ratio, calculated for augite-rich samples is almost two 
orders of magnitude higher than previously assumed in 
the literature. However, for augite-free samples W/R 
ratios can be as low as 1200, which are comparable to 
the ratios calculated by Seyfried et al. (1988) and 
Bettison-Varga et al. (1995).  
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Figure 2. (a) Mineral map of epidosite reaction front in thin-section. Epidosite replaces augite-bearing spilite from right to left. (b) Mineral 
evolution with increasing W/R ratio during epidosite alteration calculated in reactive-transport simulation. (c) Calculated mineral evolution 
during epidosite alteration of augite-free spilite. 
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The close match between observed intermediate 
reaction products in thin-section and reactive-transport 
simulations (Fig. 2a & 2b) supports the validity of our 
reactive-transport simulations. Albite is replaced readily 
during epidosite alteration, whereas the W/R ratio 
required to completely destroy chlorite is much higher. 
The reason is the low Mg concentration in the epidosite-
equilibrated fluid, which has only seawater chlorinity for 
complexing. If augite is present, a much higher W/R 
ratio is required to achieve complete epidosite alteration. 
The fact that augite solubility is very low at epidosite-
forming conditions is confirmed by the reaction front in 
the thin-section in Fig. 2a. While albite and chlorite are 
leached readily, augite is mostly untouched by 
alteration, showing only minimal dissolution features 
towards the epidosite zone of the thin-section. This 
indicates that the mineralogical composition of the spilite 
has a larger impact on the W/R ratio required for 
complete epidosite alteration than the bulk elemental 
composition of the spilite.   

Our reactive-transport simulations predict approx. 10 
vol.% increase in porosity, which fits that measured by 
Brett et al. (2017). This further validates our simulations.  

The very high calculated W/R ratios confirm that 
enormous amounts of water have to flow through 
discrete zones of the upper oceanic crust to form end-
member epidosites. While it is clear that epidosites are 
deep markers of hydrothermal discharge paths, future 
simulations will show if these W/R ratios coupled with 
the metal contents of the epidotizing fluid recently 
indicated by fluid inclusion analyses (Richter and 
Diamond 2019) can account for the base-metal leaching 
observed in epidosites.  
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Abstract. Tinakula is the first massive sulfide deposit 
described in the Solomon Islands, located in the Jean 
Charcot Troughs at ~1100 mbsl. It is the first modern 
analog of a mafic volcaniclastic-hosted massive sulfide 
deposit. Barite- and sulfide-rich chimneys and mounds 
cover an area of ~77,000 m2 along a submarine scoria 
cone row. The shallow footwall consists of intensely-
altered volcaniclastic breccias variably cemented by 
anhydrite, and cross-cut by sulfate-sulfide veins. 
Stratiform alteration assemblages show progressive 
changes in clay mineralogy with depth, from smectite to 
mixed-layer illite/smectite, to chamosite and corrensite. 
δ18O and δD values of clays confirm increasing 
temperature with depth from 124–256°C, associated 
with seawater-dominated hydrothermal fluids at high 
water:rock ratios. This study shows how hydrothermal 
fluids can become focused in permeable rocks by 
progressive low-temperature fluid circulation, leading to 
a large area of alteration with reduced permeability 
close to the seafloor. Over-pressuring and fracturing of 
the sulfate-cemented volcaniclastic rocks produced the 
pathways for higher-temperature fluids to reach the 
seafloor, present now as sulfate-sulfide veins in the 
footwall. This reveals the important role of anhydrite in 
fluid focusing, which is usually not preserved in the 
geologic record. 
 
1 Introduction 
 
Studies of ancient volcanogenic massive sulfide (VMS) 
deposits have revealed that the nature of the substrate 
(coherent vs. clastic) plays a first-order control on the 
sizes and shapes of VMS deposits, the flow of 
hydrothermal fluids, and the nature of the footwall 
alteration zones (e.g., Franklin et al. 2005; Hannington 
et al. 2005). In successions that are dominated by 
coherent lavas, hydrothermal fluids tend to be focused 
along faults with minimal influx of cold seawater, forming 
discordant pipe-like alteration zones (cf. Franklin et al. 
2005). In contrast, successions that dominated by 
volcaniclastic strata have high permeabilities that 
promote lateral fluid flow, widespread seawater mixing, 
and stratiform alteration zones (cf. Franklin et al., 2005). 

A lack of drilling of modern seafloor massive sulfide 
(SMS) deposits has resulted in relatively little 
information about the third dimension of actively-forming 
deposits. Commercial drilling at the Tinakula SMS 

deposit in the Jean Charcot Troughs (Solomon Islands) 
provides a rare view into subseafloor alteration 
processes of a modern mafic volcaniclastic-hosted 
deposit. We investigate how this substrate has 
influenced fluid flow and fluid mixing at Tinakula in order 
to understand how high-temperature fluids can become 
focused to the seafloor in permeable successions. 
 
2 Tectonic setting 
 
The Jean Charcot Troughs comprise one of the 
youngest back-arcs in the world, forming ~4 m.y. ago in 
response to eastward subduction and rollback of the 
Indo-Australian plate beneath the Pacific plate (Monjaret 
et al. 1991; Pelletier et al. 1998). The back-arc consists 
of a series of complex horst and graben structures over 
~120 km from the arc (Fig. 1) that have variable 
orientations. The seafloor depths range from ~800–3600 
mbsl, and individual grabens are 20–65 km in length  
and 5–15 km in width. 
 

 
 
Figure 1. Satellite altimetry from Sandwell et al. (2014) showing 
the back-arc Jean Charcot Troughs (grey hatched pattern) and the 
location of the Tinakula deposit (yellow star). 



88 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 1 

In the central part of the JCT, there is a notable 
bathymetric high that bisects the trough morphology 
(Fig. 1). We interpret this to be a recent volcanic 
complex related to basement structures that extend from 
the North Fiji Basin into the JCT along a paleo-
spreading center (the Tikopia fracture zone). Here, the 
seafloor is dominated by N-S trending structures that 
are exploited by magmas, producing linear volcanic 
ridges and volcanic cones aligned along fissures. The 
Tinakula deposit occurs along one scoria cone row 
associated with this area of enhanced magmatism. 

 
3 Methods 
 
3.1 X-Ray diffraction 
 
Bulk samples of crushed altered material were 
separated into clay-sized fractions (<2 μm) by settling in 
cylinders of standing water, following Moore and 
Reynolds (1997). The mineralogy of the clay fraction 
from 58 samples was determined using a Philips X-ray 
diffractometer PW 1710, equipped with a Co-tube and 
an automatic divergence slit and monochromator, 
located at GEOMAR. Operating conditions were 40 kV 
and 35 mA. Oriented mounts were prepared by wet 
suspension followed by air-drying, and were measured 
with a 2-theta scanning angle of 3–40°, at a scan rate of 
1 second per 0.01° step. Samples were then saturated 
with ethylene glycol following a standard vaporization 
technique and re-analyzed. MacDiff v.4.2.6 software 
was used for mineral identification and display of XRD 
data. 
 
3.2 Whole-rock geochemistry 
 
Whole-rock geochemistry was determined on 47 clay-
altered volcanoclastic samples (<63 μm) at Activation 
Laboratories. A lithium metaborate/tetraborate fusion 
was used; the major elements were analyzed by ICP-
OES, and the trace elements (Ba, Be, Bi, Co, Cs, Ga, 
Ge, Hf, In, Mo, Nb, Rb, Sr, Ta, Th, Tl, U, V, W, Y, Zr, 
REEs) were analyzed by ICP-MS, with additional 
elements (Ag, Cd, Cu, Ni, Pb, and Zn) analyzed by ICP-
OES following a total acid digestion technique. Cold 
vapor AAS was used to determine Hg and infrared 
detection (IR) was used to determine total S. INAA was 
used to determine Au, As, Br, Cr, Ir, Sc, Se, and Sb. 
Duplicates and standard reference materials were 
analyzed after every 10–15 samples and indicated a 
precision of better than 10% and accuracy of better than 
5% for most elements.  

 
3.3 O-H isotopes 
 
Oxygen and hydrogen isotope analyses were performed 
at the Queen’s Facility for Isotope Research, Canada on 
monominerallic clays (<2 μm), including nontronite (n = 
2), chamosite (n = 9), corrensite (n = 2), and rectorite (n 
= 1) from depths of 2.8–22.5 mbsf. Oxygen was 
extracted from 5 mg samples at 550–600°C using the 
BrF5 technique of Clayton and Mayeda (1963). Samples 

were analyzed via dual inlet on a Thermo-Finnigan 
DeltaPlus XP IRMS. For hydrogen isotope 
measurements, samples were weighed into silver 
capsules, degassed for one hour at 100°C, and then 
crushed and loaded into a zero-blank auto sampler. 
Hydrogen isotopic compositions were measured using a 
Finnigan thermos-combustion elemental analyzer 
coupled to a Thermo-Finnigan DeltaPlus XP continuous-
flow IRMS. All values are expressed in δ-notation as per 
mil (‰) deviation from V-SMOW, with analytical 
precision and accuracy for δ18O values of 0.1 ‰ and for 
δD of 3 ‰ and 1.5 ‰, respectively. 
 
4 Deposit geology 
 
The volcanoes in the Tinakula area are composed of 
basaltic-andesite and dacite (Anderson 2018). They 
include composite cones, cinder cones, and craters 
without cones. The volcanic cones are aligned along a 
large (~1.6 km-long) N-S-trending fissure (Fig. 2). The 
southern part of the fissure is dominated by a large 
composite cone with bimodal lava flows. This is followed 
northwards by the 900 m-long row of basaltic-andesitic 
cinder cones on which the deposit is centered. 

Sulfide chimneys and mounds are distributed over a 
strike length of ~1050 m along this fissure (Fig. 2). They 
occur on the tops and along the flanks of the cinder 
cones, as well as inside the summit craters. West of the 
row of cinder cones, over a strike length of ~400 m, the 
chimneys and mounds are not associated with 
observable volcanic features at the seafloor but instead 
appear to occur along two NE-SW and NW-SE 
structures. The chimneys are characterized by irregular 
bulbous ‘beehive’ morphologies that lack central orifices. 
The chimneys are commonly surrounded by sulfide talus 
and form hydrothermal mounds that rise ~2–3 m from 

 

 
 
Figure 2. High-resolution (0.2 m) multibeam bathymetry (RESON 
SeaBat 7125-ROV2 400 kHz) showing a series of volcanic cones 
along a fissure, and the distribution of chimneys and mounds. 
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the seafloor. The extent of these mounds is largely 
unknown due to burial by late volcaniclastic sediments. 
Where exposed, the mound material is distinctly 
laminated with layers of barite and sulfide minerals up to 
0.5 m thick with unexpectedly smooth surfaces. The 
layered barite-sulfide mounds are most similar to 
features described by Hein et al. (2014) from the East 
Diamante caldera in the Mariana arc. The surface 
expression of hydrothermal precipitates covers ~77,000 
m2, including ~13,800 m2 of active chimneys and 
mounds, 51,800 m2 of inactive chimneys and mounds, 
and 9,300 m2 of partially-buried chimneys and mounds. 

The subseafloor consists of variably-altered basaltic-
andesitic volcaniclastic material, with vertical and lateral 
facies variations over several meters, including changes 
in clast size, shape, composition, and degree of sorting. 
The volcaniclastic facies are dominated by massive to 
crudely-bedded lapillistone with clasts containing up to 
20% vesicles, interpreted to be phreatomagmatic 
breccias. Minor hyaloclastite breccia and proximal 
resedimented breccias were also identified. Alteration 
and late infill by patchy sulfate cement obscures many 
of the primary volcanic textures. 
 
5 Alteration mineralogy and geochemistry 
 
The volcaniclastic breccias in the footwall of the 
Tinakula deposit have been intensely hydrothermally-
altered, with clay minerals occurring as replacement of 
volcanic material and pore-space infill. Alteration 
minerals identified by XRD include: dioctahedral 
smectite (montmorillonite and nontronite), chlorite 
(mainly chamosite, with minor clinochlore), minor 
chloritoid, illite, and mixed layer clays: illite/smectite, 
muscovite/illite (rectorite), and chlorite/smectite 
(corrensite). Mixed-layer illite/smectite (I/S) ranges from 
50% illite to ~91% illite. These minerals comprise five 
alteration facies associated with increasing depths: (1) 
montmorillonite/nontronite; (2) nontronite + corrensite; 
(3) I/S + pyrite; (4) I/S + chamosite; and (5) chamosite + 
corrensite. 

Compared to the least-altered rocks (basaltic-
andesite, described by Anderson 2018), the whole-rock 
geochemistry of the altered samples reveals variations 
in the concentrations of Ba, Si, Al, Fe, S, Mg, Ca, Na 
and K, consistent with their mobility during hydrothermal 
alteration. High Ba, Ca and S(T) reflect the abundance of 
barite and anhydrite/gypsum in the samples. High 
Fe2O3(T) and S(T) are related to pyrite. Illite-smectite 
alteration is characterized by relative enrichments in 
K2O compared to the least-altered basaltic andesite; 
whereas the chamosite + corrensite alteration is 
dominated by MgO addition.  

Mass balances were calculated for all alteration 
assemblages following the single precursor method of 
Barrett and MacLean (1994a, 1994b, 1999), using 
immobile Zr to calculate the enrichment factor. The 
mass changes for each assemblage are outlined below: 

(1) Montmorillonite/nontronite alteration is associated 
with Si and Na losses in smectite-rich samples;  
and Ca loss in all samples; and no change in Al, 

Fe, or K; 
(2) Nontronite + corrensite alteration is associated 

with Si, Ca and Na losses, Mg gains, and no 
change in Al, Fe, or K; 

 (3) Illite/smectite + pyrite alteration is associated 
with losses in Si, Mg, Na, and Ca, and gains in 
both Fe (due to pyrite) and K; 

(4) Illite/smectite + chamosite alteration is associated 
with Si, Na, and K losses, and variable gains and 
losses in Fe and Mg;  

(5) Chamosite + corrensite alteration is associated 
with Si and Na losses, Mg gains, Fe gains when 
chamosite is more abundant than corrensite and 
Fe losses when corrensite is more abundant, K 
gains when minor I/S is present, and no changes 
in K when there is no I/S. 

The main difference between the low-temperature 
alteration stage and the higher-temperature alteration 
stage is the mass change of MgO (higher in chamosite) 
and K2O (higher in I/S). 
 
6 O-H isotopes 
 
Values of δ18OVSMOW range from +12.3 to +12.5 ‰ for 
nontronite, +2.2 to +8.3 ‰ for chamosite, +9.6 to +11.1 
‰ for corrensite, and +5.9 ‰ in rectorite. The large 
range and high δ18O values reflect substantial shifts 
relative to hydrothermal seawater. Temperatures were 
calculated following Savin and Lee (1988) assuming a 
δ18O of the hydrothermal fluid close to that of typical 
MOR hydrothermal vent fluids (δ18O = +1.3 ‰: Shanks 
et al. 1995). The calculated temperatures show a 
systematic increase from nontronite (136–138°C), to 
chamosite (124–205°C), corrensite (207–227°C), and 
rectorite (256°C). The δ18O of the hydrothermal fluid in 
equilibrium with the analyzed clay minerals could have 
been closer to +5.0 ‰, if we assume a temperature of 
formation of 240°C, following Sheppard and Gilg (1996). 
The large range of calculated δ18OH2O values at the 
inferred temperatures of alteration is consistent with 
boiling of the hydrothermal fluids. Values of δDVSMOW 
range from -92 to -86 ‰ for nontronite, -65 to -52 ‰ for 
chamosite, -85 to -80 ‰ for corrensite, and -69 ‰ in the 
single sample of rectorite. There is a general increase in 
δDVSMOW with depth. 
 
7 Discussion and conclusions 
 
Drilling of the Tinakula deposit has revealed widespread 
hydrothermal alteration within ~10 m of the seafloor in 
the highly permeable volcaniclastic substrate. The 
alteration assemblages are consistent with a near-
neutral or mildly acidic pH. The calculated temperatures 
of clay formation (124–256°C) are lower than the 
predicted temperatures of formation for anhydrite and 
sphalerite, indicating that the late sulfate-sulfide veins 
were likely transporting hotter fluids. Several lines of 
evidence indicate increasing temperature with depth: (1) 
the transition from barite near the surface to anhydrite at 
depth; (2) the transition from smectite to mixed-layer I/S 
(with increasing proportions of illite) to corrensite to 
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chamosite; and (3) decreasing δ18O and increasing δD 
of clay minerals.  

The main difference between the low-temperature 
alteration stage (dominated by I/S + pyrite) and the 
higher-temperature alteration stage (dominated by 
chamosite + corrensite) is the mass change of MgO 
(higher in chamosite) and K2O (higher in I/S), typical of 
VMS-style alteration in permeable volcaniclastic rocks 
(e.g., Franklin et al. 2005). Therefore, ratios of these 
elements may be the most useful for land-based 
exploration in mafic terranes. 

High δ18Owater values have been reported for Kuroko-
type hydrothermal fluids (up to 10.8 ‰; Ohmoto 1996), 
and δ18Owater shifted to lower values at higher 
temperatures are typical of the stringer zones of ancient 
VMS deposits (e.g., Cathles 1993). We interpret the 
combination of higher δ18Owater and lower δDwater at 
Tinakula to be a result of subseafloor boiling, which is 
likely because of the shallow water depths. The lack of 
low-pH mineral assemblages suggest that there was no 
or limited direct magmatic contribution to the 
hydrothermal fluids. 

In permeable volcaniclastic rocks, an important 
question is how the permeability becomes sealed 
enough to allow focusing of the hydrothermal fluids to 
the seafloor. Here, we propose that the pervasive 
alteration of the volcaniclastic units close to the seafloor 
coincided with a progressive increase in subseafloor 
temperatures parallel to the seabed, from initial low 
temperatures during precipitation of nontronite (136–
138°C), increasing to chamosite (124–205°C), 
corrensite (207–227°C) and eventually rectorite (256°C). 
At 250°C, the temperatures were high enough to form 
anhydrite at depths of only a few meters below seafloor 
(>2 mbsf), sealing some of the permeability and 
focusing fluids into channelized pathways to the 
seafloor. Continued hydrothermal circulation resulted in 
over-pressuring and fracturing of this relatively 
impermeable horizon, precipitating late sulfate-sulfide 
veins. In ancient deposits, the anhydrite is rarely 
preserved because of its retrograde solubility; the only 
evidence remaining of an “anhydrite seal” would be the 
presence of alteration minerals formed at temperatures 
that would have caused anhydrite deposition. 

The style of hydrothermal upflow also plays an 
important role in the nature of the seafloor deposition. 
Diffuse venting is likely responsible for the formation of 
porous beehive-like structures and unusual bulbous 
chimneys observed at Tinakula (Anderson 2018). This 
style of venting may therefore be common in 
volcaniclastic-dominated environments. 
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Abstract. Extinct seafloor massive sulphide (eSMS) 
deposits represent an understudied phenomena of 
modern seafloor hydrothermalism, and are thought to be 
a potential resource for base and precious metals if 
exploitation of seafloor mineral resources becomes 
economically viable in the future. The transition from 
active to inactive mounds poses important, but as of yet, 
unanswered questions about their preservation after 
hydrothermal venting ceases and oxygenated seawater 
circulates. This has the potential to destroy the metal 
tenor in SMS deposits, unless they are somehow 
protected. Here, we show the common occurrence of a 
silica-rich ‘jasper’ layer that forms the interface between 
unaltered sulphide below and oxidized metal-rich 
sediments above. The jasper layer is up to several m-
thick and was encountered, in some form, at each of 
three extinct SMS deposits drilled in the TAG are of the 
Mid-Atlantic Ridge. The silicification events which have 
created these capping materials result in the decrease 
in permeability and is likely a common process during 
the waning stages of a hydrothermal cycle. As such, the 
Si-Fe cap could be a common product at eSMS 
deposits, and potentially provide an auto-preservation 
mechanism, restricting oxygenated seawater ingress 
and halmyrolysis of eSMS deposits.  
 
1 Introduction 
 
It is widely thought that seafloor massive sulphide 
(SMS) deposits, the modern analogue of volcanogenic 
massive sulphide (VMS) deposits, present a potential 
global resource for base (Cu, Zn) and precious metals 
(Au, Ag). In addition, SMS deposits can be enriched in 
‘critical metals’ including Se, Te, Tl (Monecke et al. 
2016), which are essential for use in the construction of 
modern and green low-carbon technologies. Globally, 
over 340 high temperature hydrothermal sites have 
been identified at a range of ocean spreading centres 

(Petersen et al. 2016), significant massive sulphide 
deposit formation has been recorded at 165 of these 
sites (Hannington et al. 2011). 

13 SMS deposits have undergone intrusive 
investigation (drilling or coring) and of these, only 6 sites 
have published tonnage estimates (Petersen et al. 
2016). While almost all research and drilling of SMS 
deposits has been focused on active systems, the 
investigation of the morphology, subsurface structure 
and mineralogy of eSMS deposits is almost non-
existent. As such, little is known about the mechanisms 
that operate post-SMS formation and which have an 
impact on the preservation and hence resource value of 
SMS. Identifying these generic processes and 
mechanisms, and the extent to which they impact the 
resource grade, is critical in evaluating the global 
potential of SMS.  

This research forms part of a holistic study of eSMS 
deposits in the TAG hydrothermal field (26° North, Mid-
Atlantic Ridge - MAR) and identifies surface and near-
sub-surface features that indicate if and how such 
deposits are preserved. Two research cruises (M127 
and JC138) were undertaken during the summer of 
2016 as part of the EU-funded Blue Mining programme. 
These obtained new geological and geophysical data 
that enables characterisation of eSMS deposits in three 
dimensions including: high resolution bathymetry 
(obtained by Autonomous Underwater Vehicle - AUV), 
seismic reflection and refraction, 3D controlled source 
electromagnetics, Robotic Underwater Vehicle (RUV) 
surveys and samples, sediment cores, and rock-drill 
core, obtained using the British Geological Survey’s 
robotic seafloor drilling rig (RD2). This contribution 
focuses on near-sub-surface coring, and highlights a Si-
Fe rich capping lithology which has the potential to act 
as an auto-preservation mechanism that we suggest 
reflects a generic global process during the waning 
stages of hydrothermal fluid flow. 
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2 Geological setting and near surface 
geology 

 
The TAG Hydrothermal field is located at 26°N on the 
slow spreading, Mid-Atlantic Ridge, and is host to the 
TAG active Mound, along with multiple areas of inactive 
hydrothermal mounds, the MIR zone, and the ALVIN 
zone. High resolution bathymetry and high definition 
video footage obtained during the Blue Mining cruises in 
2016 provided new data to enable surface mapping 
three inactive hydrothermal mounds in the TAG 
Hydrothermal field: Southern Mound, and Rona Mound 
in the ALVIN Zone, and the MIR Zone (Fig. 1).  

 
Figure 1. Location map of the TAG hydrothermal field, TAG active 
Mound and selected eSMS deposits sampled during the Blue 
Mining sampling campaign. 

 
Following mapping of the three sites, drilling was 

undertaken using the BGS RD2 seafloor drill rig at 
Southern Mound, Rona Mound, and the MIR zone with 
maximum depths drilled of ~6.75m, ~12.5m, and ~7.5m 
respectively below the seafloor. 

Si-Fe lithologies, ~2-3 m thick, were recovered from 
all three hydrothermal mounds drilled, and sub-
categorised into three separate units: A, B, and C, 
based upon textural observations and mineralogy. This 
work focuses on the transition through the three Si-Fe 
units in Southern Mound. At Rona Mound Units B and C 
were recovered, and at MIR Zone, only Unit B was 
recovered. 

 

3 Mineralogy and textural assessment of the 
Si-Fe lithologies  

 
3.1 Unit A 
 
Unit A is mineralogically homogenous with near equal 
concentrations of goethite (~33 wt.%), opal-CT (~30 
wt.%) and quartz (~34 wt.%), and minor haematite (up 
to 4 wt.%), analysed by quantitative X-ray Diffraction 
(XRD). It is the least ‘silicified’ of the Si-Fe units with 
SiO2 averaging ~65 wt.% (n=4, analysed by X-ray 
fluorescence, XRF).  

Unit A samples are typically clast supported breccias 
composed of jasperoidal (sub-microscopically bonded 
iron oxide and silica) clasts ranging from anhedral 
shapes to angular laminated clasts, with areas of 
dendritic iron oxide and filamentous iron oxide growth. 
Occasional jasperoidal fragments display desiccation 
fractures, some which cross cut laminations. The clasts, 
filamentous, and dendritic textures observed within Unit 
A are comparable to unsilicified overlying sediments 
recovered from Southern Mound. 
 
3.2 Unit B 
 
Three Unit B samples were recovered from Southern 
Mound, two at ~85 wt.% quartz (XRD, 94 wt.% silica, 
XRF), and ~7.5 wt.% hematite, with a third showing 
lower SiO2 (~72 wt.%, XRF), and quartz (~56 wt.%, 
XRD), and higher hematite (~32 w.t% XRD, and Fe2O3 = 
~29 wt.%, XRF). The lower silica value was considered 
to be anomalous in comparison to Unit B material 
recovered across the 3 mounds investigated (SiO2 
average ~85 wt%, n=14). With the exception of this 
anomalous sample, Unit B material at Southern Mound 
has ~20 wt% higher SiO2 than the average Unit A 
samples.  

Unit B material from Southern Mound comprised of 
sub angular to angular jasperoidal clasts, cemented by 
iron oxide free silica. Iron oxide free-silica typically coats 
jasperoidal clasts and either fully or partially infills void 
space. Patches of filamentous and strands of hematite 
(typically ~10 microns diameter) are present within 
discrete areas and are similarly coated with quartz.  

Comparable unsilicified surface sediments from 
Southern Mound were recovered as fine grained, dark 
red hematite-rich material, the main significant 
difference was the presence of crystalline hematite not 
present within Unit B samples.  

 
3.3 Unit C 

 
Unit C material is broadly mineralogically comparable to 
Units A and B, and has a slightly higher SiO2 content 
(~95 wt.%, n=3), but contains disseminated sulphide. 
The main defining textural difference is the presence of 
grey-white ‘bleached’ sulphide rich silica, and the 
presence of pyrite, chalcopyrite, and sphalerite. Lobes 
of bleached material at Southern Mound are restricted 
and consist of iron oxide free silica hosting euhedral to 
subhedral pyrite grains, with minor sphalerite. Interstitial 
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sulphides (pyrite, and chalcopyrite) are also present 
within near vertical, quartz lined, pore spaces within the 
two deepest Si-Fe samples from Southern Mound. 

 
4 Oxygen isotope data 
 
Powdered whole rock samples underwent a leaching 
process to remove iron oxides, leaving a silica residue, 
on which laser fluorination was undertaken to obtain 
δ18OVSMOW values for the silica component of the Si-Fe 
lithologies. Two groups of values were established: Unit 
A between 24.1 and 28.0, and Units B and C between 
14.8 and 21.5. Using the assumption that the silica 
formed in equilibrium with either seawater (δ18O = 0, 
Craig 1961), or TAG hydrothermal fluid (δ18O = +1.7, 
Shanks et al. 1995) a potential range of formation 
temperatures were calculated. Samples dominated by 
quartz used the parameters defined by Sharp et al. 
(2016), and for Opal-CT dominated samples the 
parameters defined by Kita et al. (1985) were used.  

Formation temperatures for the silica of Unit A 
average to ~63°C compared to an average of ~115°C for 
Units B and C.  

 
Figure 2. Summary of δ18OVSMOW values from Units A-C, inclusive 
of samples obtained from Southern Mound, Rona Mound, and MIR 
Zone by this study. All temperature values from other samples 
were recalculated from the original δ18O using the methodology 
stated in Section 4 for direct comparison including: silica/jasper 
samples from the MESO hydrothermal Field (Halbach et al. 1998), 
amorphous silica and iron oxide chimney from MIR Zone (Petersen 
2000, unpublished data), and silica chimneys from the Galapagos 
spreading centre 86°W (Herzig et al. 1988). Halbach data point 
represents a ‘calculated’ value for pure silica δ18O based on an 
average of 6 whole rock δ18O values for ‘jasper’ samples.  
 
5 Discussion of paragenesis 

 
A mechanism of jasper formation is commonly 
described by the early formation of subsurface or 
surface amorphous silica gels, as a result of conductive 
cooling of hydrothermal fluids (Grenne and Slack 2003). 
Typically, once the amorphous gel has formed it 
incorporates iron oxides and then the electrostatic 
charge between iron oxide grains and polarised silica 

molecules form an even distribution within the gel 
(Halbach et al. 2002). As this silica gel undergoes 
maturation, the amorphous silica dewaters to transition 
through opal-A, to opal-CT, and finally quartz.  
 
5.1 Unit A 
 
Unit A is the shallowest and has undergone the least 
silicification of the three Si-Fe lithologies. It has retained 
and preserved the iron oxide mineralogy and textures of 
the goethite rich sediment precursor also observed at 
Southern Mound. The occurrence of both opal-CT and 
quartz in Unit A samples could be potentially explained 
by partial maturation of silica. Alternatively, it could be 
representative of two independent silica generations at 
different states of maturity. The absence of silica infilling 
around jasperoidal clasts, however, and the 
homogeneity of the oxygen isotope values implies a 
single-stage silicification event.  

 
5.2 Units B and C 
 
The same jasper formation mechanism is valid for Units 
B and C, with the hematite/goethite distribution likely 
preserved from the sediment ‘protolith’ during 
silicification. At least two silicification events have 
affected these units, the first potentially similar, if not the 
same event which silicified the overlying Unit A forming 
jasperoidal clasts. The second occurring after silica 
maturation as shown by the infill of early desiccation 
cracks with a later generation of iron oxide free silica. 
This process is likely the cause for the increased silica 
content (~20–25 wt.%) of Units B and C compared to 
Unit A.  
 
5.3 Formation temperatures 

 
Formation temperatures between Unit A, and Units B 
and C, calculated from δ18OVSMOW values of silica, show 
a difference of around 50°C. The δ18O from Units B and 
C corresponds to silica precipitated from a higher 
temperature fluid than the silica in Unit A, supporting the 
textural evidence of a second silicification event limited 
to Units B and C. Higher temperatures would likely help 
convert opal-CT to quartz faster by driving off the 
hydrous group, therefore a second silicification event at 
a higher temperature could potentially explain the lack of 
opal-CT in Units B or C, compared to Unit A. 

δ18O data from Si-Fe precipitates from active 
hydrothermal vents MESO hydrothermal (sphalerite 
bearing jasper breccia), Galapagos silica chimneys, and 
a relict silica and iron oxide chimney from the MIR zone 
(Halbach et al. 1998; Herzig et al. 1988; Petersen 2000 
unpublished data) show that this data is comparable 
with recovered hydrothermal silica to date, and it is likely 
that similar processes which formed these other 
samples have resulted in the silicification observed at 
Southern Mound. The two different temperature groups 
(~50-60°C and ~100-120°C) established between Units 
A, and Units B and C are also seen in the other 
samples, with the majority falling into the 40-60°C range. 
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5.4 Implications from the sulphides 
 
The fluid which caused the early stage of silicification of 
the Si-Fe capping lithologies would not have had the 
same geochemical properties (i.e. redox) as the fluid 
which precipitated the sulphides present in Unit C. If that 
were the case, bleaching and sulphidation of the 
shallower units would have occurred.  

It’s not implausible that the fluid which precipitated 
the sulphides at depth was also responsible for the 
secondary silicification of Units B and C, however, 
several unlikely factors would need to have occurred 
together. The fluid would have to been limited in 
sulphur, with sulphur reserves exhausted before the 
fluid reached Unit B, otherwise sulphidation would have 
occurred throughout the Si-Fe cap. If this was the case, 
the fluid would not have reached Unit A, or undergone a 
significant evolution as to not precipitate a second silica 
generation within.  Consideration should also be given 
to the temperature of the fluid. It seems unlikely that a 
fluid which precipitated chalcopyrite would also 
precipitate silica with a calculated formation temperature 
of ~110°C. Two silica samples from Galapagos silica 
chimneys have a similar calculated formation 
temperature, but associated sulphides of pyrite, 
sphalerite, and marcasite (Herzig et al. 1988) represent 
a lower temperature assemblage than one including 
chalcopyrite.  

Another potential explanation is that the sulphidation 
occurred after silicification events, by a third, higher 
temperature and reduced fluid. The early silicification 
events would have decreased the porosity and 
permeability of the Si-Fe materials, limiting the fluid 
pathways through the Si-Fe lithologies, spatially 
constraining the fluid. Additionally, the silica coating, or 
‘armourment’ of the iron oxides would decrease the 
amount, and surface area, of iron oxide available to 
interact with the fluids, also explaining the restrictive 
relationship between bleaching and sulphidation. This 
relationship can be observed in thin section where 
individual filaments are composed of oxidised iron 
outside the bleached zone, and of reduced iron sulphide 
within the bleached zone. The extent of existing 
silicification would control the amount of iron oxide 
available for this reduction, and can potentially explain 
the juxtaposition of both reduced and oxidised iron at a 
micron scale. 

 
6 Conclusion  
 
The interpreted silicification process formation the Si-Fe 
material would likely have a direct impact on the fluid 
flow regime of the hydrothermal mound, where the cap 
is present. Silicification of the material leads to a 
decrease in porosity and permeability, and thus the 
formation of a comparatively impermeable layer directly 
overlying massive sulphide ore. This decrease in 
permeability would inhibit ingress of seawater into the 
hydrothermal mound, and would potentially limit the 
amount of halmyrolysis of the massive sulphide ore. 

Southern Mound shows evidence of multiple stages of 
silicification, and similarly potentially shows evidence of 
limited fluid flow through the Si-Fe cap, proof of the 
impermeability.  

The observation of a Si-Fe ‘cap’ was not limited to 
Southern Mound, with Si-Fe materials recovered from 
both Rona Mound and the MIR Zone. This implies that 
the formation of a Si-Fe cap is not a unique feature of 
Southern Mound, and is likely a product of common 
hydrothermal processes during the waning stages of a 
hydrothermal cycle. It is therefore likely that Si-Fe 
lithologies are ubiquitous at other eSMS deposits 
around the world where they have the potential to act as 
an auto-preservation mechanism of the underlying 
massive sulphide ore.  
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Abstract. The Neves-Corvo deposit is widely known as 
a world-class copper mine, but it constitutes as well one 
of the world’s largest repositories of zinc, especially in 
its northernmost orebody – Lombador -, which 
represents alone 62% of the total zinc reserves of the 
deposit. The orebody lies on a stratabound stockwork 
that extends across its entire length. Hydrothermal 
alteration in the Lombador orebody contrasts with 
alteration signatures ascribed to the high-temperature 
parts of the ore-forming system, namely at the Corvo 
and Graça orebodies. A chloritic core grades outwards 
into sericitic peripheral zones, but intense 
carbonatization constitutes a key distinctive feature of 
the zinc mineralization. The zinc-related mineralization 
and alteration facies indicate mild temperatures, and 
formation from reduced, Fe-rich, moderately low pH, 
CO2-enriched solutions, and a combination of sub-
seafloor replacement and episodic direct exhalation onto 
the seafloor in closed basins. A magmatic-hydrothermal 
model emerged from the ore geochemistry, 
hydrothermal alteration patterns, trace elements, and 
unique stable and radiogenic isotopic signatures found 
at the Corvo orebody. Conversely, direct magmatic 
contributions to the metal budget of the low-temperature 
end of the Neves-Corvo mineralization spectrum are 
precluded by the Pb and Nd isotope signatures of the 
Lombador zinciferous ores, which compare to typical 
IPB deposits.  
 
1 Introduction  
 
The Iberian Pyrite Belt (IPB) has global resources 
totaling over 21 Mt Cu, 34 Mt Zn, 12 Mt Pb and 0.8 kt 
Au, contained in about 2,500 Mt of ores from 88 known 
deposits (Barriga 1990; Carvalho et al. 1999). The 
Neves-Corvo (NC) deposit is definitively the jewel of the 
crown of this outstanding province. The deposit 
represents the most valuable metal-mining operation in 
EU. Its ores are anomalously enriched in Cu and Sn, 
with Cu/Zn ratios significantly higher than the typical IPB 
range, they contain huge amounts of Zn, and are known 
to incorporate significant concentrations of Ag, In and 
Se. These features make the NC deposit unique among 
known IPB deposits, the host sequence to the deposit 

being nevertheless similar to that elsewhere in terms of 
lithology, volcanology and geochemistry (Munhá et al. 
1997; Relvas et al. 2002; Rosa et al. 2008; 2010; 2016). 

While NC continues on today as a world-class copper 
mine, zinc production is an important reality since 2006, 
which justified an on-going, large-scale zinc expansion 
project. Zinc constitutes the metal resource responsible 
for extending the lifetime of the mine through the next 
decade. The underground mining works and surface drill 
programs have revealed that NC actually represents 
one of the world’s largest repositories of zinc, with 
particular emphasis on its northernmost orebody: the 
Lombador orebody (Fig. 1). The NC total Zn resources 
include 118.2 Mt of massive sulfides @ 0.30% Cu, 
5.94% Zn and 1.27% Pb, at a cut-off grade of 3.0% Zn, 
and a total resource of 7 Mt of Zn metal (Lundin Mining 
Technical Report, June 2017).  
 

 
Figure 1. Zinc grade and contained zinc metal of both the overall 
NC deposit, and its Lombador orebody, in the general context of 
VHMS deposits worldwide (USGS database).  

 
Previous research on NC provided many answers to 

metallogenic questions, such as the sources for tin and 
copper, the high-temperature and acidic alteration 
patterns of the Cu-rich feeder zones, or the relevance of 
sub-seafloor replacement depositional mechanisms in 
the inner parts of the overall ore-forming system, nicely 
represented by the Corvo and Graça orebodies (Relvas 
et al. 2006a; 2006b). A magmatic-hydrothermal genetic 
model for this ore-forming system is heavily supported 
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by its unique ore geochemistry, and its hydrothermal 
alteration patterns, mineral assemblages, and trace 
element signatures, coupled with the distinctive stable 
(O, H, S) and radiogenic (Pb, Os and Nd) isotopic 
signatures found in the deposit (Relvas 2000; Relvas et 
al. 2001; 2002; 2006a; 2006b; Munhá et al. 2005; Jorge 
et al. 2007; Relvas et al. 2009; Huston et al. 2010; 
Carvalho et al. 2018; Li et al. 2019).  

This study focuses on the formation and distribution 
of the Zn-rich ores at the NC deposit, the low-
temperature end of its mineralization spectrum. 
Understanding the metallogeny of zinc in the context of 
the unique hydrothermal processes that formed this 
remarkable deposit represents a major and unsolved 
scientific challenge, which interest goes far beyond the 
scale of this particular deposit.  
  
2 The Lombador orebody: ore geochemistry 

and hydrothermal alteration  
 
The NC deposit comprises seven laterally bonded, lens-
shaped orebodies, five of which are in production, which 
grade downward into stringer ores that cut intensely 
altered footwall host rocks. Strong metal zoning allowed 
clear definition of several ore types, which are used, 
with minor overlapping drawbacks, for geologic 
modeling of the deposit and sorting of its ore reserves. 

Previous study of the volcanic lithofacies of the NC 
succession provided constraints on the ore-forming 
environment and timings with respect to volcanic events 
(Rosa et al. 2008). The geometry, size and distribution 
of the ore-related feeder systems reflect constraints 
imposed by primary characteristics of the host sequence 
such as permeability and structural control. Due to long-
lasting hydrothermal reworking and zone-refining 
effects, zinc mineralization occurs in the most peripheral 
parts of the camp, especially in the Lombador orebody 
(Relvas et al. 2006a; Carvalho, 2016).  

Lombador is a huge, NW-SE oriented orebody, with a 
20º to 40º northward dip. The massive sulfide lens can 
reach over 100 m thick and includes intersections such 
as 27 m @ 8.9% Zn, and 22 m @ 5.9% Cu (Pacheco et 
al. 1999). At Lombador, lenticular to stratabound Zn-rich 
(MZ), Cu-rich (MC), Pb-rich (MP), Cu-Zn-rich (MCZ), Zn-
Pb-rich (MZP) and barren (ME) massive sulphides; as 
well as Zn-rich (FZ), Cu-rich (FC) ores, and barren (FE) 
stringer/fissural mineralization have been identified. An 
allochthonous zinciferous stringer ore (RZ), tectonically 
emplaced in a hanging wall position, was also defined. 
The Lombador orebody is the largest and Zn-richer 
orebody of the NC deposit, representing alone 62% of 
its total zinc reserves. Lombador comprises over 106.2 
Mt of massive sulfides @ 0.78% Cu, 4.42% Zn, 1.16% 
Pb, 0.04% Sn, and 53 g/ton Ag, of which 70% (73.5 Mt) 
are Zn resources @ 0.3% Cu, 5.9% Zn, 1.4% Pb, 0.04% 
Sn, and 56 g/ton Ag (Somincor-Lundin Mining, 
unpublished report, 2013; in Carvalho, 2016).   

A well-developed metal zonation, going from a Cu to 
Zn–Pb to Fe zone was recognized at Lombador, 
although significant thrusting processes are common, 
often forming “secondary” Cu-rich oreshoots 

superimposed over barren and/or Zn-rich ore domains, 
due to ductile and/or fluid assisted copper remobilization 
processes (Carvalho 2016). 

The ore sulfides found consist mostly of pyrite, 
sphalerite, galena, chalcopyrite, arsenopyrite, and minor 
tetrahedrite, stannite, bournonite, boulangerite, 
pyrrothite, cobaltite, glaucodot, cosalite, bismuth, gold, 
electrum, and roquesite. EPMA data indicate also the 
presence of fine-grained complex intergrowths of rare 
selenium-rich sulfosalts, tentatively classified as junoite, 
Se-cannizarrite and wittite (Pinto et al. 2013; 2014; 
Carvalho et al. 2013; 2014; Carvalho 2016). 

Relvas et al. (2006a) have studied in detail the 
alteration signatures ascribed to the high-temperature 
parts of the NC ore-forming system, namely at the 
Corvo orebody, and have shown that there is compelling 
textural, mineralogical and isotopic evidence that 
indicate hotter and unusually acidic ore-forming fluids 
and, probably, longer than average lifetime of this 
hydrothermal system relative to typical IPB deposits. To 
a certain extent, these features contrast with those of 
the hydrothermally altered facies underlying the zinc 
mineralization at the Lombador orebody. 

This orebody lies on a huge, stratabound stockwork 
system that extends across its entire length. Although 
two discharge zones have been found in the orebody’s 
footwall, the main stockwork system develops in its 
central-W sector, where the axis of the main feeder 
system is located. As elsewhere in the IPB, the 
hydrothermal alteration zonation comprises a chlorite-
dominated innermost alteration zone (Type I alteration) 
that grades outwards into K-sericite-dominated 
peripheral alteration zones (Type IIa alteration). The 
distal Na-sericite alteration (Type IIb alteration), known 
from other IPB deposits, was only found in some 
coherent rhyolite lenses tectonically emplaced in a 
hanging wall position. Significantly, intense 
carbonatization, expressed by thick massive siderite 
levels, occurs associated to both main alteration facies 
and represents a key distinctive feature of the zinc 
mineralization (Carvalho et al. 2013; Carvalho, 2016). 
Also, some massive zinc ores contain abundant 
carbonate gangue and show finely banded and rhythmic 
textures, which resemble the “massive carbonate ore” 
described at the Tharsis deposit, in Spain (e.g. Tornos 
1998; 2008; Sáez et al. 1999).  

The secondary mineral assemblage related to the 
Lombador Zn-rich ores is extremely enriched in iron 
(chlorite, siderite, pyrite, iron-rich sphalerite, 
arsenopyrite and, to a lesser extent, pyrrhotite), and less 
aluminous than the one described at the Corvo orebody. 
Its nature and chemical compositions indicate formation 
from Fe-rich, moderately low pH, CO2-enriched ore-
forming solutions, under fairly reduced conditions, and 
relatively mild temperatures. Factors such as a porous 
and chemically reactive footwall host sequence, 
temperature drop, brusque pH variations, probable 
boiling, and fluid mixing with unmodified seawater both 
in the subseafloor, and by direct exhalation onto the 
seawater column, promoted extensive, stratabound 
hydrothermal alteration in the footwall succession, and 
ore deposition by both shallow subseafloor replacement, 
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and plume fallout (Carvalho, 2016).  
The metal zonation at the Lombador orebody 

develops around an NNW-SSE sub-vertical fault zone 
located in the central-W and south sectors of the 
orebody. This fault zone controlled the ore-forming 
processes and the mineralization styles in the orebody. 
Cu-rich ores occur mostly within the innermost zone of 
the orebody, whereas Zn-rich ores and barren sulphides 
occur towards its top and peripheral domains. 
Significant thrusting and tectonically-controlled 
remobilization processes generated secondary copper 
enrichments, which are extremely relevant for the 
mining operation. 

 
3 The zinc-rich mineralization: discussion 
 
The immediate footwall sequence underlying the 
Lombador orebody shows marked lateral and vertical 
lithofacies changes. In a significant part of its extension, 
the Lombador massive sulphide lens directly overlays 
the Phyllite-Quartzite Group sequence (PQ group, 
Oliveira et al. 2004), whereas in other areas the 
immediate footwall rocks consist of a variably thick 
volcano-sedimentary complex (VSC, Oliveira et al. 
2004) composed of coherent rhyolite facies, especially 
in the central and south sectors, and a large component 
of clastic material, either volcanic, or sedimentary in 
origin, towards the northern sector, where they alternate 
with thinly laminated, sometimes graded-bedded 
massive sulfide levels. This is thought to reflect a 
variable paleo-topography of the basin, characteristic of 
highly compartmented and tectonically instable multi-
order basins, where the volcaniclastic and fine-grained 
detrital sediments variably accumulate, alternating with 
thinly laminated sulphides deposited from suspension. 
This geologic setting favored the precipitation of 
abundant carbonates in response to the right chemical 
conditions. The discharge of the mineralizing solutions 
was strongly constrained by tectonics. At the Lombador 
orebody, textural evidence corroborated by geochemical 
data, including Sr isotopes, are consistent with a 
depositional model involving Zn-rich mineralization 
formed by a combination of sub-seafloor replacement 
and episodic direct exhalation onto the seafloor in 
closed basins (brine-pool model). The Cu-rich ores 
formed in the clear dependence of fault zones and 
should correspond to late-stage mineralizing pulses in 
the evolution of the hydrothermal system, which 
overprinted the previously formed Zn-rich ores. Sub-
seafloor replacement phenomena occurred in texturally 
and compositionally favorable footwall host rock 
settings, following sustained and long-lasting ore-
forming processes.The NC orebodies display different 
degrees of hydrothermal maturity, similar to what can be 
observed in present-day submarine hydrothermal 
systems. The distinct petrographic and geochemical 
features shown by the various ore types of the 
Lombador orebody, coupled with its lower copper 
grades and the predominance of Zn-rich ores, strongly 
suggest that the Lombador orebody is hydrothermally 
less mature than the remaining orebodies of the NC 

camp. In this orebody, most of the hydrothermal activity 
was characterized by low to moderate temperature (< 
300 ºC) hydrothermal circulation. Moreover, the 
abundance of carbonate ores speaks for predominantly 
near neutral to mildly acidic conditions. The local 
formation of high-temperature, Cu-rich ores should have 
resulted from focused, short-lived pulses of higher 
temperature hydrothermal upflows.  

In contrast with Lombador, the Corvo and Graça 
orebodies seem to be the most mature orebodies within 
the NC hydrothermal field. The occurrence of massive 
and stringer cassiterite ores is almost restricted to these 
two orebodies, and, in particular, to the Corvo orebody 
(“tin corridor”, Relvas et al., 2001; 2006a). In addition, 
these orebodies show the highest copper grades and 
copper ratios in the deposit, which conforms with a 
massive influx of high-temperature Cu-rich hydrothermal 
fluids and a sustained, long-lived hydrothermal activity 
responsible for extensive zone-refining.  

Direct magmatic-hydrothermal contributions to a 
large proportion of the world’s Sn, W, Cu and Mo 
resources are reasonably established, whereas 
magmatic sources for Zn are considered unlikely and 
extremely difficult to demonstrate. Magmatic metal 
contributions are commonly excluded from zinc 
metallogenesis as leaching from the footwall 
successions usually accounts for the zinc supply of 
VHMS deposits with no need to invoke external metal 
contributions. The previously demonstrated multi-
sourced nature of the NC ore-forming processes 
justified, however, a closer look over the isotopic 
signatures of the Lombador ores.  

Relvas et al. (2001; 2006a; 2006b) have shown that, 
for the Corvo and Graça orebodies, in addition to a 
major fraction of the metal budget that should be 
ascribed to typical IPB ore-fluids and sources, the 
formation of the Cu-rich ores in these orebodies 
required significant contributions of high-temperature 
(>350 ºC) Cu-rich hydrothermal fluids, during sustained, 
long-lived hydrothermal activity. These authors 
proposed the involvement of metal contributions of 
magmatic affiliation, consistent with the stable and 
radiogenic isotopic signatures found (see also Li et al. 
2019). In contrast, all the Zn-rich ores of the Lombador 
orebody show Pb and Nd isotope signatures that are 
very similar to the signatures characteristic of typical IPB 
deposits, precluding direct magmatic contributions to the 
metal budget of the low-temperature end of the NC 
mineralization spectrum (Carvalho 2016).  
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Abstract. Stratiform tourmalinites are metallogenically 
important rocks that locally show a spatial association 
with diverse types of mineralization, especially 
sediment-hosted, stratiform Zn-Pb deposits and 
volcanogenic massive sulphides. Revised genetic 
models suggest that laterally extensive types of such 
tourmaline-rich rocks formed mainly by syngenetic 
processes on or below the seafloor, or later during 
diagenesis. Stratiform tourmalinites can be exploration 
guides wherein samples contain base-metal sulphides, 
high Mn concentrations, or positive Eu anomalies. 
 
1 Introduction 
 
Stratiform tourmalinites are defined as rocks that are 
concordant with the compositional layering of host 
lithologies and contain more than 15 volume percent 
tourmaline (Slack et al. 1984). These distinctive rocks 
are metallogenically important in locally showing a 
spatial association with a variety of metal deposits 
including Cu, Pb, Zn, Ag, Au, W, Co, and U (Slack 
1996). Syngenetic or diagenetic origins for stratiform 
tourmalinites have been proposed in myriad geological, 
structural, and geochemical studies worldwide (e.g., 
Bandyopadhyay et al. 1993; Mao 1995; Pesquera and 
Velasco 1997; Golani et al. 2002; Tourn et al. 2004; 
Ferla and Meli 2007; Čopjaková et al. 2009; Martínez-
Martínez et al. 2010; Yücel-Öztürk et al. 2015; Spránitz 
et al. 2018). However, detailed field, microtextural, and 
geochemical studies have also documented epigenetic 
origins involving metamorphic or magmatic processes 
(Steven and Moore 1995; Raith et al. 2004; Vial et al. 
2007; Yang and Jiang 2012; Pirajno 2013; Mahjoubi et 
al. 2016; Kalliomäki et al. 2017; Spránitz et al. 2018). 
Such types of epigenetic tourmalinites are generally 
distinguished by a lack of lateral continuity (<10 m) 
along strike, and by proximity to shear zones, veins, or 
margins of granitic intrusions. This paper is not 
concerned with metamorphogenic or magmatic-
hydrothermal varieties, but is focused on stratiform 
tourmalinites, reviewing current knowledge of these 
rocks and presenting revised models for their genesis. 
 
2 Identification and occurrence 
 
It is important to emphasize that some stratiform 
tourmalinites can be misidentified as compositionally 
different rock types (Slack et al. 1984). For example, in 
weakly metamorphosed terranes, very fine-grained 
tourmalinite superficially resemble carbonaceous 
argillite or siltstone as in the Golden Dyke dome of 

Australia (Plimer 1986), and chert as in the Belt and 
Purcell supergroups of the U.S. and Canada (Slack 
1993); in highly metamorphosed terranes, coarse-
grained tourmalinite may be mistaken for hornblende 
amphibolite as in the Broken Hill district of Australia 
(Slack et al. 1993). Because of the potential for 
associated mineral deposits, it is thus crucial during field 
work and later laboratory studies that stratiform 
tourmalinites not be overlooked or misidentified. 

Host lithologies are dominated by siliciclastic 
metasedimentary rocks with locally important felsic 
metavolcanics. Meta-carbonate, metabasalt, and other 
lithologies are uncommon hosts. Some occurrences are 
interbedded with iron formation or coticule (fine-grained 
Mn-garnet-quartz rock). Thicknesses of the tourmalinites 
may range from <1 cm up to several meters, and include 
interlaminations with siltstone, argillite, and/or chert. 
Characteristically, only tourmaline and quartz are 
essential constituents, together making up >90 vol % of 
the rock. Textural studies indicate that the tourmaline 
varies from being randomly oriented, especially in 
weakly metamorphosed sequences, to strongly aligned 
in high-grade metamorphic terranes. 
 
3 Metallogeny 
 
The dominant deposit type that is spatially associated 
with stratiform tourmalinites is sediment-hosted, 
stratiform (SEDEX) Zn-Pb-Ag ores. Less common are 
occurrences with Cu- or Zn-rich volcanogenic massive 
sulphide (VMS) deposits. These and many other 
metallogenic associations are summarized in Slack 
(1996). Tourmalinites commonly form beds or lenses <1 
m thick in the hanging wall of the deposits, or lateral 
equivalents along strike. Although not wholly stratiform, 
alteration zones in both sediment- and volcanic-hosted 
deposits may contain abundant tourmaline, such as in 
the footwall tourmalinite pipe of the large Sullivan Pb-
Zn-Ag deposit (British Columbia) in which very fine-
grained (<10 µm) tourmaline makes up ca. 20 to 60 vol 
% of the rock (Slack et al. 2000).  
 
4 Geochemical and isotopic signatures 
 
4.1 Whole-rock geochemistry 
 
Many studies have reported on bulk compositions of 
tourmalinites including data for trace elements (TE) and 
rare earth elements (REE). Contents of major elements 
(ME) largely reflect the composition and proportion of 
tourmaline, whereas TE and REE contents mainly 
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reflect accessory detrital minerals such as monazite, 
ilmenite, rutile, and zircon. In hydrothermal systems with 
relatively low fluid/rock ratios (i.e., rock-buffered), as 
recorded in distal tourmalinites (Fig. 1A), ME can be 
enriched or depleted relative to unaltered host 
metasediments, whereas TE and REE contents tend to 
be broadly similar (e.g., Raith et al. 2004). However, in 
high fluid/rock systems, as shown by proximal 
tourmalinites (Fig. 1B), ME can be both enriched and 
depleted, but TE and especially REE may differ greatly 
due to preferential mobility of some elements, especially 
light REE (Slack et al. 2000; Čopjaková et al. 2013). 
 

 
 
Figure 1. Metasomatic changes (shown in %) for major elements 
during tourmalinite formation based on Al-normalization relative to 
unaltered host metasedimentary rocks. A, distal tourmalinites, 
Broken Hill district, Australia (Slack et al. 1993). B, proximal 
tourmalinites, Sullivan Pb-Zn-Ag deposit, British Columbia (Slack 
et al. 2000). Note that in B, data are mainly from stratiform 
tourmalinites in shallow part of footwall vent complex and exclude 
data for non-stratiform tourmalinites in deep part of this complex. 
Abbreviations: ME, molar element; MAl, molar aluminum. 
 
4.2 Boron isotopes 
 
Early insights into the oxygen, hydrogen, and boron 
isotopic compositions of tourmaline in massive sulphide 
deposits and tourmalinites (Taylor and Slack 1984; 
Palmer and Slack 1989) have been greatly advanced by 
recent studies (e.g., Marschall and Jiang 2011), 
especially those that report in situ analyses for boron 
isotopes and major elements (e.g., Pesquera et al. 
2005; Trumbull et al. 2011, 2018; Su et al. 2016; Albert 
et al. 2018). Tourmaline is especially valuable in 
generally retaining original chemical and isotopic 
compositions, even in metamorphosed terranes, thus 
providing a potential record of primary fluid chemistry 
(Slack and Trumbull 2011; Cabral and Koglin 2012). 

Diverse boron sources have been identified in 
tourmalinites. Although the range of δ11B values for 
natural reservoirs is now well known, uncertainty still 
exists in attempts to identify the predominant source. 
This is particularly difficult for isotopically light boron, for 
which values in the range of –16 to –4 ‰ may reflect 
boron derived from granitic magmas, marine sediments, 
or non-marine evaporites. Importantly, however, very 
low values of less than ca. –18 ‰ likely record a boron 
source from evaporites or sediments of non-marine 
origin (e.g., Palmer and Slack 1989; Romer et al. 2014). 

 
5 Discussion 
 
5.1 Constraints on genesis 
 
High alumina contents of tourmaline (ca. 28-35 wt % 
Al2O3) greatly limit models of tourmalinite formation. The 
precipitation of tourmaline directly from an aqueous 
phase, such as metalliferous hydrothermal fluids, 
requires the transport of significant Al in solution. 
However, in hydrothermal fluids at low to moderate 
temperature (<300°C), Al has appreciable solubility only 
under low or high pH, and with high contents of fluoride, 
sulphate, or organic acids (Slack 1993, and references 
therein). In modern seafloor-hydrothermal systems, Al 
contents are very low (<0.02 mmol/kg; German and Von 
Damm 2003) and hence are probably insufficient to 
permit tourmaline saturation in the vent fluids. However, 
in high-temperature Si- and Cl-bearing metamorphic and 
magmatic fluids, Al solubility can be very high (up to ~80 
mmol/kg; Manning 2006), thus explaining abundant 
tourmaline in such settings where fluid B concentrations 
are also high (e.g., Yardley 2013). 

The minimum temperature of tourmaline stability is a 
further constraint. Although the lowest formational 
temperature is unknown, a reasonable estimate is 100 
to 150°C, based on data for diagenetic tourmaline 
overgrowths in sandstones and authigenic grains in cap 
rocks of a salt dome (Henry and Dutrow 2012). In 
modern seafloor-hydrothermal systems distal (>100 m) 
from vent sites, temperatures at or near the sediment-
seawater interface are generally <50°C (e.g., Humphris 
and Tivey 2000). These and other considerations were 
the basis for suggestions that tourmaline does not form 
in modern seafloor environments, instead being derived 
from an original B-rich gel or colloid precursor (Ethier 
and Campbell 1977; Slack et al. 1984; Slack 1996). 

 
5.2 Modern seafloor analogs 

 
Modem analogs of tourmalinites are unknown. However, 
in seafloor environments there appears to be a general 
affinity of B for Mn, such as on the East Pacific Rise 
where 300 to 800 ppm B (carbonate-free basis) is 
preferentially associated with Al-poor Fe-Mn sediments 
(Bostrom and Peterson 1969). In this setting, B-rich 
precursors to tourmaline may exist, a possibility 
supported by the interbedded nature of tourmalinites 
and coticules in numerous metamorphosed meta-
sedimentary and metavolcanic terranes (Slack et al. 
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1984; Spry et al. 2000). A related constraint is the low B 
concentration expected in non-buoyant hydrothermal 
plumes distal from vent sites, based on the large dilution 
factor (~104) for vent fluids by seawater, as calculated 
for modern plumes (German and Von Damm 2003). 
Overall, tourmalinite components that formed at or near 
the seafloor had sources from (1) hydrothermal plumes: 
Fe, Mn, Si, B; (2) sediments and felsic volcanics: B, Al, 
Si, Mg, Ca, Na; and (3) seawater: Si (pre-Cretaceous; 
Grenne and Slack 2003) and B. 

Another potential seafloor site for modern B-rich 
sediments is at or near high-temperature hydrothermal 
systems hosted in aluminous sediments or felsic 
volcanic rocks. Whereas modern sediment-free 
(basaltic) systems have vent fluids with ca. 350 to 700 
µmol/kg B, sediment- and rhyolite-hosted systems have 
up to 4800 µmol/kg B in vent fluids; seawater has an 
average of 415 µmol/kg B (German and Von Damm 
2003; Yamaoka et al. 2015). The combination of high B 
in these vent fluids, and availability of abundant Al in the 
host sediments and felsic volcanics, suggests potential 
in such environments for modern tourmalinite formation. 

In the Red Sea, metalliferous brines in several deep 
basins have temperatures and B concentrations up to 
68°C and 4580 µmol/kg, respectively (Schmidt et al. 
2015). Although probably too low for tourmaline growth 
on the seafloor, such elevated temperatures may permit 
the formation of a B-rich gel or colloid. Alternatively, 
tourmaline could be forming in the subsurface, at higher 
temperatures, by downward penetration of the brines 
(cf. Sangster 2002) and subsequent reaction with 
aluminous sediments.  

 
5.3 Boron metasomatism during diagenesis 

 
The importance of precursor aluminous sediments or 
felsic volcanic rocks in the formation of stratiform 
tourmalinites supports a diagenetic origin involving the 
influx of B-rich hydrothermal fluids. This model is 
consistent with numerous observations of tourmalinites 
that preserve sedimentary structures such as graded 
beds, cross-laminations, and rip-up clasts (Slack et al. 
1984; Slack 1996). Within these structures, tourmaline 
shows preferential replacement of the clay and/or 
feldspar matrix. A preferred origin (Slack 1993, 1996) 
involves the migration of B-rich hydrothermal fluids 
along permeable, sandy beds and the selective 
replacement of argillaceous beds (or laminae) in the 
upper parts of unconsolidated sedimentary sequences. 
This replacement may occur at or near the sediment-
water interface, or tens to hundreds of meters below. 
Such a model is also applicable to permeable felsic 
volcanics, especially volcaniclastic rocks. The timing of 
the proposed replacement most likely is during 
sedimentation or early diagenesis, but a much later 
timing (e.g., metamorphic) is also possible, if sufficient 
permeability is maintained for fluid transport over large 
distances (>100 m) within individual beds or laminae. 
 
5.4 Exploration applications 

 

A first-order exploration guide in stratiform tourmalinites 
is the presence of base-metal sulphide minerals 
including discrete grains and inclusions in tourmaline. 
Occurrence of accessory or minor pyrite or pyrrhotite 
alone may not be prospective. On a whole-rock basis, 
tourmalinites with high MnO contents (>1 wt %) present 
in carbonate or garnet (Fig. 1B), together with positive 
Eu anomalies (e.g., Lottermoser 1992; Slack 1996), 
likely reflect exhalative hydrothermal components and 
thus may be time-correlative units with stratiform 
sulphide mineralization along strike. Positive Eu 
anomalies are not a required, however since many ore-
related tourmalines lack such anomalies. Tourmalinites 
without any of these anomalies may not be favorable 
exploration guides, instead reflecting the diagenetic 
expulsion of B-rich, but metal-poor, basinal fluids. 
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Abstract. The composition of pyrite from SEDEX and 
volcanogenic massive sulfide deposits is relatively well 
established; however, the composition of pyrite from 
Mississippi Valley-type and spatially related fracture-
controlled replacement deposits is not well documented. 
In this study, we observe contrasting trace element 
chemistry between the two deposit types in the 
Kootenay arc. Strongly zoned pyrite from Abbott-
Wagner, a fracture-controlled replacement deposit, has 
elevated Au, As, Cu, Ag, Cd, In, Sn, and Sb values 
compared to pyrite from Jackpot, a typical Kootenay arc 
MVT deposit. The inverse is true for Co and Bi. 
Concentrations of Au in the Abbott-Wagner pyrite range 
from 0.072 to 6.5 ppm (median = 1.6 ppm) and is lower 
at Jackpot (0.01 to 0.22 ppm; median = 0.04 ppm). The 
contrasting signature can partly be explained by their 
mineralogy - galena, sphalerite, pyrite, chalcopyrite and 
tetrahedrite at Abbott-Wagner and galena, sphalerite, 
pyrite, and pyrrhotite at Jackpot. Further studies are 
required to test this hypothesis.  
 
1 Introduction 
 
Many carbonate-hosted Zn-Pb (±Ag, ±Au) deposits of 
southern British Columbia are distributed along the 
Kootenay arc, in two main districts: the Salmo and 
Duncan camps (Fig. 1). The Jackpot deposit is located 
in the Salmo camp and the Abbott-Wagner deposit is 
located north of the Duncan camp. These deposits are 
hosted by deformed Lower Cambrian shallow water 
platformal carbonate rocks of the Badshot Formation 
and its equivalent, the Reeves Member of the Laib 
Formation. The Kootenay arc carbonate-hosted Zn-Pb 
(±Ag, ±Au) deposits belong to two distinct categories: 
(1) stratabound lenticular concentrations of Zn-Pb 
sulfides (e.g. Jackpot) interpreted as Mississippi Valley-
type (MVT), and (2) fracture-controlled replacement Pb-
Zn (±Ag, ±Au) sulfides (e.g. Abbott-Wagner). 

Pyrite is known to incorporate numerous minor and 
trace elements (As, Ag, Au, Bi, Co, Cu, Hg, Mn, Mo, Ni, 
Pb, Sb, Se, Te, Tl, Zn) in its crystal structure, or as 
micro-inclusions (Gadd et al. 2016; Dehnavi et al. 2018). 
The geochemical signature of pyrite can provide insight 
into its environment of formation (Large et al. 2009; 

Gadd et al. 2016). Pyrite is ubiquitous throughout most 
sulfide deposits in the Kootenay arc. Herein we present 
laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS) data for pyrite from the 
Jackpot (MVT) and the Abbott-Wagner deposits 
(fracture-controlled replacement, respectively). Similar 
studies on other deposits in the Kootenay arc are 
ongoing to further provide insight on migration and 
precipitation of metallic elements during mineralization 
events. 
 

 
Figure 1. Geologic map of south-eastern British Columbia, 
Canada, showing the locations of carbonate-hosted Zn-Pb (±Ag, 
±Au) deposits within the Kootenay arc (dark blue). Modified from 
Katay (2017). 
 
2 Geological setting 
 
The Kootenay arc is part of the Kootenay terrane, which 
lies within the Omineca belt, one of five morphological 
belts of the Canadian Cordillera (Wheeler and McFeely 
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1991; Monger and Price 2002). The Omineca belt 
consists of variably deformed and metamorphosed 
rocks of continental affinity that are exposed east of 
Mesozoic arc and back-arc sequences (i.e. 
Intermontane belt) and west of deformed Paleozoic 
continental margin sedimentary rocks (i.e. Foreland 
belt). The Kootenay terrane comprises dominantly lower 
to mid-Paleozoic sedimentary and volcanic rocks 
deposited on the distal western edge of ancestral North 
America (Gabrielse et al. 1991; Colpron and Price 1995; 
Paradis et al. 2006). 

Most carbonate-hosted Zn-Pb (±Ag, ±Au) deposits 
are located within the Kootenay arc, an arcuate 
geomorphic feature within the Kootenay terrane defined 
by a belt of complexly deformed rocks extending at least 
400 km. This arc extends from Revelstoke southwest to 
across the Canada-US border (Fyles 1964; Fig. 1). The 
arc lies between the Purcell anticlinorium in the Purcell 
Mountains to the east, and the Monashee Metamorphic 
Complex to the west (Figure 1). It consists of a thick 
succession of thrust-imbricated Proterozoic to early 
Mesozoic miogeocline-platform to deep marine strata of 
sedimentary and volcanic origin (Brown et al. 1981). 

Three phases of folding are recognized within the 
Kootenay arc. Large amplitude (10 km-scale) west-
verging recumbent folds were deformed by two phases 
of upright, tight to isoclinal folds, under conditions of 
lower greenschist to lower amphibolite facies regional 
metamorphism and upper amphibolite facies contact 
metamorphism (Fyles 1964; Warren and Price 1993). 
This polyphase deformation produced a pervasive 
transposition of bedding that locally obscures 
stratigraphic relationships (Colpron and Price 1995). 
Colpron and Price (1995) outlined a regionally 
consistent stratigraphic succession along the Kootenay 
arc that is summarized below. 

The lower part of the stratigraphic section along the 
Kootenay arc is composed of Eocambrian siliciclastic 
rocks and carbonate rocks of the Hamill Group and 
Mohican Formation. These rocks are overlain by the 
Lower Cambrian Archaeocyathid-bearing carbonate 
rocks of the Badshot Formation and its equivalent, the 
Reeves Member of the Laib Formation (Fyles and 
Hewlett 1959; Fyles 1964). The carbonate rocks hosting 
the Zn-Pb (±Ag, ±Au) sulfide deposits are conformably 
overlain by the lower Paleozoic siliciclastic, basinal 
shales and mafic volcanic rocks of the Lardeau Group 
(Colpron and Price 1995). 
 
3 Sulfide deposits 
 
3.1 Jackpot deposit 
 
Jackpot is a stratabound replacement Zn-Pb sulfide 
deposit in dolomitized limestone of the Reeves Member, 
Lower Cambrian Laib Formation (Fyles and Hewlett 
1959). It consists of at least four mineralized zones: 
Jackpot Main, Jackpot Lerwick, Jackpot West, and 
Jackpot East. It has 943,300 tonnes of indicated ore 
grading 4.68% combined Pb+Zn with an additional 2.93 
million tonnes of inferred and speculative ore (BC 

MINFILE: https://minfile.gov.bc.ca/). 
The main sulfide minerals are sphalerite, pyrrhotite, 

pyrite, and marcasite, with trace galena. They form 
concordant lenses and layers oriented parallel to 
foliation in a matrix of recrystallized and altered 
carbonate minerals. All minerals show some degree of 
deformation with pyrite being the least-deformed sulfide 
mineral. 

Pyrite selected for this study are from the Jackpot 
Main and Lerwick zones. Pyrite occurs as irregular, 
anhedral to rounded, disseminated crystals and as 
aggregates of brecciated and fractured crystals 
enveloped in massive pyrrhotite and its alteration 
mineral, marcasite (Fig. 2). Sphalerite, which occurs as 
discontinuous strings, is replaced and enveloped by 
pyrrhotite. The fractures in pyrite are filled with more 
ductile sulfide minerals, sphalerite and pyrrhotite.  
 

 
Figure 2. Photomicrograph of large pyrite (Py) grain surrounded by 
deformed sphalerite (Sph), pyrrhotite (Po) and marcasite (Mrc) 
from sample 08-SP-102B of the Jackpot Lerwick zone.  
 
3.2 Abbott-Wagner deposit 
 
Abbott-Wagner is a polymetallic fracture-controlled 
replacement Zn-Pb-Ag-Au sulfide deposit hosted in the 
basal part of the Index Formation and the upper part of 
the Badshot Formation. Mineralization occurs as sulfide-
rich quartz veins in calcareous and carbonaceous 
phyllites and phyllitic schists of the Index Formation and 
as lenses of massive to semi-massive sulfide minerals 
replacing carbonate rocks of the Badshot Formation. 
The total historic mineral resource is estimated at 
296,650 tonnes grading 7.81% Pb, 6.39% Zn, and 295 
g/t Ag (BC MINFILE: https://minfile.gov.bc.ca/). 

The replacement mineralization in carbonate rocks 
consists of clustered and disseminated galena, 
sphalerite, and pyrite, with trace chalcopyrite and 
tetrahedrite in quartz-calcite gangue replacing the 
dolomite matrix and cementing brecciated fragments of 
carbonate rocks and phyllites. 

Pyrite analysed in sample 08-SP-155 is categorized 
as: 1) relict pyrite occurring as subhedral to rounded 
grains with embayments in massive aggregates of 
galena; this pyrite is rich in inclusions of chalcopyrite, 
sphalerite and carbonates; and 2) disseminated, 
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euhedral, cubic to cubo-octohedral crystals and irregular 
clusters of fractured and brecciated anhedral crystals in 
a carbonate matrix (Fig. 3). The fractures are filled by 
galena, sphalerite, and chalcopyrite, and pyrite grains 
are commonly adjacent to sphalerite. 
 

 
Figure 3. Photomicrograph of pyrite (Py) and sphalerite (Sph) from 
sample 08-SP-155 of the Abbott-Wagner deposit.  
 
4 Materials and LA-ICP-MS methods 
 
A suite of polished thin and thick sections were made 
from representative samples from the Jackpot and 
Abbott-Wagner deposits for petrographic and LA-ICP-
MS analyses.  

We measured the concentration of Mn, Co, Ni, Cu, 
Zn, Ga, Ge, As, Se, Mo, Ag, Cd, In, Sn, Sb, Te, Au, Tl, 
Pb, and Bi in pyrite from the Abbott-Wagner and Jackpot 
deposits using LA-ICP-MS spot analyses (n = 25) and  
2-dimensional element mapping. The analyses were 
done at the Geological Survey of Canada using an 
Agilent Technologies 7700x ICP-MS coupled to a 
Teledyne Photon Machines Analyte G2 excimer laser 
ablation system (λ: 193 nm) and processed following the 
method of Lawley et al. (2017). Analyses for both 
deposits were done on non-deformed anhedral pyrite 
grains. Detailed methodology is available upon request. 
 
5 LA-ICP-MS results on pyrite 
 
5.1 Jackpot deposit 
 
Pyrite from the Jackpot deposit has higher 
concentrations of Co and Bi compared to that of the 
Abbott-Wagner deposit (Fig. 4). The inverse is true for 
all other elements examined. Concentrations of Au (0.01 
to 0.22 ppm; median=0.04 ppm) and Ag (0.3 to 0.8 ppm; 
median=0.15 ppm) are very low at Jackpot. Ni and As 
are the only two elements that show good positive 
covariance; the covariance is especially strong at 
Jackpot Main (R2=0.84). Notably, As values differ 
significantly between the Jackpot Main (280-900 ppm, 
median = 360 ppm) and Jackpot Lerwick (<0.88 ppm, 
median = 0.4 ppm) zones.  
 

 
Figure 4. Box and whisker plots of trace element contents in pyrite 
from the A) Abbott-Wagner, and B) Jackpot deposits. 
 
5.2 Abbott-Wagner deposit 
 
Pyrite from the Abbott-Wagner deposit has elevated Au, 
As, Cu, Ag, Cd, In, Sn, and Sb compared to Jackpot 
(Fig. 4). In general, Au is enriched (0.072 – 6.5 ppm, 
median = 1.6 ppm), and moderately covaries (R2 = 0.4 
to 0.6) with Ag and Cu. However, this covariance is not 
always observed on element maps of pyrite from sample 
08-SP-155. This is because some pyrite grains show 
positive covariance of Au with Cu and Ag, and others do 
not. The same phenomenon occurs between Au and As. 
Arsenic content varies from 1090 to 11820 ppm (median 
= 4722 ppm). On element maps, Au (Fig. 5) and As 
show distinctive rich bands. In detail, however, Au and 
As bands are not spatially coincident within the pyrite 
grains, resulting in imperfect covariation. Gold was not 
observed microscopically in polished thin sections and is 
most likely lattice-hosted or present as nanoparticles in 
pyrite. 

On element maps, zonation in pyrite shows positive 
covariance between Cu, Zn, Ga, Ge, Ag, Cd, In, Sn, and 
Sb; and positive covariation between Ni and Co. Some 
of these elements, such as Cu and Zn, correspond to 
chalcopyrite and sphalerite inclusions in pyrite, 
respectively. Other elements, such as Co and Ni, may 
be substituting for Fe+2 in pyrite. 

Silver concentrations vary widely between pyrite 
grains (0.019 to 56.9 ppm) and within a single pyrite 
grain (0.4 to 56.9 ppm). Copper and Sb show similar 
variations. There is strong positive covariation between 
Ag and Cu (R2=0.87) and between Ag and Sb (R2=0.99).  
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Figure 5. LA-ICP-MS Au distribution map of a pyrite grain from 
sample 08-SP-155 of the Abbott-Wagner deposit. 
 
6 Discussion and conclusions 
 
In this preliminary study, we analysed pyrite grains with 
similar microscopic textures (i.e., irregular anhedral 
crystals that show no tectonic deformation) from 
Jackpot, a MVT deposit, and from Abbott-Wagner, a 
fracture-controlled replacement deposit. Both share the 
same tectono-stratigraphic setting within the Kootenay 
arc. 

Pyrite from the Abbott-Wager deposit is rich in Au and 
As. Gold enrichment does not appear to be related to 
deformation-induced microstructures, and may occur as 
nanoparticles in pyrite or be lattice-hosted. Silver, Cu, 
and Zn are also elevated. These trace elements are 
characteristic of the polymetallic nature of the Abbott-
Wagner deposit and of the mineral association 
represented by galena, sphalerite, and pyrite, with trace 
chalcopyrite and tetrahedrite.  

Pyrite from the Jackpot deposit has lower trace 
element concentrations than pyrite from Abbott-Wagner 
with the exception of Co and Bi. Overall, the trace 
element content in pyrite of this MVT deposit is low and 
possibly reflecting recrystallization and brecciation. 
Significant modification of primary trace element 
distribution resulting from hydrothermal reworking, 
recrystallization, and metamorphism has been observed 
in many sediment-hosted deposits. Another possible 
explanation is that this trace element signature is 
characteristic of the type of sulfide deposits (i.e. MVT) of 
the Kootenay arc. Further studies are required to test 
this hypothesis.  
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