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Abstract 

The Cornwallis Zn-Pb district in the Canadian Arctic archipelago contains numerous carbonate-

hosted mineralised showings, including the past-producing Polaris Zn-Pb mine on Little 

Cornwallis Island. The showings’ mineralogy is primarily Zn-Pb, with anomalous Cu showings. 

The volume and geographic/stratigraphic positions of mineralisation are variable, with the 

majority being hosted by Middle Ordovician Thumb Mountain Formation limestone/dolostone 

adjacent to extensional faults. Multiple in situ micro-analytical techniques were used on samples 

from throughout the district to determine the origin, character, flow path, and age of the 

mineralizing fluid(s) responsible for the showings in the district, and to re-evaluate models of the 

Polaris deposit. 

Geochemical (fluid inclusion microthermometry, trace and rare earth elements, oxygen isotopes) 

results indicate that a single, regional fluid was involved in mineralisation at all of the showings. 

Sulphur isotopes indicate that pre-mineralisation sulphur accumulations at individual showings 

affected early mineralisation δ34S values until thermochemical sulphate reduction (TSR) of the 

regional fluid became the dominant sulphur supply, and that varying degrees of TSR completion 

resulted in showing-specific δ34S values, rather than a uniform regional value. The main control 

on the volume of mineralisation was the amount of fluid flux that could be accommodated by the 

showing, with Polaris being much larger than the rest because of its tectonic location, which 

allowed for copious amounts of mineralising fluid to interact with host rocks. 

The Storm copper showing on Somerset Island indicates that Cu showings in the Zn-Pb district 

are related to the regional fluids of the Zn-Pb showings, but local strata affected the mineralogy. 

The geochemical signatures of the paragenetic stages indicate that pre-ore fluids were related to 

the regional Zn-Pb fluid, whereas the main-ore fluid is related to a fluid that displaced the 

regional Zn-Pb-mineralising fluid during ongoing orogenesis. An underlying Proterozoic redbed 

contains a record of diagenetic sequences and fluids that is similar to those responsible for the 

Storm copper showing, indicating that the geographically limited redbed was probably 

responsible for the anomalous Cu-rich showing in the district. 
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Chapter 1  

1 Introduction to thesis 

1.1 Statement of problem 

This thesis documents the fluid history in the Cornwallis district in Canada’s Arctic archipelago. 

The Cornwallis district is an area that is 450 km long and 130 km wide and contains the past-

producing Polaris deposit (20 MT at 17% Zn+Pb) as well as numerous (>80) base-metal 

showings (Dewing et al., 2007). A logical assumption that is made with regards to ore districts is 

that surrounding showings are probably related to the main deposit; however, very little 

academic attention is allotted to these mineralised showings. By studying the showings in the 

same detail as the large ore deposit, it would confirm or reject the assumptions typically made 

and provide explanations regarding the location and volume differences among showings, which 

are only speculative  based on the assumption of related fluids. This study aims to test this 

assumption through a detailed study of numerous showings throughout the Cornwallis district to 

determine the genetic relationship among them and the Polaris deposit. 

The Polaris deposit was mined from 1982 to 2002 and has undergone several studies in an 

attempt to explain its ore genesis (Kerr, 1977; Randell, 1994; Randell and Anderson, 1996; 

Randell et al., 1996; Savard et al., 2000; Reid et al., 2013a,b). Early studies and exploration 

focused on karst-fill controls (Kerr, 1977), which were subsequently discounted (Randell, 1994; 

Randell and Anderson, 1996), whereas later studies developed two competing models: fluid 

mixing (Savard et al., 2000) and in-situ reduction of a single fluid (Randell and Anderson, 1996; 

Reid et al., 2013a,b). This study attempts to provide a mineralisation model that satisfies the 
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Polaris deposit as well as the showings. Some showings have received limited study (e.g., Rose, 

1999; Turner, 2001; Mitchell et al., 2004; Jober et al., 2007). 

Although mineralisation in the Cornwallis district is primarily Zn-Pb, there are a few anomalous 

Cu showings (Dewing et al., 2007). Copper mineralisation within a Zn-Pb district is not unique 

to the Cornwallis district, and has been noted in the Viburnum Trend (Cavender et al., 2016). 

This study aims to determine if the large Storm Cu showing (Somerset Island) is related to the 

Zn+Pb mineralisation in the rest of the district. 

1.2 Research questions 

• What was the mineralising fluid(s) composition within the Cornwallis Zn-Pb district and 

what was the mechanism for sulphide precipitation? 

In their summary of sedimentary-rock-hosted Zn-Pb deposits, Leach et al. (2005) showed that 

the fluids commonly associated with carbonate-rock-hosted Zn-Pb (i.e., MVTs) are high-salinity, 

low-temperature brines. These brines either carry dissolved metals and sulphate in the same fluid 

to be reduced at the site of mineralisation, or separately in different fluids to be mixed on site. 

The fluid characteristics and histories for showings throughout the district will be determined by 

using a suite of in situ micro-analytical techniques. This information will then be used to 

determine the mineralisation mechanism(s) of the different showings. 

What was the composition of the fluid(s) of the Storm copper deposit in the district and how does 

it relate to more regional fluid(s)? 

Anomalous copper showings are present in the Cornwallis Zn-Pb district, most notably is the 

Storm copper deposit. It is questioned whether the mineralisation at Storm copper is related to 

the Zn-Pb mineralisation in the district. A detailed in-situ micro-analytical study of the sulphides 
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and carbonate gangue minerals at Storm copper will characterise the fluid(s) and histories 

involved. The characteristics of the mineralising fluids at Storm copper will then be compared to 

the fluid(s) associated with the Zn-Pb mineralised showings throughout the district, to determine 

how they relate. 

• What was the source of copper for the Storm copper deposit? 

Sedimentary-rock-hosted base-metal deposits obtain their metals from source rocks during fluid 

flow (Leach et al., 2005; Brown et al., 2005; Hitzman et al., 2005). In a Zn-Pb-dominated ore 

district, however, what produces anomalous Cu showings? By doing a paragenetic study of a 

probable Cu source for the Storm copper deposit, it will be determined if the Storm copper 

mineralising fluid interacted with this source rock. Local Cu enrichments may then be explained 

by local geology in a district.  

• What are the implications of ore district controls and intra-district relationships? 

Showings within ore districts are assumed to be related to one another as well as to the large ore 

deposit. A detailed analysis of the fluid(s) responsible for the showings in the district will yield 

information regarding how they are (or are not) related to one another and what controls were in 

place to dictate the differences in showing composition and/or size.   

The results of this study will also aid in the determination of the mechanism of fluid flow within 

the district. The favourable fluid-driving mechanism related to carbonate-rock-hosted Zn-Pb 

deposits is the topographically driven model (Garven and Freeze, 1984), based on the majority of 

these types of deposits being associated with orogenic events (Leach et al., 2005). Other main 

fluid-driving mechanisms include density-driven and compaction-driven. The age of 

mineralisation for the Polaris deposit may be related to two major tectonic events: the 

Ellesmerian orogeny and the opening of the Sverdrup Basin. The results of this study will 
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elucidate which mode(s) of fluid migration were in place during the mineralisation event(s) in 

the district. 

1.3 Regional geology 

The Cornwallis district is composed of the Paleozoic Arctic platform strata and the Boothia 

Uplift (Trettin, 1991). Strata were deposited in the Franklinian basin, which was divided into a 

deep-water basin and a shelf, both of which overly a passive margin, with the exception of the 

southern shelf being deposited on basement rocks of the craton. Proterozoic strata, exposed only 

on Somerset Island, were deposited in a rift basin associated with a positive relief structure (Tuke 

et al., 1966; Long and Turner, 2012), which would later influence the Paleozoic Boothia Uplift 

structure (Okulitch, 1991).  

The Franklinian shelf margin was relatively stable from the Cambrian to the Silurian, when far-

field, west-directed compressive forces from the Caledonian orogeny (closure of the Iapetus 

Ocean) caused thrusts and uplift along basement structures, resulting in the Boothia Uplift. This 

positive relief feature reached from the Boothia Peninsula on the mainland to the Grinnell 

Peninsula on Devon Island by the Early Devonian. The uplift caused an unconformity and 

produced local aprons of shed material along the flanks of the uplift (Miall, 1970; Miall and 

Gibling, 1978). Continued marine sedimentation occurred until the Late Devonian when 

compressive forces from the present-day north caused the Ellesmerian orogeny, a south-

migrating, east-west-trending deformation front. East-west-trending fold belts affected strata as 

far south as the Parry Islands, but the clastic wedged associated with the orogeny covered most 

of the Arctic islands (Embry, 1991), reaching a thickness of at least 6 km, and possibly up to 9 

km on Banks Island (Dewing and Obermajer, 2009). The Boothia Uplift acted as a buttress 
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against the southward-directed forces of the orogeny, resulting in interference folds and 

reactivated Boothia-aged faults (Kerr, 1977).  

Following the Ellesmerian orogeny, there were two tectonic events that could have affected the 

Cornwallis district – development of the Carboniferous-Cretaceous Sverdrup basin (Davies and 

Nassichuk, 1991) and the Cretaceous-Oligocene Eurekan orogeny (Piepjohn et al., 2016). Rifting 

to the northwest of the Cornwallis district developed the Sverdrup Basin that extended to 

northern Grinnell Peninsula, and included salt tectonics and magmatism. Counterclockwise 

rotation of Greenland with respect to Laurentia caused the Eurekan orogeny in the northern 

Arctic islands and extension and development of Baffin Bay in the south. Effects of this orogeny 

on the Cornwallis district are, however, cryptic. 

Strata of the Franklinian Basin are predominantly marine carbonate rocks with interbedded 

clastic rocks (Dewing and Nowlan, 2004). Fluvial and deltaic clastic sediments were deposited 

along the flanks of the Boothia Uplift (Miall, 1970; Miall and Gibling, 1978). Importantly, the 

Boothia Uplift was eroded to expose Proterozoic strata that were redeposited in these aprons. 

Marine carbonate rocks of the Blue Fiord indicate the return to predominantly marine carbonate 

sedimentation. The foreland basin of the Ellesmerien orogeny was composed entirely of clastic 

sediments (Embry, 1991).  

Mineralisation in the district occurs throughout the Paleozoic strata, as high stratigraphically as 

strata related to the Ellesmerian orogeny, although it is predominantly hosted in the Middle 

Ordovician Thumb Mountain Formation (Dewing et al., 2007). 
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1.4 Methods 

Polished thin sections (30 µm thick) were analysed petrographically on a standard petrographic 

microscope, with scanning electron microscopy (SEM), and on a binocular microscope coupled 

with a cold cathodoluminescence stage. Fluid inclusion petrography and microthermometry were 

performed on doubly polished sections (100 µm thick). Major, minor, and trace elements were 

analysed using in situ laser ablation inductively coupled plasma mass spectrometry (LA ICP-

MS) on polished thin sections. Stable isotopes of S and O were analysed in situ with secondary 

ion mass spectrometry (SIMS) on polished thin sections. Copper isotope analysis was undertaken 

on powder microdrilled from hand samples and analysed with solution ICP-MS. Each analytical 

method is outlined in more detail in chapters 2 through 4.     

1.5 Structure of thesis 

This dissertation is presented in five chapters, with chapters 2-4 written as manuscripts for 

publication in refereed scientific journals. There is some overlap in the introduction and 

geological setting of each chapter due to the independent nature of the manuscripts.   

Chapter 2 is written as a manuscript entitled “Composition, origin, and history of the 

mineralising, regional fluid responsible for Zn+Pb showings in the Cornwallis Zn-Pb District, 

Arctic Canada” This paper presents a multi-analytical in situ approach to determine fluid origin 

and history for the Cornwallis Zn-Pb district, with emphasis on the relationships among 

showings. The paper proposes that mineralisation in the Cornwallis district was the result of a 

regionally uniform fluid that interacted with independent sulphur sources, and experienced 

various degrees of thermochemical sulphate reduction of the regional fluid, thereby having a 

large variation in S isotopic composition, whereas maintaining relatively consistent fluid 
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characteristics. The presence of such a regional fluid favours a topographically driven fluid flow 

event that was the result of the Ellesmerian orogeny. Showings with major differences are most 

probably due to local geological differences. The volume of mineralisation at a site was 

influenced by the presence of a pre-existing sulphur source, the ability to reduce sulphate, and 

the capability of high fluid flux.  

Chapter 3 is a paper published in Ore Geology Reviews entitled “Atypical Cu mineralisation in 

the Cornwallis carbonate-hosted Zn district: Storm copper deposit, Arctic Canada”. Chapter 3 

includes a detailed geochemical description of the fluid composition, origin, and history of a 

copper deposit in the Cornwallis district. Chapter 3 indicates that the main mineralising fluid at 

Storm copper post-dates the main regional fluid responsible for regional mineralisation in the 

district, but was likely related to the subsequent meteoric fluid that pervaded the district. Copper 

mineralisation was facilitated by local copper sources. 

Chapter 4 is written as a manuscript entitled “Diagenetic evaluation of a possible redbed source 

for anomalous Cu in the Paleozoic-hosted Cornwallis Zn district, NU” (formatted for submission 

to the Canadian Journal of Earth Sciences). Chapter 4 is a paragenetic study of the diagenetic 

events experienced by the Aston Formation sandstone, a possible copper source, to determine if 

it was involved with the mineralisation in the atypical Storm copper. Timing of key diagenetic 

events,  especially circulation of oxidized fluids that could have mobilized and transported 

copper, suggests that the Aston Formation may have been the source for copper for the overlying 

Storm copper deposit.   
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1.6 Statement of responsibilities 

Samples were assembled from a variety of sources. Sulphide-gangue samples from regional Zn 

showings represent (1) archived samples from the Polaris mine and nearby showings, (2) 

samples from Zn-Pb showings throughout the Cornwallis district collected by E.C. Turner during 

a multi-year mapping program supported by Canada-Nunavut Geoscience Office and Polar 

Continental Shelf Project, and (3) samples from Zn showings on Somerset Island collected by 

the candidate. Samples of Cu-mineralised material from the Storm deposit were collected by the 

candidate from core made available by Aston Bay Resources. Samples of Aston Formation 

sandstone were collected by ECT and the candidate.. All samples collected were cut by the 

candidate and thin sections were prepared by Willard Desjardins at Laurentian University. 

Petrography, microthermometry, and SEM-EDS analysis were completed by the candidate at 

Laurentian University. In situ LA-ICP-MS analysis was completed by the candidate and Dr. Joe 

Petrus at Laurentian University. LA-ICP-MS data reduction was completed by the candidate. 

Copper isotope analysis for Chapter 3 was done by Dr. Ryan Mathur at Juniata College, 

Huntingdon, Pennsylvania. Samples for stable S and O isotopes SIMS analysis were prepared 

and analysed by the candidate at the University of Manitoba for Chapter 3 and by Ryan Sharpe at 

the University of Manitoba for Chapters 2 and 4. 

The project was designed by Dr. Elizabeth Turner. All initial interpretations of data and the first 

drafts of chapters 2 to 4 were done by the candidate. Scientific input and edits were provided by 

co-authors of the respective chapters. Edits for Chapter 3 were provided during the peer-review 

process by two anonymous reviewers.   
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1.7 Statement of original contributions 

The following points outline the original contributions made by this study: 

• Documents the fluid composition for multiple showings throughout the Cornwallis 

district. Detailed fluid studies have been limited to the Polaris deposit.  

• Identifies that showings throughout the Cornwallis district have shared fluid 

characteristics, indicating a uniform regional fluid. This was previously assumed, but 

never verified. 

• Provides an updated interpretation of the Polaris deposit. 

•  Adds to current understanding of district-scale processes, such as topographically driven 

fluid flow. 

• Provides the first in-depth study of the Storm copper deposit. Previous work was limited 

to company reports. 

• Provides insight to the occurrence of atypical (Cu) ore deposits within an otherwise 

uniform (Zn-Pb) ore district. 

• Provides the first in-depth diagenetic study of the Aston Formation. 

• Provides insight on diagenetic processes and their relationship to mineralising fluid 

events in order to determine source-rock potential. 
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Abstract 

 The Cornwallis district in Canada’s Arctic archipelago contains numerous carbonate-

rock-hosted Zn+Pb showings and sparse, anomalous Cu showings in a 450 km x 130 km area. 

The district is spatially limited to an area of complex but subtle intermittent Paleozoic 

deformation associated with an episodically active basement high (Boothia uplift) and a major 

Paleozoic orogenic event (Ellesmerian orogeny). The past-producing Polaris Zn+Pb deposit (20 

Mt at 17% Zn+Pb) is in the western part of the district. As in many metallogenic districts, a 

genetic relationship between the mined deposit and surrounding showings has been assumed but 

not tested. This study uses an in situ, multi-analytical approach combining optical and SEM 

petrography, fluid inclusion microthermometry, evaporate mound analysis, LA ICP-MS trace 

element analysis, and in situ stable isotope analysis on sphalerite and dolomite gangue to 

characterise the fluid histories of individual showings, regions in the district, and the district as a 

whole. Mineralisation is not limited to specific strata or to faults, although most showings are 

hosted by the Thumb Mountain Formation adjacent to faults. Similar Th values, salinity, 
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sphalerite chemistry, and δ18Odolomite values are present throughout the district; conversely, 

δ34Ssphalerite values vary throughout the district, but are consistent within each showing. Results 

indicate that a regional, marine-like fluid dissolved subsurface evaporite minerals and 

transported metals and sulphate to sites of mineralisation. Differences in main-stage sphalerite 

sulphur isotope values among different showings indicate a variable degree of thermochemical 

sulphate reduction at each site. Fluid mixing initially resulted in precipitation of sulphides with 

lower δ34S values, as transported metals encountered pre-existing accumulations of reduced 

sulphur on site. After the local sulphur pool was exhausted, a change to single-fluid in situ 

thermochemical reduction of transported sulphate produced a shift to higher δ34S values. The 

mineralised volume of each showing is predominantly a function of local fluid flux and 

availability of a local reductant. Polaris was a comparatively large sulphide body owing to its 

location where reductant-rich host strata were under a relatively impermeable cap rock and 

adjacent to a pre-existing structure that was dilated by Ellesmerian stress, facilitating especially 

abundant fluid flow during the Ellesmerian orogeny. The partially reduced sulphate from Polaris 

precipitated a halo of δ34S-enriched barite. The consistency of geochemical characteristics 

throughout the district confirms the genetic relationship between the large deposit and 

surrounding showings, and indicates a uniform mineralising fluid, topographically mobilised 

during the Ellesmerian orogeny, was responsible for the main, district-wide mineralisation, after 

the initial smaller-scale mixing with local fluids.  

 

Keywords: Carbonate-hosted base metal deposit, Arctic Canada, fluid inclusions, stable 

isotopes, REE geochemistry, Polaris, Cornwallis district, topographically driven fluid flow 
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2.1 Introduction 

The Cornwallis Zn-Pb district in Canada’s Arctic archipelago (Fig. 1) has numerous (>80) 

Zn+Pb showings, including the past-producing Polaris deposit, and spans a 450 km by 130 km 

area (Dewing et al., 2007). Polaris, a Paleozoic-carbonate-hosted Zn-Pb deposit with a resource 

of 20 Mt of 17% Zn+Pb, was exploited from 1982 to 2002 (Dewing et al., 2007). A small 

number of Cu showings are also present in the region, including the Storm carbonate-hosted Cu 

mineralised system on Somerset Island (Mathieu et al., 2018). District-scale studies of 

mineralised areas that include research on smaller showings are rare, the work of Field et al. 

(2018) and Field et al. (2020)  on the U.S. mid-continent ore district, Chi et al. (1998) in the 

Canadian Maritimes, and Wilkinson (2010) in the Irish Orefield being some of the exceptions. 

Instead, studies generally focus on the large deposits in such districts. The size, fluid(s) 

responsible, and precipitation mechanism(s) of mineralisation throughout a district are 

commonly assumed to have resulted from a regional, continuous fluid-flow event (Leach et al., 

2005), with different-sized deposits or showings merely assumed to reflect differences in the 

scales of the fluid flux and ore-forming mechanisms.  

The large and richly mineralised Polaris deposit  has been the subject of multiple studies (e.g., 

(Kerr, 1977b; Randell, 1994; Savard et al., 2000; Dewing and Turner, 2003; Turner and Dewing, 

2004; Reid et al., 2013a; Reid et al., 2013b), although they are few compared to the research on 

large carbonate-hosted deposits elsewhere [e.g., Navan (Anderson et al., 1998; Fallick et al., 

2001; Wilkinson, 2010; Elliott et al., 2019) and Viburnum (Grundmann, 1977; Roedder, 1977; 

Leventhal, 1990; Appold and Wenz, 2011; Labotka et al., 2016; Shelton et al., 2020)]. The 

showings in the Cornwallis district have received limited study (e.g., Turner, 2001; Mitchell et 

al., 2004; Jober et al., 2007). Limited regional work in the Cornwallis district suggested multiple 
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possible interpretations for the origin of the mineralisation, including karst-fill (Kerr, 1977), 

fluid-mixing (Savard et al., 2000), and in situ precipitation resulting from ingress of a single fluid 

(Reid et al., 2013a; Reid et al., 2013b).  

This study revisits the iconic Polaris deposit to examine how its fluid and ore precipitation 

history relate to the nature and origin of numerous base-metal showings in the surrounding area. 

Is there some feature present at or in the orebody at Polaris that is absent in the apparently 

smaller showings, or are they essentially the same? This study addresses the relative importance 

of fundamental processes in ore deposit studies, and ultimately what differentiates large, rich ore 

systems from related, but less endowed showings that in many respects appear the same (e.g., 

Johnson et al., 2009). The work presented here was done using an array of integrated in situ, 

micro-analytical analyses already tested and applied in comparable settings (Mathieu et al., 2013, 

2015; Hahn et al., 2018; Mathieu et al., 2018). Using this approach, this study aims to provide a 

detailed characterisation of fluid(s) implicated in the less well-mineralised showings across the 

Cornwallis district, compare them to the large Polaris deposit, and evaluate the factors 

controlling size and location of sulphide accumulations in the district.   

2.2 Geological history 

2.2.1 Tectonic framework 

The Cornwallis district is composed of the Arctic ‘platform’ and the Boothia uplift (Fig. 2). The 

Arctic platform, consisting of nearly flat-lying Paleozoic strata underlain by Precambrian 

basement, extends from the continental mainland in the south to east-trending fold belts of the 

Ellesmerian orogen, and was deposited in the Franklinian basin (i.e., Laurentia's northern passive 

margin and nearby epicontinental areas; Fig. 2A; Trettin, 1991a). The Franklinian basin is 
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divided into a predominantly shallow-marine shelf (Franklinian shelf) in the south and a deep-

water zone in the north(west) (Trettin et al., 1991). The shelf-break was abrupt, with no 

preserved slope, and was relatively stable from the Middle Cambrian to Middle-Late Ordovician, 

when it spanned ~2500 km from northeastern Greenland to at least northwestern Melville Island 

(Fig. 2A; Trettin, 1991b; Trettin et al., 1991). The shelf-margin migrated southward to Devon 

Island, Cornwallis Island, and south of Bathurst Island through the Ordovician – Silurian, as a 

result of transgression and subsidence (Fig. 2B) (Trettin et al., 1991).  

Underlying the Arctic platform is Archean – Paleoproterozoic crystalline and (minor) 

Mesoproterozoic sedimentary rock, exposed on Somerset and Prince of Wales islands, in the 

south and on eastern Devon and southern Ellesmere islands (Stewart and Kerr, 1984; Frisch and 

Trettin, 1991; Trettin et al., 1991; Harrison et al., 2015; Harrison et al., 2016). Paleocurrents of 

Mesoproterozoic rift-fill strata on Somerset and Prince of Wales islands (Aston Formation) 

indicate that during their accumulation, a local paleotopographic feature (the Boothia uplift) 

acted as a sediment source (Dixon et al., 1971). 

The Cornwallis district experienced multiple tectonic events both during and after Paleozoic 

deposition of Arctic platform strata. Far-field, west-directed compression of the Late Silurian 

Caledonian orogeny (in northern Laurentia developed in eastern Greenland; equivalent to the 

Acadian orogeny in eastern Laurentia) resulted in the reappearance of the north-trending Boothia 

uplift (Fig.  2B) (Miall, 1986; Oliver, 2001; Morris et al., 2005), here divided into four regions. 

The western region, at the western margin of the uplift, consists of a ~35-km-wide belt of 

conspicuous north-trending thrust or reverse faults and narrow, north-trending folds on Bathurst 

Island (Harrison and de Freitas, 1999) and Prince of Wales Island (Mayr et al., 2003) (no Zn 

mineralisation is known from the latter). A long, north-trending axial area on top of the uplifted 
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Boothia block is subdivided into north (Grinnell Peninsula) and central (Cornwallis Island) 

regions containing subtler, generally north-trending Caledonian folds and approximately north-

trending thrust and reverse faults (Thorsteinsson, 1986; Mayr et al., 1998).  The southeastern 

region (Somerset Island) is where the eastern margin of the uplift is exposed, consisting of 

basement rock adjacent to a ~10-km-wide north- to northwest-trending zone of thrusts and folds 

in lower Paleozoic strata, which are overlain by mid-Paleozoic material shed as debris wedges 

from the uplift margins (Stewart and Kerr, 1984). The interior part of the uplift (the axial zone) 

in the south is represented by basement rock, where no Paleozoic strata or Zn showings remain; 

the basement is not exposed north of Somerset Island. The eastern flank of the uplift north of 

Somerset Island is unknown; it is assumed to be under water east of Cornwallis Island. Paleozoic 

activity of the uplift initially affected the southern part of the district, leaving areas north of 

Somerset Island submerged (Fig. 2B); continued uplift into the Early Devonian affected more 

northern areas including the Grinnell Peninsula (Fig. 2C) (Thorsteinsson, 1980; Okulitch et al., 

1991). The full length of the elongate uplift spanned from the mainland (Boothia Peninsula) to 

Grinnell Peninsula on Devon Island (Okulitch et al., 1991). The Late Devonian – Early 

Carboniferous Ellesmerian orogeny (Harrison et al., 1991), a south–directed orogenic event, 

produced a clastic wedge 6-10 km thick over much of the islands (Fig. 2D) (Embry, 1991; 

Dewing and Obermajer, 2009), west-trending fold belts in the central high Arctic, and 

reactivated earlier faults (Harrison et al., 1991; Okulitch, 1991; Trettin, 1991a). Ellesmerian 

folding is present only north of Barrow Strait, and is tightest around the northern end of the 

Boothia uplift (Fig. 2D), which acted as a buttress against the Ellesmerian orogenic front, 

resulting in interference-fold structures (Kerr, 1977a). The interaction of the south-vergent 

deformation front with the Boothia uplift and its structures resulted in north-trending strike-slip 
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faults with dextral displacement along the eastern margin of the uplift and sinistral displacement 

on the western margin (Kerr, 1974; Kerr, 1977a; Harrison et al., 1993; Mayr et al., 1998).  

Extension in the area northwest of the Cornwallis district followed the Ellesmerian orogeny, 

producing the Sverdrup basin in the Early Carboniferous (Fig. 2E; Davies and Nassichuk, 1991). 

Magmatism, in the form of basaltic flows, has been bracketed stratigraphically to be Late 

Mississippian-Early Pennsylvanian (Serpukhovian-Bashkirian; Thorsteinsson, 1974). The 

Cretaceous-Oligocene Eurekan orogeny involved the rotation of Greenland relative to Laurentia, 

causing compression in the (present-day) north (Ellesmere Island) and extension in the southern 

islands (Kerr, 1967; Tegner et al., 2011; Piepjohn et al., 2016). Effects of this event in the 

Cornwallis district are inconspicuous to absent.   

 

2.2.2 Regional Geology  

 Paleozoic strata of the Cornwallis district were deposited on and near the continental 

shelf and are composed largely of geographically extensive marine carbonate strata with 

interlayered siliciclastic rocks (Fig. 2F; Embry, 1991; Trettin et al., 1991; Dewing et al., 2007). 

Geographically variable characteristics resulted in formation names that are not uniform across 

the islands (Fig. 3; Dewing and Nowlan, 2004). With the exception of Somerset Island, where 

both crystalline basement and Mesoproterozoic strata are exposed (Aston and Hunting 

formations), the oldest exposed unmetamorphosed strata are Cambrian.  

Middle Cambrian to Early Ordovician mixed carbonate-clastic formations are, with the exception 

of Somerset Island, overlain by the Early Ordovician evaporitic Baumann Fiord formation, 

which contains anhydrite up to 500 m thick (Mayr, 1978). The Baumann Fiord Formation is 
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overlain by the Early Ordovician carbonate-dominated Eleanor River Formation and its lateral 

equivalent, the Ship Point Formation. 

Middle to Late Ordovician strata consist regionally of the evaporitic Bay Fiord (Middle 

Ordovician; up to hundreds of m of evaporite strata; Mayr, 1978; Miall and Kerr, 1980; Stewart, 

1987; Harrison et al., 1999), and carbonate Thumb Mountain (Middle-Late Ordovician) and 

Irene Bay (Late Ordovician) formations. The locally organic-rich, fossiliferous carbonate strata 

of the Thumb Mountain Formation are approximately 300 m thick (Harrison et al., 1999; Jober et 

al., 2007), but thin to <100 m on Somerset Island where they unconformably overlie the Bay 

Fiord Formation (Stewart, 1987). Interlayered argillaceous shale and carbonate rocks of the Irene 

Bay Formation conformably overlie the Thumb Mountain Formation with a relatively consistent 

thickness of approximately 30-60 m throughout the district.  

In the northern part of the Cornwallis district, deep-water Ordovician-Silurian carbonate-shale 

rocks of the Cape Phillips Formation (Devon, Bathurst, Little Cornwallis, Truro, and Cornwallis 

islands) and later Devon Island Formation are laterally equivalent to the shallow-marine Allen 

Bay, Cape Storm, and Douro formations (Devon, Cornwallis, and Somerset islands). The deep-

water succession is up to 2200 m thick on Cornwallis Island (Thorsteinsson, 1958), but thins to 

115-300 m on Bathurst Island (Harrison et al., 1999). 

After the compressional (Caledonian) event that produced the Boothia uplift in the Silurian-

Devonian, Franklinian shelf carbonates were overlain by Silurian-Devonian siliciclastic deposits 

that were shed from the Boothia uplift to produce numerous geographically limited formations. 

Deep-water continental margin strata of the Eids Formation in the northwestern part of the 

Cornwallis district grade laterally into slope deposits of the Bathurst and Stuart Bay formations 
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and alluvial fan/shallow marine Prince Alfred Formation (Morrow and Kerr, 1977). With the 

exception of Quaternary cover, the Early Devonian Peel Sound Formation is the youngest 

preserved stratigraphic unit on Somerset Island (Stewart, 1987). In the northern part of the 

Cornwallis district, the largely dolostone Early to Middle Devonian Blue Fiord Formation is a 

shallow-marine post-Boothia-uplift unit that overlies a Devonian Boothia-related unconformity 

(Mayr et al., 1998) and is overlain by Devonian clastic successions resulting from the 

Ellesmerian orogeny  (Embry, 1991). Lastly, the northern part of Grinnell Peninsula exposes a 

suite of Carboniferous and Permian carbonate and clastic rocks associated with development of 

the Sverdrup basin.  

 

2.2.3 Showing locations and local geology 

Showing locations are grouped into four main areas with respect to major tectonic features of the 

Boothia uplift and the Ellesmerian orogeny. The western region is located along the western 

margin of the Boothia uplift and includes eastern Bathurst Island, western Little Cornwallis 

Island, and Truro Island. The central region is situated over the Boothia uplift and includes 

Cornwallis Island and western Little Cornwallis Island. The northern region is situated over 

Boothia uplift on Grinnell Peninsula (Devon Island) and Dundas Island. The southeastern region 

is on Somerset Island along the eastern margin of the Boothia uplift.  
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2.2.3.1 West –western Little Cornwallis Island and vicinity (Polaris, Truro, 

Markham Point, and Harrison showings): 

The Polaris deposit (557715/8368561) was hosted in the Thumb Mountain Formation on the 

western shore of Little Cornwallis Island (Fig. 4). Polaris is located near the western border of 

the Boothia uplift in a dilatational zone where a major west-vergent thrust fault is segmented and 

offset by west-trending strike-slip (wrench) faults (Turner and Dewing, 2004; Dewing et al., 

2007). The Truro showing (554161/8361675), in the Thumb Mountain Formation on Truro 

Island, southwest of Little Cornwallis Island, is too poorly exposed to allow its structural setting 

to be determined. Mineralisation at these locations consists of replacement and void-filling 

sphalerite, galena, marcasite, pyrite, dolomite, and calcite; Polaris has multiple varieties of 

sphalerite, including colloform texture. 

The Harrison (525618/8379593) and Markham Point (532715/8374138) showings on eastern 

Bathurst Island (Fig. 5) are hosted by the lower petroliferous dolostone member of the Blue 

Fiord Formation (Devonian) along the western margin of the Boothia uplift. Mineralisation at 

Harrison spans a strike length of 1930 m and width of 300 m, in outcrops and nearby talus that 

parallels extensional reactivated thrust faults (Harrison and de Freitas, 1996). Mineralised 

breccia matrix contains sphalerite, galena, marcasite, bitumen, calcite, and dolomite (Harrison 

and de Freitas, 1996). The Bass Point showing on Bathurst Island, hosted by Blue Fiord 

Formation, shares characteristics with Harrison (Rose, 1999). 

2.2.3.2 Central - Cornwallis Island and eastern Little Cornwallis Island (Stuart, 

Rookery, Snowblind, Bacon, and Eclipse showings): 

Samples from Cornwallis Island used in this study come from the Rookery Creek 

(426764/8364328), Stuart River (453686/8389345), Bacon River (458369/8314811), and 

Snowblind Bay (483380/8349770) showings (Fig. 6). Snowblind is the easternmost showing in 
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the region, and may be close to the eastern flank of the Boothia uplift. Mineralisation is 

associated with (predominantly east-vergent) thrust faults, normal faults, Ellesmerian folds, and a 

sub-Devonian unconformity (Fig. 6; Jober et al., 2007). Four deformation episodes that involve 

folding and thrust faults occurred on Cornwallis Island (Jober et al., 2007): north-trending folds 

and thrusts (D1 and D2) related to development of the Boothia uplift (Late Silurian-Middle 

Devonian), west-trending folds (D3) related to the Ellesmerian orogeny (Late Devonian – Early 

Carboniferous), and northwest-trending folds (D4) related to the Eurekan orogeny (Paleogene). 

The Rookery Creek showing is hosted in the Thumb Mountain Formation close to the sub-

Devonian unconformity (Irene Bay was erosionally removed prior to the Devonian) in a complex 

area of thrust, normal, and strike-slip faults in the interior of the Boothia uplift (Turner and 

Dewing, 2002; Turner and Dewing, 2004). Mineralisation, primarily sphalerite with rare galena, 

Fe-sulphides, and pyrobitumen, is locally associated with solution breccia, and showings 

typically have rusty weathering  (Turner and Dewing, 2002).  

Stuart River showings, represented by gossanous areas containing galena, marcasite, and zinc 

carbonates and oxides, are hosted in upper Thumb Mountain Formation (Turner, 2001; Turner, 

2015). Showings are predominantly adjacent to normal faults that trend west-southwest or 

northwest, within a NNW-trending regional anticline (Turner, 2001; Jober et al., 2007).  

Bacon River showings are distributed along the length of a graben that juxtaposes Thumb 

Mountain Formation (Ordovician) against Allen Bay Formation (Silurian) in the centre of the 

Boothia uplift, and are characterised by extensive (1.5 km-long) gossans that contain galena and 

sphalerite associated with bitumen (Turner, 2001; Turner, 2015).  
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Unlike the other showings studied on Cornwallis Island, the Snowblind Bay showing lacks an 

obvious structural control and may be facies-controlled; mineralisation follows a trend oblique to 

strike that may represent a subtle structure (Turner, 2001). Sphalerite is present in small (<1 m) 

areas of pseudo-breccia, which is in situ brecciation of carbonate rock caused by dissolution by 

hydrothermal fluids (Reid et al., 2013b), and lines vugs and fractures in the Barlow Inlet 

Formation, with no galena and sparse Fe-sulphides and dolomite.  

Eclipse (579006/8386580), on the east side of Little Cornwallis Island, is hosted in the Thumb 

Mountain Formation. It is situated in the interior of the Boothia uplift and is associated with 

dilation of previous thrust and/or strike-slip faults (Dewing and Turner, 2003; Turner and 

Dewing, 2004). Mineralisation consists of replacement and void-filling sphalerite, galena, 

marcasite, pyrite, dolomite, and calcite. 

2.2.3.3 North - Grinnell Peninsula (Trigger, JG, Scheills, Hornby, and Dundas 

showings):   

The Scheills showing (437236/8470086) is on a peninsula on the south side of Grinnell 

Peninsula at the contact between Thumb Mountain and Bird Fiord formations (Fig. 7).The 

location is on the east flank of an anticline where north-trending Ellesmerian folds abut less 

deformed strata of the Boothia uplift; a fault may be present west of the peninsula (Kerr, 1977b; 

Mayr et al., 1998). Mineralisation consists of sphalerite, smithsonite, and minor marcasite and 

galena; sparry calcite and saddle dolomite are also present. 

The Dundas showings (445359/8442463; Fig. 7), on Dundas Island, are hosted by the upper 

Thumb Mountain Formation on the east flank of the same anticline as the Scheills showing near 

the margin of the Boothia uplift; a fault may be west of the showing beneath the adjacent marine 

channel (Kerr, 1977b). Replacement, vein- and vug-fill, and breccia-matrix mineralisation is 
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dominated by sphalerite and smithsonite, with minor galena. Showings have rusty patches in the 

vicinity. 

The Trigger and JG showings (4680/8509812; Fig. 7) are in the interior of the Boothia uplift, 

hosted by the Bird Fiord Formation (Devonian) near the Mt. Parker Fault zone and Ice Fields 

thrust fault. Mineralisation fills veins and collapse breccia voids, and consists of dolomite, 

calcite, sphalerite, galena, and minor marcasite. These characteristics were also documented at 

the Bermuda showing (Mitchell et al., 2004), which is assumed to be related to the JG showing 

(Fig. 7).  

The Hornby showing (463125/8467733) is hosted in weakly dolomitised Bird Fiord Formation 

or Allen Bay Formation felsenmeer on southern Grinnell Peninsula in the interior of the Boothia 

uplift. Mineralisation appears to be controlled by north(west)-trending normal faults, and 

consists of sphalerite with minor galena, sparry dolomite, and late calcite. 

2.2.3.4 Southeast - Somerset Island (Seal and Typhoon): 

Samples from Somerset Island are from the Seal (438650/8183550) and Typhoon 

(473018/8115913) showings (Fig. 8), hosted by Ship Point (Lower Ordovician) and Cape Storm 

(Silurian) formations, respectively. Seal is at the eastern margin of the Boothia uplift, situated 

between east- and west-vergent thrust faults (Robinson and Atkinson, 2012), whereas Typhoon is 

in a north-trending anticline adjacent to north-trending normal faults (Stewart and Kerr, 1984) in 

the uplift’s eastern marginal zone. Mineralisation at both locations is replacement and vein-fill 

and consists of sphalerite, pyrite, dolomite, and calcite, with an apparent lack of galena. Seal is 

expressed on surface by patches of rusty areas along strike for kilometres, whereas rusty gossans 

are absent at Typhoon. The Storm Cu showings are located on northern Somerset Island in 
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Ordovician-Silurian Allen Bay dolostone and have been assumed to be in some way related to 

the Cornwallis Zn district, based on fluid characteristics (Mathieu et al., 2018). 

2.2.4 Previous work on Polaris and showings 

2.2.4.1 Mapping 

Early work (Kerr, 1977b) related Polaris mineralisation to collapse breccia in the Thumb 

Mountain Formation, and concluded that pre-mineralisation karstification was a control on ore 

deposition. It was later reported, however, that mineralisation was cogenetic with dissolution and 

that there was no pre-mineralisation karst (Randell, 1994; Randell and Anderson, 1996). 

Mapping of Little Cornwallis Island (Dewing and Turner, 2003, Turner and Dewing, 2004) 

concluded that Polaris is situated on a thrust fault block that has been offset from adjacent fault 

blocks by strike-slip movement during Caledonian compression and experienced torque by 

south-directed Ellesmerian orogeny forces. Jober et al. (2007) related mineralisation at Polaris 

and showings on Cornwallis Island (Stuart Bay and Caribou) to east-trending folds associated 

with the Late Devonian Ellesmerian orogeny.  

2.2.4.2 Age of mineralisation 

Several techniques have been employed to determine the age of Polaris mineralisation. 

Paleomagnetic dating of sphalerite and host dolostone (Symons and Sangster, 1992) indicated 

that mineralisation took place during the Late Devonian. This timing agrees with a 366 ±15 Ma 

Rb-Sr (sphalerite) age from Polaris (Christensen et al., 1995) and a Re-Os (bitumen) age of 374 

±9 Ma for Polaris (Selby et al., 2005). Bitumen associated with mineralisation yielded a Re-Os 

age of 357 ± 50 Ma for the Bermuda showing (Mitchell et al., 2004). These ages are compatible 

with the Late Devonian – Early Carboniferous Ellesmerian orogeny (Harrison et al., 1991), but 
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not the Late Mississippian – Early Pennsylvanian opening of the Sverdrup Basin (Thorsteinsson, 

1974). 

2.2.4.3 Polaris mineralisation models 

Previous interpretations of Polaris mineralisation fall into two categories: a mixing model or an 

in situ single-fluid model. The mixing interpretation (Kerr, 1977b; Savard et al., 2000) involves 

mixing of a metal-bearing fluid with a reduced-sulphur-bearing fluid at the site of precipitation. 

Conversely, the in situ single-fluid interpretation (Randell, 1994; Reid et al., 2013a; Reid et al., 

2013b) involves metals and sulphate transported by a single fluid, with sulphide precipitation 

related to thermochemical sulphate reduction (TSR) on site.  

Fluid inclusion work (Jowett, 1975) produced a temperature range of 52° to 103°C that Kerr 

(1977b) interpreted as two fluids, sourced from different areas, mixing in karst cavities. Savard 

et al. (2000), using petrography, fluid inclusions, and stable isotopes (O and S), suggested that a 

warm metal-bearing fluid was focused via the main fault to the base of the overlying 

impermeable Irene Bay Formation where it reacted with a fluid containing reduced sulphur 

formed by BSR that was in thermal equilibrium with the host rocks. Fluid mixing was invoked to 

explain the range in fluid temperatures (62° to 140°C), the constant salinity, the colloform-

textured sphalerite, extensive dissolution, and the sharp boundaries between ore and non-ore 

rocks. Reduction of sulphate by TSR was dismissed because the reduction rate would have been 

too low at the recorded temperatures to account for the supersaturation textures (e.g., colloform 

sphalerite). 

The single-fluid model suggested by Randell (1994) and Randell and Anderson (1996) was 

based on fluid inclusion and stable isotopic (O and S) data. Sulphate reduction was attributed to 



29 

 

TSR because the temperature range (typically above 150°C; Yuan et al., 2017b) is at the upper 

limit of BSR, and it would have been sufficient to have matured organic matter in the upper 

Thumb Mountain Formation to produce methane needed for sulphate reduction. This 

interpretation is similar to that of Reid et al. (2013a), in which evaporite-derived sulphate was 

transported, along with metals, to the site where it was reduced. In situ sulphur isotopic data 

showed a change in δ34S values, from 2 to 10‰, for early and late sphalerite, respectively. This 

range in δ34S values, in combination with temperatures above BSR (>100°C), was attributed to 

TSR processes, with the reactions related to sulphide precipitation resulting in the dissolution of 

host dolostone and development of collapse breccias associated with ore minerals. Excess 

sulphate was also invoked to explain a late barite halo with higher δ34S values around the 

deposit. 

The previous studies on Polaris generally agree that fluid-flow was focused along faults and that 

the fluid was of low to medium temperature (70° to 140°C; Jowett, 1975; Randell, 1994; Savard 

et al., 2000). There is also a general consensus that at least one of the fluids was derived from 

seawater, based on the δ18O values of gangue dolomite. Although δ34S values are consistent 

among the studies (Randell, 1994; Savard et al., 2000; Reid et al., 2013a), there is no consensus 

regarding their interpretation. The main problems are  the temperature range and mechanism of 

sulphur reduction, because the documented temperature range (70° to 140°C) is near both the 

upper theoretical limit of BSR and the lower theoretical limit of TSR (Machel, 2001), and 

because the amount of fractionation produced by reduction of seawater sulphate is  consistent 

with each of these reduction processes. Mixing models argue that TSR at these temperatures is 

incapable of reducing sulphate at a sufficient rate to account for the colloform-textured 

sphalerite, a feature generally attributed to supersaturation (Roedder, 1968; Pfaff et al., 2011) 
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and most easily explained by fluid mixing. Bacterial sulphate reduction is the preferred 

explanation for the large degree of fractionation required to produce the measured δ34S values, 

with the temperature limit of BSR overcome by the reduced-sulphur fluid being the lower-

temperature fluid and the higher-temperature fluid the metalliferous one. Conversely, the single-

fluid interpretation argues that transported reduced sulphur should be homogeneous and would 

produce homogeneous δ34S values in precipitated sulphides if sulphate reduction were complete. 

Thermochemical sulphate reduction is preferred in the single-fluid model because of 

temperatures above the BSR range, heterogeneous δ34S values, and the presence of organic 

matter in the Upper Thumb Mountain Formation that could have acted as a reductant. 

In summary, deciphering the factors and controls involved in Polaris ore precipitation is difficult 

because ambiguous geochemical evidence precludes distinguishing between mixed-fluid and 

single-fluid interpretation.   

2.3 Materials and methods 

2.3.1 Samples  

Samples that are representative of mineralisation from the different showings in the Cornwallis 

Zn-Pb district (Figs. 4-8) were collected from surface exposures, except for the Polaris mine 

samples, which are those used by Savard et al. (2000), and the southern showings, for which 

samples were collected from both surface and exploration drill-core.   

2.3.2 Petrography and SEM 

Transmitted and reflected-light petrography was undertaken on ~200 polished thin sections (30 

μm thick) using an Olympus BX-51 petrographic microscope equipped with a Q-Imaging digital 

capture system at Laurentian University, Sudbury, Ontario. A scanning electron microscope 
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(SEM) was used for capturing images, and energy-dispersive spectroscopy (EDS) was used for 

mineral analysis. Collectively, these methods were used to establish the mineral paragenesis, 

examine textures, and determine mineral compositions. The latter work used a JEOL 6400 SEM 

fitted with an Oxford INCA EDS detector housed in the Micro-Analytical Centre (MAC) at 

Laurentian University. The operating conditions employed were 20 kV accelerating voltage, 1-3 

µm incident beam, 1.005 nA beam current, and 5-second counting time. 

 

2.3.3 Fluid inclusion microthermometry 

Fluid inclusion petrography and microthermometry were performed on 100-μm-thick, doubly 

polished thin sections prepared and examined at Laurentian University. Samples of dolomite, 

calcite, and/or sphalerite were used. Fluid inclusion classification followed the protocol of 

Goldstein and Reynolds (1994) whereby the concept of fluid inclusion assemblages (FIA) was 

integrated with petrographic study to classify (i.e., primary, secondary, pseudosecondary, 

indeterminate) inclusions. A Linkam THMSG600 heating-freezing stage with an automated 

controller unit coupled to an Olympus BX-51 microscope was used for microthermometric 

analysis. The heating-freezing stage was calibrated using synthetic fluid inclusions: CO2 (-

56.6°C), freezing point of H2O (0°C), and critical point of H2O (374°C). Inclusion salinity was 

determined using the final melting temperature of ice (Tm(ice)) for aqueous inclusions and tables 

in Bodnar (1993). Final homogenisation temperatures (Th) and salinities, based on ice melting 

Tm(ice)) were determined by repeated runs to ensure that the measurements were accurate and 

reproducible (i.e., <±2°C and <±0.2°C, respectively).  
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2.3.4 Evaporate mound SEM-EDS 

The solute chemistry of fluid inclusions was determined using the evaporate mound method 

(Haynes et al., 1988; Kontak, 2004) with two variants of sample preparation for evaporate 

mound production and analysis. Both methods involved the rapid heating (100°C/min) of 

previously studied sample chips in the Linkam THMSG600 heating stage to a temperature of 

350°C to induce artificial decrepitation of fluid inclusions. Samples were kept at this temperature 

for >2 minutes to ensure optimal evaporate mound production from individual fluid inclusions 

(Haynes and Kesler, 1987). Samples were monitored optically to ensure that primary FIAs were 

decrepitated for analysis on the SEM. Chips containing two or more intergrown mineral phases, 

such as dolomite and sphalerite or calcite, were decrepitated and the evaporate mounds analyzed 

on the chip in order to identify which mounds belonged to which mineral. Monomineralic chips 

were placed on microscope cover glass (Fisher Brand) and heated, as above, to produce 

decrepitation; after cooling, the chip was removed, leaving the debris and evaporate mounds on 

the surface of the glass slip. This was done to preclude any interference the composition of the 

chip (e.g., Ca and Mg) may have had on mound analyses, because of the small size of the 

mounds and the penetration depth (i.e., excitation area) of the incident electron beam during 

analysis. For some samples, evaporate mounds on both the chip and cover glass were analysed to 

check reproducibility of data. The glass slip used for collecting mounds is not pure silica, but 

contains small but consistent amounts of Na and K, and so the glass contribution was subtracted 

from the measured composition of mounds. 

The same SEM-EDS system used for imaging was used to analyse evaporate mounds, under 

similar operating conditions. Mounds were analysed in point-mode unless >5 µm size, in which 

case raster mode was used to preclude the possible effect of in-situ fractionation (e.g., Na versus 
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Ca) on mound chemistry (Haynes et al., 1988; Kontak, 2004). In all cases, the wt. % 

concentrations calculated were for mound and substrate (e.g., quartz, glass slide) and afterwards 

the contribution of the substrate subtracted to give a final mound analysis which was then 

normalised to 100 wt. % for plotting purposes. The minimum detection limit for most elements is 

estimated to be approximately 0.1 wt. %. The latter implies that for a 10 wt. % equiv. NaCl fluid 

inclusion, an element present in solution at ~200 ppm can be detected in a mound assuming 

100% efficiency of solute capture during mound formation.  

  

2.3.5 Secondary ion mass spectrometry (SIMS) 

In situ O and S isotope analysis was preformed using Secondary Ion Mass Spectrometer (SIMS) 

at the Manitoba Isotope Research Facility (MIRF), University of Manitoba (Winnipeg, 

Manitoba). Calcite and dolomite were analysed for their δ18O values, and pyrite, sphalerite, and 

galena for their δ34S values. Samples were polished and cleaned in a series of sonic baths and 

were then thinly sputter-coated with Au. Ion detection was done on a Balzers SEV 1217 electron 

multiplier coupled with an ion-counting system. The instrument operated with 20 μm sputtering 

diameter, 300 V sample offset, -9 keV secondary accelerating voltage, 247 μm slit, 18 ns dead 

time, and mass-resolving power of 347. Oxygen isotopes were analysed using a 2 nA Cs+ 

electron gun accelerated at 10 kV. Respective standards were analysed multiple times during the 

sessions for precision assessment. Data are reported as δ18O (VSMOW) and δ34S (VCDT) in 

standard per mil (‰) notation. Spot-to-spot reproducibility for calcite, dolomite, sphalerite, 

pyrite, and galena were 0.9-1.1‰, 0.7-1.0‰, 0.3-0.7‰, 0.3‰, and 0.3‰, respectively. Further 

details of the analytical procedure are provided in MacRae (1995) and Fitzsimons et al. (2000). 
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2.3.6 LA ICP-MS 

Trace and rare earth (REE) elements in various minerals were analysed using a Resonetics 

RESOlution M-50, ArF excimer laser with a 193 nm wavelength and two-volume chamber 

(Laurin Technic) coupled to a Thermo X Series II (quadruple) ICP-MS in the Geochemical 

Fingerprinting Laboratory, Laurentian University. Samples used were first identified and 

characterised using petrography and SEM-EDS imaging and analysis. Internal standards for each 

phase analysed (e.g., Ca, Mg) depended on the target and its composition, based on results of 

SEM-EDS analysis (e.g., type of carbonate; Fe content of sphalerite). A combination of GSD and 

GSE glasses (Jochum et al., 2005) and MASS compressed puck (Wilson et al., 2002) standards 

were used as external standards for rare earth and trace elements. Analyses were done using a 

beam size that ranged from 15 μm to 124 μm, depending on the size of the minerals analysed, 

with the following operating conditions: 5 Hz and 7 J/cm2, 650 ml/min He, 700 ml/min Ar, and 6 

ml/min N2; washout time between analyses was 30 seconds. Precision error is estimated to be 

typically <10% of the measured value for trace elements. To obtain an average composition, line 

traverses across grains were done, rather than numerous point analyses, which on average 

equated to over 200 seconds of counting time. 

2.4 Results 

2.4.1 Mineral paragenesis 

Zinc showings in the Cornwallis district do not uniformly contain all of the paragenetic elements 

documented in the region, and so the general mineralogy and paragenetic sequence for the 

district (Fig. 9) is described first, using the Polaris deposit as a reference, followed by region- 

and/or showing-specific characteristics. A description of Polaris mineralogy and paragenesis, 
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following the work of Reid et al. (2013a), as well as the district as a whole, can be grouped into 

three stages: early, main, and late (Fig.9). Early host-rock dolomitisation produced finely 

crystalline dolostone accompanied by marcasite (Mar1). The main ore stage involves intergrown 

saddle dolomite, sphalerite (Sph1-3), and galena (Gal1). The late stage consists of two calcites 

(Cal1 and 2), galena (Gal2), marcasite (Mar2), and barite. Textural relationships (Fig. 10) 

indicate that dolomite formed throughout main-stage mineralisation, precipitating both before 

(Fig. 10A) and after (Fig. 10B) sphalerite 3, and that sphalerite has a nuanced paragenesis within 

the main stage. In the main stage, discrete, granular, dolostone-replacing sphalerite is typically 

first (Sph1; Fig. 10C), followed by fine-grained, colloform (Fig. 10C and D) and dendritic (Fig. 

10E) Sph2, which is typically replaced by skeletal Gal1 (Fig. 10F), then the last sphalerite is 

coarsely crystalline Sph3, which typically contains purple patches alternating with pale yellow 

zones (Fig. 10C, D, G, H, I). Sphalerite 3 is ubiquitous at all showings studied, whereas Sph2 is 

limited to Dundas, Polaris, Truro, and Eclipse (Fig. 11); Rose (1999) reports colloform sphalerite 

(Sph2) from the Harrison showing, but it is absent in the samples in this study. Calcite 1 (Cal1) is 

present as a post-mineralising phase that occupies space among brecciated sphalerite grains 

(Fig.10 J, K); it is subhedral to euhedral, with crystals up to several centimetres, but locally 

grades into smaller anhedral crystals (Fig. 10K). Calcite locally replaced saddle dolomite along 

crystal edges and as patches in dissolution embayments. Calcite 2 (Cal2) is anhedral, with 

irregular crystal edges, and fills fractures in Cal1and hematite, which post-dates Cal1 (Fig. 10L). 

 

2.4.1.1 Little Cornwallis Island (Polaris, Eclipse, and Truro): 

An early euhedral pyrite/marcasite stage (Py1) is partially preserved in sub- to anhedral Py2 (Fig. 

10M). Fine-grained Py2 matrix supports brecciated fragments of sphalerite (Sph1-2; Fig. 10C). 
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Sphalerite 3, in some samples, has a band characterised by a pitted texture that is overgrown by 

typical Sph3 (Fig. 10N); this is also documented in Sph3 in Harrison and JG samples. 

   

2.4.1.2 Cornwallis Island (Stuart River, Snowblind Bay, Rookery Creek, and 

Bacon River): 

The mineralogy of showings on Cornwallis Island is similar to that of Little Cornwallis Island, 

but with local subtle differences. Sphalerites 1 and 2 are absent on Cornwallis Island; Sph3 is 

apparently the earliest sphalerite stage. Euhedral pyrite is apparently sector-zoned, as revealed on 

tarnished samples (Fig. 10O).  

  

2.4.1.3 Grinnell Peninsula (Trigger, JG, Scheills, and Dundas): 

The Dundas showing in the northern region has dendritic Sph2, which is replaced by fine-

grained platy smithsonite 1 (Sm1) that does not replace coarsely crystalline red-orange Sph3 

(Fig. 10P, Q). Smithsonite 2 (Sm2) is a coarsely crystalline colourless cement in interstices 

among brecciated Sph3. It is botryoidal, faintly layered in plane-polarised light (Fig. 10R), and 

exhibits sweeping extinction.  

 

2.4.1.4 Somerset Island (Seal and Typhoon) 

Sphalerites 1 and 2 are apparently absent on Somerset Island. Sphalerite 3 at Seal is generally 

intergrown with Py2 where the mineralisation is in quartz sandstone (Fig. 10S), but is more red-

orange than sphalerite elsewhere. Vein, void-filling, and replacement Sph3 is associated with 

dolomite gangue, but not intergrown with Py2.  
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2.4.2 Fluid inclusions 

2.4.2.1 Types and distribution of fluid inclusions  

Samples from the showings noted above have usable fluid inclusions in dolomite, Sph3, and 

Cal1. Primary FIAs in sphalerite form planes of fluid inclusions parallel to defined growth zones, 

some of which are highlighted by purple zones (Fig. 12A-E), whereas secondary FIAs occupy 

healed fracture planes (Fig. 12F). In all cases, the typically 1-15 µm fluid inclusions are high-

density (~0.9 g/cm3), two-phase L-V types (Fig. 12). Centres of ore-stage dolomite cement 

contain both primary and pseudosecondary FIAs of small (<5 µm), high-density (~0.9 g/cm3), 

two-phase L-V inclusions (Fig. 12G, H). Calcite 1 has primary FIAs (Fig. 12I) with high-density 

(~0.9 g/cm3), 5-10 µm, two-phase L-V fluid inclusions. Isolated clusters of fluid inclusions are 

locally present (indeterminate types; Fig. 12J). No fluid inclusions were documented in Cal2. All 

samples were examined in UV light to check for the presence of liquid petroleum, either as 

distinct inclusions or as heterogeneously trapped aqueous-petroleum couplets. There is no 

evidence suggesting that liquid petroleum was present in of the areas during either burial or 

mineralising events.   

 

2.4.2.2 Microthermometry 

Microthermometric data for the district are summarised in Table 1. With few exceptions, the 

fluid inclusions were metastable during cooling runs and consequently data for Tm(ice) and 

derived salinity are limited to the few inclusions that froze. In some cases, repeated cooling to -

100°C or holding for 1-2 hours at -100°C initiated freezing of such inclusions. The lack of 

freezing of inclusions therefore limits the amount of data upon which to characterise chemical 
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systems using first melting to infer bulk compositions (e.g., NaCl-H2O versus NaCl-CaCl2-H2O) 

or salinities of trapped fluids.  

Primary FIAs in dolomite and sphalerite from the entire district have an overall range in Th 

values from 60° to 110°C. In more detail, sphalerite samples from the northern showings have Th 

values from 78° to 110°C, with the two FIAs from Hornby having only slightly different average 

Th values of 106°C (FIA1; 1σ = ±8°C; n=4) and 94°C (FIA2; 1σ = ±2°C; n=3). Neither FIA had 

inclusions that froze, hence no ice-melting data are available. For the Dundas sample, the only 

measured FIA (FIA3) has Th values for four inclusions that range from 78° to 90°C and average 

84°C (1σ = ±6°C), with a range in Tm(ice) from -27° to -31°C, with an average of -29°C (1σ = 

±1.8°C).  

Rookery (central area) has Sph3 with average Th values of 89°C (FIA1; range from 85 to 97°C; 

1σ = ±4°C; n=8), 106°C (FIA2; 105° to 106°C; n=2), and 90°C (FIA3; n=5). Dolomite from this 

area has average Th values of 85°C (FIA4; 83 to 95°C; 1σ = ±5°C; n=7) and 90°C (FIA5; 83 to 

100°C; 1σ = ±5°C; n=10), and average Tm(ice) values of -14°C (; FIA1; -7 to -35°C; 1σ = ±13 

.2°C), -33°C (FIA2; -31 to -35°C; n = 2), -31°C  (FIA4; -27 to -33°C; 1σ = ±2.5°C; n = 5), and -

30°C (FIA5; -28 to -30°C; 1σ = ±0.9°C; n = 5).  

Harrison (western area) has Sph3 with average Th values of 81°C (FIA1; 70 to 90°C; 1σ = ±6°C; 

n=9) and 87°C (FIA2; 74 to 96°C; 1σ = ±9°C; n=9) with average Tmice values of -30.3°C (FIA2; 

-27 to -34°C; 1σ = ±3.3°C; n=4).  

Seal (southern area) has average Th values in dolomite of 91°C (FIA1; 88 to 95°C; 1σ = ±2°C; n 

= 9) and in Sph3 of 110°C (FIA2; n=2). Only dolomite had fluid inclusions that froze; these 

yielded a Tm(ice) values of -30°C. Typhoon (south) Sph3 has an average Th value of 85°C 
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(FIA3; 82 to 86°C; 1σ = ±2°C; n = 4) whereas for Cal1 the average Th value is 147°C (140 to 

158°C; 1σ = ±5°C; n=9) and its average Tm(ice) value is -0.3°C (-0.1 to -1.0°C; 1σ = ±0.3°C; 

n=7). 

  

2.4.2.3 Evaporate mound data 

Samples with sphalerite and/or dolomite were used for evaporate mound analysis of inclusions in 

dolomite and sphalerite (Sph3). Examples of the mounds generated (Fig. 13A-D) show highly 

variable shapes and sizes; domical mounds are either circular (Fig. 13A) or amorphous (Fig. 

13B, C), but clusters of irregular crystals are also common (Fig. 13D), all of which is consistent 

with previously documented examples (see Kontak, 2004) for discussion). The chemical data for 

each region are summarised in ternary plots for Na-Ca-K (in wt. %) in Figure 13E, F. In general, 

the cation composition of mounds from both dolomite and sphalerite (Sph3) is predominantly 

Na-rich (i.e., > 50%), with subordinate amounts of K and Ca. Fewer mounds are dominated by 

Ca with subordinate Na. No other cations (e.g., Fe, Mg, Mn), including metals (e.g., Zn), were 

detected, despite the high salinities of the inclusions. Overall, no regional trends are noted in 

mound composition. The main anion present is Cl, but in some mounds, S is present at levels less 

than 10 wt. % (normalized to 100 wt. %).  

 

2.4.3 SIMS analysis of stable isotopes (O, S)  

The results of SIMS analyses of oxygen and sulphur isotopes (Table 2; Figs. 14 – 16) are 

discussed separately for each isotope.  
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2.4.3.1 Oxygen isotopes 

The results of 77 analyses of dolomite (Table 2) from 13 samples indicate an overall range for 

δ18OVSMOW from 19.3 to 30.7‰ (average 23.7 with a 1σ = ±3‰). This overall range is not fully 

expressed in any one area, but instead is the collective variation for all of the data (Fig. 14). Data 

for the northern showings range from 23.2 to 26.9‰ (average 25.6 ‰; 1σ = ± 1.6‰, n = 4) for 

Trigger, and 19.3 to 26.7‰ (average 23.2 ‰; 1σ = ±1.9‰, n = 11) for Dundas. The central 

showing’s data range from 20.2 to 23.1‰ (average 22.1 ‰; 1σ = ± 1‰, n = 7) for Rookery, 23.9 

to 26.8‰ (average 25.2 ‰; 1σ = ±1.4‰, n = 5) for Snowblind, and 21.5 to 24.8‰ (average 23.5 

‰; 1σ = ± 1.5‰, n = 4) for Eclipse. The southeastern showings range from 20.5 to 25.1‰ 

(average 23.0 ‰; 1σ = ± 1.3‰, n = 24) for Seal, and 19.7 to 26.4‰ (average 23.1 ‰; 1σ = 

±2.6‰, n = 13) for Typhoon. The western showings range from 22.4 to 26.5‰ (average 23.9 ‰; 

1σ = ±2.0‰, n = 6) for Harrison and 23.9 to 26.7‰ (average 25.2 ‰; 1σ = ±1.1‰, n = 5) for 

Polaris. 

Calcite 1 has δ18OVSMOW values from 6.8 to 21.1‰ (average 14.9 ‰; 1σ = ± 3.8‰, n = 45), a 

large range that is expressed throughout the district (Fig. 15). The northern showings have ranges 

of 12.8 to 19.7‰ (average 16.6 ‰; 1σ = ± 2.6‰, n = 6) for JG and 18.9 to 20.5‰ (average 19.9 

‰; 1σ = ±0.7‰, n = 4) for Dundas. The central Rookery showing ranges from 11.3 to 16.1‰ 

(average 13.5 ‰; 1σ = ± 2.1‰, n = 5). The western showings have ranges from 10.0 to 11.9‰ 

(average 10.8 ‰; 1σ = ± 0.7‰, n = 5) for Harrison, 10.1 to 13.8‰ (average 12.4 ‰; 1σ = 

±1.5‰, n = 5) for Truro, and 7.0 to 12.0‰ (average 10.3 ‰; 1σ = ±2.0‰, n = 11) for Polaris. 

Southeastern showings range from 13.4 to 20.7‰ (average 16.4 ‰; 1σ = ±3.0‰, n = 6) at Seal 

and 16.3 to 21.1‰ (average 19.4 ‰; 1σ = ±1.9‰, n = 5) at Typhoon.  
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2.4.3.2 Sulphur isotopes  

Sphalerite δ34SVCDT values vary within and among regions but are consistent within each 

showing (Fig. 16; Table 2). The district has an overall range of values from -6.0‰ to 33.5‰, 

with no obvious geographic trend. In showings that contain more than one sphalerite generation, 

there is a slight increase in δ34S values from Sph2 to Sph3 (approximately 5‰ magnitude).  

Sphalerite δ34S values in the north have a total range from -6.0‰ to 26.9‰, with distinct values 

for each area. Trigger Sph3 ranges from 17.7 to 22.1‰ (n = 10) and averages 19.5‰ (1σ = 

±1.5‰), whereas galena 2 (Gal2) ranges from 17.6 to 20.2‰ (average 18.7 ‰; 1σ = ±1.3‰, n = 

3). JG Sph3 ranges from 24 to 26.9‰ (average 25.7 ‰; 1σ =  ±1.3‰; n = 5). Dundas Sph2 

ranges from -6.0 to -1.6‰ (average -3.7 ‰; 1σ = ±1.6‰, n = 11), but Sph3 ranges from -2.2 to 

1.3‰ (average -0.8 ‰; 1σ = ±1.2‰; n=9). 

Sphalerite δ34S values in the central region have a total range from -3.4 to 19.2‰, with partial 

overlap of the data for two showings. Whereas data for Stuart have a large range from 7.9 to 

19.2‰ (average 9.6 ‰; 1σ = ‰ ±4.6‰; n = 8), data for Rookery (range 12.5 to 14.4‰; average 

13.3 ‰; 1σ = ±0.8‰; n = 4) and Bacon (range 8.9 to 10.0‰; average 9.6 ‰; 1σ = ±0.5‰; n = 4) 

are more restricted. The δ34S values for two sphalerite generations from Eclipse (central) are -3.4 

to 4.2‰ (average 0.8 ‰; 1σ =  ±2.6‰; n = 12). Sphalerite 2 values range from -3.4 to 2.2‰ 

(average -0.9 ‰; 1σ =  ±1.8‰; n = 7), whereas Sph3 has a range from 2.3 to 4.2‰ (average 3.2 

‰; 1σ =  ±0.9‰; n =5). Galena at Eclipse has a range from -0.4 to 1.5‰ (average of 0.5 ‰; 1σ 

= ±1.0‰, n=3).  

Sphalerite 3 δ34S values in the western region range from 5.1 to 8.2‰ (average 7.1 ‰; 1σ =  

±1.1‰; n=6) for Harrison, 12.7 to 18.6‰ (average 15.9 ‰; 1σ = ±2.8‰, n =4) for Markham 
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Point, 7.7 to 8.6‰ (average 8.2 ‰; 1σ =  ±0.4‰; n = 4) for Truro, and 5.7 to 6.6‰ (average 6.2 

‰; 1σ =  ±0.3‰; n = 5), for Polaris. Pyrite 2 at Truro has δ34S values ranging from 6.7 to 7.0‰ 

(average 6.9 ‰; 1σ =  ±0.1‰; n = 3). 

Sphalerite3 δ34S in the southeast (Seal showing) ranges from 26.3 to 33.5‰ (average 28.9 ‰; 1σ 

=  ±2.2‰; n=18). Pyrite (Py2) coeval with Sph3 has δ34S values ranging from 29.5 to 31.6‰ 

(average 31.1 ‰; 1σ =  ±1.0‰; n = 11).   

2.4.4 Trace element and REE data 

Trace and REE data for analysed carbonate phases are summarised in Table 3 and shown 

graphically in Figures 17 and 18. Shale-normalised values were plotted on the discrimination 

diagram of Bau and Alexander (2006) (Fig. 19) to verify La and Ce anomalies. For the shale-

normalised REE+Y plots (Fig. 17A to D), the ranges and average for each district and showing 

are shown separately, and the averages are compared in Figure 17E. In these plots, it appears that 

the results are consistent within each showing. Dolomite cements define three general groups in 

the shale-normalised REEY plots: (1) one positively sloped (La/Yb<1), (2) one negatively sloped 

(La/Yb>1), and 3) one generally flat. Overall there is a large range in ΣREE+Y from 4.9 ppm to 

51.9 ppm (average 21.2 ppm, 1σ = ±15.3 ppm, n =28; Fig. 17) and in detail there are some 

geographic differences in the anomalies: (1) positive La anomalies for the western-most 

(Harrison) and eastern-most (Snowblind) showings; (2) a negative Ce anomaly in the western-

most (Harrison) showing; (3) positive Ce anomalies for the southern-most (Typhoon) showing, 

as well as the central, western, and northern showings; (4) highly variable Eu, with a northern 

(Dundas) showing characterised by positive Eu anomalies (Eu/Eu* >1) but most others with no 

anomaly; and (5) highly variable positive Y anomalies (Y/Y*>1) for the central (Snowblind ~2), 

western (Harrison ~1.9) and northern (Dundas ~1.5; Scheills ~1.2) showings but flat or weakly 
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positive (Y/Y* = 1) for the central (Eclipse ~1.1; Rookery ~1.0), and southern (Seal ~1.1; 

Typhoon ~1.3) showings. The La, Eu and Y anomalies of the showings are more apparent in the 

summary of the averages for all data (Fig. 17E).  

Examining the dolomite data in more detail and with reference to the data table and shale-

normalised REE+Y plots (Fig. 17), the northern showings exhibit both negatively sloped 

(average La/YbSN = 4.3; Dundas) and flat (average La/YbSN = 0.93; Scheills) patterns with 

ƩREE+Y  ranges of 27.9 to 51.3 ppm (average of 41.5 ±12 ppm, n= 3) for Dundas and 9.8 to 12 

ppm (average of 10 ppm; 1σ =±1.5 ppm, n=4) for Scheills, and ranges in Y/Ho values of 41 to 47 

(average of 43; 1σ = ±3, n = 3) for Dundas and 29 to 34 (average of 33; 1σ = ±2, n = 4) for 

Scheills. Central showings exhibit both positively sloped (average La/YbSN = 0.40; Rookery) and 

concave-down (average La/YbSN = 1.0 and 1.1; Snowblind and Eclipse, respectively), with 

ranges in ƩREEY of 6.6 to 9.8 ppm (average of 8.2 ppm; 1σ = ±1.5 ppm, n = 2) for Rookery, 6.0 

to 9.2 (average of 7.4 ppm; 1σ = ±1.3 ppm, n = 4) for Snowblind, and 21.2 to 22.0 ppm (average 

of 21.5 ppm; 1σ = ±0.4 ppm, n = 3) for Eclipse, and Y/Ho ranges from 23 to 29 (average of 27; 

1σ = ±3, n=2) for Rookery, 49 to 54 (average of 52; 1σ = ±2, n=4) for Snowblind, and 27 to 30 

(average of 28; 1σ = ±2) for Eclipse. The western Harrison showing exhibits positively sloped 

patterns (average La/YbSN = 0.5) with ƩREE+Y of 5.0 to10.3 ppm (average of 7.3 ppm; 1σ = 

±2.7 ppm, n=3) and Y/Ho from 33 to 54 (average of 44; 1σ = ±12, n = 3). Polaris exhibits a 

negatively sloped (La/YbSN = 3.6) pattern that has a ƩREEY of 313.7 ppm and a Y/Ho value of 

36. Southern showings exhibit negatively sloped (average La/YbSN = 5.5 and 3.3 for Seal and 

Typhoon, respectively) patterns with ƩREE+Y ranges of 39 to 52 (average of 44 ppm; 1σ = ±5 

ppm, n = 4) for Seal and 18 to 33 (average of 26 ppm; 1σ = ±8 ppm, n = 4) for Typhoon, and 
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Y/Ho values ranges of 31 to 34 (average of 32; 1σ = ±1, n = 4) for Seal and 30 to 40 (average of 

34; 1σ = ±4, n = 4) for Typhoon. 

The analytical results of other trace elements (Mn, Fe, Sr) in the different carbonates are 

summarised in Figure 18 and Table 3. Concentrations of Mn and Sr in dolomite are relatively 

consistent throughout the district. Iron concentration is relatively consistent in all of the regions, 

except for the Harrison showing (west), which has an order of magnitude lower iron 

concentration than other showings, and Rookery, which has an order of magnitude higher iron 

concentration than the other showings. Northern showings have ranges in Fe of 1400 to 19000 

ppm (average of 7700 ppm; 1σ = ±10000 ppm, n = 3) for Dundas and 2300 to 5400 ppm 

(average of 4400 ppm; 1σ = ±1400 ppm, n = 4) for Scheills, Mn from 270 to 2600 ppm (average 

of 1700 ppm; 1σ = ±840 ppm, n = 3) for Dundas and 140 to 1100 ppm (average of 810 ppm; 1σ 

= ±270 ppm, n=4) for Scheills, and Sr values from 14 to 95 ppm (average of 81 ppm; 1σ = ±23 

ppm, n=3) for Dundas and 23 to 65 ppm (average of 49 ppm; 1σ = ±14 ppm, n = 4) for Scheills. 

Central showings have ranges in Fe of 13000 to 14000 ppm (average of 14000 ppm; 1σ = ±370 

ppm, n=2) for Rookery, 790 to 2700 ppm (average of 1800 ppm; 1σ = ±800 ppm, n= 4) for 

Snowblind, and 2300 to 5500 ppm (average of 3800 ppm; 1σ = ±1600 ppm, n=3) for Eclipse; 

Mn ranges from 430 to 590 ppm (average of 510 ppm; 1σ = ±83 ppm, n=2) for Rookery, 120 to 

150 ppm (average of 130 ppm; 1σ = ±15 ppm, n=4) for Snowblind, and 500 to 760 ppm (average 

of 670 ppm; 1σ = ±140 ppm, n=3) for Eclipse; and Sr from 24 to 49 ppm (average of 36 ppm; 1σ 

= ±12 ppm, n=2) for Rookery, 33 to 45 ppm (average of 39 ppm; 1σ = ±5 ppm, n=4) for 

Snowblind, and 32 to 77 ppm (average of 58 ppm; 1σ = ±23 ppm, n=3) for Eclipse. The western 

Harrison showing has Fe from 110 to 180 ppm (average of 150 ppm; 1σ = ±34ppm, n = 3), Mn 

from 180 to 400 ppm (average of 300 ppm; 1σ = ±110 ppm, n=3), and Sr from 43 to 49 (average 
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of 47 ppm; 1σ = ±3ppm, n=3); Polaris has 1700 ppm Fe, 440 ppm Mn, and 55 ppm Sr. Southern 

showings has an Fe range of 2600 to 2900 ppm (average of 2800 ppm; 1σ = ±140 ppm, n = 4) for 

Seal and 66 to 1600 ppm (average of 820 ppm; 1σ = ±670 ppm, n=4) for Typhoon, a Mn range 

of 85 to 640 ppm (average of 590 ppm; 1σ = ±40 ppm, n=4) for Seal and 85 to 420 ppm (average 

of 230 ppm; 1σ = ±150 ppm, n = 4) for Typhoon, and Sr ranges of 18 to 47 ppm (average of 20 

ppm; 1σ = ±1 ppm, n = 4) for Seal and 32 to 48 ppm (average of 42 ppm; 1σ = ±7 ppm, n = 4) 

for Typhoon.  

Calcite 1 has a large range in ΣREE+Y, from 2.1 ppm to 30.6 ppm throughout the district, with 

values of 4 ppm at Dundas, 31 ppm at Trigger, 18 ppm at Rookery, 2 ppm at Truro, 29 ppm at 

Harrison, 15 ppm at Seal, and 20 ppm at Typhoon. Similarly, there are large ranges in Fe (87 

ppm to 11000 ppm), Mn (38 ppm to 1300 ppm), and Sr (16 ppm to 780 ppm). Respectively, Fe, 

Mn, and Sr values (in ppm) include 120, 550, and 75 at Dundas; 180, 1300, and 86 at Trigger; 

130, 350 at Rookery, 87 at Truro, 160 at Harrison, 4900, 230, and 130 at Seal, and 11000, 110, 

and 16 at Typhoon. The shale-normalised patterns (Fig. 17F) vary considerably in their profiles, 

with approximately flat, concave-down, and positive slopes, although most have (La/Yb)SN <1.0, 

with an exception for the Dundas showing [(La/Yb)SN = 1] and the southern showings [( 

La/Yb)SN = 2.5 (Seal) and 2.1 (Typhoon)]. There are no appreciable La or Ce anomalies (Fig. 

19B), but there are slight positive Eu anomalies (i.e., Eu/Eu*= 1.1-1.2), and Y/Ho ranges from 

30.9 to 41.8. Examining the data more closely, northern Cal1 has a ΣREE+Y of 4.2 ppm 

(Dundas) to 30.6 ppm (Trigger), flat (La/Yb = 1.0; Dundas) and positive to concave-down 

(La/Yb = 0.20; Trigger) shale-normalised patterns with no appreciable La or Ce anomalies, Eu 

anomalies of 1.4 (Dundas) and 1.1 (Trigger), Y/Ho values from 34.7 (Trigger) to 39.0 (Dundas), 

and Fe, Mn, and Sr values of 120 ppm, 550 ppm, and 75 ppm, respectively at Dundas and 180 
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ppm, 1300 ppm, and 86 ppm, respectively at Trigger. Central Cal1 (Rookery Creek) has a 

ΣREE+Y of 17.6 ppm, a positively sloped shale-normalised pattern (La/Yb = 0.39), no 

appreciable La or Ce anomalies, a Eu anomaly of 1.1, a Y/Ho of 35, and 130 ppm Fe, 350 ppm 

Mn, and 95 ppm Sr. Western (Harrison) Cal1 has a ΣREEY of 29.2 ppm (Harrison) and 2.1 ppm 

(Truro), a positively sloped [(La/Yb) = 0.6 (Harrison) and 0.5 (Truro)] shale-normalised pattern 

with no appreciable La or Ce anomalies, Eu anomaly of 1.2 (Harrison and Truro), Y/Ho values 

of 42 (Harrison) and 34 (Truro), and Fe, Mn, and Sr concentrations (in ppm) of 160, 38, and 780, 

respectively for Harrison and 87, 82, and 400, respectively for Truro. The southern Cal1 show a 

general similarity between the two showings (Seal and Typhoon) with ΣREE+Y of 15.2 ppm and 

20.1 ppm, respectively, and have negatively sloped (La/Yb = 2.5 and 2.1, respectively) shale-

normalised patterns. Typhoon has no appreciable La or Ce anomalies, a Eu anomaly of 1.29, 

Y/Ho of 30.9, and 11000 ppm Fe, 111 ppm Mn, and 16 ppm Sr, whereas Seal has negative La 

and positive Eu (2.34) anomalies, and Fe, Mn, and Sr concentrations of 4900 ppm, 230 ppm, and 

130 ppm Sr, respectively, Y/Ho could not be determined because Ho was below detection limit.  

2.4.5 Sulphide trace element data 

Trace element data for sphalerite for two showings from the northern (Trigger and Dundas) and 

western (Harrison and Polaris) regions, three from the eastern region (Snowblind, Rookery, and 

Eclipse), and one from the southern (Seal) region are provided in Table 4 and plotted in Figures 

20 and 21. Data for Ni, As, In, and Sb, which are commonly reported in sphalerite analyses from 

other settings (e.g., Bellisont et al., 2014; Cook et al., 2009; Pfaff et al., 2011; Slater et al., 2019), 

are not reported here because they were all below the limit of detection of about 0.4 ppm, 0.1 

ppm, 0.004 ppm, and 0.02 ppm, respectively. The Co values are at or near the limit of detection 

of 0.04 ppm, and may be unreliable. 
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Using the entire range of Sph3 elemental concentrations throughout the district as a reference, 

most values are within standard deviation of the average for the respective element (Fig. 20). 

There are few enrichments or depletions of elements in Sph3; the most notable enrichments are 

Mn (Harrison and Polaris), Cu (Dundas), Ga (Dundas and Rookery), Ge (Dundas, Seal, and 

Harrison), Ag (Seal), Pb (Harrison), and Bi (Polaris). With regards to these elevated values, line 

traverses (representative traverses shown in Figure 21), show that, with the exception of narrow, 

short-lived spikes (Fig. 21A), the counts are generally uniform throughout the analyses (Fig. 

21B, C). Along laser traverses, Ge is generally positively correlated with Ag and Cu (Fig. 21B), 

but these elements typically seem to be negatively correlated with Cd. 

Although there are no geographic trends in element concentration in the district, there is a 

general decrease temporally in average values of Mn, Fe, Se, Mo, Pb, and Bi, from Sph1 and 

Sph2 to Sph3. Of particular note is that the purple zoning in plane-polarised petrographic images 

of Sph3 is spatially associated with an increase in Cd values and decrease in most other elements 

detected (Pb, Ge, Ga, Ag and possibly Cu) in the laser traverses (Fig. 21C). 

2.5 Interpretation 

2.5.1 Mineral characteristics 

Finely crystalline, colloform, and dendritic sphalerite (Sph2) is thought to be characteristic of 

supersaturated, rapid growth (Roedder, 1968; Pfaff et al., 2011). Conversely, coarsely crystalline 

sphalerite (Sph3) may be typical of relatively slower crystal growth. The absence of finely 

crystalline Sph2 in most showings in the study area implies that the conditions reflected by these 

textures were not ubiquitous.  



48 

 

Cadmium concentrations in sphalerite, locally to wt. % levels, appear to be correlated with 

petrographically purple sphalerite (Fig. 20C), but Cd is not typically a chromophore. Previous 

studies associated Cd with colouration of sphalerite, but attributed the intensity of the colour, 

rather than the colour itself, to Cd, with other trace elements being responsible for the different 

colours (Si et al., 2011; Ye et al., 2011). It is possible that the size of the Cd anion distorted the 

sphalerite crystal to produce vacancies or electron holes, a phenomenon known to cause different 

colours in fluorite (Murr, 1974; Nassau, 1978; Wright, 2002), but not yet known from sphalerite 

The difference in reflected-light colour of tarnished pyrite probably reflects minor variations in 

its trace-element geochemistry. Oscillatory pyrite zonation is typically interpreted as a rapid 

growth texture (Ramdohr, 1969; Barker and Cox, 2011) that indicates either cyclic physico-

chemical changes in fluid chemistry or the presence of nanoscale inclusions (Pacevski et al., 

2012; Li et al., 2018).  

 

2.5.2 Fluid inclusions 

Based on stratigraphic thickness, the Polaris orebody formed at ~1 km depth (Randell, 1994). 

This requires that measured Th
 values be pressure-corrected to obtain the true trapping 

temperature. Corrections are a function of salinity and measured Th of the fluid. Application of 

equations from Bodnar and Vityk (1994), using the average salinity of the fluid inclusions (28 

wt. % NaCl equiv.) and 1 km of burial, result in corrections of +11°C (for Th = 60°C), +11°C (Th 

= 80°C), +12°C (Th = 90°C), +12°C (Th = 100°C), and +22°C (Th = 110°C). The pressure-

correction for Cal1 fluid inclusions, with a low average salinity (0.5 wt. % NaCl equiv.) and 

using a burial depth of 1 km, calculate to +17°C (Th = 140°C) and +18°C (Th = 156°C),  
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Salinities (in wt. % NaCl equiv.) of FIAs in Sph3 and dolomite, as calculated using the equations 

and tables from Bodnar (1993) (Table 1), are 26.8 - 28.7 (average 27.6 with 1σ = ±1.1) for the 

north (Dundas), 10.5-32 (average 25.5±7.3) for the east (Rookery), 7.7-31.3 (average 24.6±9.6) 

for the west (Harrison), and 28.7 for the south (Seal); Savard et al. (2000) reported a salinity 

range from 26.8 to 40.1 (average 32.7) and Randell (1994) and Randell and Anderson (1996) 

reported a range from 23 to 31 at Polaris. However, as noted for the Tm(ice) data in this study, 

the range of salinities in any FIA is very restricted. Inclusions with Tm(ice) values below -30°C 

suggest the presence of divalent cation(s) in the fluid (Steele-MacInnis et al., 2016), which is 

identified to be Ca based on evaporate mound analyses (Fig. 13E, F). The mineralising fluids are 

therefore interpreted as being both highly saline and Ca-rich.  

Fluid inclusions in Cal1, which post-dates mineralisation, have calculated salinities of 0.2 to 1.7 

wt. %, indicating that a later fluid diluted/supplanted the earlier, more saline fluid. Such a fluid 

could have a number of origins, including meteoric, magmatic, and metamorphic (White, 1974; 

Roedder, 1984). The geological history of the Cornwallis district includes neither magmatism 

nor metamorphism during the Phanerozoic, precluding these fluid types. A fluid of meteoric 

origin is the most probable diluting fluid. 

The analysis of evaporate mounds from dolomite and sphalerite indicates a dominance of Na 

cations and subordinate Ca and minor K cations, with Cl and S being the dominant and 

subordinate anions, respectively. Channer et al. (1993) detected appreciable amounts (up to 7.5 

mol %) of SO4
2- in fluid inclusions from Polaris, during crush-leach analysis. Fluids that are 

dominantly NaCl solutions indicate a marine fluid origin, whereas the presence of CaCl2, and S 

(up to 10 wt. %) in the fluid indicates dissolution of evaporite minerals (e.g., anhydrite, gypsum, 

or calcite), which are present in the stratigraphy (e.g., Bauman Fiord and Bay Fiord formations), 
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or dissolution of limestone or dolostone. Acquisition of Ca and SO4
2- of a fluid by interaction 

with subsurface evaporites along the flow path has been documented in groundwater studies 

(Morales-Casique et al., 2016). Minor K in the fluids may reflect the interaction of the fluid with 

sedimentary rocks in the subsurface. Fluid compositions between the two end-member reservoirs 

(Na-dominant and Ca-dominant) indicate variable interaction of the main (Na-dominant) fluid 

with the Ca reservoir along the fluid flow path. 

2.5.3 Isotopes 

Temperatures, constrained by Th, and pressure-corrected to give trapping temperature Tt, as 

discussed above, were used with average measured δ18O values and mineral-H2O fractionation 

equations for dolomite (Horita, 2014) and calcite (O’Neil et al., 1969) to calculate the δ18OH2O 

values of the equilibrated fluid (Fig. 14). The δ18OH2O values of the fluid that precipitated the 

northern dolomite range from 4.9‰ (Tt =90°C) to 8.6‰ (Tt =122°C) for Trigger, and from 2.5‰ 

(Tt =90°C) to 6.2‰ (Tt =122°C) for Dundas. Central dolomite δ18OH2O values range from 1.8‰ 

(Tt =93°C) to 4.7‰ (Tt =118°C) for Rookery, from 4.9‰ (Tt =93°C) to 7.8‰ (Tt =118°C) for 

Snowblind, and from 2.9‰ (Tt =91°C) to 7.5‰ (Tt = 122°C) for Eclipse. Western (Harrison) 

dolomite δ18OH2O values range from 1.8‰ (Tt =80°C) to 5.3‰ (Tt = 107°C). Southeastern 

dolomite δ18OH2O values range from 2.7‰ (Tt =93°C) to 6.0‰ (Tt = 122°C) for both Seal and 

Typhoon.  

The calculated δ18OH2O values based on dolomite cement data indicate that either seawater or a 

low-latitude meteoric water was involved in the mineralisation at each showing. Some showings 

in which there is slightly elevated δ18O value (e.g., Snowblind) suggest that the fluid had 

interacted with a carbonate rock. In general, however, the overlap of calculated fluid isotopic 
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values among the various regions suggests that a similar fluid was responsible for precipitation 

throughout the district, with local fluid-rock interaction in the vicinity of each showing. 

The fluid that deposited Cal1 in the southern area has a range of δ18OH2O values from 1.2‰ (Tt = 

150°C) to 10‰ (Tt = 173°C). However, because Th data are lacking for Cal1 elsewhere, a range 

of temperatures from 60° to 173°C, the latter being the highest measured Th value in the south, 

were used for calculating δ18OH2O. The δ18OH2O values for Cal1 in the north range from -9.4‰ 

(60°C) to 8.6‰ (173°C) for JG and -3.3‰ (60°C) to 9.4‰ (173°C) for Dundas. In the central 

region, Rookery Creek values range from -10.9‰ (60°C) to 5.0‰ (173°C). The western 

Harrison showing has a range of –12.2‰ (60°C) to 0.8‰ (173°C), and Truro showing has values 

from -12.1‰ (60°C) to 2.7‰ (173°C). The southeastern showings range from -8.8‰ (60°C) to 

9.6‰ (173°C) for Seal and -5.9‰ (60°C) to 10.0‰ (173°C) for Typhoon. The aforementioned 

δ18OH2O values for the fluids that deposited Cal1 over the entire district overlap with the ranges 

for unmodified, low-latitude meteoric, seawater, and magmatic fluids (Rollinson, 1993). 

The δ34S sulphide values overall span a large range from -6 to 32‰ throughout the district, but 

there is a much more limited range within each area. This range of district values indicates 

possibly different sulphur reservoirs (e.g., seawater or biogenic) or processes (BSR or TSR) for 

each showing. The limited range at each showing indicates a single, stabilised, showing-specific 

process. Typically, δ34S values <+5‰ are associated with biogenic-derived S, whereas δ34S> 

+15‰ are associated with abiogenic (i.e., TSR) S; values of +5‰< δ34S<+15‰ probably reflect 

mixed S sources (e.g., Ohmoto and Rye, 1979; Seal, 2006). 

Sphalerite 2 has lower δ34S values than Sph3 indicating the influence of a 32S-enriched sulphur 

source. Mixing of a metalliferous fluid with a reduced sulphur-bearing fluid would explain the 
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supersaturation textures of Sph2 (dendritic and colloform) that are absent in Sph3. The reduced S 

fluid was probably reduced biogenically to produce its lower δ34S values.  

Rayleigh fractionation during partial sulphate reduction on site during sulphide precipitation can 

result in variable δ34S values, depending on the degree of reduction (Seal, 2006; Brueckner et al., 

2015). Different Sph3 δ34S values among the showings throughout the district, assuming the S 

source for the district was uniform, can be explained by partial reduction of sulphate (Fig. 22).       

The availability of δ34S data for sulphide pairs allows application of sulphide geothermometry 

(Ohmoto and Rye, 1979); for this, the average values derived from the measurements are used. 

For fractionation between sphalerite and galena, data are available for two areas. At Eclipse, the 

galena replaces Sph2 but apparently not sph3; using average Sph3 values, Δsph-gal = 2.7‰, 

which gives a temperature of 250°C. For Stuart River, Δsph-gal = -3.1‰ which indicates 

disequilibrium fractionation. At two localities pyrite-sphalerite data are available. For Seal, the 

Δpy-sph = 2.2‰ which indicates 185°C (Sakai, 1968), or 96°C (Ohmoto and Rye. 1979); 

however, the pyrite-H2S fractionation equation from Ohmoto and Rye (1979) is calibrated for a 

temperature range of 200° to 700°C, but the calculated temperature compares to Th data of 85-

110°C (Tt = 97-123°C) for sphalerite-hosted fluid inclusions. In contrast, at Truro the Δpy-sph = 

-1.3‰, which indicates disequilibrium.     

2.5.4 REE+Y and trace element data 

The carbonate minerals exhibit a range of PAAS-normalised REE+Y patterns, but there is an 

internal consistency for each showing. Flat- to negatively sloped patterns (northern, southern, 

Eclipse, and Polaris) are markedly different from marine carbonate signals (e.g., Alibo and 

Nozaki, 1999; Nothdurft et al., 2004) indicating high fluid:rock ratios, whereas the westernmost 
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(Harrison) and easternmost (Snowblind) showings display a typical marine signature (Bau et al., 

1997; Nozaki et al., 1997; Alibo and Nozaki, 1999; Nothdurft et al., 2004) and indicate 

inheritance from the host dolostone under a low F:R system. With the exception of Harrison and 

Snowblind, the showings have a positive Ce anomaly, indicating reduced fluids. The LREE-

enrichment noted in samples from Dundas, Seal, Typhoon, and Polaris (Fig. 17A- C) suggests 

interaction with LREE-enriched phases or lithologies along the fluid’s flow path, such as 

feldspars, apatite, monazite (Debruyne et al., 2016; Trotter et al., 2016), and/or gypsum 

(Craddock and Bach, 2010; Inguaggiato et al., 2018; Lin et al., 2019). The northern (Scheills) 

and western (Eclipse) showings have relatively flat patterns, and represent a fluid:rock system 

that was between the two end-members. The lack of positive La and Y anomalies, with shale-like 

Y/Ho values (~26) in the otherwise marine signature from Rookery may indicate a small degree 

of contamination (Kamber and Webb, 2001), rather than a different fluid composition.  

The PAAS-normalised REE+Y patterns for Cal1 cement vary, with the most common groups of 

patterns being positively sloped and concave-down, whereas approximately flat, and negatively 

sloped are also noted. The positive slopes of Cal1 suggest a system in which the fluid’s chemical 

characteristics were strongly influenced by that of the host rock; flat and negatively sloped 

patterns indicate that the fluid’s chemical characteristics were not influenced by those of the host 

rock, but instead suggest that the fluids interacted with various basement reservoirs, yielding 

variable patterns. 

The presence of various anomalies in some of the REE+Y data, namely La, Ce, Eu, and Y/Ho, 

are used to assess aspects of the fluid chemistry, such as degree of rock buffering (fluid:rock) 

and redox conditions, during carbonate precipitation. The lack of a La anomaly, except for 

Harrison (west) and Snowblind (east) (Fig. 19A), which is a hallmark of fresh marine carbonate 
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(Bau and Alexander, 2006), is a measure of the extent of fluid overprinting seen in most samples. 

The presence of positive Ce anomalies in all of the showings, except for Harrison and single 

analyses from each of Snowblind and Scheills (Fig. 19A), indicates relatively reducing 

conditions. In contrast, Eu is enriched in some of the samples (Dundas and Polaris) which 

indicates a reservoir in which Eu2+ was preferentially enriched at some time by interaction with a 

magmatic source or sedimentary unit derived from igneous or metamorphic parents. Jiang et al. 

(2015) suggest that positive Eu anomalies may be associated with the redox reactions involved in 

TSR processes, but homogenisation temperatures in their study ranged from 110° to 220°C and 

so the comment may not be applicable at the lower temperatures encountered here.    

The correlation between Fe and Mn in dolomite and calcite indicates that these elements were 

controlled by the redox condition of the fluid. The apparent lack of correlation between either Fe 

or Mn and REE+Y suggests a lack of Fe-(Mn)-oxyhydroxide control on the REE content. That 

Sr concentration is lower than that of marine carbonates [e.g., 250-500 ppm (Bau et al., 2003); 

100-270 ppm (Nothdurft et al., 2004)], but in the typical range of hydrothermal dolomite cement, 

both associated with MVT ore (Appold and Wenz, 2011) and barren hydrothermal dolomite 

(Ronchi et al., 2012), suggests that the dolomite has characteristics dominated by those of the 

precipitating fluid (i.e., high fluid:rock). 

 

2.5.5 Sphalerite trace-element chemistry 

The generally consistent values, within standard deviation of the mean district value, for many 

trace metals in sphalerite suggest a single metal source throughout the district, with minor local 

variations. Trace element concentrations are in the range of measured values from other studies 
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on sphalerite (e.g., Cook et al., 2009; Pfaff et al., 2011; Ye et al., 2011; Gagnevin et al., 2014), 

indicating that the metals were probably not from an anomalously metal-rich source but instead 

from a typical sedimentary succession. Reduced, organic-rich sedimentary rocks are typically 

enriched in trace metals (e.g., Gong et al., 1977; Algeo and Maynard, 2004; Large et al., 2011; 

Turner and Kamber, 2012; Harris et al., 2013; Simbo et al., 2019), and have been suggested as 

possible metal source for several deposits (e.g., Turner and Kamber, 2012; Simbo et al., 2019). 

Such units are considered to be the probable source of the metals in the Cornwallis district.  

The time-series profiles of laser traverses across sphalerite (Fig. 21) are generally smooth. This 

indicates that nanoscale mineral inclusions, which are not uncommon in sulphide minerals, are 

essentially absent, and that it can be assumed that the trace elements are incorporated in the 

crystal structure (George et al., 2016). An exception to this is the spikes in the Pb profile in one 

Sph2 grain (Fig. 21A), which probably indicate the presence of  nanoscale galena inclusions 

(George et al., 2016). The presence of such inclusions in Sph1 and Sph2 is probably due to the 

rapid crystallisation rate of these phases, as reflected by their textures (colloform, banded, 

dendritic), and with it an increased probability of trapping solid inclusions (Pfaff et al., 2011), 

which contrasts with an inferred slower precipitation rate for Sph3, as suggested by its texture 

(coarsely crystalline and euhedral). The decrease in Pb content, even where not due to the 

presence of micro-inclusions, from Sph1 and Sph2 to Sph3 (Fig. 20) is probably a function of 

precipitation rate (Pfaff et al., 2011).  

The correlation of Ge with Ag and Cu indicates (Fig. 21B) that these elements underwent 

coupled substitution for Zn, such as Ge4+ + 2(Ag,Cu)+ → 3Zn2+, which has been documented in 

other studies (e.g., Belissont et al., 2014; Belissont et al., 2016; Bauer et al., 2019). Cadmium 

does not appear to correlate with other analysed elements, with the exception of a possible 
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negative correlation with Ge in some samples. Because Cd is preferentially bound to organic 

matter and is enriched in dark shales, much like other metals (Gong et al., 1977; Algeo and 

Maynard, 2004; Harris et al., 2013), Cd-enrichment that is decoupled from other elements 

probably relates to precipitation factors, rather than to different source rocks. For example, it has 

been observed that Cd-enrichment appears to be favoured by precipitation of sphalerite during 

(comparatively slow) TSR as opposed to (more rapid) BSR (Barrie et al., 2009; Pfaff et al., 2011; 

Henjes-Kunst et al., 2017). 

Trace-element content of sphalerite has been correlated with host rock lithologies (Pfaff et al., 

2011). Because most of the showings in the Cornwallis district are hosted by carbonate rocks, the 

regional sphalerite composition is expected to be similar, without the effect of different 

lithological controls. Minor variations are still expected even among the carbonate-hosted 

showings because of differences in their host formations (Fig. 3). The Ag-poor nature of 

Harrison sphalerite is probably a function of a silver sink along the local flow path, rather than 

the lack of silver in the fluid. In general, mineralisation at Seal is the most different from the rest 

of the district (Fig. 20), which could be the result of its unusually low position in the 

stratigraphic succession.  

Microscale variations of trace-element concentration in sphalerite can also be controlled by 

variations in temperature, pH, and sulphur activity during precipitation (Gagnevin et al., 2014), 

which could explain some of the variations documented in the Cornwallis district. The ranges in 

temperature recorded by the fluid inclusions indicate minor temperature fluctuations during 

precipitation; minor trace-element variations would therefore also be expected. Variations in 

trace-element composition of sphalerite due to variable pH conditions is less plausible, however, 

because of the pH-buffering provided by the host carbonate rocks. 
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2.6 Discussion 

2.6.1 Fluid origins and metal source(s) 

This discussion addresses the high fluid:rock showings (i.e., those precipitated from fluids with 

the least amount of host-rock influence on composition) to determine the main characteristics 

and history of the mineralising fluid(s), and then addresses the anomalous characteristics of 

individual showings/regions separately. Fluid characteristics recorded at Polaris, Seal, Typhoon, 

and Dundas, where systems had high fluid:rock, as indicated by their PAAS-normalised REE+Y 

patterns (Fig. 17; e.g., Banner et al., 1988), are the most representative of the regional fluid.  

Because the carbonate host rocks have oxygenated shale-normalised REE+Y signatures, the 

marine water in which the sediment initially accumulated  was probably not reduced. Therefore, 

the reduced nature of the precipitating fluid (positive Ce anomaly) does not represent connate 

water; a different fluid probably displaced the connate water with a reduced formation water. 

The range in the inferred δ18OH2O values from 1.8 to 7.8‰ for the dolomite-precipitating fluids 

(Fig. 14) indicates either low-latitude meteoric water or seawater, but the presence of high-

salinity fluids (~28 wt. % NaCl equiv.) preserved in dolomite cements precludes involvement of 

un-modified meteoric water. Enrichment of  seawater and meteoric water δ18O values by several 

per mil due to evaporation can, depending on the degree of evaporation (Ward and Halley, 1985; 

Sun et al., 2009; Passey and Ji, 2019) explain the calculated values. The preserved δ18O values 

therefore probably reflect a reservoir that experienced some degree of evaporation and/or had its 

signature modified (i.e., enriched in 18O) due to interaction with sedimentary rocks or possibly 

the dissolution of a subsurface evaporitic unit (e.g., anhydrite or gypsum) (Osselin et al., 2019), 
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such as the Bay Fiord or Baumann Fiord formations. Crush-leach analyses for material from 

Polaris indicated evaporation of marine water (Channer et al., 1993), which could represent a 

marine fluid that was evaporated and replaced the connate water; alternatively, as Randell (1994) 

and Randell and Anderson (1996) suggested, it could be that the mineralising fluid interacted 

with connate fluid of the Bay Fiord Formation. Groundwater studies have shown that (meteoric) 

fluid interacting with evaporite units in the subsurface increases salinity, Ca, and SO4
2- content of 

the fluid, in addition to affecting δ18O values (Morales-Casique et al., 2016). Dissolution of 

anhydrite or gypsum therefore is a probable explanation, as suggested by three lines of evidence: 

(1) some fluid inclusions record a Ca-rich, high-salinity signature with rare elevated S; (2) an 

acquired seawater-like isotopic signature is suggested by isotopic data (O, S); and (3) LREE-

enrichment in dolomite indicates high fluid-rock interaction, possibly with evaporite-bearing 

rocks.  

The trace-element contents of sphalerite (Fig. 20), particularly for Sph3, have similar averages 

across the district. This consistency suggests that a chemically uniform regional fluid, which 

transported these elements, was present throughout the history of mineralisation. Because 

crystalline basement is not considered to have contributed to fluid-rock interaction, as indicated 

by 87Sr/86Sr values from Polaris (Dewing et al., 2007), the regional fluid must have obtained 

metals from Paleozoic strata. Certain elements (e.g., Ni, Ag, Zn, Pb, and Se) are preferentially 

associated with organic matter in sediment (Gong et al., 1977; Algeo and Maynard, 2004) and 

can be mobilised during fluid interaction. Depending on the fluid-flow path, organic-rich strata 

may have variably contributed to mineralisation in different showings, which would result in 

variation among the showings. Sphalerite at the Seal showing (south), for example, is hosted by 

the Ship Point Formation, which is stratigraphically lower than the other mineralised formations 
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in the district (Fig. 3) as well as south of the deepwater basin (Fig. 2); the regional fluid may not 

have interacted with the same organic-rich strata or perhaps the distance from the source allowed 

for the trace elements to be removed along flow, explaining the showing’s relatively low trace-

element concentrations. The similarities between Seal and Typhoon, at least in their carbonate 

cements, suggest that the stratigraphic position may have less of an influence than geography. 

However, the physico-chemical conditions during sphalerite precipitation appear to be a main 

factor in trace element composition (Gagnevin et al., 2014), and may obscure 

geographic/stratigraphic controls on composition.   

Dolomite δ13CPDB values at Polaris, Bass Point, and Harrison average approximately 0‰ 

(Randell, 1994; Randell and Anderson, 1997; Savard et al., 2000; Rose, 1999), which is similar 

to the Thumb Mountain Formation (Polaris) and Blue Fiord Formation (Bass Point and Harrison) 

limestone and dolostone, indicating that dolomite inherited its δ13C signature from the parent 

limestone/dolostone. The inheritance of δ13C values from the host rock agrees with the 

dissolution of the Thumb Mountain Formation dolostone that accompanied sulphide 

precipitation, producing breccias (Reid et al., 2013b), rather than the regional fluid supplying C 

with these isotopic values. It would be expected that the oxidation of organic matter during gas 

production would yield more negative, biogenic δ13C values, but oxidation of long-chain organic 

matter during TSR produces intermediate oxidised species that progressively increase δ13C value 

with each oxidation step, resulting in final values approaching 0‰ (Anderson, 2008; Xia et al., 

2014; Zhao et al., 2019).  

In summary, the main mineralising fluid was derived from formation water that probably was 

sourced from marine or low-latitude meteoric water that acquired salinity and SO4
2- from 

evaporite dissolution and metals from deep-water strata (Fig. 23E). 
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The post-mineralising Cal1-precipitating fluid was a low-salinity fluid relatively depleted in 18O 

that probably started as a low-latitude meteoric fluid. The unusually high Th values (150°C) from 

southeastern (Seal) showings, Polaris (Savard et al., 2000), Bass Point, and Harrison (Rose, 

1999) may represent long-distance (~500 km) travel of a fluid that was heated during 

Carboniferous rifting and magmatism in the Sverdrup basin or the deep penetration of meteoric 

fluid during the Ellesmerian orogeny. Fluid migration of this magnitude due to thermal 

anomalies has been recorded in the Michigan basin, but there, Th values progressively decrease 

towards the basin margin (Haeri-Ardakani et al., 2013). Although Th data in Cal1 is sparse (four 

locations), there does not appear to be any geographic trend in temperature (consistently 

~150°C). The δ18O data for Cal1 also show no geographic trend (Fig. 15), indicating that 

temperature did not vary greatly. The highest δ18O values are also associated with nearly flat 

shale-normalised REE+Y patterns for Cal1 from Dundas (north) and Seal (south) (Fig. 17F) and 

probably indicate fluid-rock interaction along the flow-path, rather than temperature differences. 

The elevated temperatures noted are therefore probably derived from deeper fluid penetration 

across isotherms as the Ellesmerian orogeny progressed.  

Calcite δ13C values range from 0‰ to -17‰ from Polaris (Randell, 1994; Randell and Anderson, 

1996; Savard et al., 2000) and 0‰ to -26‰  from Harrison and elsewhere on Bathurst Island 

(Rose, 1999). These biogenic signatures could represent the oxidation of simple hydrocarbons or 

the introduction of 12C-enriched carbon by the fluid. The large range in δ13C values may be the 

result of mixing of different reservoirs or a consequence of bulk analysis. No spatial relationship 

is noted for the values in order for any systematic change to be detected. For example, as Zhao et 

al. (2019) conclude, during TSR, δ13C value becomes progressively lower as the more simple C 

species are oxidised, because the more complex C species have been consumed. Therefore, it 
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could be that most of the complex organic matter was oxidised during sulphide precipitation, 

leaving simple species (CH4) to be oxidised during the post-ore calcite precipitation, or that there 

was a mixing of C sources.  

2.6.2 Sulphur source and reduction mechanism 

Possible sulphur sources for carbonate-hosted Zn-Pb deposits include magmas, pre-existing 

sulphides (e.g., diagenetic pyrite; H2S), connate water, seawater, organically bound sulphur, 

and/or buried evaporite rocks (Leach et al., 2005). There is no evidence of magmatic activity 

during the early and middle Paleozoic in the Cornwallis district, but there is Late Mississippian – 

Early Pennsylvanian magmatism in the form of basaltic flows in the Sverdrup basin on Ellesmere 

and Axel Heiberg islands (Thorsteinsson, 1974; Trettin, 1988; Davies and Nassichuk, 1991). 

Geochronology constrains Zn mineralisation in the district to 366-374 Ma (Christensen et al., 

1995; Mitchell et al., 2004; Selby et al., 2005), which precludes any Sverdrup magmatic 

influence on sulphur isotope values. Early pyrite/marcasite at some showings could have 

contributed to sulphur recycling (replacement of early pyrite by later pyrite; Fig. 10M), but early 

pyrite is regionally sparse, which limits the volume available to satisfy mass-balance constraints. 

Thus, the most probable sulphur source involves a seawater signature acquired during deposition 

of evaporitic sediment, which was subsequently transferred to the fluid via dissolution of primary 

sulphates and partially retained during reduction of sulphate to sulphide. The two Paleozoic 

sulphate evaporite units in the Cornwallis district have δ34S values of 24-31‰ (Baumann Fiord 

Formation) and 18-30‰ (Bay Fiord Formation) (Davies and Krouse, 1975; Mossop, 1979; 

Randell, 1994; Randell and Anderson, 1996). The S-bearing fluid inclusions indicate evaporite 

(gypsum or anhydrite) dissolution or interaction with a bittern brine, as suggested for Polaris 

(Channer et al., 1993; Randell, 1994). The contribution of organically bound S to mineralisation 
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cannot be determined here, but Randell et al. (1996) suggested the possibility of oil and gas 

generation prior to mineralisation, based on reaction rims around organic matter, in addition to 

bitumen being associated with mineralisation (Randell, 1994; Randell et al., 1996; Savard et al., 

2000; Selby et al., 2005; Reid et al., 2013a); however no S isotope data on organic matter from 

the Thumb Mountain Formation are available for comparison.  

The question of which reduction mechanism generated sulphide at Polaris has long been 

controversial (e.g., Kerr, 1977b; Randell, 1994; Savard et al., 2000; Reid et al., 2013a; Reid et 

al., 2013b).  The measured range of δ34S values for all sphalerite in the Cornwallis district of -

6‰ to 30‰ (-7‰ to +36‰ according to Dewing et al., 2007) implies the influence of more than 

one sulphur reduction mechanism in the district. Given that the original source was probably 

Early or Middle Ordovician seawater with δ34S values of 18-32‰ (Paytan and Gray, 2012), 

either BSR or TSR processes  would be required to reach the much lighter values present in 

some of the sphalerites. The temperature range of fluid inclusions (70° to 110°C) from main ore-

stage mineral phases is within the temperature ranges in which both BSR (high end) and TSR 

(low end) operate, thus making both processes plausible.  

Rayleigh fractionation of H2S during TSR can cause a large variation of δ34S values, depending 

on the percentage of SO4
2- that was reduced (e.g., Brueckner et al., 2015). Assuming that TSR 

can operate at low temperatures (e.g., 70-130°C), the range in measured δ34S values of sphalerite 

can be explained by different degrees of fractionation (Fig. 21). By using trapping temperature 

(Tt) in the equations from Robinson (1973) and a Paleozoic seawater sulphate value of 25‰ 

(Paytan and Gray, 2012), δ34S values <0‰ would require a smaller proportion (less than 40%) of 

SO4
2- to be reduced, whereas δ34S values of 30‰ require a larger proportion (~70%) of the SO4

2- 

to be reduced. The much lower δ34S values for the early sphalerite (Sph2) of -6.0 to +2.2‰ 
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represent a fractionation of ~ -16 to -38‰ from typical Paleozoic seawater sulphate (18-32‰; 

Paytan and Gray, 2012) and suggest BSR (Ohmoto and Rye, 1979; Seal, 2006) rather than TSR. 

Although in situ TSR is capable of producing reduced sulphur (RS1) at a sufficient rate for ore 

deposit formation (Thom and Anderson, 2008; Yuan et al., 2017a), it is typically too slow to 

produce rapid growth textures (Machel, 2001), such as the fine-grained, colloform and dendritic 

early sphalerites, during sulphate reduction. Development of these textures requires 

supersaturation (e.g., Roedder, 1968; Pfaff et al., 2011), which in turn demands that a sufficient 

volume of reduced sulphur existed at the site of mineralisation (RS0) prior to the delivery of 

metals. Sulphate reduction to produce RS0 was therefore independent of the mineralising fluid 

and was probably controlled by ambient burial conditions, because at the assumed burial depth 

of 1 km at the time of mineralisation (Randell, 1994; Randell and Anderson, 1996) the 

temperature would have been approximately 60°C, which is in the optimal temperature range for 

BSR (Machel, 2001). The low δ34S values of early sphalerite, therefore reflect a BSR-dominated 

RS0. The presence of RS0 and the precipitation of sulphide (via acid-producing reactions) can 

affect the initiation, temperature, and rate at which TSR can take place (Zhang et al., 2012; Xia 

et al., 2014; Yuan et al., 2017b), to produce in-situ RS1 from the regional fluid. 

If, however, at the time of fluid mobilisation, reduced sulphur (RS0) with a lower δ34S value was 

already at the site, metals carried by the sulphate-bearing fluid would precipitate upon contact, 

and the sulphate would be reduced on site thermochemically via oxidation of organic matter to 

produce H2S (RS1) resulting in intermediate δ34Ssulphide values that progressively became enriched 

in 34S as RS1 became the dominant sulphide, similar to other deposits (Kuhlemann et al., 2001; 

Peevler et al., 2003; Henjes-Kunst et al., 2017). 
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Sphalerite 3, the phase present throughout the district, is characterised by heavier δ34S values (5-

30‰) than Sph2 and probably records RS1 produced by TSR rather than BSR. It is possible that 

the locally seawater-like δ34S values of Sph3 represent the reduction of a sulphate fluid that had 

δ34S values of +50‰. Although barite with δ34S values ~50‰ is present in the district, it is 

considered to be a by-product of mineralisation (Dewing et al., 2007) rather than a primary 

product of marine processes. Therefore, it is not plausible to envisage seawater-like values being 

produced through sulphates with higher 34S being reduced by BSR with large amounts of 

fractionation. As demonstrated above, Rayleigh fractionation during TSR can produce the higher 

δ34S values without the need for a 34S-enriched sulphate source; this is particularly true for Seal, 

which has higher δ34S values (26-34‰) compared to the rest of the district.   

Sphalerite from the northern (Trigger) showing has coarse pale green-tan botryoidal growth 

zones that are separated by purple bands. These growth bands exhibit δ34S values that start at 

~17‰ after every other purple band and increase towards 22.1‰ before the next purple band 

(Fig. 10G). This fits with the partial fractionation by TSR in a system that increases in the 

fraction of SO4
2- being reduced during precipitation, suggesting a partially closed system 

episodically recharged with fluid.  

The largest ranges in sphalerite δ34S values are from Stuart and Polaris (Fig. 16). Stuart values 

probably indicate mixed sulphur sources or a relatively closed system in which the fraction of 

SO4
2- changed throughout mineralisation, similar to the Trigger showing. Unlike Trigger, 

however, there is no apparent systematic change in δ34S values in the crystals; therefore, mixed 

sulphur sources are more probable. The large range in sphalerite δ34S values previously reported 

for Polaris (+2.9‰ to +12.3‰; Randell, 1994, Randell and Anderson, 1997) is a consequence of 
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the bulk sampling method used and probably represents the combination of values from early 

and late sphalerite.  

Polaris has a halo of barite with δ34S values of approximately 50‰ (Sharp and Dewing, 2004; 

Dewing et al., 2007) and is assumed to be the by-product of sphalerite mineralisation. With 

approximately 45% of SO4
2- being reduced, sphalerite would precipitate with δ34S values of 

approximately 10‰ and produce a residual SO4
2- of approximately 50‰ (Fig. 22E) that could 

have left the site of mineralisation, precipitating 34S-enriched barite. These values indicate that 

the partial reduction of SO4
2- by TSR was probably the main reduction mechanism for producing 

reduced S for the Sph3 at Polaris deposit. 

In order for δ34S values to be between 0‰ and 10‰ by mixing of a seawater sulphate source 

(25‰) with a bacteriogenic source (-25‰), a mixing ratio of 50:50 (0‰) to 70:30 (10‰) is 

required. Showings in this range are predominantly hosted by the Thumb Mountain Formation, 

which suggests host-rock control, rather than the same mixture being present for these showings. 

The higher δ34S values at JG and Trigger would require no input from a bacteriogenic source, 

whereas Seal values cannot be attained by mixing of sources, unless an 34S-enriched source was 

mixed with the seawater sulphate. Therefore, although mixing is possible for some showings, the 

main sulphur would have been supplied by the regional fluid, with the different δ34S values 

controlled by TSR reactions.   

In the richly mineralised East Tennessee district of the USA, a metal and sulphate-bearing fluid 

was reduced on site by TSR when it contacted a methane gas cap (Peevler et al., 2003). The 

mixing of H2S from the gas cap with that being supplied by episodic pulses of the main fluid was 

suggested to have caused the variable δ34S values. The tendency of the δ34S values to be higher 
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(~seawater) in the sulphides indicates that the main S source was from the mineralising fluid, 

whereas the gas cap H2S had a minor role in initial mineralisation. Unlike the East Tennessee 

example, which lacked fine-grained sphalerite, which would have indicated rapid crystallisation 

due to the predominance of a pre-existing H2S source (Peevler et al., 2003), the Cornwallis 

district does have early, fine-grained colloform/dendritic sphalerite; therefore pre-existing H2S 

probably played a dominant role, at least initially, in early mineralisation at some showings in 

the district. Basuki et al. (2008) also noted the precipitation of early, 32S-enriched, colloform 

sphalerite in their study of the Florida Canyon and Florcita deposits in Peru was followed by the 

precipitation of coarsely crystalline, 34S-enriched sphalerite. They concluded that there was an 

initial influence of a pre-existing H2S pool (produced by BSR) that was then progressively 

dominated by in situ TSR processes.  

Henjes-Kunst et al. (2017) concluded that mixing between two sulphur reservoirs, one produced 

by BSR and the other by TSR, was responsible for the Bleiberg deposit in Austria. They argued 

that the dominant sulphur source changed during mineralisation, as reflected in the changing δ34S 

values from lower (early) to higher (late) mineralisation. A transition from lower (BSR-

produced) to higher (TSR-produced) δ34S values paragenetically has also been recorded 

elsewhere (e.g., Kuhlemann et al., 2001; Field et al., 2018; Luo et al., 2020). A change in the 

BSR:TSR source of sulphur was documented at the Wiensloch MVT deposit in Germany 

associated with textural changes in the sphalerite (Pfaff et al., 2011). Coarsely crystalline 

sphalerite from the Wiensloch deposit was precipitated from a TSR-dominant mixture of 

bacterially reduced formation water sulphide and hydrothermal sulphate; colloform sphalerite 

precipitated from a BSR-dominant sulphur mixture, as a result of supersaturation from pulses of 

metal-bearing fluids (Pfaff et al., 2011).  
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Barrie et al. (2009), Pfaff et al. (2011), and Henjes-Kunst et al. (2017) showed that Cd 

concentration in sphalerite is higher in coarsely crystalline sphalerite associated with TSR 

generated sulphur versus fine-grained colloform sphalerite attributed to BSR-generated sulphur. 

Although Cd concentration in the Cornwallis district is relatively consistent among the sphalerite 

generations, highest Cd concentrations are associated with purple sphalerite zones, which are 

limited to Sph3 crystals, and therefore may be related to TSR processes. 

Therefore, in the Cornwallis district, pre-existing accumulations of H2S (probably produced by 

BSR) at the time of migration of a regional metal and sulphate-bearing fluid would precipitate 

isotopically light sulphides with supersaturation textures while at the same time supplying an 

impetus for TSR initiation. Once TSR was established, it could become the dominant H2S-

producing mechanism in the system, precipitating coarsely crystalline, Cd-rich sphalerite with 

showing-specific δ34S values (5 to 32‰) controlled by the proportion of sulphate in the regional 

fluid being reduced.    

 

2.6.3 Reconstruction of mineralising system 

The possible precipitation mechanisms for carbonate-hosted base-metal mineralisation are: (1) 

mixing of a metalliferous, sulphide-poor fluid with a metal-poor, sulphide-rich fluid, or (2) in 

situ reduction of a metalliferous sulphate-bearing fluid (Sverjensky, 1986; Leach et al., 2005). It 

is improbable that multiple, independently sourced but geochemically similar sulphide-bearing 

fluids would all mobilise at the same time, but in different amounts, to generate mineralisation 

with similar characteristics at all of the showings throughout the study area. Likewise, it is 

improbable that a single, metal- and sulphate-bearing fluid was responsible for all of the 
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mineralisation characteristics, without input from other sulphur sources; otherwise, the same 

textures and sulphur isotope values would be expected among showings instead of the 

documented relatively lower δ34S values of the early mineralisation.  

Although the mixing of multiple fluids is possible, as in southeast Missouri (Appold and Wenz, 

2011; Shelton et al., 2020) and East Tennessee (Peevler et al., 2003), the possible fluid 

convergence mechanisms in those districts are not applicable to the Cornwallis district. 

Convergence due to permeability contrasts (Freeze and Witherspoon, 1967; Garven et al., 1999) 

is implausible because mineralisation developed throughout a stratigraphy with variable 

permeability. Geometric convergence is improbable because of the east-trending, southward-

migrating orogenic front. The Boothia basement high, which acted as a buttress, probably would 

have caused fluid divergence, rather than convergence, making large-scale fluid mixing in the 

Cornwallis district less probable. Small-scale, local, initial mixing is expected, however, to 

explain the supersaturation textures and sulphur isotopic compositions of early sphalerite (sph2).  

Individual accumulations of reduced sulphur at the sites of mineralisation that developed owing 

to the presence of a suitable trap prior to delivery of the main metalliferous regional fluid can 

explain: (1) supersaturation textures; (2) the different S isotope values; (3) the change from lower 

to higher δ34S values of sulphides; (4) why mineralisation is not restricted to specific (e.g., 

organic-rich) formations; (5) why mineralisation is not associated with all faults in the district; 

and (6) why some showings are larger than others (Fig. 23). Individual sulphur pools/sources 

have also been suggested by Field et al. (2020) to be a control on mineralisation volume in the 

U.S. mid-continent ore district. The mixing of a regional fluid with such S reservoirs agrees with 

arguments made by Savard et al. (2000) and Dewing et al. (2007) regarding BSR production of 
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reduced S via BSR and the need for a mixing hypothesis, in order to account for documented 

temperatures higher than those typical of BSR. 

The main stage of mineralisation in the Cornwallis district was probably the result of in situ 

reduction of sulphate thermochemically using organic matter as a reductant, in agreement with 

the arguments made by Randell (1994), Randell and Anderson (1996), and Reid et al. (2013a, b). 

In summary, the depositional mechanisms for mineralisation were  a combination of early fluid 

mixing followed by main-stage single-fluid, in situ sulphate reduction. 

The high-grade zone at Polaris was hosted by an organic-rich part of the Thumb Mountain 

Formation (the upper member), which encouraged regional exploration programs to focus on that 

stratigraphic unit (Dewing et al., 2007). Numerous showings are present at other stratigraphic 

positions (Dewing et al., 2007), however, indicating that mineralisation is not strictly lithology-

controlled. Similarly, the lack of mineralisation in the Thumb Mountain Formation where 

mineralisation is present in subjacent strata shows that formation-scale stratigraphy is not the 

only control; an ascending fluid would be expected to have precipitated its metals in the lowest 

favourable unit it encountered regardless of the presence of suitable ore-depositing conditions in 

overlying strata. It is possible, however, that fluids can utilize faults to by-pass stratigraphy to 

higher stratigraphic levels (Shelton et al., 2019). Accumulation of reduced sulphur was not 

restricted to a specific formation, which allowed sulphide bodies to precipitate throughout the 

stratigraphy. However, the predominance of showings in the Thumb Mountain Formation may 

be attributed to the organic-rich composition of the upper unit, and possibly more H2S 

accumulation, thereby partially controlling mineralisation through the sustainability of RS1 

production.  
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The data presented here show an apparent correlation among lower δ34S values, the presence of 

Sph2, and Thumb Mountain Formation being the host, suggesting that this formation may have 

been more efficient at accumulating RSo than other formations. For example, Randell et al. 

(1996) suggested that the Thumb Mountain Formation at Polaris may have experienced multiple 

episodes of oil or gas production. However, the δ34S values presented in the compilation of 

Dewing et al. (2007b) show that lower values are present at showings hosted by other 

formations. It is unclear which sphalerite stage was analysed to produce the data in Dewing et al. 

(2007b), but RSo produced by BSR would be expected to precipitate Sph2 with lower δ34S 

values; however, some showings that apparently lack Sph2 but have lower δ34S values [e.g., 

Typhoon (approximately -2‰) and Rookery approximately +4 to +6‰)] could indicate that 

either a low percentage (30-40%) of sulphate was reduced on site by TSR, with insufficient RSo 

present to allow for supersaturation, or that Sph2 was not documented at these showings because 

of poor exposure or weathering. Although no Sph2 was documented at the Harrison showing in 

this study, Rose (1999) documented minor amounts of Sph2, illustrating the possibility that the 

apparent lack of Sph2 at a showing may be related to exposure.  

Showings in the district are predominantly related spatially to faults, as are most carbonate-

hosted Zn-Pb deposits (Leach et al., 2005), but mineralisation is not present along all, or even 

most of the faults: faults are not the only controlling factor on sulphide distribution. Because 

faults can act as conduits for fluid movement, it is expected that during the regional fluid-flow 

event the mineralising fluid would have travelled through available faults (i.e., those with higher 

hydraulic conductivity) until it encountered a suitable trap, where precipitation took place. It is 

possible, however, that apparently unmineralised faults may have been mineralised but 

subsequently eroded, or that mineralisation is not expressed at surface as a showing. 
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Furthermore, RSo accumulations could have acted as chemical traps in an aquifer that lacked a 

major fault conduit.  

Many factors influence the size of showings and orebodies, including sulphur availability, metal 

availability, accommodation space/traps, and permeability. Because the metal-bearing fluid is 

thought to have been distributed regionally in the Cornwallis district, metal availability should 

have been equal per unit volume at all showings, and metal concentration would not be a major 

influence on showing size. This conclusion was also reached by Field et al. (2020) in the U.S. 

mid-continent, where uniform trace element compositions of sphalerite from large deposits and 

showings were measured. A single, fairly chemically homogeneous, metal and sulphate-bearing 

fluid would be able to supply both metal and sulphur equally to all sites of mineralisation and 

would be expected to produce equal-sized showings, provided the appropriate reductants were 

present and fluxes were uniform. Because mineralisation is not restricted to organic-rich, or 

reductant-rich, strata, it may be suspected that the presence of a trap would control the amount of 

mineralisation. However, with regards to showings that appear to lack obvious traps (e.g., 

Snowblind and Scheills), mineralisation seems less probable without a pre-existing supply of 

reduced sulphur (RS0). In situations that are incapable of producing RS1 for continued 

precipitation (e.g., lack of reductant), the mineralisation would cease after the RS0 supply was 

exhausted. Therefore, the general (at least initial) size of the showings was probably controlled 

by the volume of RS0 present. In sites that have adequate conditions for producing RS1, 

precipitation can proceed after RS0 is consumed for as long as RS1 can be produced at a 

sufficient rate. The precipitation from RS0 may provide the impetus to initiate RS1 production, in 

otherwise less-than-favourable TSR conditions (Zhang et al., 2012; Xia et al., 2014; Yuan et al., 

2017b).  
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2.6.4 Timing of mineralisation  

The absolute timing of mineralisation has been directly and indirectly constrained at Polaris to 

ca. 360-375 Ma based on paleomagnetic dating of sphalerite and dolomite and radiometric dating 

(Rb-Sr, Re-Os) of sphalerite (Symons and Sangster, 1992; Christensen et al., 1995; Selby et al., 

2005). The low δ18O signature and low salinity of the fluid responsible for post-ore calcite 

cement indicate a low-latitude meteoric fluid. Such an origin for the fluid limits its timing to the 

Paleozoic between the Ordovician (host-rock depositional age) and Early Carboniferous, based 

on paleogeographic reconstructions (Torsvik et al., 2012) and present-day meteoric-water δ18O 

values (Yurtsever and Gat, 1981; Luz and Barkan, 2010). These two independent data sets agree 

with a Late Devonian (Famennian) timing for mineralisation. 

 

2.6.5 Fluid-driving mechanism 

The mechanisms that can cause fluid movement in a buried basin are compaction, density, and 

gravity. Compaction-driven fluid mobilisation involves the compaction of underlying sediment 

(usually shale) and expels fluids that are in thermal equilibrium upwards to the site of 

mineralisation (Bethke, 1983; Cathles and Smith, 1983), such as at the Pine Point Zn-Pb deposit. 

The lack of any substantial shale units in the lower part of the stratigraphic succession in the 

Cornwallis district (Fig. 3) precludes compaction as a viable driving mechanism for the 

mineralising fluid. Oxygen isotope values and shale-normalised REE+Y patterns in dolomite 

gangue do not indicate a fluid that had interacted significantly with a shale-like lithology. 

Mineralisation associated temporally with orogenesis suggests that most sediment compaction 
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and fluid expulsion  should have already taken place in an earlier burial environment, and that 

only minimal fluid volumes would have been available to be expelled by further compaction 

(Garven and Freeze, 1984).  

Density-driven fluid mobilisation is initiated by either thermal or salinity contrasts. Magmatic 

bodies produce increased temperatures that initiate a thermal convection-cell that transports 

hydrothermal fluids up to the site of precipitation. Fluids can be transported several hundred 

kilometres from the thermal anomaly, but should show a trend of decreasing fluid temperature 

with distance (e.g., Haeri-Ardakani et al., 2013). The lack of age-appropriate magmatism in the 

district (Thorsteinsson, 1974; Davies and Nassichuk, 1991) and the consistency of Th values in 

ore-stage minerals throughout the Cornwallis district suggest that thermal convection is 

improbable. Evaporative environments can cause relatively cool, dense brine to descend and 

initiate convection cells that can push warm, deep fluids upwards (Garven et al., 2003; Yang, 

2006; Yang et al., 2010); this phenomenon has been invoked to explain basin-scale circulation of 

high-salinity fluids associated with SEDEX deposits, but generally requires syn-sedimentary 

faults that allow evaporative brine to reach depths and move laterally to reach fluid-dispersion 

faults (Garven et al., 2003; Yang, 2006; Yang et al., 2010). Although crush-leachate analyses of 

Polaris fluid inclusions with high Cl/Br ratios indicated evaporation of seawater (Channer et al., 

1993), there is no evidence for extensive evaporation around the time of mineralisation (Late 

Devonian), and so the high-salinity, high Cl/Br fluid was probably derived from interaction with 

bittern connate brines that formed with the Bay Fiord or Baumann Fiord formations. 

Gravity-driven, or topographically driven fluid-mobilisation is triggered by tectonic uplift during 

an orogenic event (Garven and Freeze, 1984; Garven et al., 1999; Morales-Casique et al., 2016). 

Accumulation of meteoric water in the exposed part of the orogen produces a considerable 
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hydrostatic head, which forces the movement of other crustal fluids away from the orogen 

through aquifers. Downward movement of recharge water pushes warmer deeper water updip 

towards the basin margin, thereby compressing fluid isotherms and allowing for higher-than-

expected fluid temperatures than ambient burial can supply (Garven and Freeze, 1984). Gravity-

driven flow can cause regional, long-distance migration of a single fluid, and result in regional 

episodes of fairly uniform mineralisation; it is the most probable mobilisation mechanism for 

most carbonate rock-hosted Pb-Zn (MVT) deposits (Leach et al., 2005). Mineralisation at Polaris 

and the Stuart showing (Cornwallis Island), being controlled by Ellesmerian-related structures 

(Dewing and Turner, 2003, Turner and Dewing, 2004; Dewing et al., 2007; Jober et al., 2007), 

and mineralisation that is geochronologically contemporaneous with the Late Devonian 

Ellesmerian orogeny (Symons and Sangster, 1992; Christensen et al., 1995; Selby et al., 2005), 

are compatible with topographically driven fluid-mobilisation. A tectonically influenced, 

topographically driven regional fluid is therefore the most logical explanation for the generally 

uniform characteristics of Zn showings throughout the Cornwallis district and can explain the 

regionally uniform hydrothermal fluid temperature, age of mineralisation, access to subsurface 

evaporite units by migrating fluid, and long travel distances. Meteoric recharge in the orogen 

(Garven and Freeze, 1984) may also allow for the documented change from a marine-like 

formation fluid during the main-ore stage to a (high temperature) meteoric-sourced fluid 

(assumed shortly) afterwards, in the post-ore stage calcite (Cal1), and may explain why 

mineralisation ceased; the low salinity post-ore fluid that displaced the formation water was 

incapable of transporting sufficient metals (Basuki and Spooner, 2002) .  

Studies involving topographically driven fluid flow and their relationship to ore deposits are 

based on numerical modelling (e.g., Garven and Freeze, 1984; Garven et al., 1999; Zhao et al., 
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2018) or age relationships between mineralisation and orogenic activity (e.g., Ford and Worley, 

2016; Fazli et al., 2019). Studies on present-day groundwater flow from mountainous areas have 

used numerical modelling and composition of discharge fluid to determine fluid flow path and 

rock interaction (e.g., Morales-Casique et al., 2016). Against the backdrop of a known 

Ellesmerian age of sulphide precipitation at Polaris and Stuart River (Christensen et al., 1995; 

Selby et al., 2005; Jober et al., 2007), the present study is the first to use multiple lines of 

geochemical evidence to demonstrate that topographically driven fluid was probably responsible 

for mineralisation throughout this entire metallogenic district.  

 

2.6.6 Storm copper relationship 

The rare but conspicuous Cu mineralisation in the district, such as at Storm (Somerset Island), 

was probably produced through interaction of a post-Zn-mineralising fluid with atypical, 

geographically restricted underlying strata (Fig. 23F). Although the main-stage Cu mineralisation 

at Storm is associated with a low-latitude oxidised meteoric fluid (equivalent to Cal1-

precipitating fluid in the Zn showings), the pre-mineralisation fluid at Storm (Mathieu et al., 

2018) resembled the Cornwallis regional mineralising fluid. Only minor Cu-related 

mineralisation at Storm is associated with the regional fluid, probably because Cu is less soluble 

in a reduced fluid, and therefore was less favourable for leaching and transporting sufficient Cu 

in solution to precipitate Cu-sulphides than Cu solubility in an oxidised, meteoric fluid (Rose, 

1989; Brown, 2009), which was responsible for Cal1 precipitation. The underlying red beds 

(Aston Formation), which are geographically limited, probably supplied the Cu (Mathieu et al., 

2018). Copper isotopes and geochemistry from Storm indicate a south-migrating fluid (present-
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day co-ordinates; Mathieu et al., 2018), which coincides with the regional tectonically driven 

fluid flow in the district. 

 

2.6.7 Interpreted controls on Polaris mineralisation and implications for 

regional sulphide formation 

Collectively, the geochemical characteristics of sphalerite and carbonate minerals indicate high 

fluid:rock at Polaris and at the majority of showings studied, with some showings displaying a 

host-rock-buffered system (low fluid:rock). It is presumed therefore that a high fluid:rock system 

was a critical control on the Polaris ore zone. At Polaris, this high fluid-flow was accommodated 

by reactivation of a Boothia-uplift structure. Polaris is situated where a Caledonian strike-slip 

(wrench) fault offsets a major north-trending, Boothia-uplift-related thrust fault; the resulting 

irregularity of the thrust’s trend allowed later dilation of the strike-slip fault during sinistral 

reactivation of the thrust during Ellesmerian compression (Fig. 23C,D; Dewing and Turner, 

2003; Turner and Dewing, 2004). Many of the other showings in the district are spatially 

associated with reactivated, Boothia-related, roughly north-trending thrust faults that probably 

experienced reactivation or dilation during Ellesmerian compression (e.g., Eclipse, Rookery, 

Harrison, Stuart), or are near local extensional zones associated with these faults (e.g., JG, 

Trigger). All of these showings lacked the most favourable geometry for profuse fluid flux that 

permitted the development of a large deposit like that at Polaris. 

The Polaris orebody was the product of three coinciding factors: (1) a large local reservoir of 

reduced S generated by an earlier process; (2) a structural conduit that facilitated sustained high 

fluid-flux of a metalliferous fluid; and (3) a reductant-rich host rock that accommodated TSR 

processes. The accumulation of 34S-depleted sulphide prior to ingress of the regional, 
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metalliferous fluid ensured that sphalerite supersaturation developed as soon as fluid delivery 

began. The high fluid flux capacity of the dilated fault and presence of adjacent, reductant- 

(organic-) rich host rocks allowed for prolonged sulphide precipitation. Other showings in the 

district do not exhibit all three of these factors, and thus they are smaller than Polaris, even 

though they have the same mineralisation characteristics and history.  

 

2.6.8 Implications for exploration 

Because the main control on mineralisation is fluid flux, the most promising areas to explore 

would be those that could have facilitated high fluid flux. Snowblind lacks any obvious relation 

to dilational faults, and its REE+Y content suggests low fluid flux. Similarly, the Harrison 

showing, located on the western Boothia margin fault zone, may indicate that north-trending, 

Ellesmerian strike-slip faults generally acted as a regional aquitard, limiting the majority of the 

mineralising fluid within the Boothia margins. Dilational faults would produce the largest 

volumes of mineralisation. Ideally, a setting similar to Polaris should be targetted: an offset 

Caledonian thrust fault block that would have experienced torque from the south-directed stress 

of the Ellesmerian orogeny. The most probable regional area for renewed mineral exploration in 

the Cornwallis district would be along the central and northern margins of the Boothia uplift in 

the vicinity of the Ellesmerian fold belt, the area that would have experienced the most 

Ellesmerian stress. Areas that have favourable conditions that allow for sustained sulphate 

reduction, such as reductant-rich strata, that preferably have a trap, would be an appropriate 

second-order criterion for exploration. Barite with high δ34S values, which indicates partial 

reduction of sulphate, may provide an indication of nearby mineralisation, similar to the barite 

halo around the Polaris deposit (Dewing et al., 2007). 
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2.7 Conclusions 

Numerous showings throughout the Cornwallis Zn-Pb district (Arctic islands, Canada) were 

investigated using a suite of in situ analytical techniques that reveal shared characteristics with 

the past-producing Polaris Zn-Pb deposit in the district’s centre. Zinc mineralisation in the 

district was the product of a regionally uniform, marine-sourced fluid whose flow was 

topographically driven during the Late Devonian Ellesmerian orogeny. This fluid interacted with 

subsurface strata, including evaporites, to acquire and transport metals and sulphate to pre-

existing sulphide accumulations. After initial mixing and precipitation, H2S produced by in situ 

TSR of the regional fluid became the dominant source of reduced S for continued ore sulphide 

precipitation. These characteristics allowed for: (1) a generally uniform fluid chemistry, except 

for showing-specific sulphur isotope signatures; (2) textures and geochemical signatures of 

sphalerite related to two different modes of precipitation (fluid mixing followed by in situ 

sulphate reduction); and (3) variations in the stratigraphic and geographic position and size of the 

showings throughout the district. Rare Cu mineralisation in the district is associated with a later 

fluid event, which locally overprints Zn mineralisation. 

Results of this study highlight three factors that controlled the size and location of sulphide 

bodies in the Cornwallis district, which are attributed to a chemically uniform, regional 

mineralising-fluid: 1) the ability to sustain sufficient fluid flux supplying metals +/- sulphur; 2) 

the ability to sustain TSR at a sufficient rate for continued precipitation; and 3) a pre-existing 

reservoir of sulphide to initiate mineralisation processes. Topographically driven fluid flow links 

(a) early Zn mineralisation caused by fluid mixing to the main Zn mineralisation stage produced 
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by in-situ reduction of a single fluid, and (b) the main, formation-water-related, Zn-dominant 

mineralisation to late, comparatively rare, meteoric-related, Cu-dominated mineralisation. It 

cannot be assumed that the precipitation mechanism of an ore deposit is uniform throughout its 

mineralisation history, and that, depending on the paragenetic stage of mineralisation, 

mineralisation may be categorised under different precipitation models (e.g., mixing and in situ 

reduction models) for the same deposit.  
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Figure 2-1: Study area 

Location of study area in the Arctic islands of Canada. Rectangle is enlarged in (B). (B) Part of 

the Canadian Arctic archipelago, showing location of the Cornwallis district (rectangle) and 

base-metal showings in the district (modified from Dewing et al., 2007) form four geographic 
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regions; colour-coding for northern, southern, western, and central regions is also used in 

ensuing figures. 
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Figure 2-2: Paleogeography map of Franklinian Basin 

Simplified maps of the Franklinian basin show paleogeography of continental margin 

depositional settings through the early to mid-Paleozoic (after Trettin et al., 1991); Cornwallis 

district outlined in white rectangle. (A) Margin between deep-water basin and shelf was 

relatively stable from Middle Cambrian to Late Ordovician, but started to migrate craton-wards 

(present-day south) in the Silurian. West-directed compressive far-field stress associated with the 
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Caledonian orogeny caused uplift in the central Arctic islands, in a north-trending elongate area 

termed the Boothia uplift, extending from the mainland (south) to northern Somerset Island in 

the (B) Late Silurian but reaching Grinnell Peninsula (Devon Island) by the Early Devonian (C). 

Sediment shed from the uplift was deposited as adjacent clastic aprons. (D) Late Devonian to 

Early Carboniferous south-directed compression caused by the Ellesmerian orogeny produced a 

large clastic wedge that covered many of the Arctic Islands. (E) Extension in the Carboniferous 

resulted in the Sverdrup basin northwest of the Cornwallis district. (F) The present-day exposure 

of the Cornwallis district shows the distribution of the different tectonic elements inherited from 

this depositional and deformational history composed of mixed carbonate-clastic successions 

(figure modified from Dewing et al., 2007). 
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Figure 2-3: Stratigraphic correlation 

North-south stratigraphic correlation panel that shows temporal and geographic distribution of 

early and middle Paleozoic formal stratigraphic units in the Cornwallis district [modified from 

Mayr et al. (1998) and Dewing et al. (2007)]. Stars indicate the stratigraphic and geographic 

positions of studied showings. 
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Figure 2-4: Geological map of Little Cornwallis and Truro islands 

(A) Simplified geological maps of Little Cornwallis and Truro islands, showing locations of Zn-

Pb showings addressed in this study (Truro, Polaris, Eclipse). Rectangles in (A) indicate detailed 

maps of showing areas in (B), (C), and (D). Geologic map of Little Cornwallis Island after 

Turner and Dewing (2004); Truro Island map after Randell (1994). Red outline in (C) is area of 

Polaris ore-body projected to surface (Dewing et al., 2007).  



102 

 

 

Figure 2-5: Geological map of Bathurst Island 
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Simplified geological map of Bathurst Island (Western region of study); modified from Harrison 

and de Freitas (1999), indicating location of the Zn-Pb showing addressed in this study 

(Harrison). Detailed map of showing area modified from Harrison and de Freitas (1996). 
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Figure 2-6: Geological map of Cornwallis Island 

Simplified geological map of Cornwallis Island (central Cornwallis district), indicating locations 

of Zn-Pb showings used in this study (Rookery, Stuart, Snowblind, Bacon). Cornwallis Island 

map and detailed maps of Snowblind and Bacon showings are modified after Harrison et al. 

(2015); detailed maps of Rookery and Stuart showings are modified after Turner and Dewing 

(2004) and Jober et al. (2007), respectively. 
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Figure 2-7: Geological map of Grinnell Peninsula, Devon Island 

Simplified geological map of northern region of the Cornwallis district (Grinnell Peninsula of 

Devon Island; Dundas Island), indicating locations of Zn-Pb showings used in the study 

(Trigger, JG, Dundas, Scheills, Hornby). General geology map and detailed map of Scheills and 

Hornby showings are modified from Mayr et al. (1998); detailed map of Dundas Island modified 

after (Thorsteinsson, 1986); and detailed map of Trigger and JG showings modified from 

Mitchell et al. (2004). 
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Figure 2-8: Geological map of Somerset Island 
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Simplified geological map of the southeastern region of the Cornwallis district (Somerset Island; 

modified from (Stewart and Kerr, 1984)), indicating locations of base-metal showings addressed 

in this paper. Detailed maps of Typhoon, Seal, and Storm showing areas are modified from 

Stewart and Kerr (1984), (Robinson and Atkinson, 2012), and Mathieu et al. (2018), 

respectively.   
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Figure 2-9: Ore-stage paragenesis 

Ore-stage paragenesis for the Cornwallis district. Not all phases are present at every showing in 

the district. 
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Figure 2-10: Petrographic mineral textures and paragenetic relationships 

Images of typical mineral textures and paragenetic relationships in the Cornwallis district. (A and 

B) Void-filling dolomite (Dol) both underlies (A) and overlies (B) sphalerite 3 (Sph3) (PPL). (C 

and D) Three stages of sphalerite are present: finely crystalline replacement sphalerite 1 (Sph1), 

finely crystalline colloform Sph2, and coarsely crystalline Sph3, with typical purple zones 

(visible in C). Pyrite2 (Py2) fills fractures in Sph1 and Sph2 in (C) (both PPL). (D) Sulphur 

isotope spots analysed on Sph2 by SIMS and their respective values (in per mil relative to V-

CDT) are indicated by red spots (PPL). (E) Sphalerite 2 locally forms fine-grained, dendritic 

masses (PPL). (F) Skeletal galena is associated with Sph2 (RL) (G-I) Coarsely crystalline Sph3 

typically has purple zones that as bands (G), large areas in a crystal (H), or discontinuous zones 
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scattered within a crystal (I) (all PPL). SIMS analyses of crystals (shown in G) indicate that 

isotopic composition is not affected by the purple colour. (J) Coarsely crystalline calcite 1 (Cal1) 

is generally inclusion-free, up to several mm across and euhedral that grades into smaller 

anhedral crystals (K), and fills fractures in Sph3, indicating a post-mineralising timing (PPL). (L) 

Anhedral finely to medium-crystalline calcite 2 (Cal2) fills fractures in post-Cal1 hematite (RL). 

(M) Reflected-light image shows tarnished Py2 replacing earlier euhedral Py1. Tarnish colour 

may be related to trace element distribution. (N) Combined plane-polarised transmitted-light and 

reflected-light photomicrograph of a pitted texture in some Sph3 that causes dark bands in 

transmitted light. (O) Tarnished Py2 with micron-scale laminae and possible sector-zoning; 

lamination may indicate rapid pyrite precipitation (RL). (P and Q) Smithsonite (Sm) replaces 

Sph2. (Q) Back-scattered electron image shows that Sm1 replacing Sph2 in (P) is bladed. (R) 

Botryoidal pore-filling Sm2 overlies Sph3 (RL). (S) Intergrown Py2 and Sph3 shows that they 

are cogenetic (RL). Images are from the following locations: Rookery (A,I), Polaris (B,C,E), 

Eclipse (D, F), Trigger (G,K), Dundas (H, P, Q, R), Harrison (J, N), Truro (M), Stuart (L, O), 

Seal (S). PPL = plane-polarised transmitted light; RL = reflected light. 
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Figure 2-11: Representative paragenetic diagram 

Representative diagram of main-ore paragenesis and table of which showings contain these 

mineral stages. 1Reported in Rose (1999). (Pol = Polaris; Ecl = Eclipse; Tru = Truro; Dun = 

Dundas; Hrs = Harrison; Rok = Rookery; Stu = Stuart; Schl = Scheills; Hnb = Hornby; Bcn = 

Bacon; Trg = Trigger) 
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Figure 2-12: Fluid inclusion photomicrographs 

Transmitted-light photomicrographs depicting petrographic characteristics of fluid inclusion 

assemblages (FIAs) and similarity of liquid-vapour ratios in sphalerite 3 (Sph3) and ore-stage 

dolomite (Dol) in all regions of the Cornwallis district. The largest inclusions are approximately 

20 µm, but typical size is <10 µm. Insets depict typical fluid inclusion shape, size, and liquid-

vapour ratio. Primary sphalerite 3-hosted fluid inclusions from (A) Harrison, (B) Polaris, (C) 

Dundas, (D) Rookery, and (E) Typhoon. (F) Secondary fluid inclusions follow cross-cutting 

healed fractures. (G and H) Primary and pseudo-secondary fluid inclusions in dolomite cement 

are generally densely distributed in crystal centres, causing (G) a cloudy appearance. Primary 

fluid inclusions in post-ore calcite 1 follow growth zones, whereas (J) isolated inclusions are of 

indeterminate origin. Similarity of fluid characteristics throughout the district suggests the same 

fluid present at all showings. 
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Figure 2-13: Evaporate mound images and composition 

(A-E) Back-scattered electron images of evaporate mound morphologies, including (A) circular 

domes and (B) amorphous mounds, (C) irregular areas of dispersed microcrystals, and (D) 

irregular areas of densely clustered microcrystals. (E and F) Na-Ca-K ternary diagrams of 

evaporate mound compositions from ore-stage sphalerite 3 and dolomite in normalised wt. % 

obtained by SEM-EDS analysis plotted as (E) individual mound analyses from respective 

samples and (F) density lots of all samples analysed, showing that two end-member fluid 
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compositions (Na- and Ca-dominated) were present. Minor potassium is present in many 

inclusions. The presence of Ca in the fluids indicates subsurface interaction with Ca-bearing 

rocks. 
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Figure 2-14: Dolomite SIMS oxygen isotope results 

Box-and-whisker plots of oxygen isotope values measured by SIMS combined with mineral-

water fractionation diagrams for dolomite showing range of possible δ18O values of the 

precipitating fluids in the different geographic regions. Curved lines represent isopleths of 

δ18OH2O values calculated using Horita (2014) for dolomite-water fractionation. Homogenisation 

temperatures from dolomite/sphalerite were corrected for 1 km burial depth and used as the 

temperature constraints in the fractionation equation. Most showings have similar δ18OH2O 

values, indicating a similar fluid source. 1Values reported by Savard et al. (2000). 2Values 

reported by Mathieu et al. (2018). 
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Figure 2-15: Calcite SIMS oxygen isotope results 

Box-and-whisker plots of oxygen isotope values measured by SIMS combined with mineral-

water fractionation diagrams for calcite showing the range of possible δ18O values of the 

precipitating fluids for the five geographic regions. Curved lines represent isopleths of δ18OH2O 

values calculated using O’Neil et al. (1969) for calcite-water fractionation. Homogenisation 

temperatures were corrected for burial of 1 km from calcite (darker boxes) and reasonable burial 

temperatures (lighter boxes) were used as temperature constraints. Most showings have similar 

fluid values indicating a single fluid source. 1Values reported by Mathieu et al. (2018). 2Values 

reported by Savard et al. (2000). 
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Figure 2-16: SIMS sulphur isotope values 
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(A) Box-and-whisker plots of measured δ34SVCDT values from the five geographic regions for 

sphalerite 3 (not labelled), sphalerite 2 (Sph2), galena (Gn), and pyrite (Py) show substantial 

variation in the district, but a limited range of values at each showing. (B) Geographic 

distribution of showings with their respective average δ34S values. In each showing, earlier 

stages have typically lower values than later stages. The showing-specific ranges indicate the 

geographically limited influence of local S sources. 1Values reported by Mathieu et al. (2018). 
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Figure 2-17: PAAS-normalised REE+Y values of carbonate gangue minerals 

PAAS-normalised REE+Y diagrams for carbonate gangue in showings from the five geographic 

regions of the Cornwallis district, at the same vertical scale. (A-E) Dolomite. (F) Calcite 1. The 

fields represent the range in values for individual showings, with the average represented by a 

heavy line. Data for Storm Cu showing are from Mathieu et al. (2018). The three categories of 

patterns (positively sloped, negatively sloped, and approximately flat) represent different 

fluid:rock systems. Positively sloped and flat patterns indicate low fluid:rock  systems (fluid 

characteristics influenced by host-rock composition); negatively sloped patterns represent high 

fluid:rock systems (fluid characteristics not influenced by host rock composition). PAAS values 

from Pourmand et al. (2012). The diversity of the patterns indicates that fluid flux was not 
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consistent among showings. Trg = Trigger, Hr = Hornby, St = Storm, Ro = Rookery, Ty = 

Typhoon, Dn = Dundas, Se = Seal, Tru = Truro. 
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Figure 2-18: Dolomite trace element values 

Box-and-whisker plots of trace elements in dolomite gangue for five Cornwallis district regions 

show that, with the exception of Fe in the western showing, gangue-precipitating fluids were 

similar throughout the district, indicating a regional fluid. 
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Figure 2-19: Anomaly discrimination plot 
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Discrimination plots (Bau and Alexander (2006)) quantify shale-normalised La and Ce 

anomalies for (A) dolomite and (B) calcite 1. Dolomite generally has positive Ce anomalies and 

negative La anomalies. Pr* = PrN/(0.5*(CeN+NdN)). Ce* = CeN/(0.5*(LaN+PrN)). The negative 

Ce anomaly indicates that the regional fluid was reduced. 
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Figure 2-20: Sphalerite trace element composition 

Box-and-whisker plots summarising average trace element concentration of sphalerite (LA-ICP-

MS) grouped into five regions and three sphalerite stages. Most elements are relatively constant 

throughout the district, indicating a shared metal source; variations probably reflect local 

influences, rather than different sources. Generally, trace element content decreases from early 

sphalerite (Sph1 and 2) to main Sph3, possibly as a function of precipitation rates. 
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Figure 2-21: Laser traverse across sphalerite 

Laser traverses across sphalerite show comparatively smooth profiles, indicating that trace 

elements are structurally bound. (A) Spikes in Pb counts along Sph2 traverse (Eclipse) are 

probably caused by micro-inclusions that were trapped during rapid precipitation. (B) Sph3 

(Seal) shows that Ge, Ag, and Cu are locally correlated, possibly indicating coupled substitution. 

(C) Traverses across purple sphalerite zones typically show increased Cd and decreased Ge, Ga, 

and Ag counts (here from Dundas), suggesting that interplay among these elements may have 

affected development of purple colour. 
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Figure 2-22: Sulphur isotope fractionation curves 

(A-D) Sulphur fractionation curves for the four regions during partial sulphate reduction to 

sulphide thermochemically. (E) Sulphate-sulphide partial fractionation curves for the Polaris 

deposit shows that residual sulphate in the fluid after 40-45% reduction has a δ34S value of 48-

51‰. Temperature ranges are the lowest and highest measured Th values for each region, with 
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100°C being used as a common T. Initial δ34SSO4 (δ
34So) value in calculations was 25‰. Residual 

δ34SSO4 value after fractionation (δ34SSO4f) = (δ34So+1000) x (f(α-1)) – 1000. Isotopic composition 

of H2S produced by partial reduction (δ34SH2Sf) = (δ34SSO4f +1000) x (αH2S-SO4 – 1). f = proportion 

of sulphate remaining after reduction. Equation for αSO4-H2S fractionation is from Robinson 

(1973). 
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Figure 2-23: Interpretive diagram of mineralisation in the Cornwallis district 

(A) Interpretive diagram illustrating how a regional fluid was mobilised by the topographic 

recharge and descent of meteoric fluid. Formation waters were displaced by meteoric water and 

obtained extra salinity through subsurface evaporite dissolution and transported metals to sites of 

previously accumulated sulphide (RS0), probably reduced via BSR. If conditions were 

favourable, TSR could have reduced additional sulphate from the fluid (RS1), eventually 

becoming the predominant mode of sulphate reduction. The volume of mineralisation is 

dependent on (a) initial volume of RS0, (b) sustainability of TSR and production of RS1, and (c) 

the efficiency of fluid delivery. Polaris was a large sulphide body because metals were copiously 

supplied by fluid delivered through an orogenically dilated cross-fault, were focussed into and 

trapped under an impermeable cap rock (Irene Bay and Cape Phillips formations), and interacted 

with a large volume of organic matter reductant in the host rock (Upper Thumb Mountain 

Formation). After an initial episode of sulphide precipitation that used pre-existing localised and 

isotopically distinct BSR pools that had accumulated at each eventual showing location, yielding 

early, light sulphur isotopic values, a larger volume of sulphides was produced through TSR of 

sulphate carried with the metals in the regional fluid using sedimentary organic matter as a 

reductant. (B) Simplified map of Cornwallis and Little Cornwallis islands indicating the location 

of showings and main structural features. (C) Due to west-directed forces in the Late Silurian, 

segmented thrust faults were offset by sinistral strike-slip movement on wrench faults. (D) 

South-directed stress in the Late Devonian caused torque on the offset fault blocks causing 

dilation to allow for substantial fluid flux.  (E) Zn mineralisation during the early to middle 

Ellesmerian orogeny was the result of formation waters being pushed through the subsurface by 

descending meteoric recharge, interacting with evaporite and deep-marine sedimentary rocks to 

acquire sulphate and base-metals, respectively. The fluid moved up the Boothia structure to the 

site of precipitation. (F) Cu mineralisation is associated with the middle to late Ellesmerian 

orogeny, when the meteoric recharge fluid became the dominant regional fluid. This fluid 

penetrated deep in the subsurface and interacted with geographically limited red beds to acquire 

Cu. 

 



134 

 

 

Table 2-1: Microthermometry results 

Microthermometric data for diagenetic minerals in the Cornwallis district.  

FIA = fluid inclusion assemblage, FI = fluid inclusion, Avg = average, Th = homogenization 

temperature, Tm = ice melting temperature 

 

Region Showing Mineral Stage FIA# #Flincs 
Range 

Th 
Average 

Th 
Range 

Tm 
Average 

Tm 

Salinity 
(wt. % 
NaCl 

equiv.) 

North 
Hornby Sphalerite Sph3 1 4 

95 to 
110 

106 - - - 

North Hornby Sphalerite Sph3 2 3 92 to 96 94 - - - 

North 
Dundas Sphalerite Sph3 1 4 78 to 90 84 

-27.0 to 
-30.0 

-28.3 27.6 

East 
Rookery Dolomite Dol 1 7 83 to 95 85 

-27.0 to 
-33.0 

-31.0 29.3 

East 
Rookery Dolomite Dol 2 10 

83 to 
100 

90 
-28.0 to 

-30.0 
-30.0 28.7 

East 
Rookery Sphalerite Sph3 1 8 82 to 97 89 

-7.0 to -
35.0 

-14.0 - 

East 
Rookery Sphalerite Sph3 2 2 

105 to 
106 

105 
-31.0 to 

-35.0 
-33.0 - 

East Rookery Sphalerite Sph3 3 5 90 90 - - - 

West Harrison Sphalerite Sph3 1 9 70 to 90 81 - - - 

West Harrison Sphalerite Sph3 2 5 60 to 65 62 -4.9 -4.9 - 

West 
Harrison Sphalerite Sph3 3 9 74 to 96 87 

-27.0 to 
-34.0 

-30.0 - 

South Seal Dolomite Dol 1 9 88 to 95 85 - - - 

South Seal Sphalerite Sph3 1 2 110 110 - - - 
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South 
Seal Calcite Cal1 1 9 

140 to 
156 

148 
-0.1 to -

1.0 
-0.3 0.5 

South Typhoon Sphalerite Sph3 1 4 82 to 86 85 - - - 
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Table 2-2: SIMS isotope results 

Stable isotope data, presented to 1σ (0.3‰ and 1.2‰ for S and O isotopes, respectively) for 

dolomite, calcite, pyrite, galena, and sphalerite as determined by SIMS.  

Location Showing Sulfide Stage 
δ34SCDT 

(‰) 
Carbonate Stage 

δ18OV-

SMOW (‰) 

North Trigger Sphalerite Sph3 18.9 Dolomite Dol 26.9 

North Trigger Sphalerite Sph3 18.3 Dolomite Dol 23.2 

North Trigger Sphalerite Sph3 19.1 Dolomite Dol 26.5 

North Trigger Sphalerite Sph3 22.1 Dolomite Dol 25.9 

North Trigger Sphalerite Sph3 17.7    

North Trigger Sphalerite Sph3 18.7    

North Trigger Sphalerite Sph3 20.2    

North Trigger Sphalerite Sph3 22.1    

North Trigger Sphalerite Sph3 18.8    

North Trigger Sphalerite Sph3 19.4    

North Trigger Galena Gal 20.2    

North Trigger Galena Gal 17.6    

North Trigger Galena Gal 18.3    

North JG Sphalerite Sph3 26.9 Calcite C1 18.1 

North JG Sphalerite Sph3 26.8 Calcite C1 12.8 

North JG Sphalerite Sph3 26.0 Calcite C1 19.7 

North JG Sphalerite Sph3 24.7 Calcite C1 15.9 

North JG Sphalerite Sph3 24.0 Calcite C1 14.4 

North JG  

 

 Calcite C1 18.4 

North Dundas Sphalerite Sph2 -5.9 Dolomite Dol 22.3 

North Dundas Sphalerite Sph2 -6.0 Dolomite Dol 23.2 

North Dundas Sphalerite Sph2 -5.7 Dolomite Dol 24.3 
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North Dundas Sphalerite Sph2 -4.1 Dolomite Dol 22.2 

North Dundas Sphalerite Sph2 -2.5 Dolomite Dol 27.1 

North Dundas Sphalerite Sph2 -4.3 Dolomite Dol 22.3 

North Dundas Sphalerite Sph2 -3.1 Dolomite Dol 24.6 

North Dundas Sphalerite Sph2 -2.5 Dolomite Dol 26.7 

North Dundas Sphalerite Sph2 -1.9 Dolomite Dol 23.2 

North Dundas Sphalerite Sph2 -1.6 Dolomite Dol 19.9 

North Dundas Sphalerite Sph2 -3.1 Dolomite Dol 19.3 

North Dundas Sphalerite Sph3 0.7 Calcite C1 18.9 

North Dundas Sphalerite Sph3 1.3 Calcite C1 20.3 

North Dundas Sphalerite Sph3 -1.0 Calcite C1 19.9 

North Dundas Sphalerite Sph3 -0.5 Calcite C1 20.5 

North Dundas Sphalerite Sph3 -0.6 Calcite C2 9.4 

North Dundas Sphalerite Sph3 -1.1 Calcite C2 10.1 

North Dundas Sphalerite Sph3 -2.2 Calcite C2 8.0 

North Dundas Sphalerite Sph3 -2.0 Calcite C2 10 

North Dundas Sphalerite Sph3 -2.2 Calcite C2 7.6 

North Dundas  

 

 Calcite C2 8.8 

North Dundas  

 

 Calcite C2 8.2 

North Dundas  
 

 Calcite C2 6.8 

North Dundas  

 

 Calcite C2 8.6 

East Rookery Sphalerite Sph3 12.8  Dolomite Dol 22.7  

East Rookery Sphalerite Sph3 13.4  Dolomite Dol 23.1  

East Rookery Sphalerite Sph3 12.5  Dolomite Dol 22.6  

East Rookery Sphalerite Sph3 14.4  Dolomite Dol 20.2  

East Rookery  

 

 Dolomite Dol 21.6  

East Rookery  

 

 Dolomite Dol 22.7  



138 

 

East Rookery  

 

 Dolomite Dol 21.7  

East Rookery  

 

 Calcite C1 16.1 

East Rookery  

 

 Calcite C1 11.3 

East Rookery  
 

 Calcite C1 15.5 

East Rookery  

 

 Calcite C1 12.6 

East Rookery  

 

 Calcite C1 12.1 

East Stuart Sphalerite Sph3 9.0 Calcite C2 8.8 

East Stuart Sphalerite Sph3 7.9 Calcite C2 7.7 

East Stuart Sphalerite Sph3 16.3 Calcite C2 8.9 

East Stuart Sphalerite Sph3 14.7 Calcite C2 8.2 

East Stuart Sphalerite Sph3 11.7    

East Stuart Sphalerite Sph3 8.1    

East Stuart Sphalerite Sph3 19.2    

East Stuart Sphalerite Sph3 18.3    

East Stuart Galena Gn1 15.7    

East Stuart Galena Gn1 17    

East Bacon Sphalerite Sph3 9.9 Dolomite Dol 30.3 

East Bacon Sphalerite Sph3 9.7 Dolomite Dol 27.7 

East Bacon Sphalerite Sph3 8.9 Dolomite Dol 30.7 

East Bacon Sphalerite Sph3 10 Dolomite Dol 30.1 

East Snowblind  

 

 Dolomite Dol 26.6 

East Snowblind  

 

 Dolomite Dol 23.9 

East Snowblind  

 

 Dolomite Dol 25 

East Snowblind  

 

 Dolomite Dol 23.9 

East Snowblind  

 

 Dolomite Dol 26.8 

West Harrison Sphalerite Sph3 8.0 Dolomite Dol 22.6 

West Harrison Sphalerite Sph3 5.1 Dolomite Dol 22.9 
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West Harrison Sphalerite Sph3 7.1 Dolomite Dol 26.5 

West Harrison Sphalerite Sph3 7.0 Dolomite Dol 22.5 

West Harrison Sphalerite Sph3 7.4 Dolomite Dol 22.4 

West Harrison Sphalerite Sph3 8.2 Dolomite Dol 26.4 

West Harrison Sphalerite Sph3 14.4 Calcite C1 10 

West Harrison Sphalerite Sph3 17.8 Calcite C1 11 

West Harrison Sphalerite Sph3 18.6 Calcite C1 10.4 

West Harrison Sphalerite Sph3 12.7 Calcite C1 10.8 

West Harrison    Calcite C1 11.9 

West Harrison  

 

 Calcite C1 19.1 

West Harrison  

 

 Calcite C1 15.6 

West Harrison  
 

 Calcite C1 17.8 

West Harrison  

 

 Calcite C1 17 

Central Eclipse Sphalerite Sph2 -1.5 Dolomite Dol 21.5 

Central Eclipse Sphalerite Sph2 -1.0 Dolomite Dol 23.2 

Central Eclipse Sphalerite Sph2 -1.8 Dolomite Dol 24.8 

Central Eclipse Sphalerite Sph2 -3.4 Dolomite Dol 24.5 

Central Eclipse Sphalerite Sph2 0.6    

Central Eclipse Sphalerite Sph2 2.2    

Central Eclipse Sphalerite Sph2 -1.6    

Central Eclipse Sphalerite Sph3 4.2    

Central Eclipse Sphalerite Sph3 4.0    

Central Eclipse Sphalerite Sph3 2.3    

Central Eclipse Sphalerite Sph3 3.3    

Central Eclipse Sphalerite Sph3 2.4    

Central Eclipse Galena Gn1 0.5    

Central Eclipse Galena Gn1 1.5    
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Central Eclipse Galena Gn1 -0.4    

Central Polaris Sphalerite Sph3 6.3 Dolomite Dol 24.3 

Central Polaris Sphalerite Sph3 6.2 Dolomite Dol 23.9 

Central Polaris Sphalerite Sph3 5.7 Dolomite Dol 25.7 

Central Polaris Sphalerite Sph3 6.4 Dolomite Dol 25.2 

Central Polaris Sphalerite Sph3 6.6 Dolomite Dol 26.7 

Central Polaris  
 

 Calcite C1 12 

Central Polaris  

 

 Calcite C1 11.3 

Central Polaris  

 

 Calcite C1 9.8 

Central Polaris  

 

 Calcite C1 7.0 

Central Polaris  

 

 Calcite C1 11.3 

Central Truro Pyrite Py2 6.9 Calcite C1 10.1  

Central Truro Pyrite Py2 7.0 Calcite C1 12.8  

Central Truro Pyrite Py2 6.7 Calcite C1 13.5  

Central Truro Sphalerite Sph3 8.4 Calcite C1 13.8  

Central Truro Sphalerite Sph3 7.7 Calcite C1 12.0  

Central Truro Sphalerite Sph3 8.6    

Central Truro Sphalerite Sph3 8.1    

South Seal Sphalerite Sph3 27.1  Dolomite Dol 22.2  

South Seal Sphalerite Sph3 32.0  Dolomite Dol 24.2  

South Seal Sphalerite Sph3 32.9  Dolomite Dol 24.0  

South Seal Sphalerite Sph3 26.4  Dolomite Dol 25.1  

South Seal Sphalerite Sph3 31.9  Dolomite Dol 22.9  

South Seal Sphalerite Sph3 30.0  Dolomite Dol 24.0  

South Seal Sphalerite Sph3 27.5  Dolomite Dol 24.5  

South Seal Sphalerite Sph3 29.3  Dolomite Dol 23.0  

South Seal Sphalerite Sph3 27.1  Dolomite Dol 23.4  
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South Seal Sphalerite Sph3 26.8  Dolomite Dol 22.7  

South Seal Sphalerite Sph3 26.3  Dolomite Dol 23.4  

South Seal Sphalerite Sph3 27.8  Dolomite Dol 20.5 

South Seal Sphalerite Sph3 28.5  Dolomite Dol 21.5 

South Seal Sphalerite Sph3 27.3  Dolomite Dol 20.3 

South Seal Sphalerite Sph3 27.6  Dolomite Dol 21.1 

South Seal Sphalerite Sph3 30.0  Dolomite Dol 23.7 

South Seal Sphalerite Sph3 31.2  Dolomite Dol 23.1  

South Seal Sphalerite Sph3 31.2  Dolomite Dol 22.7  

South Seal Pyrite Py1 33.5  Dolomite Dol 23.3  

South Seal Pyrite Py1 30.9  Dolomite Dol 21.9  

South Seal Pyrite Py1 31.6  Dolomite Dol 24.6  

South Seal Pyrite Py1 31.5  Dolomite Dol 23.3  

South Seal Pyrite Py1 30.3  Dolomite Dol 23.5  

South Seal Pyrite Py1 31.6  Dolomite Dol 24.0  

South Seal Pyrite Py1 31.1  Calcite C1 20.7 

South Seal Pyrite Py1 30.7  Calcite C1 19.2 

South Seal Pyrite Py1 29.5 Calcite C1 13.4 

South Seal Pyrite Py1 30.3 Calcite C1 15.3 

South Seal Pyrite Py1 30.6 Calcite C1 13.8 

South Seal  

 

 Calcite C1 15.9 

South Typhoon    Dolomite Dol 20.5  

South Typhoon    Dolomite Dol 19.7  

South Typhoon    Dolomite Dol 19.9  

South Typhoon    Dolomite Dol 20.2  

South Typhoon    Dolomite Dol 20.6  

South Typhoon    Dolomite Dol 25.8  
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South Typhoon  

 

 Dolomite Dol 24.5  

South Typhoon  

 

 Dolomite Dol 26.4  

South Typhoon  

 

 Dolomite Dol 23.5  

South Typhoon  
 

 Dolomite Dol 26.2  

South Typhoon  

 

 Dolomite Dol 25.5  

South Typhoon  

 

 Dolomite Dol 23.8  

South Typhoon  
 

 Dolomite Dol 23.9  

South Typhoon  

 

 Calcite C1 21.0  

South Typhoon  

 

 Calcite C1 16.3  

South Typhoon  

 

 Calcite C1 19.2  

South Typhoon  

 

 Calcite C1 19.3  

South Typhoon  
 

 Calcite C1 21.1  
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Table 2-3: REE+Y values of carbonate gangue minerals 

Summary of the averaged geochemical data (reported in ppm) of the different carbonate stages in mineralization. CeN* = 

0.5*(LaN+PrN); PrN* = 0.5*(CeN+NdN); EuN* = (2/3)*SmN+(1/3)*TbN 

Region West West West North North North North North North North Central Central Central 

Showing Harrison Harrison Harrison Schiells Schiells Schiells Schiells Dundas Dundas Dundas Eclipse Eclipse Eclipse 

Stage Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol 

Mn 320 400 180 960 440 1100 780 940 1600 2600 500 760 730 

Fe 180 110 140 5400 2300 5400 4400 2100 1400 19000 5500 2300 3500 

Sr 43.7 46.9 49.6 64.6 38.8 56.8 35.5 95.5 92.6 54.3 32.1 77.5 64.6 

La 0.59 1.19 0.99 1.61 1.62 1.77 2.19 12.40 7.08 10.20 3.45 3.95 3.92 

Ce 0.91 2.64 1.11 3.68 3.37 3.60 4.52 18.30 11.30 23.50 8.70 8.24 7.77 

Pr 0.15 0.40 0.21 0.35 0.31 0.36 0.49 1.70 1.10 1.90 1.0 0.77 0.82 

Nd 0.71 1.60 0.94 1.37 1.25 1.48 1.66 6.13 3.66 6.88 3.90 2.94 2.94 

Sm 0.15 0.29 0.20 0.27 0.21 0.28 0.34 0.81 0.49 1.05 0.67 0.57 0.53 

Eu 0.020 0.050 0.050 0.060 0.030 0.060 0.040 0.350 0.200 0.320 0.100 0.100 0.110 

Gd 0.20 0.30 0.24 0.28 0.17 0.30 0.27 0.77 0.47 0.99 0.49 0.50 0.50 

Tb 0.024 0.042 0.036 0.036 0.028 0.038 0.046 0.081 0.055 0.120 0.070 0.087 0.086 

Dy 0.178 0.352 0.220 0.222 0.219 0.254 0.311 0.454 0.353 0.680 0.390 0.487 0.575 

Y 1.8 2.8 2.5 1.6 1.3 1.7 2.0 3.9 2.9 5.0 2.0 3.1 3.8 

Ho 0.033 0.083 0.045 0.054 0.038 0.051 0.058 0.082 0.068 0.120 0.074 0.100 0.140 

Er 0.116 0.293 0.146 0.140 0.131 0.124 0.210 0.216 0.193 0.311 0.189 0.285 0.375 

Tm 0.015 0.035 0.019 0.014 0.010 0.017 0.023 0.022 0.021 0.034 0.022 0.037 0.051 

Yb 0.060 0.225 0.084 0.120 0.112 0.104 0.183 0.144 0.132 0.186 0.144 0.214 0.357 

Lu 0.008 0.033 0.014 0.012 0.012 0.015 0.027 0.018 0.016 0.023 0.019 0.032 0.052 

EREE 4.95 10.31 6.76 9.82 8.84 10.19 12.36 45.31 27.93 51.28 21.23 21.39 21.97 

Ce/Ce* 0.73 0.91 0.58 1.20 1.10 1.10 1.10 0.93 0.97 1.30 1.10 1.10 1.00 

Pr/Pr* 1.0 1.1 1.1 0.9 0.9 0.9 1.0 0.9 0.9 0.8 1.0 0.9 1.0 

Eu/Eu* 0.9 1.0 1.2 1.3 0.9 1.2 0.7 2.6 2.4 1.8 0.9 1.0 1.0 

Y/Ho 54 34 55 30. 35 34 35 47 42 41 27 30. 28 
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Region Polaris East East East East East East South South South South South South 

Showing Polaris Rookery Rookery Snowblind Snowblind Snowblind Snowblind Seal Seal Seal Seal Typhoon Typhoon 

Stage Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol Dol 

Mn 440 590 430 140 150 120 130 620 560 560 640 130 85 

Fe 1700 13000 14000 1600 2200 2700 790 2800 2800 2900 2600   
Sr 55.4 24.3 48.6 39.1 45.4 38.1 33.0 18.8 20.4 18.7 20.9 44.6 47.5 

La 3.04 0.74 1.36 1.29 1.53 1.17 1.08 9.66 8.55 11.70 9.15 4.54 9.05 

Ce 5.49 1.80 3.35 1.97 2.51 1.78 1.50 19.40 17.70 24.10 19.30 8.06 14.80 

Pr 0.57 0.26 0.36 0.24 0.30 0.20 0.18 2.00 1.80 2.30 2.00 0.60 1.10 

Nd 2.16 1.21 1.45 0.94 1.21 0.84 0.69 6.98 6.33 8.23 7.13 2.02 3.80 

Sm 0.35 0.33 0.31 0.19 0.25 0.20 0.13 0.93 0.83 1.10 1.02 0.29 0.49 

Eu 0.080 0.030 0.070 0.040 0.060 0.040 0.030 0.150 0.140 0.190 0.160 0.060 0.120 

Gd 0.30 0.33 0.31 0.22 0.27 0.23 0.15 0.67 0.58 0.80 0.76 0.28 0.44 

Tb 0.034 0.051 0.045 0.030 0.036 0.031 0.022 0.076 0.070 0.086 0.086 0.033 0.051 

Dy 0.198 0.261 0.295 0.192 0.234 0.203 0.163 0.430 0.417 0.487 0.467 0.207 0.299 

Y 1.2 1.2 1.7 2.2 2.5 2.0 1.9 2.4 2.3 2.5 2.5 1.4 2.1 

Ho 0.034 0.052 0.058 0.040 0.047 0.041 0.035 0.074 0.066 0.079 0.080 0.038 0.053 

Er 0.091 0.157 0.184 0.118 0.144 0.113 0.096 0.200 0.172 0.202 0.208 0.112 0.139 

Tm 0.010 0.023 0.024 0.014 0.018 0.012 0.011 0.017 0.018 0.020 0.020 0.014 0.013 

Yb 0.057 0.185 0.181 0.088 0.123 0.073 0.066 0.105 0.110 0.130 0.139 0.084 0.091 

Lu 0.008 0.025 0.028 0.011 0.016 0.009 0.009 0.015 0.019 0.018 0.018 0.012 0.013 

EREE 13.63 6.66 9.76 7.53 9.21 6.94 6.04 43.12 39.13 51.91 43.04 17.78 32.64 

Ce/Ce* 1.0 0.97 1.2 0.86 0.88 0.87 0.80 1.1 1.1 1.1 1.1 1.1 1.1 

Pr/Pr* 0.93 0.96 0.91 0.98 0.98 0.94 1.0 0.98 0.98 0.91 0.96 0.82 0.83 

Eu/Eu* 1.4 0.41 1.1 1.2 1.2 1.0 1.1 1.1 1.1 1.1 1.0 1.3 1.5 

Y/Ho 36 23 30. 54 53 49 53 33 34 32 31 38 40. 
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Region South South West North North East Centre South      
Showing Typhoon Typhoon Harrison Dundas Trigger Rookery Truro Typhoon      

Stage Dol Dol Cal1 Cal1 Cal1 Cal1 Cal1 Cal1      
Mn 420 290 38 550 1300 350 82 110      

Fe   160 120 180 130 87 11000      
Sr 42.4 31.7 785.0 74.8 86.3 94.8 399.0 16.0      
La 7.59 4.47 3.72 0.73 1.99 2.35 0.24 4.69      

Ce 13.40 8.47 7.53 1.37 4.88 4.64 0.62 8.62      
Pr 1.30 0.81 0.97 0.17 0.70 0.55 0.08 0.84      
Nd 4.84 2.91 3.85 0.64 3.60 2.30 0.32 2.95      

Sm 0.77 0.37 0.84 0.12 1.10 0.47 0.06 0.39      

Eu 0.170 0.080 0.190 0.030 0.290 0.110 0.010 0.080      
Gd 0.75 0.29 0.91 0.11 1.80 0.58 0.08 0.31      

Tb 0.095 0.038 0.150 0.015 0.290 0.089 0.012 0.040      
Dy 0.562 0.232 1.010 0.099 1.910 0.626 0.073 0.251      
Y 3.4 1.4 8.8 0.8 12.0 4.8 0.5 1.5      

Ho 0.110 0.047 0.210 0.020 0.340 0.140 0.014 0.050      

Er 0.292 0.131 0.578 0.057 0.915 0.452 0.039 0.143      

Tm 0.036 0.019 0.070 0.007 0.100 0.061 0.006 0.020      
Yb 0.218 0.138 0.401 0.050 0.688 0.411 0.032 0.149      
Lu 0.031 0.023 0.048 0.007 0.084 0.065 0.005 0.022      

EREE 33.62 19.45 29.23 4.21 30.62 17.65 2.06 20.10      
Ce/Ce* 1.0 1.1 1.0 0.9 1.0 1.0 1.1 1.0      

Pr/Pr* 0.9 0.9 1.0 1.0 0.9 1.0 1.0 0.9      

Eu/Eu* 1.3 1.2 1.2 1.4 1.1 1.1 1.2 1.3      

Y/Ho 32 30 42 39 35 35 34 31      
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Table 2-4: Trace element composition of sphalerite 

Trace element content measured by LA ICP-MS for sphalerite from representative showings 

throughout the district. 

Region Showing Stage 

Mn 
(ppm) 

Fe 
(ppm) 

Co 
(ppm) 

Cu 
(ppm) 

Ga 
(ppm) 

Ge 
(ppm) 

Se 
(ppm) 

Mo 
(ppm) 

Ag 
(ppm) 

Cd 
(ppm) 

In 
(ppm) 

Sn 
(ppm) 

Pb 
(ppm) 

Bi 
(ppm) 

Central Polaris Sph1 100 12000 0.70 75 4.9 57 11 0.86 48 1600 0.009 0.22 3100 0.021 

Central Polaris Sph2 69 7100 0.45 52 3.2 61 11 0.77 48.0 1600 0.008 0.23 1500 0.023 

Central Eclipse Sph2 110 7400 0.73 250 4.4 87 6 0.30 15.0 1400 0.079 0.19 2600 0.018 

North Dundas Sph2 88 49000 0.87 51 2.1 610 20. 0.79 1.6 440 b.d. 0.49 1300 0.013 

West Harrison Sph3 56 320000 0.08 1.3 2.1 110 3 0.26 0.1 1100 b.d. 0.17 2100 0.015 

North Dundas Sph3 8 4600 1.60 1100 180.0 110 14 0.96 6.4 7400 0.140 0.42 280 0.013 

North Trigger Sph3 7 2500 3.80 280 8.4 1 2 0.10 100.0 1400 0.440 0.74 120 0.008 

East Snowblind Sph3 b.d. 840 1.20 29 17.0 21 13 0.78 53.0 2100 b.d. 0.09 27 0.009 

East Rookery Sph3 9 4900 0.45 86 38.0 64 3 0.17 9.1 2200 0.077 0.30 65 0.008 

South Seal Sph3 11 54000 0.10 4.8 0.3 110 3 0.09 240.0 1800 0.100 0.19 10 0.009 

Central Polaris Sph3 35 2600 0.64 170 13.0 15 11 0.80 160.0 3300 0.013 0.23 360 0.026 

Central Eclipse Sph3 11 1600 1.20 130 1.8 32 6 0.27 92.0 2000 b.d. 0.14 130 0.013 
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Abstract 

The metallogenetically important Cornwallis Zn district, in Canada’s Arctic islands, includes the 

past-producing Polaris mine and numerous base-metal showings, including Storm copper. Storm 

is unusual because it is near the southern limit of the district, is Cu- versus Zn-dominated, is 

overlain and underlain by red sandstone, and is hosted by Silurian strata (rather than Ordovician 

strata, as at Polaris). Mineralisation styles are primarily carbonate replacement and breccia, and 

consist of geerite, covellite, bornite, and chalcopyrite, all of which are associated with calcite and 

dolomite gangue. Multiple in situ micro-analytical techniques (fluid inclusion 

microthermometry, evaporate mound SEM-EDS, LA ICP-MS, SIMS), plus conventional Cu 

isotopic analysis were integrated to characterise the nature of the mineralising fluids and events. 

Fluid inclusions yielded low-temperature (Th < 130°C), moderate- to low-salinity (17.0 to 0.4 wt. 

% NaCl equiv.) fluids. Evaporate mound SEM-EDS analysis, which quantified the solute 

mailto:*jy_mathieu@laurentian.ca
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chemistry, show a change from bimodal Na- and Na+K-dominated fluid mixture to a Na+K-

dominated fluid. The δ18OH2O signature of the mineralising fluid involved reservoirs reflecting 

involvement of meteoric (<0‰) and rock-equilibrated (8‰) fluids, respectively. The δ34S values 

are nearly homogeneous for pre-ore and second generation sulphides at 0‰ and 10‰, 

respectively, whereas the third generation (recrystallised) sulphides are more variable, with 

values from 8.8 to 23.4‰. The majority of Cu sulphides have δ65Cu values near 0‰, but second-

generation chalcopyrite shows elevated δ65Cu values from +1.31‰ in the north to +3.44 ‰ in 

the south, suggesting a probable southward fluid flow. Positive Eu PAAS-normalised anomalies 

in early dolomite cements, which indicate basement involvement, are absent in succeeding 

cements, suggesting a change in fluid pathways and hence the mineralogical nature of the 

reservoir. Negative CeSN anomalies in main-stage calcite cement indicate an oxidised fluid, but 

the lack of similar Ce anomalies in the dolomite cements indicates reduced fluids. These data 

suggest that Storm copper mineralisation is related to basement-equilibrated fluids mobilised 

during the Ellesmerian orogeny (Devonian), which acquired heat and leached Cu from 

underlying Proterozoic red sandstone (Aston Formation) and were then focussed up faults where 

Cu sulphides precipitated. Prolonged meteoric fluid movement from the north, with intermittent 

episodes of basin-equilibrated fluid influx, produced hypogene and supergene mineralisation. 

Fluid movement resumed in the Cenozoic, when high-latitude fluids altered Cu minerals to 

atacamite. Storm copper mineralisation shares characteristics with both red-bed and Irish-type 

Cu deposit sub-types, but may also highlight a relationship with carbonate-replacement Zn-Pb 

deposits. Timing of mineralisation is comparable to that of Zn ore precipitation at Polaris, 

suggesting that Storm may be an integral part of the Cornwallis district, in spite of its unusual 

composition. 
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Keywords: Carbonate-hosted copper deposit, Arctic Canada, fluid inclusions, stable 

isotopes, REE geochemistry, geerite 

 

3.1 Introduction 

The Canadian Arctic once had two world-class carbonate-hosted Zn-Pb mines: Polaris (Little 

Cornwallis Island; mid-late Paleozoic mineralisation age; Christensen et al., 1995) and Nanisivik 

(Baffin Island; Mesoproterozoic mineralisation age; Hnatyshin et al., 2016; Fig. 1). Multiple Zn 

and Pb showings are associated with each of these mines (Dewing et al., 2007b), but Cu is 

scarce. The most conspicuous Cu site (Storm) is hosted in mid-Paleozoic carbonate rocks in a 

narrow, northwest-trending graben system (Aston-Batty line; Dewing et al., 2007a) on central 

Somerset Island (Fig. 2). Western Somerset Island is known to be underlain by Mesoproterozoic 

strata that are putatively equivalent to “rift”-related strata of the Borden basin on nearby northern 

Baffin Island (Fig. 1). 

Sedimentary-rock-hosted Cu deposits are, along with porphyry Cu deposits, the most 

economically significant base-metal deposits globally because of the central African copperbelt 

(approximately 190 Mt Cu; Hitzman et al., 2005; Selley et al., 2005). Sub-types of these 

sedimentary-rock-hosted deposits arise from variability in host rock and reductant types, as well 

as different temporal relationships to volcanic activity. Kupferschiefer-type deposits (e.g., 

Jowett, 1986) are hosted in reduced, shallow-marine sedimentary rocks overlying oxidised, 

hematite-bearing, coarse-grained, continental siliciclastic rocks (Hitzman et al., 2005). Red-bed 
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type deposits (e.g., Kennecott; Bateman and McLaughlen, 1920) are in reduced, continental 

siliciclastic rocks in a red-bed succession with mineralisation localised to the interface between 

reduced and oxidised strata (Hitzman et al., 2005).  

The most unusual aspect of the Storm copper showing is its regional setting in a carbonate-

replacement Zn district and the host rock that differs from the rest of the district (Dewing et al., 

2007a). Drilling provided significant intersections in several zones (Fig. 2B): 110 m of 2.45% Cu 

(2750N), 49 m of 1.79% Cu (2200N), and 16 m of 3.07 % Cu (4100n). This showing also has 

characteristics of each of the deposit sub-types previously mentioned. Thus this significant 

occurrence of this unusual Cu mineralisation is important because it may relate sedimentary-

rock-hosted stratiform Cu deposits to carbonate-hosted Zn-Pb deposits.  

This paper contributes to the current understanding of carbonate-hosted Cu mineralisation. 

Archived material from past drilling programs (section 3.1) formed the basis of the present study, 

with mineralised samples used for a multi-analytical investigation (petrography, SEM-EDS, fluid 

inclusions, evaporate mound analysis, LA-ICP-MS, O and S isotope analysis with SIMS, and Cu 

isotopes). These data were used to constrain the evolution of the mineralising fluid(s) and are 

used to interpret the origin of the deposit. Integration of these complementary techniques has 

been successful in other recent studies that unravelled complex fluid histories in comparable 

sedimentary settings (Hahn, 2016; Hahn et al., 2018; Mathieu et al., 2015, 2013).  
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3.2 Geological history 

3.2.1 Tectonic framework 

Rocks of the Canadian Arctic archipelago have undergone repeated tectonic activity since the 

Proterozoic. Late Mesoproterozoic assembly of Rodinia (Li et al., 2008) left a sedimentary 

record of base-metal-hosting intracratonic rift-basins in northern Laurentia that developed as a 

result of orogenic far-field stress (the “Bylot basins”; Fig. 1; Fahrig et al., 1981; Turner et al., 

2016). During and after deposition of the Paleozoic “Arctic platform”, multiple Phanerozoic 

orogenic events took place, including the Caledonian (Late Silurian; Miall, 1986; Morris et al., 

2005; Oliver, 2001), Ellesmerian (Late Devonian; (Embry, 1991a), and Eurekan (Cretaceous-

Oligocene; Kerr, 1967; Piepjohn et al., 2016; Tegner et al., 2011) orogenies, as well as extension 

during the development of the Sverdrup basin (Early Carboniferous; Davies and Nassichuk, 

1991). 

Both Proterozoic and Phanerozoic strata and tectonic events may be relevant to Paleozoic-hosted 

base-metals of the southern Cornwallis district (central Arctic islands; Fig. 1). Mesoproterozoic 

development of the Bylot ‘rift’ basins (Fig. 1) was associated with repeatedly reactivated 

northwest-trending fault systems (Jackson and Cumming, 1981; Dewing et al., 2007b), and host 

the Nanisivik deposit and associated Zn and Cu showings (Hnatyshin et al., 2016; Turner, 2011). 

Somerset Island exposes Mesoproterozoic strata of the Aston-Hunting basin, as well as vestiges 

of lineaments in Phanerozoic strata that are co-linear with basin-bounding faults in the nearby 

Borden basin (north Baffin Island; Fig. 1). There is no known record of Neoproterozoic 

sedimentation or tectonism in the area. 
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Collision of Laurentia with Baltica in the Silurian resulted in the Caledonian orogeny, producing 

far-field compressional effects in the central Canadian Arctic islands, known as the “Boothia 

uplift” (Kerr and Christie, 1965; Miall, 1986; Morris et al., 2005; Oliver, 2001), a north-trending 

structure that stretches from the mainland to Devon Island (Fig. 1). The Boothia uplift was 

important to development of the Cornwallis Zn district, including the Polaris Zn-Pb deposit 

(Dewing et al., 2007a; Jober et al., 2007; Turner and Dewing, 2004). 

In the Late Devonian, an unknown landmass to the north (present-day orientation) collided with 

Laurentia to cause the Ellesmerian orogeny (Embry, 1991a), producing a south-moving 

deformation front that had structural effects as far south as Melville, Bathurst, and Cornwallis 

islands (Fig. 1; Okulitch et al., 1991). No structures related to this orogen are known south of 

Barrow Strait. The foreland basin adjacent to the orogen covered most of the present-day central 

and southern islands, and locally reached 9 km thickness (Dewing and Obermajer, 2009; Embry, 

1991a; Miall, 1976). Ellesmerian stress, combined with inherited structures of the Boothia uplift, 

mobilised and focussed mineralising fluids in the Cornwallis Zn-Pb district (Dewing et al., 

2007a; Jober et al., 2007; Turner and Dewing, 2004). 

The Sverdrup basin (northern Arctic islands) was initiated by extension (Forsyth et al., 1979) 

following the Ellesmerian orogeny in the Early Carboniferous (Davies and Nassichuk, 1991). 

The basin was the main regional depocentre during most of its history (Carboniferous to Eocene; 

Embry, 1991b). Multiple salt-cored anticlines, flood basalts, and dykes formed in this basin 

(Dewing et al., 2007b; Embry, 1991b). 
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During multi-stage deformation in the Eocene, compression (northern islands) and extension 

(southern islands) resulted in the Eurekan orogeny and opening of Baffin Bay, respectively 

(Kerr, 1967; Okulitch and Trettin, 1991; Piepjohn et al., 2016; Tegner et al., 2011). Somerset 

Island, in the southernmost Cornwallis district, contains subtle expressions of most of these 

events, from Mesoproterozoic to Eocene. 

 

3.2.2 Regional Geology 

 Archean quartzo-feldspathic and mafic gneisses from the amphibolite-granulite facies of the Rae 

province on Somerset Island are overlain by the Mesoproterozoic Aston and Hunting formations 

(Brown et al., 1969). The Aston Formation consists of red sandstone cross-cut by Neoproterozoic 

diabase sills (Dixon et al., 1971; Tuke et al., 1966; Jones and Fahrig, 1978) presumed to be 

related to the Mackenzie igneous event (~1270 Ma). The combined thickness of Aston 

Formation and contained sills is 1.1 km. The overlying Hunting Formation, deposited between 

1270 and 723 Ma (cross-cutting dyke ages; Dixon, 1974; Heaman et al., 1992; Mayr et al., 

2004), is 1.3 km of marine dolostone (Dixon, 1974; Tuke et al., 1966).  The Hunting Formation 

is presumed to be related to similar strata in the nearby Borden basin (ca. 1.1 Ga; Jackson and 

Iannelli, 1981).  

Approximately 3 km of predominantly dolomitic Paleozoic strata unconformably overlie the 

Proterozoic units (Miall and Kerr, 1980, 1977): the Cambro-Ordovician Turner Cliffs Formation; 

Ordovician Ship Point, Bay Fiord, Thumb Mountain, and Irene Bay formations; and Silurian 
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Allen Bay, Cape Storm, Douro, Read Bay, Somerset Island, and Peel Sound formations (Fig. 2, 

3; (Miall and Kerr, 1980, 1977). The Bay Fiord Formation is interbedded finely crystalline, 

partly argillaceous dolostone, shale, and anhydrite (Miall and Kerr, 1980). The Thumb Mountain 

Formation, host-rock of the Polaris zinc-lead deposit on Little Cornwallis Island (Dewing et al., 

2007a), consists of fossiliferous carbonate rock (Miall and Kerr, 1980). The Irene Bay Formation 

consists of interbedded argillaceous limestone and shale (Miall and Kerr, 1980)  that was 

probably deposited in a deep subtidal environment (Stewart, 1983). The Allen Bay Formation, 

which hosts the Storm orebodies and unconformably overlies various older Paleozoic strata 

consists of buff dolostone that is organic- and pyrite-poor, commonly bioclastic, stromatolitic, 

and interlayered with evaporites at the top of the formation. The Allen Bay Formation is overlain 

by argillaceous, silty carbonate of the Cape Storm Formation (Mayr et al., 2004). The Late 

Silurian Somerset Island and Peel Sound formations are clastic wedge deposits associated with 

uplift of the Boothia uplift in the Late Silurian and have conspicuous red clastic members (Miall 

et al., 1978). Preserved in some grabens, the Eureka Sound Formation (Tertiary) has a thickness 

up to 300 m (Miall and Kerr, 1977). 

 

3.2.3 Local geology of the Storm showing  

Storm is located in one of several northwest-trending grabens on northwestern Somerset Island 

(Fig. 2). Outcrops are minimal, with surface expressions of mineralisation limited to felsenmeer, 

rubble, gossans, and malachite staining. Except for a few mineralised float samples, all of the 

material studied is from drill-core.  
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Cominco Ltd. (Teck Resources Ltd.), who worked at the site from 1964 to 2007, informally 

divided the Allen Bay Formation into three members (Fig. 3): varied stromatoporoid (VSM), 

brown dolopackstone and dolofloatstone (BPF), and alternating dolomudstone and 

dolowackestone (ADMW).  

The VSM consists of interbedded dolofloatstone and dolorudstone with stromatoporoid 

boundstone/framestone; three distinctive marker units are identified by reef and ooid lithofacies 

and skeletal hash layers. 

The BPF consists of medium- to dark brown, fossiliferous dolopackstone and dolowackestone 

with chert nodules at two levels. The base of the BPF is where buff stromatoporoid facies (VSM) 

first appear. 

The ADMW consists of alternating dolomitic mudstone and grey, silty dolostone. 

Copper mineralisation is present in four zones (2200N, 2750N, 3500N, and 4100N) in the Allen 

Bay Formation near the contact with the overlying Cape Storm Formation (Figs. 2B, 3). Little to 

no mineralisation is present in the Cape Storm Formation, but local veins are present in the 

overlying Douro Formation. The size and geometry of the orebodies are at present not clearly 

defined, but surface expressions of mineralisation trend parallel to faults and lineaments. 

In general, mineralisation consists of carbonate replacement in the Allen Bay Formation, but also 

includes vein, disseminated, stringer, and breccia types (Fig. 4). The overlying Douro Formation 
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contains less mineralisation, primarily as stringers and disseminated sulphides; little 

mineralisation is present in the Cape Storm Formation. The main replacement-style 

mineralisation is hosted by the BPF, whereas breccia and vein-type mineralisation are dominant 

in the ADMW; various mineralisation types are present in the basal VSM (Fig. 4). The ore 

mineralogy (see 4.1) does not seem to be controlled by the host unit. Most mineralisation is 

associated spatially with graben faults near the contact of Allen Bay and Cape Storm formations. 

A crude vertical zonation of minerals is present, as well as a general horizontal zonation. Within 

each ore zone, the deepest mineralisation is typified by the predominance of geerite, followed 

upward by bornite- and chalcopyrite-geerite-dominated zones. Native Cu is present locally in all 

the ore zones. Bornite and chalcopyrite are more prominent in the southern part of the graben 

(2750N) versus the northern (4100N) and western (3500N) zones. Malachite is present in all ore 

zones, but cuprite and atacamite are apparently exclusive to the 3500N ore zone. 

 

3.3 Materials and methods 

3.3.1 Sample locations 

Core samples of representative mineralisation from the 2750N, 3500N, and 4100N zones (Figs. 2 

and 4) include material from each informal member.  
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3.3.2 Petrography and SEM 

Transmitted and reflected light petrography was undertaken on 30 polished thin sections (30 μm 

thickness) using an Olympus BX-51 petrographic microscope equipped with a Q-Imaging digital 

capture system at Laurentian University (Sudbury, Ontario). Imaging and analysis of sections 

was done using a JEOL 6400 SEM fitted with an Oxford INCA EDS detector at Laurentian 

University using the following operating conditions: accelerating voltage of 20 kV, beam current 

of 1.005 nA, and 5-second counting time. 

 

3.3.3 Fluid inclusion microthermometry 

Fluid inclusion petrographic studies and microthermometry were performed using 100-μm-thick, 

doubly polished thin sections. Fluid inclusion classification (i.e., primary, pseudosecondary, 

secondary) followed the protocol of Goldstein and Reynolds (1994) using their concept of fluid 

inclusion assemblages (FIA). Microthermometric analysis was done using a Linkham 

THMSG600 heating-freezing stage with an automated controller unit and Olympus BX-51 

microscope equipped with a Q-Imaging digital capture system at Laurentian University. The 

heating-freezing stage was calibrated using synthetic fluid inclusions. Inclusion salinity was 

determined using the final melting temperature of ice (Tm(ice)) for aqueous inclusions and tables 

in Bodnar (1993). Repeated runs for Th and Tm(ice) were made on inclusions in FIAs to ensure 

that the measurements were reproducible (i.e., < 2°C and < 0.2°C, respectively).  
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3.3.4 Evaporate mound SEM-EDS 

The solute chemistry of fluid inclusions was determined using the evaporate mound method 

(Haynes et al., 1988; Kontak, 2004), with two variants of sample preparation for evaporate 

mound production and analysis. Both methods involved rapid heating (100°C/min) of samples to 

350°C to induce fluid inclusion decrepitation, with samples then kept at this temperature for >2 

minutes to ensure optimal evaporate mound production (Haynes and Kesler, 1987). Chips that 

had two or more inseparable minerals were decrepitated and their evaporate mounds were 

analysed on the chip to identify which mounds belonged to which mineral. Mound composition 

was calculated by subtracting the substrate’s composition, in this case Ca and Mg from the host 

dolostone, from the measured mound composition. To remove the influence of the carbonate 

host mineral on SEM-EDS analysis of the evaporate mounds, fluid inclusion chips of a single 

carbonate mineral were also placed on a Fisher brand microscope cover glass and heated to 

produce decrepitation; after cooling, the chip was removed, leaving the debris and evaporate 

mounds on the cover glass. For some samples, evaporate mounds on both the chip and cover 

glass were analysed for reliability. The cover glass used was not pure silica, but contained small 

but consistent amounts of Na and K, in which case mounds analysed on the glass subsequently 

had the glass composition subtracted from their measured compositions. 

The JEOL 6400 SEM-EDS system was used to image and analyse samples and evaporate 

mounds. With a voltage of 20 kV, the minimum detection limit for most elements was 

approximately 0.2 wt. %. Because in situ fractionation of evaporate phases can occur during 
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inclusion decrepitation and subsequent mound formation (Haynes et al., 1988; Kontak, 2004), 

rastering of the entire mounds for 5 seconds was done to provide an average composition, 

thereby minimising any fractionation effects. 

  

3.3.5 Secondary ion mass spectrometry (SIMS) 

Samples with the appropriate paragenetic minerals were selected for in situ O (carbonates) and S 

(sulphides) isotopic analysis using a secondary ion mass spectrometer (SIMS) at the University 

of Manitoba (Winnipeg, Manitoba). Samples were polished and cleaned in a series of sonic baths 

and were then sputter-coated with a thin Au coating. Ion detection was done on a Balzers SEV 

1217 electron multiplier coupled with an ion-counting system. The instrument operated with a 20 

μm sputtering diameter, a 300 V sample offset, a -9 keV secondary accelerating voltage, a 247 

μm slit, an 18 ns dead time, and a mass resolving power of 347. Oxygen isotopes were analysed 

using a 2 nA Cs+ electron gun accelerated at 10 kV. Standards used were calcite (Joplin; Mahon 

et al., 1998), dolomite (Brumado; Plummer, 2006), pyrite (Balmat; Crowe and Vaughn, 1996), 

and chalcopyrite (Trout Lake; Crowe and Vaughn, 1996). The relevant standards were analysed 

multiple times during the sessions for precision assessment. The data are reported as δ18O 

(SMOW) and δ34S (CDT) in per mil (‰), with errors of 1.2‰ and 0.3‰ for O and S, 

respectively. Spot-to-spot reproducibility on the respective standards for calcite, dolomite, pyrite, 

and chalcopyrite were 0.4‰, 0.6‰, 0.2‰, and 0.3‰, respectively.  
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3.3.6 Copper isotopes 

Copper minerals were chosen that lacked oxidative rims, and larger masses of non-weathered Cu 

were chosen for analysis because oxidation of Cu minerals can change the Cu isotope value 

(Mathur et al., 2014, 2005). Approximately 0.05 g of Cu minerals was dissolved in 4 ml of 

heated ultrapure aquaregia. Copper was purified using the ion exchange chromatography 

described in Mathur et al. (2009) and with isotopic analysis, which was determined using the 

Neptune multi-collector at Pennsylvania State University (Pennsylania, USA), similar to that 

presented in Mathur et al. (2009, 2005). Samples were corrected for mass bias by bracketing with 

NIST 976 standard. Samples are reported as δ65Cu as per mil (‰) variations compared to NIST 

976. Reported values are an average of 1 block of 30 ratios measured at separate times in the 

analytical session. An in-house standard (USA penny from 1838, as reported in Mathur et al., 

2009) was interleaved throughout the session with analysis yielding an average δ65Cu = -

0.04±0.07‰ (n=5); this value overlapped with results of previous values reported. The error of 

the NIST 976 bracketed by itself throughout the measuring session varied by 0.09‰ (2σ). This is 

considered the error for analysis reported here, because none of the replicates fell outside the 

reported errors. 

 

3.3.7 LA ICP-MS 

Trace and rare-earth (REE) elements were analysed using a Resonetics RESOlution M-50, ArF 

excimer laser with a 193 nm wavelength and two-volume chamber (Laurin Technic) coupled to a 
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Thermo X Series II (quadrupole) ICP-MS at Laurentian University. Samples were identified 

through petrography and SEM-EDS imaging and analysis. Internal standards depended on the 

mineral analysed and were chosen based on SEM-EDS analysis. A combination of NIST 610, 

612, and BHVO2G glass and MASS compressed puck were used as external standards. Analyses 

were performed using a beam size that ranged from 15 μm to 124 μm, depending on the size of 

the minerals analysed, with the following operating conditions: 5 Hz and 7 J/cm2, 650 ml/min 

He, 700 ml/min Ar, and 6 ml/min N2. Accuracy was typically <10% error, with the HREE at 

~20% error. Precision error is estimated to be typically <10% for trace elements.  

 

3.4 Results 

3.4.1 Mineral paragenesis 

Mineral paragenesis, (Fig. 5) was established based on examination of hand samples, transmitted 

and reflected light microscopy, and SEM-EDS imaging and analysis. Three distinct stages are 

present: pre-ore, main-stage, and post-ore. The main stage is complicated, and could be 

subdivided into a more complex assemblage of sub-stages, given that there is an apparent 

mixture of deposition from fluids of varied origins (see discussion). 
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3.4.1.1 Pre-ore stage: 

The pre-ore stage is characterised by chalcopyrite, pyrite, and marcasite, with dolomite gangue. 

Dolomite 1 (D1) is present as both pore- and vein-filling cement. The crystals are euhedral where 

pore-filling, but anhedral where vein-filling, and typically progress from inclusion-rich cores to 

relatively inclusion-poor margins (Fig. 6A). Early pyrite (Py1) is large (up mm scale) with both 

euhedral and anhedral crystals and later marcasite pseudomorphs. Both of these iron sulphide 

minerals are commonly fractured and replaced by Cu sulphides (Fig. 6B). The earliest 

chalcopyrite (Cpy1) is massive, non-porous, associated with D1, and replaces dolostone, but is 

also locally void-filling (Fig. 6C).  

3.4.1.2 Main stage: 

Main stage mineralisation included precipitation of various Cu (geerite and covellite), Cu-Fe 

(bornite and chalcopyrite), and Fe sulphides (pyrite), with calcite, dolomite, and quartz as 

gangue. Early calcite (C1) is anhedral, replaces dolomite along its margins, and is intergrown 

with Cu sulphides (Fig 6E, 7I), although its presence is limited to a few samples. Later-stage 

calcite (C2) is anhedral, coarsely crystalline pore-filling cement with few mineral and fluid 

inclusions. This cement has embayed contacts with D1 (Fig. 6A) and sharp contacts with bornite. 

Quartz is present as euhedral and anhedral pore fillings and vein cements (Fig. 6G) and locally as 

silicified dolostone; it contains few fluid inclusions. Second-generation dolomite (D2) cement is 

coarse, anhedral to euhedral void-filling saddle dolomite, typically densely populated by fluid 

inclusions (Fig. 6L), and exhibits undulatory extinction. 
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Second-stage pyrite (Py2) commonly forms a halo of crystals radiating from Py1 (Fig. 7F), 

whereas later Py3 forms euhedral crystals with sharp boundaries against Cu sulphides. 

Geerite, present in two stages (G1, G2), is recognised in reflected light by its pale grey-blue 

colour and isotropy. It is present as disseminations replacing carbonate, and also as vein- and 

void-fill in all three mineralised zones (Figs. 4, 6D, E, F, G, M, N). G1 has sharp contacts with 

calcite (C1) cement (Fig. 6E) and is coeval with Py2. This generation of geerite (G1) exhibits no 

intergrowths with other Cu-sulphide minerals. Although its composition centres on its ideal 

composition (Cu1.6S; Goble and Robinson, 1980), some analyses approach spionkopite (Cu1.4S; 

Fig. 8A). The Fe content of G1 is typically below 1 atomic % in all three of the mineralised 

zones, but ranges from 0.0 to 8.5 (2750N), and 0.0 to 6.5 (3500N), whereas at 4100N it is 

consistently 0.0%. The second generation of geerite (G2) forms intergrowths/replacement of 

spionkopite and covellite (Fig. 7A-C, G) at the 2750N and 4100N zones, but is absent at the 

3500N zone. Spionkopite is present as fine, bireflectant (pale to medium blue) lamellae in geerite 

(Fig. 7A, B). The composition of G2 is more Cu-depleted than G1, ranging from Cu1.25S to 

Cu1.65S, with most compositions clustering at Cu1.5S and Cu1.3S (Fig. 8B), but still within the 

natural range of geerite (Goble and Robinson, 1980). The Fe in G2 is predominantly 0 atomic%, 

but can be up to 5%. 

Chalcopyrite 2 (Cpy2) is a porous aggregate of chalcopyrite needles intergrown with calcite (C2) 

and amorphous carbon (Fig. 7I), which resembles chalcopyrite exsolution from bornite (Figs. 

6H, I, T; 7H-J). In some samples, Cpy2 appears to grade into the exsolved chalcopyrite (Fig. 7J), 
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which may indicate that it is the same phase. It replaces Py1 and is coeval with Py2; G1 and G2 

have not been documented in the same sample as Cpy2.  

Bornite is predominantly present in the 2750N zone, but locally present in 4100N; bornite is 

absent from 3500N zone, although others have reported it (Robinson and Atkinson, 2012). It is 

most common at shallower depths (i.e., ~200-250 m above present-day sea-level). Bornite is 

purple to purple-orange with poor reflectance. It forms finely or coarsely crystalline cement, 

massive replacement, or rims on geerite and/or spionkopite (Fig. 7A, C, D) and fills cracks in 

Py2. Small bornite grains are locally present in C2 where it appears more blue-purple than 

replacement bornite, which is purple-orange. Chalcopyrite exsolution, in the form of needles, 

blebs, and lenses (Fig. 7C, D), is common in the replacement (orange) bornite, but absent in 

bornite cement (purple). Bornite composition falls on a line between ideal bornite (Cu5FeS4) and 

idaite (Cu3FeS4), with no obvious relationship between the bornite colours and types.  

Covellite (Fig. 6O-T) appears as strongly bireflectant (pale-blue to deep-blue), anisotropic (blue 

to red-orange) lamellae concentrated along the edges of geerite crystals (2750N) or laths in 

geerite (4100N) (Fig. 7A-C, G); it is also present as non-pleochroic dark blue covellite in G2 

(Fig. 7C). Covellite composition ranges from Cu0.9S to Cu1.06S, but centres on CuS (2750N) and 

Cu0.9S (4100N; Fig. 8C); its Fe content is typically less than 0.9 at. % in both zones. Covellite is 

a common by-product of alteration of bornite to chalcopyrite (e.g., Large et al., 1995; Sillitoe and 

Clark, 1969), and is interpreted as contemporaneous with chalcopyrite exsolution or bornite 

replacement. 
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Chalcopyrite 3 (Cpy3) is massive and non-porous (Figs. 6J, K, P, 7K). The major element 

composition of the three chalcopyrite phases is very uniform and close to ideal chalcopyrite; 

exsolved chalcopyrite trends from Cpy2 towards bornite, which is similar to the Cpy2 from 

4100N that replaced sphalerite. A late-stage, massive geerite precipitation event post-dates one 

of the chalcopyrite phases (Cpy3?) and Py2; this geerite has the same composition as G1 

(Cu1.6S), but has unknown relationships with all other minerals. 

Sphalerite is preserved as small irregular fragments surrounded by Cpy2. The paragenetic timing 

of this phase is unknown, except for predating Cpy2. 

 

3.4.1.3 Post-ore stage:  

Post-ore minerals include native Cu, Cu- and Fe oxides, and calcite gangue (Fig. 6U). The latest 

stage carbonate (C3) is an anhedral replacement phase that locally has relict structure (solid 

inclusions) inherited from precursor dolomite cement (Figs. 6Q-S; 7L). Copper minerals in this 

stage include native Cu, cuprite, malachite, and atacamite. Native Cu is dendritic and spatially 

related to goethite, which may be related to C3 (Fig. 6V). Cuprite (Cp), red in plane-polarised 

light and pale blue in reflected light (Fig. 6W), is in sharp contact with a carbonate mineral 

recrystallised and/or replaced by C3. This is also the case with malachite, native Cu, and C3. 

Malachite forms fan-like aggregates of blue-green needles and anhedral masses around Cu 

sulphides. Atacamite, a euhedral, pale green-blue-green, finely crystalline phase in plane-

polarised light, is present in and around cuprite (Fig. 6W). There is no sense of timing between it 
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and the latest recrystallising calcite, but it is possible that these two minerals are 

contemporaneous, because both post-date cuprite.  

 

3.4.2 Fluid inclusions 

3.4.2.1 Petrography 

 Fluid inclusions in all carbonate cements are very small, averaging 2-5 µm (Fig. 9). Dolomite 1 

cement contains two-phase L-V inclusions with a high degree of fill (F = Volumeliquid/Volumefluid 

inclusion) (i.e., F = 0.9 with L = 90%) that are concentrated in their centres, as both primary and 

secondary types (Fig. 9A, B). Single-phase, secondary liquid inclusions are also present. 

Dolomite 2 cements also have two-phase L-V inclusions with F = 0.9 and are present in both 

primary and secondary FIAs (Fig. 9C, D). Primary L-V inclusions present in C2 cement (Fig. 9E, 

F) appear to have been necked, based on their variable L:V ratios, producing variable F values. 

Fluid inclusions in C3 cement (Fig. 9G) are sparse and/or too small to distinguish their L-V 

ratios with confidence. No fluid inclusions are present in C1 cement. Hydrocarbons have not 

been observed in any of the fluid inclusions. 

3.4.2.2  Microthermometry 

 Microthermometric data (Table 1) indicate that, with few exceptions, Storm fluid inclusions 

were metastable during cooling runs, and so Tm(ice) data and therefore salinity are limited to the 
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few inclusions that froze. Neither repeated cooling nor holding for long duration at low 

temperature (i.e., 1-2 hours at -100°C) initiated freezing of such inclusions.  

Three FIAs in dolomite 1 were analysed. The total range in Th values was from 77° to 130°C, 

with an average of 83°C (n = 12), 117°C (n = 6), and 104°C (n = 2). These average Th values, 

although similar in their low temperatures, are distinct, and record an overall variation of 34°C. 

Only one FIA provided useful Tm(ice) data, with two inclusions giving an identical value of -

13.0°C, which equates to a fluid salinity of 17 wt. % equiv. NaCl.  

Dolomite 2 yielded Th values from two FIAs , but due to metastability these inclusions did not 

freeze and thus salinity data are lacking. Th values range from 97° to 130°C, with average values 

of 115°C (n = 7) and 107°C (n = 7).  

Calcite 2 had a single FIA in which data could be measured. Th values range from 102° to 

190°C. The Th data form three groups: 105°C (n=3), 140°C (n=3), and 180°C (n=2), with the 

first two similar to the Th data for D1 cement, whereas the third is very different. Only two 

inclusions froze upon cooling, yielding Tm values of -0.1°C and -0.2°C, reflecting salinities of 

0.3 wt. % equiv. NaCl.  
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3.4.2.3 Evaporate mounds 

 Compositions of evaporate mounds were determined for the two dolomite cements (D1, D2) and 

one calcite cement (C2). No mounds were produced from C1 or C3. In general, the mounds vary 

in size and shape, which is consistent with their variable chemistry (see Kontak, 2004 for 

discussion): domes, irregular clusters of crystals, and dendritic shapes are present (Fig. 10A, B, 

C). Dolomite-hosted fluid inclusions produced large, abundant mounds compared to calcite-

hosted fluid inclusions, which is consistent with the dolomite-precipitating fluid being  more 

saline than the calcite-precipitating fluid . The mounds are predominantly Na- and K-dominated, 

with subordinate amounts of Mg and Ca; minor S (<10 wt. % when data are normalised to 

100%) was detected in dolomite-derived mounds, but only one S-bearing mound was noted from 

C2 cement.  

The chemistry of D1mounds forms two groups, one Na-dominated and the other Na+K-

dominated (Fig. 10D, E), with the two populations overlapping. In addition, a few Ca+Mg-rich 

mounds define a distinct population (Fig. 10E).  

Calcite 2 produced few evaporate mounds, which were primarily Na-dominated, with variable K 

content (Fig. 10F).  

The chemistry of D2 mounds vary from K-dominated to Na-dominated, with the mode being K-

dominated (Fig. 10G, H).  
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3.4.3 Stable Isotopes  

3.4.3.1 Oxygen 

 Analyses of the cement phases indicate the following results (Table 2 and Fig. 11) The Allen 

Bay Formation dolostone has a consistent δ18OSMOW value of 25.7‰ for all members (ADMW, 

BPF, and VSM), except for a sample close to vein mineralisation (10s of microns) which yielded 

31.6‰. Dolomite 1 δ18OSMOW values are 23.8 to 32.0‰ (average = 28.8‰, n=9), whereas D2 

δ18OSMOW values are 24.0 to 30.0‰ (average = 27.2‰, n=6). Calcite 1 δ18OSMOW values are 6.3 

to 8.6‰ (average = 7.5‰, n=5) in the north (4100N), and 14.8 to 19.4‰ (average = 17.3‰, 

n=5) in the south (2750N). Calcite 2 δ18OSMOW values are 12.0 to 15.0‰ (average = 13.6‰, n = 

3), whereas C3 δ18OSMOW values are 9.7 to 10.7‰ (average = 10.2‰, n = 6). 

Fractionation equations for dolomite-water (Horita, 2014) and calcite-water (O’Neil et al., 1969) 

along with Th data (where available) were used to calculate the δ18OH2O of the fluid in 

equilibrium with the various cements phases during their precipitation (D1, D2, C1, C2, and C3). 

The δ18OH2O values of the fluid that precipitated D1 and D2 are 12.6‰ (Th = 114°C) and 11.4‰ 

(Th = 111°C), respectively (Fig. 11). The Allen Bay dolostone, C1, C2, and C3 cements have no 

Th values to constrain fractionation, and thus temperatures bracketed from 20°C to 120°C are 

used as constraints (reasonable range based on inferred burial depth and fluid temperatures of 

earlier phases); maximum temperature constraints for C3 are set at 30°C because of its 

association with atacamite. Using these temperature limits, δ18OH2O values for the fluids range 

from -7.7‰ (20°C) to 8.5‰ (120°C) for the Allen Bay dolostone, -26.1‰ (20°C) to -6.5‰ 
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(120°C) for C1 (north), -14.9‰ to 4.3‰ (120°C) for C1 (south); -15.9‰ (20°C) to -1.5‰ 

(120°C) for C2, and -19.3‰ (20°C) to -16.7‰ (30°C) for C3 (Fig. 11). 

3.4.3.2 Sulphur 

 Sulphur isotopic analyses (Table 2) for primary sulphide minerals Py1 and Cpy1 show δ34SCDT 

values from -1.4‰ to 6.9‰ (average of 1.7‰, n=6; Py1; Fig. 7F) and 1.5‰ to 2.2‰ (average 

1.8‰, n = 3; Cpy1; Fig. 6C). In contrast, replacement pyrite (Py2) and chalcopyrite (Cpy2) 

values range from 10.2‰ to 11.2‰ (average of 10.7‰, n=3) and 8.7 to 13.5 (average 11.4, n=4), 

respectively (Fig. 6I). Recrystallised chalcopyrite (Cpy3) has δ34SCDT values of 8.8‰ to 23.4‰ 

(average 16.9‰, n = 4; Fig. 6K).  

3.4.3.3  Copper 

 Isotopic values (Table 3) for the three zones (2750N, 3500N, and 4100N) indicate that the 

majority of δ65Cu values (G1, G2, Cpy1, Cpy2, Bn, and cuprite) are around 0‰. Chalcopyrite 2 

has the highest values of any mineral in all three zones (3.44‰, 2750N; 0.99‰, 3500N; 1.31‰, 

4100N). Covellite 2 (2750N) also has a high value (1.31‰), whereas covellite 1 did not produce 

reliable results. Native Cu had δ65Cu values from 0.04‰ (4100N) to 0.22‰ (3500N). 

Using present-day sea-level as a reference point for depth, enrichment of δ65Cu values is evident 

in the north (4100N) at 294 m above sea level (masl; G1 = 0.43 ‰) and increases (Cpy2 = 1.31 

‰) downwards to 283 masl. The greatest enrichment of δ65Cu values is in the south (2750 N; 

Cpy2 = 3.44 ‰) at 221 masl, where it then decreases with depth to 2.18 ‰ (Cpy2) and 1.31 ‰ 
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(Cv2) at 180 masl and 158 masl, respectively. Chalcopyrite 2, with a δ65Cu value of 0.99 ‰, is 

the highest value in the west (3500 N), at 212 masl. Post-ore malachite (3500 N) with a δ65Cu 

value of 0.78 ‰ from 197 masl has the highest value of any mineral at that elevation.  

 

3.4.4 Trace and REE Data 

Post-Archean Australian shale (PAAS)-normalised REE patterns of diagenetic minerals (Fig. 12) 

and La and Ce anomalies (Fig 13), and trace element content of gangue minerals (Fig. 14) are 

discussed below, following the established mineral paragenesis (Fig. 5). 

Allen Bay Formation dolostone and dolomitised stromatoporoid boundstone form two 

compositional groups having different ΣREEY (2.3 ppm, n = 8; and 15 ppm, n = 3, respectively), 

but similar PAASN patterns. In general, the samples have nearly flat REE patterns and slight 

HREE enrichment ((La/Yb)N = 0.73). Samples have variable Eu and Y anomalies, with values of 

1.24 and 1.19 (dolostone and stromatoporoid boundstone, respectively). With one exception, 

negative Ce anomalies are absent. The Y/Ho values range from 25.07 to 34.43, with an average 

of 29.04 (n=11). 

Dolomite 1 cements show a large overall range in ΣREEY (2.7 ppm to 141.8 ppm; average 43.5, 

n = 17) but with very similar patterns, except for a single sample. The patterns are generally flat, 

with slight LREE-enrichment ((La/Yb)N = 1.67). All but one sample have positive Eu anomalies 

between 1.02 and 6.82. There is a general absence of negative Ce and positive La anomalies, 
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except for a few samples. The Y/Ho values range from 27.23 to 39.9, with an average of 33.30 (n 

= 16); the outlier sample has a Y/Ho value of 60.42. 

Calcite 1 shows a large overall range in ΣREEY (55.1 ppm to 300.6 ppm; average 170.9 ppm, n 

= 3) with very different patterns, and all have slight positive Ce anomalies. Two samples are 

LREE-enriched, with negative La anomalies and positive Eu anomalies. In contrast, the third 

sample is LREE-depleted and has a slight HREE-enrichment ((La/Yb)N = 0.42); it also has 

positive Eu and Y anomalies. The Y/Ho values range from 29.78 to 30.31, with an average of 

30.09 (n = 3). 

Calcite 2 shows a large range in ΣREEY (1.0 ppm to 327.3 ppm; average 53.7 ppm, n = 13) but 

all samples have similar patterns that are moderately fractionated with HREE- enrichment 

((La/Yb)N = 0.64). Small negative Ce anomalies and a few slight positive La anomalies are 

indicated. The Y/Ho values range from 29.35 to 50.63, with an average of 36.33 (n = 13). 

Dolomite 2 shows a range in ΣREEY (17.2 ppm to 156.6 ppm; average 50.1 ppm, n = 7) but all 

have similar patterns with either a slight positive slope ((La/Yb)N = 0.43) or a convex shape. The 

samples also have a slightly positive to no Ce anomalies and both positive and negative La 

anomalies. The Y/Ho values range from 22.76 to 32.89 with an average of 26.36 (n = 7). 

The low elemental concentrations of REEY in C3 make the normalised patterns irregular and 

discontinuous, but the more coherent data appear to define two groups based on their very 

different ΣREEY and degrees of fractionation. The more REE-enriched group (5.2 ppm, n = 5) 
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has a nearly flat pattern ((La/Yb)N = 2) with subtle positive Eu anomalies. The Y/Ho values of 

this group range from 26.85 to 53.24, with an average of 38.59 (n = 4). In contrast, samples with 

lower ΣREEY (0.08 ppm, n = 7) have a slight positive slope ((La/Yb)N = 0.76), with subtle 

variable La, Ce, and Y anomalies, but these may be analytical artifacts owing to the abundances. 

The Y/Ho is limited to a single sample with a value of 36.11. 

Later cement stages (C1, C2, and D2) show the greatest enrichments in Fe and Mn compared to 

earlier dolomites (Dstn and D1; Fig. 14). Cements C1, D2 and C2 markedly enriched in both Fe 

(19.0 ppm, 5162.5 ppm, and 2586.3 ppm, respectively) and Mn (710.3 ppm, 817.5 ppm, and 

1007.2 ppm, respectively), as compared to the host dolostone (Fe: 893.7 ppm; Mn: 113.0 ppm) 

and D1 cement (Fe: 773.7 ppm; Mn: 298.7 ppm).  

 

3.4.5 Sulphide trace element geochemistry 

Trace element data for sulphides (Fig. 15) show that Cpy1, which pre-dates the main ore stage, 

has detectable amounts of Co (2.44 ppm), Zn (89 ppm), Se (102.28 ppm), Ag (1.46 ppm), Au 

(0.19 ppm), and Pb (72.04 ppm), with Ni and In below detection limits. Pyrite 1, which also 

predates the main ore stage, is anomalously enriched, with respect to the other minerals, in 

(maximum values given) Co (2445 ppm), Zn (400 ppm), Se (1235 ppm), Ag (13280 ppm), Au 

(74.50 ppm), and Pb (108750.00 ppm). Exceptional values in Py1 probably relate to micro-

inclusions.  
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Main ore-stage geerite shows a general increase in trace metal abundances from G1 to G2, as 

follows: Se = 5.69 ppm to 20.94 ppm, Ag = 69.14 ppm to 1232.43 ppm, In = ND to 10.12 ppm, 

Au = 0.43 ppm to 27.25 ppm, and Pb = 175.92 ppm to 827.55 ppm. In contrast, the following 

metals show a decrease from G1 to G2: Co = 18.18 ppm to 0.23 ppm, Ni = 0.19 ppm to BD, and 

Zn = 19.14 ppm to 1.96 ppm.  

Chalcopyrite phases do not show any general trends, except that Cpy2 and Cpy3 are trace-metal 

enriched relative to Cpy1. Chalcopyrite 2 is also slightly enriched, relative to Cpy3, for Co 

(23.25 ppm vs. 12.10 ppm), Se (40.88 ppm vs. 5.84 ppm), Ag (25.58 ppm vs. 2.33 ppm), In (1.12 

ppm to 0.20 ppm), and Pb (643.04 ppm vs. 257.32 ppm), but depleted in Ni (9.04 ppm vs. 12.10 

ppm), Zn (8.75 ppm vs. 33.43 ppm), and Au (0.60 ppm vs. 0.84 ppm).  

Pyrite 2 is depleted in trace metals compared to Py1, but still generally enriched in Co (1367.2 

ppm), Zn (11.76 ppm), Se (24.42 ppm), Ag (142.84 ppm), Au (2.11 ppm), and Pb (2290.80 

ppm), relative to the other sulphides. Where pyrite data are available from the different zones, 

the south (2750N) is generally enriched relative to both the north (4100N) and west (3500N).  

In addition, as a group, the trace element data show a general enrichment in Zn, Co and Se, but 

decrease in Ag from 4100N to 2750N. There is a strong positive correlation between Pb and Ag, 

and a weak positive correlation between Pb and Au.  
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3.5 Discussion 

Key features throughout the paragenesis (Fig. 5), such as textures and composition (Table 4), can 

be used to constrain fluid origin, interactions, conditions of precipitation, relative timing, and 

flow direction, which are then used to interpret the history of mineralisation at Storm. An 

important feature is the transition from geerite to bornite to chalcopyrite (Fig. 5), which is a 

typical redox-related phenomenon common in other sedimentary-rock-hosted Cu deposits (e.g., 

stratiform deposits; Hitzman et al., 2005), although most deposits are chalcocite- versus geerite-

dominated.  

 

3.5.1 Mineral paragenesis at Storm 

The paragenesis (Fig. 5), constructed using combined petrography, SEM-EDS, and geochemistry 

(isotopes, trace elements, and REEs), is sub-divided into three stages (pre-, main-, and post-ore) 

containing either geerite-dominated or chalcopyrite-dominated areas, because Cpy2 is not 

present in association with geerite minerals. Similar S isotope values between Cpy2 (δ34S = 

11.4‰) and Py2 associated with geerite (δ34S = 10.7‰), along with the association of both 

minerals with C1, C2, Cpy2 and G1/G2, which all have a similar timing in the paragenesis. 

Massive Cpy3 overprints bornite, with chalcopyrite exsolution in chalcopyrite-dominated 

samples, but apparently is absent in geerite-dominated samples. Because bornite with 

chalcopyrite exsolution is present in both types of samples, it is inferred that Cpy3 is younger 

than G1/2, which has the same timing as Cpy2. Solid inclusions that are unidentifiable in C3 
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outline its crystal edges, but the irregular C3 crystal boundaries cross-cut in which solid 

inclusions outline the extent of the previous mineral phase. 

 

3.5.2 Textures and chemistry of Cu phases, with implications for mineralising 

conditions 

The association of calcite (C1 and 2) with G1 → bornite → Cpy2 (Fig. 5), which records a 

continuous sequence of minerals with progressively lower Cu/S ratios and more reduced state, 

probably records a protracted fluid event accompanied by chemical change, such as pH and 

redox, due to ongoing interaction with surrounding carbonate rocks, similar to calculated 

stability trends (Reed and Palandri, 2006). The dissolution of early pyrite (Py1) during Cu-

sulphide (G1, G2) and Cu-Fe-sulphide (bornite followed by Cpy2, 3) precipitation suggests that 

the S and Fe were at least partly derived from the earlier pyrite. The further addition of S and/or 

Fe from the ingressing fluid accompanying mineralisation may have been responsible for the 

heterogeneous mineralogy in the three zones. At the Kennecott Cu deposit in Alaska (Bateman 

and Lasky, 1932; Bateman and McLaughlen, 1920), the presence/absence of bornite, chalcocite, 

and covellite may have been controlled by local variations in Fe and/or S. Pyrite dissolution 

generally produces acidic solutions, which facilitate Cu transport. Acidic fluids are interpreted to 

have been present during main-stage ore precipitation at Storm, because dolomite corrosion is 

associated with pyrite dissolution and Cu (-Fe) sulphide precipitation. 
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Chalcopyrite exsolution from bornite has been shown experimentally to occur during low-

temperature annealing (<200°C; Yund and Kullerud, 1966). Low-temperature alteration of Storm 

sulphides could have occurred after bornite precipitation, such as the replacement of bornite by 

chalcopyrite, which is known to produce contemporaneous covellite (e.g., Kupferschiefer; Large 

et al., 1995). The associated covellite and chalcopyrite exsolution-like texture in bornite suggests 

that this was a late fluid event rather than exsolution initiated by cooling.  

The bladed texture of Cpy2 may be related to the exsolution-like texture of chalcopyrite from 

bornite (Figs. 7C,D), in that the “exsolved” chalcopyrite lamellae could have acted as nucleation 

sites for replacement; alternatively, replacement of an earlier bladed mineral could also result in 

bladed chalcopyrite. Another explanation of the bladed/porous texture of Cpy2 could be 

replacement along crystallographic planes, similar to exsolution. The apparently bladed and 

porous texture of Cpy2 may reflect the removal of the less-stable bornite parent mineral, leaving 

the more-stable chalcopyrite behind. Alternatively, because the unit cell of bornite (2621.31 Å3) 

is an order of magnitude larger than that of chalcopyrite (290.21Å3), the fractured texture may be 

related to volume reduction during replacement. A similar crackled texture related to volume-

reducing replacement was documented by Sillitoe and Clark (1969) in Cu-rich ore from the 

Copiapó district (Chile).  

Copper composition in G1 is clustered at Cu1.6S for all three mineralisation zones (Fig. 8A), with 

the largest range in the west (3500N). Because compositions are homogeneous and centre near 

ideal geerite, with no intermediate values between geerite and chalcocite, it is unlikely that G1 

represents a chalcocite mineral that had its Cu leached, turning it into geerite. Instead, a Cu-
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depleted (relative to chalcocite) fluid (i.e., to stabilise a geerite composition) probably 

precipitated G1 from solution. In contrast, the depleted Cu composition of G2 from ideal geerite 

indicates Cu-leaching. This depletion is associated with visible intergrowths of spionkopite and 

covellite (Fig. 7A, B), which represent Cu-leaching of G1. The leached Cu may have reacted 

with the Fe and S in the fluid (pyrite dissolution) to produce bornite rims. The most Cu-depleted 

samples from 3500N are small grains surrounded by replacement cuprite and atacamite; there, 

Cu could have been removed during oxidation alteration. Copper leaching is also suggested by 

Cu isotopic compositions of atacamite, which indicate enrichment from oxidised leaching of a 

previous Cu mineral and short transport distance. Samples with Cu depletion, relative to natural 

geerite (Cu1.5S to Cu1.6S; Goble and Robinson, 1980), may be a result of fine spionkopite 

(Cu1.4S) or yarrowite (Cu1.2S) intergrowths.  

The Cu enrichment noted at 3500N between geerite and anilite compositions may suggest the 

presence of anilite. Because anilite is not stable above 39°C (Grønvold et al., 1987), this mineral 

must have precipitated recently, post-dating burial, or alternatively early in the diagenetic history 

of the deposit area and was later altered while maintaining its composition; the latter explanation 

is improbable. The recent precipitation of anilite (T less than 39°C after burial) that later altered 

to geerite to produce the enriched Cu/S geerite would not allow for the Th values (~100°C) of 

associated minerals or post-geerite events. An early precipitation of anilite is also unlikely 

because there is no other evidence of anilite, and temperatures exceeded 39°C throughout 

mineralisation. The most probable explanation is the alteration of geerite increasing the Cu 

content locally. Because the crystals analysed were partly replaced by cuprite and atacamite, Cu-

enriched heterogeneities could have developed in them. 
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Sikka et al. (1991) noted that Cu(-Fe)-sulphides (from a porphyry deposit) developed a tarnish 

with geerite composition after five months at surface conditions. It is possible that the 

predominance of geerite over the typical chalcocite mineralogy at Storm could be the result of 

alteration during the several years at surface from the time of drilling. It is not probable, 

however, that every sample that has subsequently been cut to expose a fresh surface has been 

completely altered, not just tarnished, to be entirely of geerite composition. If this degree of 

alteration were the case, it would be expected that geerite would be much more common in the 

literature. Geerite at Storm is almost certainly primary and the product of mineralisation, rather 

than an alteration product resulting from surface conditions. 

Covellite shows Cu-depletion from Cu1.0S (2750N) to Cu0.9S (4100N; Fig. 8C) in analysed 

samples. Copper-leaching experiments Whiteside and Goble (1986) resulted in metastable Cu-S 

phases with depleted Cu:S from covellite (down to Cu0.5S). After several hours of continued 

leaching, the phases reverted back to typical covellite compositions and equilibrated with the 

leaching fluid in this closed-system experiment. It is possible that the Cu-depleted values at 

Storm could represent an interrupted leaching sequence in which chemical reactions were halted 

prior to reversion to the covellite composition, or that it represents disequilibrium of an open 

system.  

Iron content is conspicuous in some geerite and covellite samples. Although these minerals' 

formulae do not contain Fe, Fe may be incorporated in the structure due to alteration. When 

chalcocite, djurleite, and digenite are altered to anilite, the anilite has no Fe, but anillite altered 

from a Fe-bearing mineral (e.g., chalcopyrite) may contain Fe (Sikka et al., 1991). A solid 
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solution exists between digenite and bornite (Grguric et al., 2000; Grguric and Putnis, 1999), and 

Fe is required for low digenite to be stable (Morimoto and Koto, 1970). It is possible therefore 

that some Fe could be incorporated in geerite in this manner. Similarly, hypogene covellite from 

the Chuquicamata porphyry deposit in Chile was shown to have up to 5 wt. % Fe (Lewis, 1996); 

therefore, it is possible for natural covellite to contain Fe, as documented here.  

Bornite is depleted in Cu relative to ideal bornite (Cu5FeS4), and could represent either Cu-loss 

or Fe-S-gain of G2. Although the Cu contents of G2 and Cv at 4100N are depleted, indicating 

Cu-loss, bornite is uniquely spatially associated with dissolved pyrite (Fig. 7E). Iron and S 

released during pyrite dissolution could have reacted with Cu from G2/Cv to precipitate Cu-

depleted bornite. Bornite from 2750N, conversely, formed rims on Cu-poor G2 (Fig. 7A-C), and 

probably records Cu-loss because, in the absence of a ready source of Fe and S (e.g., pyrite), it is 

simpler to remove one component (Cu) than to add two (Fe and Cu). Copper-depleted bornite 

rims from the Kupferscheifer have been similarly interpreted (Large et al., 1995).  

The presence of atacamite points to an oxidised Cl-rich fluid in an arid environment 

(Hannington, 1993; Palacios et al., 2011; Sillitoe, 2005), which may have been attained at 

Somerset Island’s current geographic location,  indicating comparatively recent precipitation. 

The co-precipitation of C3 probably balanced the CO2 content of the fluid to promote atacamite 

precipitation, rather than the expected malachite from a CO2 fluid (Hannington, 1993), although 

some malachite is still present.  
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3.5.3 Implications of sulphide trace element data 

Trace metal analysis of sulphide phases (pyrite, chalcopyrite, geerite) provides insight into 

elemental enrichment in addition to yielding implications for metal sources. The enrichment of 

early pyrite (Py1) in Co (Fig. 15) suggests leaching of an appropriate source (i.e., mafic igneous 

rock), as  documented for sulphides in other sedimentary-rock-hosted Cu deposits (e.g., Chen et 

al., 2011) or derived from a red-bed (Wilkinson et al., 2005). In a somewhat analogous study, 

Jowitt et al. (2012) suggest, in their study of the Troodos VMS deposit, that alteration of 

sulphides in the underlying sheeted dykes released base-metals (particularly Cu) to a 

hydrothermal fluid, which controlled the sulphide budget of the deposit. A similar model may be 

invoked for sourcing metals in sedimentary-rock-hosted base-metal deposits, including Storm.  

The trace element concentrations (Ag, Au, Zn, and Pb) of early pyrite (Py1) fall in the diagenetic 

field (Fig. 15A) based on data in Large et al. (2009). Like pyrite from sedimentary-rock-hosted 

hydrothermal Au systems (Large et al., 2012, 2009), subsequent fluid events (diagenesis)  and 

successive pyrite growth (Py2) can deplete the initial trace-metal content of early pyrite, 

although they apparently remain largely in the diagenetic field. This elemental depletion and 

remobilisation agrees with mixing of S implied by the S isotope data, discussed below (section 

5.4). This decrease in metals from Py1 to Py2 is complemented by the relatively high 

concentrations in geerite associated with Py2.  

Certain elements (e.g., Ni, Ag, Zn, Pb, and Se) are preferentially bonded to organic material in 

sediment (Algeo and Maynard, 2004) and can be mobilised during fluid interaction. Positive 

correlation between Au and these elements led Large et al. (2009) to conclude that Au in 
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orogenic Au deposits reflects such mobilisation. Gold content in Storm pyrite and other 

sulphides (with the exception of Cpy3) shows a weak positive correlation (Fig. 15) with Ag, Pb, 

and, with the exception of Cpy2, Se; Ni appears to be disconnected from the other elements. This 

correlation, as with the study of Large et al. (2009), could relate to the liberation of these 

elements from organic matter during diagenesis.  

Analyses that form distinct groups and/or unusually high contents outside of the trends (Fig. 15) 

may indicate the presence of nanoparticles; this can be seen particularly with Au and Ag in G2. 

Silver can be incorporated into digenite and chalcopyrite (Reich et al., 2013, 2010) and can then 

be assumed to also be in geerite. The laser profile of a spot through the sample (not shown) 

appears to indicate discrete enrichments of Ag, rather than uniform values through the geerite, 

which suggests micro-inclusions. The two Cu-sulphides with the highest Ag content (Cpy2 and 

G2) are those associated with precipitation/alteration from an oxidised fluid (REE signature and 

δ65Cu ~ +2‰), consistent with supergene chalcocite and covellite being more Ag-enriched than 

their hypogene counterparts (Reich et al., 2013, 2010). 

Chalcopyrite 3 displays different trends from the other sulphides, and may thus reflect a different 

fluid source and/or interaction by this fluid. This fluid transporting “new” elements to the system 

agrees with other geochemical data explored below.  
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3.5.4 Fluid origin and history  

The major sources of diagenetic fluids on Somerset Island after deposition of the Allen Bay 

Formation include seawater, meteoric water, and formation water. No metamorphism or 

magmatic activity is recorded on Somerset Island during the Phanerozoic, although magmatism 

did take place in the distant Sverdrup basin during the Mesozoic (Davies and Nassichuk, 1991). 

 

3.5.4.1 Allen Bay Formation dolostone 

 Shale-normalised REE patterns of Allen Bay Formation dolostone (Fig. 12) do not preserve an 

original signature acquired during marine deposition (e.g., Bau and Alexander, 2006), which 

indicates either contamination of the dolostone or diagenetic alteration. Siliciclastic and/or 

oxyhydroxide contamination, which can affect REE abundances in carbonate minerals 

(Nothdurft et al., 2004), is the cause of flat shale-normalised REE patterns, because there is no 

apparent correlation between LREE-enrichment and major elements (e.g., Fe or Mn; Fig. 14). 

The calculated high δ18OH2O values, assuming diagenesis at >60-80°C, are greater than that 

attained through evaporation (+6‰; Lloyd, 1966; Ward and Halley, 1985), which suggests 

instead that the modified shale-normalised REE patterns and Y/Ho values that equate to typical 

shale (26; Pourmand et al., 2012) reflect alteration of the dolostone by a reduced, basement-

derived fluid that had extensively interacted with a shale-like unit or rock of similar bulk 

composition. The nature and origin of such a fluid is further explored below. 
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If seawater was the main source of the dolomitising fluid (i.e., δ18OH2O = 0‰), the inferred 

temperature of dolomitisation would have been ~60°C, based on the constraints imposed by the 

δ18O for dolostone (Fig. 11). Using a standard geothermal gradient (25°C/km; Allen and Allen, 

2005), such temperatures would place dolomitisation in the intermediate burial regime (Machel, 

1999). The lack of a negative Ce anomaly agrees with a reduced dolomitising fluid, which would 

be expected in this burial regime. Assuming that the paragenetically ensuing D1-precipitating 

fluid was in part responsible for dolomitisation (i.e., maximum value of 12.6‰; see Fig. 11), a 

temperature of 160°C would be required. This temperature is well in excess of the measured Th 

values (80 to 100°C) for D1 cement, hence dolomitisation of the Allen Bay Formation must have 

occurred prior to mineralisation.  

Dolostone cross-cut by mineralising veins has high δ18O values (D1 of 31.6‰; Table 2) that, at 

temperatures similar to the Th values recorded for D1 cement, indicate the δ18OH2O of the 

dolostone overlaps with values calculated for D1 (12.6‰). It is possible, therefore, that D1-

precipitating fluid recrystallised the dolostone, which can be evaluated using the δ18O data 

available, assuming a δ18OH2O value of the fluid and limiting temperatures. Using the closed 

water:rock equation from (Taylor, 1977), a W:R between 2 and 20 (depending on temperature) 

would be sufficient for D1 fluid to alter the δ18O of the dolostone (Fig. 16) assuming the water 

had a value of about 12‰.  
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3.5.4.2 Pre-ore-stage (D1, Cpy1, and Py1) 

 Evaporation of seawater can fractionate O isotopes up to +6‰ (Lloyd, 1966; Ward and Halley, 

1985). Assuming a seawater fluid source (δ18OH2O = 0‰), temperatures of formation would be in 

the range of 29° to 68°C in order to accommodate the δ18O data for D1. However, this 

temperature is at odds with both the measured Th values  and salinities (17 wt. % equiv. NaCl  

vs. 3.5 wt. % for seawater) of D1and its reduced shale-normalised REE signature (positive Ce 

and Eu anomalies, both of which suggest burial deeper than 1 km; Machel, 1999). Thus the 

hydrothermal fluid responsible for D1 could not have been unmodified seawater. Using the 

pressure-corrected Th data, which indicate trapping temperatures up to 170°C for maximum 

assumed burial depth, and the isotopic composition of the precipitating fluid (i.e., maximum 

δ18OH2O value of 18‰; Fig. 11) then a more crustal-involved signature is indicated.  

The geochemical signature of D1 cement differs markedly from the Allen Bay Formation 

dolostone, which suggests interaction with a very different fluid from that responsible for 

dolomitisation. The enrichment of LREE, and lack of any appreciable La or Ce, but minor Y 

anomalies in PAAS-normalised patterns for D1, indicates interaction with a fluid that had 

equilibrated with a reduced rock. The positive to absent Ce anomaly and strongly positive Eu 

anomalies furthermore indicate a reduced fluid (Bao et al., 2008; Torres-Ruiz, 2006), or reaction 

with a sulphidic, igneous, or gneissic unit in a reduced setting (Göb et al., 2013; Leybourne et al., 

2000; Schwinn and Markl, 2005). Furthermore, the lack of correlation between Ba and Eu values 

indicates that Eu values are not related to any interference from Ba in the analysis, and that the 

recorded positive Eu anomaly is real. The lack of spreading ridges and magmatic activity in the 

Phanerozoic on Somerset Island argue against the signal representing vent or magmatic fluid; 
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therefore, fluid-rock interaction along the fluid’s flow-path is the preferred explanation for 

modifying fluid chemistry. In general, Eu2+ is not very mobile in low-temperature fluids 

(Sverjensky, 1984), and so, fluid transport must not have been far, despite its migration through 

the graben. The most reasonable source would then be underlying mafic gneiss or dykes 

(Mackenzie- or Franklin-aged) and rapid transport facilitated by faults.  

In terms of modifying the LREE signal of D1 cement, phosphates typically incorporate LREE 

(Debruyne et al., 2016). If a fluid interacts with such a mineral phase, it becomes enriched in 

LREE, which can be inherited by carbonate minerals that precipitate from such a fluid. With 

phosphates being abundant in crustal rocks, such as granite or shale, multiple subsurface units 

could have supplied the LREE.  

Enrichment of K in a diagenetic fluid (based on the evaporate mound data) may originate from 

interaction with a K-rich source in the subsurface (e.g., granite or shale; Mathieu et al., 2013). 

Lastly, the intermediate Y/Ho values (34) indicate interaction with a source having a low Y/Ho 

value, such as basalt or shale (Nothdurft et al., 2004; Turner and Kamber, 2012). Given that no 

mafic rocks (with the exception of the dykes) or abundant shale units are locally present in the 

buried Mesoproterozoic to Silurian stratigraphy, basement gneiss may be the most reasonable 

source for these characteristics. Alternatively, shale interbeds in the Irene Bay Formation may 

have been sufficient to produce these characteristics, depending on the extent of shale abundance 

underlying the local geology. 
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Homogeneous δ34SPy,Cpy values for sulphides cogenetic with D1 cement (Fig. 6C) centre on a 

magmatic reservoir (0‰) and could have been derived from a magmatic fluid, interaction with 

an igneous or sulphidic unit in the subsurface, or from isotopic fractionation. Alternative 

explanations include bacterial sulphate (BSR) and thermochemical sulphate (TSR) reduction. As 

to the former, the pressure-corrected Th values of associated D1 FIAs approach 170°C, assuming 

maximum burial, precluding BSR. However, at the burial depths experienced by the Allen Bay 

Formation (up to 3 km), the ambient temperature would lie in the optimal range for BSR 

(Machel, 2001) and therefore BSR may have generated suphide prior to introduction of the 

metal-bearing fluid, with some δ34S values theoretically around 0‰. However, because BSR 

commonly produces heterogeneous δ34S values in associated minerals (Kohn et al., 1998; 

Riciputi et al., 1996), the homogeneous δ34S values in the sulphides argue against this 

mechanism. As for TSR, fractionation of δ34S at recorded homogenisation temperatures 

(~100°C) is insufficient to reduce a seawater sulphate from values of about 20‰, based on the 

global seawater sulphate isotope curve (Claypool et al., 1980; Paytan and Gray, 2012), to 

magmatic values (~0‰; Machel, 2001; Ohmoto and Rye, 1979). Thus the δ34SPy,Cpy data 

probably reflect a signature inherited from sulphide dissolution in an igneous unit.  

The δ65Cu values of Cpy1 (~0‰) are typical of a mantle-derived source (Wall et al., 2011) and 

imply that Cu either came directly from a magmatic fluid or indirectly via its leaching from a 

mantle-derived rock (e.g., basalt). A reduced fluid has the ability to leach and transport Cu from 

a source rock without fractionating δ65Cu, whereas an oxidised fluid would induce fractionation 

(Albarède, 2004; Ehrlich et al., 2004; Mathur et al., 2009, 2005; Pękala et al., 2011; Seo et al., 

2007; Wall et al., 2011) 
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Owing to the lack of magmatism on Somerset Island in the Phanerozoic (Miall and Kerr, 1977), 

the Cu, as with the S argued above, must have been acquired through interaction of a reduced 

fluid with an igneous source in the subsurface.  

The geochemical features of early cement (D1) and sulphides, which include its REE patterns 

and anomalies, high δ18OH2O and low δ34S values, bimodal Na and K-Na fluid inclusion mound 

chemistry, and Y/Ho ratios, indicate that the precipitating fluid was a mixture of fluids that had 

interacted with crustal rocks along their flow paths. Proterozoic sills and dykes in the Aston and 

Hunting formations, together with basement gneiss (Fig. 2), are assumed to continue under the 

Phanerozoic cover. During the Ellesmerian orogeny, Paleozoic strata would have been 

approximately 6 km thick (Dixon, 1974; Dixon et al., 1971; Miall and Kerr, 1977), and with a 

normal geothermal gradient, the maximum inferred temperatures of 170°C could have been 

reached at the basement nonconformity. Thermally equilibrated, reduced hydrothermal fluids 

could have interacted with the basement gneiss and/or the Aston Formation to acquire Cu, S, K, 

and Eu2+. Because the transport capacity of Cu in a reduced sulphide fluid is low, Cu and S were 

probably transported separately. As with most other low-temperature Cu mineralising fluids, Cu 

was probably transported as CuCl2
- (Rose et al., 1986; Rose, 1989). Both fluids must have been 

reduced, otherwise Cu would have been fractionated during leaching, and the δ34S fractionated 

during reduction. Following the recent model proposed by Large et al. (2012, 2009) for 

sedimentary-rock-hosted gold deposits whereby metals are sourced from nearby sedimentary 

units (i.e., sulphidic shale), it is possible that the metal-rich fluid had interacted with sedimentary 

rocks, such as the Aston Formation (red bed), whereas S was transported from a basement 

reservoir. Because positive Eu anomalies, which are related to interaction with igneous bodies 
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(or their clastic equivalent), are present only in D1 cements, which is associated with magmatic 

S, S was probably derived from basement rocks. If Cu were sourced from the basement, D2 

would be expected to express a positive Eu anomaly. 

 

3.5.4.3 Main-stage ore (C1, C2, G1, G2, Cv1, Bn, and Cpy2) 

 Calcite 1 is characterised by low δ18O values, LREE-enrichment, positive Ce and Eu anomalies, 

and moderate Mn enrichment. The δ18OH2O values indicate a low-latitude meteoric water. The 

PAAS-normalised REE data reflect only slightly the signature of the preceding D1 cement, 

suggesting that C1 characteristics were, at least partially, inherited during precipitation at a low 

fluid-rock ratio, and reflected also in the rock-buffered δ18O values.  

The PAAS--normalised REE patterns of C2, the main gangue mineral, together with its 

ambiguous δ18OH2O values, indicate the possibility of a seawater or low-latitude meteoric origin, 

which is similar to C1 fluid. Because δ18O values of C1 and C2 are similar, but the PAAS-

normalised signatures of C1 (i.e., +Eu and +Ce anomalies) are absent in C2, the precipitation of 

C2 may indicate a change from low W:R to high W:R. The small, sparse evaporate mounds 

produced by C2 reflect its low-salinity (0.3 wt. % equiv. NaCl) inclusions. The low-salinity 

fluids, with consistently Na-dominated composition, favour a meteoric fluid that interacted with 

evaporite units along its flow path. Assuming a seawater origin instead, a temperature 

approaching 140°C would have been required to account for the δ18O data. Such temperature 

could have been reached in the buried strata, but burial would have had to be >> 1 km, and hence 
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in the reduced environment (Machel, 1999). Although some of the C2 cements exhibit negative 

Ce anomalies, which contradict the latter possibility, these anomalies are weak and not present in 

all examples of C2. The relatively high δ65CuCpy values (+1.0 to +3.4‰) indicate that Cu was 

leached from the surrounding rocks, suggesting an oxidised fluid (Albarède, 2004; Ehrlich et al., 

2004; Mathur et al., 2005, 2009; Pękala et al., 2011; Seo et al., 2007; Wall et al., 2011). The Cu 

may have been leached from oxyhydroxide cements in the underlying red clastic unit (Aston 

Formation). The enriched Mn content in C2 (Fig. 14) requires oxidised fluid for transport and 

could reflect Mn incorporation into the fluid from oxyhydroxide cements, which are good Mn 

sinks. 

Although Cl- is the main anion in the fluid, based on evaporate mound analysis, S was also 

detected (to 1 wt. %). The δ34S sulphide values (10‰) suggest the involvement of seawater 

sulphate, consistent with sulphate anions in the fluid, and with seawater or meteoric δ18O values. 

Homogeneous δ34S values (10‰) that fall between pre-ore sulphide values of 0‰ (see above) 

and Paleozoic seawater (20-25‰) may suggest that S was remobilised and recycled from the pre-

ore sulphides and mixed with seawater-derived sulphate. The remobilisation of S has been shown 

to homogenise large ranges in δ34S values to its mean value (Chang et al., 2008). As suggested 

by Large et al. (2012, 2009), metal enrichment can be produced by remobilisation of metals from 

earlier sulphides, primarily pyrite. As noted above, Py1 is enriched in trace elements (Pb, Ag, 

and Au) compared to later pyrite (Fig. 15), which is consistent with an explanation invoking 

remobilisation and also suggests that S was remobilised. The replacement of earlier sulphides 

(pyrite +/- chalcopyrite) is common in stratiform Cu deposits (Muchez and Corbella, 2012).  
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Because geerite (Cu8S5) has no covalently bonded S layers, like covellite, in its unit cell (Goble, 

1985), Cu(I) and Cu(II) are required to balance charge (Cu6
+Cu2

2+S5
2-), with an average charge 

of Cu1.25+. With the dominance of Cu(I) in geerite, it is most probable that Cu was transported as 

a Cu-chloride complex, likely CuCl3
2- or CuCl2

-, depending on aCl (Muchez and Corbella, 2012; 

Rose, 1976, 1989; Xiao et al. 1998).  

  

 

3.5.4.4 Recrystallisation of main-stage ore (D2, Cpy3) 

 Similar Th and δ18O values in D1 and D2 may indicate a similar fluid source, but, the difference 

in δ34S values and lack of a Eu anomaly suggest that magmatic basement rock no longer 

dominated in the fluid mixture. Unfractionated Cu isotopes indicate a reduced fluid (Albarède, 

2004; Ehrlich et al., 2004; Mathur et al., 2005, 2009; Pękala et al., 2011; Seo et al., 2007; Wall et 

al., 2011), whereas the higher δ34S values (i.e., up to 23‰) indicate a relatively oxidised 

sulphate-bearing fluid (Ohmoto and Rye, 1979). A large compositional range of the fluid 

(evaporate mounds) and a lower abundance and lack of correlation among trace elements in 

Cpy3 (e.g., Pb and Ag) indicates the interaction of multiple fluids from different sources. These 

characteristics suggest that hypogene precipitation resulted from mixing of at least two fluids: a 

reduced Cu-bearing fluid and a sulphate-bearing fluid, both of which probably carried different 

trace-element concentrations.  
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Assuming an initial seawater fluid source (δ18O = 0‰), the temperature of formation would be in 

the range of 42° to 65°C to account for the δ18O data (Fig. 11). This temperature range does not 

agree with Th values from fluid inclusions or with reduced shale-normalised REE signatures 

(positive Ce anomaly); therefore, the hydrothermal fluid could not have originated purely from 

seawater. The large range of δ18OH2O values, which implicates crustal fluid, could be obtained 

through either mixing of reservoirs or equilibration of a single fluid with crustal rocks. A single 

source for the fluid has already been dismissed based on Cu and S isotopes and the large 

variation in evaporate mounds, which favours the mixing of (at least) two fluids. The sulphate-

bearing fluid would probably have had a lighter, seawater-like δ18O composition, whereas the 

Cu-bearing fluid would have had the rock-equilibrated signature. A seawater mixture with a 

reduced rock-equilibrated fluid is reflected in the PAAS-normalised, intermediate pattern that 

lacks any appreciable anomalies and has chondritic Y/Ho values (~27). 

The S isotopic data were the product of one of the following processes: (1) high δ34S sulphate 

(e.g., 50‰) that underwent large degrees of fractionation (e.g., -25 to -40‰) through BSR; (2) 

seawater sulphate (~25‰) that experienced a lower degree of fractionation (0 to -20‰); (3) 

seawater sulphate that mixed with recycled S from previous sulphides; or (4) a combination of 

these. In the first case, heterogeneous δ34S values such as those of Cpy3 are common in reduced 

seawater sulphates (Chang et al., 2008) and are a common byproduct of BSR (Machel, 2001; 

Riciputi et al., 1996). Transport of bacterially reduced S by D2 fluid is improbable, however, 

because the Th values are beyond the thermal regime of BSR (Machel et al., 1995; Machel, 

2001). In the latter two cases, evaporites of the underlying Bay Fiord Formation have δ34S values 

that range from +20 to +30 (Dewing et al., 2007a), and although evaporite layers are a minor 
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component in this unit on Somerset Island (Miall and Kerr, 1980), both formation thickness and 

anhydrite abundance increases to the present-day north of Somerset Island (Trettin et al., 1991). 

Evaporite beds in the upper Allen Bay Formation (Cape Crauford Formation; Miall and Kerr, 

1977, 1980) could, however, also have produced the high values documented here. Because the 

measured δ34S values are similar to those of the evaporite units, little or no fractionation need 

have occurred. Reduction by TSR is more probable because it operates at temperatures >100°C 

and fractionates less than BSR, allowing for higher δ34S values. The range in δ34S values within 

single crystals (Fig. 6K), as noted here, has also been documented in low-temperature base-metal 

deposits (e.g., Basuki et al., 2008) and was interpreted as the result of S source mixing. Thus the 

documented δ34S values for Cpy3 may reflect mixing of recycled S from earlier sulphides (Cpy1, 

Py1) with reduced seawater sulphate via TSR. Rayleigh fractionation of S isotopes is improbable 

because there does not appear to be any systematic spatial variation in the values (Fig. 6K), 

which would be expected during crystal growth. 

The magmatic δ65Cu values (~0‰) of Cpy3 indicate an input of new Cu, rather than recycling of 

Cu from sulphides. Because no sulphate was detected in this fluid (based on mound chemistry), 

it is suggested that Cu and S were not transported together in a single sulphate fluid and then 

reduced on site; instead, Cu was transported as a chloride complex and S was supplied by a 

different fluid. Both fluids transported metals, based on the scatter of trace elements in Cpy3 

(Fig. 15). 
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3.5.4.5 Post-ore alteration (C3, cuprite, native copper, atacamite, malachite) 

 Because of the paucity of evaporate mounds from C3 and the relationship between mound size 

and salinity (Haynes et al., 1988; Kontak, 2004), a low-salinity fluid is assumed for C3. The 

inferred low salinity, very light δ18OH2O values (<<0‰), and PAAS-normalised REE signatures 

along with low ΣREE all suggest that C3-precipitating fluid was high-latitude meteoric water. 

The co-precipitation of cuprite, native Cu, and goethite with C3 indicate that the fluid was 

oxidised. Seawater could not, therefore, have been the source, because burial in excess of 1 km 

and likely much deeper (i.e., a reduced environment; Machel, 1999) would be required to 

produce the temperatures needed to fractionate seawater to obtain the δ18O values of C3 (Fig. 

11), a depth beyond oxidised fluid penetration (Machel, 1999) and a temperature beyond 

atacamite stability (Hannington, 1993). The Y/Ho ratios are much lower than typical seawater or 

meteoric water in C3, which may be due to fluid-rock interaction along its flow path. The fluid 

was probably a deeply penetrating, oxidised, modified meteoric water. Lastly, Cu in post-ore 

minerals was probably derived from the leaching of previous Cu phases. Slightly elevated δ65Cu 

values (0.2 to 0.78‰) indicate that only low temperatures and few leaching events took place, 

and that the Cu was not transported great distances from the leached source material (Mathur et 

al., 2009).  
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3.5.5 Fluid movement inferred from zonation 

Initial fluid movement appears to have originated in the present-day north and moved southward 

(Fig. 17), because of the crude metal zonation: geerite-rich (north), versus geerite-bornite-

chalcopyrite (south). If fluid originated in the south instead, the Cu zonation would have resulted 

from pH or redox changes (Reed and Palandri, 2006), and the natural mineral zonation described 

by Hitzman et al. (2005) (i.e., chalcocite-group minerals followed by bornite and then 

chalcopyrite from origin outwards), would produce the opposite trend to that documented at 

Storm. The δ65Cu data indicate southwestward fluid migration, with a progressive increase from 

+1.31‰ at 294 masl (4100N) to +3.44 ‰ and 2.18 ‰ at 221 and 180 masl, respectively 

(2750N), and +0.99 ‰ at 212 masl (3500N). The increase in 65Cu along the flow path suggests 

increasing exposure time to Cu leaching from source rocks, a process that has also been recorded 

at the Meiduk porphyry (Asadi et al., 2015). Increasing δ18O values in C1 cement from north 

(7.5‰) to south (17.3‰) also indicate an increasingly rock-buffered system, and thus, north- to 

south-movement. The decrease in δ65Cu values with depth in the south (2750N) may indicate 

that fluid ascended along faults. The southward increase in δ65Cu values reflects progressive 

leaching of the Cu source (Aston Formation), enhanced by leaching of deeper sulphides, while 

moving up faults at 2750N. The greater depletion of Cu in the northern sulphide minerals 

(covellite, Cu0.9S), like the δ65Cu values, records increased fluid interaction and therefore fluid 

flow from the north.  

Post-ore oxidising meteoric fluid was focussed in the western part of the Storm graben (3500N), 

precipitating native Cu, cuprite, and atacamite. Although native Cu is present throughout the 

graben, cuprite and atacamite are limited to the western part. This may reflect the more oxidised 
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nature of cuprite relative to native Cu: as the fluid moved through the system it became more 

reduced and cuprite was no longer stable. 

3.5.6 Timing of mineralisation and fluid-driving mechanism 

Three orogenic events (Caledonian, Ellesmerian, and Eurekan) and an extensional event 

(Sverdrup basin) took place after Allen Bay Formation deposition. Each event could have 

mobilised fluid. By utilizing all available data, a probable age, and therefore mobilising agent, 

can be identified.  

Low-latitude meteoric water present throughout ore mineralisation, inferred from geochemical 

arguments above, limits precipitation of main-stage ore between the Silurian (host-rock 

depositional age) and Early Carboniferous, based on paleogeographic reconstructions (Torsvik et 

al., 2012). This Paleozoic mineralisation age precludes both the Eurekan orogeny (Cenozoic) and 

Sverdrup basin extension and magmatism (Mesozoic) from involvement. No Paleozoic 

magmatism is known in the region, and so thermal convection driven by a magma body or an 

exsolved magmatic fluid is not a viable driving force behind fluid migration. Basement-

equilibrated fluid temperatures displayed by pre-ore-stage (D1) fluids suggest that maximum 

burial was attained at the time of the Ellesmerian orogeny (late Devonian; Embry, 1991a). The 

pre-ore fluid was probably mobilised during early orogenic activity, after which the fluid 

pathway changed during continued orogenesis. This interpretation could explain the basement 

involvement (+Eu anomaly and 0‰ δ34S values) with pre-ore fluid, and its absence from 

subsequent fluids. 
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Very low δ18O values for C3, which implicate meteoric water, indicate a relatively high-latitude 

fluid. Somerset Island initially reached a high latitude in the mid-late Mesozoic (Torsvik et al., 

2012). Atacamite mineralisation requires arid and/or saline conditions (Sillitoe, 2005); such arid 

conditions are facilitated in the Arctic, where Somerset Island has been situated since the 

Cenozoic. Fossilised tree forests, beetles, and molluscs on Ellesmere Island indicate that there 

was a transition from a warm humid climate in the Eocene to a more arid, cool climate in the 

Pliocene (Csank et al., 2011; Elias et al., 2006; Jahren et al., 2003). Calculated meteoric water 

isotopic values reveal that surficial water in the Pliocene had values in the range of -10 to -22‰, 

with an average of -16‰ (Csank et al., 2011), similar to the values obtained for C3. Somerset 

Island was covered, primarily from cold-based glaciers (Dyke, 1978) during the Late 

Pleistocene. This would limit the timing of supergene alteration to the Pliocene-Late Pleistocene. 

Because the solubility of atacamite increases above 25°C (Hannington, 1993), it would have 

formed below 25°C, and would require near-surface (i.e., no burial) conditions. 

  

3.5.7 Mineralisation process 

The Storm showing is a carbonate-rock-hosted stratiform Cu deposit that resembles red-bed Cu 

deposits, based on the initial tectonic setting (mini-graben), stratigraphic succession (relatively 

impermeable argillaceous Cape Storm strata overlying permeable carbonate strata, all of which 

overlie red clastic strata), absence of a relationship with igneous activity, both metal and mineral 

zonation, the presence of an oxidised fluid that leached Cu and transported metals to a reductant 

(Hitzman et al., 2005, 2010), and textural similarities to other deposits (e.g., Bateman and 
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McLaughlen, 1920; Bernstein and Cox, 1986; Branum and Ripley, 1990; Hitzman, 1986; Large 

et al., 1995). The carbonate-rock-hosted Kipushi-type deposits, which are generally polymetallic 

and Co-rich (Bernstein and Cox, 1986; Hitzman, 1986; Hitzman et al., 2005), are unlike Storm, 

which apparently lacks Co minerals or other characteristic metals (e.g., Ge, As, Sb, and V), with 

the exception of Ag. The early pyrite (Py1) is relatively enriched in Co, but there is no apparent 

association with Au. With the exception of being carbonate-rock-hosted, the ore setting of Storm 

does not strongly resemble that of Kipushi (Turner et al., 2018). 

Clastic units that underlie sedimentary-rock-hosted ore deposits are credited as the main source 

of base-metals for some red-bed (Hitzman et al., 2005), MVT (Peru; Basuki et al., 2008; 

Viburnum Trend; Appold et al., 2004), and Irish-type (Wilkinson et al., 2005) deposits. In the 

case of the Storm setting, there are red clastic units both above (Peel Sound and Somerset Island 

formations) and below (Aston Formation) the mineralised Allen Bay Formation. Bleached zones 

in Aston Formation sandstone clearly indicate post-depositional alteration, which may have 

included leaching of particular metals, hence establishing a setting that is in some respects akin 

to the Irish ore district, where bleaching is noted in the underlying "old red sandstone" unit 

(Wilkinson et al., 2005). Interaction of basement igneous rocks, in addition to underlying 

sandstone, has been noted as a base-metal source for Irish-type deposits (Everett et al., 2003) and 

the Viburnmum trend (Shelton et al., 1995, 2009).  The diagenetic history of the Aston 

Formation sandstone and its possible role as a metal source have yet to be investigated, and so 

the true source of metals remains undetermined. 
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3.5.7.1 Pre-ore 

Based on textural and geochemical data (Table 4), pre-ore mineralisation resulted when two 

reduced fluids mixed on-site (Fig. 18A). High temperatures, +Eu PAAS-normalised anomalies, 

and δ34S values (~0‰) indicate a fluid that had equilibrated with basement gneiss and/or mafic 

dykes was rapidly transported (to preserve the Eu+2 signatures) along graben faults to the site of 

precipitation. Sulphur (along with Eu+2 +/- Co) that had been leached from the basement mixed 

with a second reduced fluid. The second fluid, having equilibrated with red clastic rocks 

(probably Aston Formation), transported unfractionated Cu as a chloride complex to the site of 

mineralisation. The ranges in δ18O and fluid compositions (evaporate mounds) indicate mixing of 

two fluids; the relatively consistent fluid temperature may indicate that the two fluids had similar 

temperatures (similar temperatures in both basement and Aston Formation). 

 

3.5.7.2 Main ore 

Continued orogenesis affected fluid flow paths established during pre-ore mineralisation, and the 

basement-equilibrated fluid (Eu anomaly, δ34S, and Co) was no longer prominent. Using red-bed 

Cu deposit type mineralisation as an analogy, the sequence of events that resulted in 

mineralisation commenced with an oxidised fluid circulating through igneous basement 

(Blundell et al., 2003; Koziy et al., 2009) and/or red beds (Hitzman, 2000; Hitzman et al., 2010), 

leaching Cu and transporting it to a reductant where precipitation would occur. At Storm, a 

downward-migrating, oxidised, low-latitude meteoric fluid (0 wt. % NaCl equiv.) dissolved 
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evaporite units to become enriched in Na, and leached Cu (and Mn) from the underlying red-bed 

and transported Cu as a chloride complex along faults to sites of mineralisation (Fig. 18B). 

Prolonged fluid flow from the north(west) resulted in Cu-depletion in the north (geerite and 

covellite compositions) and southward 65Cu-enrichment. Deeper mineralisation has lower δ65Cu 

values than the more shallow sulphides and reflects the remobilisation of Cu up the faults. 

Sulphur was provided by dissolution of pre-ore sulphides (primarily pyrite) mixed with 

seawater/evaporite sulphate (δ34S = ~20‰) that was reduced by TSR to result in intermediate 

δ34S values (~10‰).  

There is little evidence for the presence of organic matter or abundant pyrite to act as a reductant 

in the Allen Bay Formation. However, the former presence of hydrocarbons is suggested from 

the amorphous carbon associated with Cpy2 and calcite (Fig. 7I) that may be the end-product of 

hydrocarbon degradation.  

The argillaceous Cape Storm Formation acted as a trap for the mineralising fluids. The 

permeability contrast between the Allen Bay Formation and the Cape Storm Formation was 

sufficient to cause fluid(s) to pool to initiate mineralisation, but still allowing for some fluid to 

leak into the overlying Douro Formation, where stringers of mineralisation formed. 

Pulses of a basement-equilibrated fluid, similar to pre-ore fluids (T, salinity, δ18O, REE patterns, 

K-enrichment), introduced unfractionated Cu (δ65Cu = 0‰) and δ34S-enrinched S (δ34S = 20‰). 

This fluid was also responsible for the Cpy3 and D2 minerals at 2750N. 
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3.5.7.3 Post-ore 

The post-ore assemblage records alteration from a downward-migrating, oxidised, high-latitude 

meteoric water. Copper was locally leached from pre-existing sulphides and precipitated as 

secondary oxides, carbonates, and native Cu.  

In summary, hypogene mineralisation at Storm was the result of two fluids (Cu-bearing and S-

bearing) that migrated along graben faults and mixed in a carbonate host beneath a semi-

impermeable argillaceous unit during the Ellesmerian orogeny. Copper was probably derived 

from an underlying red clastic unit and transported as a chloride complex; S, on the other hand, 

was probably derived from seawater or evaporite dissolution, underwent TSR, and also mixed 

with pre-ore sulphides. Prolonged fluid movement from the present-day north produced a 

globally familiar zonation in sulphide mineralogy (geerite [chalcocite] → bornite → Cpy). Later 

(Cenozoic) supergene mineralisation was the result of downward-penetrating high-latitude 

surficial water locally remobilised copper. The Devonian-Carboniferous timing of pre- and main-

stage mineralisation, based on  combined paragenetic and analytical criteria, is compatible with 

the geochronology of Zn mineralisation elsewhere in the Cornwallis district (Christensen et al., 

1995; Selby et al., 2005), suggesting that the Storm copper deposit may be closely related to 

other showings in the district despite its contrasting mineral composition and stratigraphic 

position.  
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3.6 Conclusions 

 

Integration of detailed petrography and SEM-EDS studies with multiple in situ microanalytical 

analyses on ore and gangue minerals from a Cu showing in the Cornwallis Zn district constrains 

the source and history of its diagenetic and mineralizing fluids, which collectively span the 

Silurian (early diagenesis), Devonian-Carboniferous (main ore precipitation) and Cenozoic 

(oxidation of the sulphide mineralisation). Whereas pre-ore mineralisation resulted from mixing 

of two reduced fluids on-site, with one fluid transporting Cu and the other reduced S, the main 

mineralising fluid was a southward-migrating, descending, meteoric fluid that leached Cu from 

the underlying Proterozoic red sandstone (Aston Formation) and was reduced on site. The latest 

fluid event, which remobilised Cu from the sulphides and precipitated supergene minerals, is 

related to descending meteoric water during the Cenozoic. The timing of the main ore event is 

comparable with dates for Zn mineralisation elsewhere in the Cornwallis district, suggesting that 

the Storm Cu deposit is genetically related to the Zn deposits in spite of their obvious 

differences. The ultimate source of metals in the deposit, and its  relationship to the Zn-

dominated showings that dominate the Cornwallis district, are the subjects of ongoing work. 
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Figure 3-1: Study location 

Figure 1. (A) General map of Canada and (B) the Arctic archipelago showing location of past-

producing mines and the Cornwallis district (shaded), Mesoproterozoic basins (dotted lines), and 

the Ellesmerian orogenic front (dashed line). 
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Figure 3-2: Geological map of Somerset Island 

(A) Geology of Somerset Island (after Stewart and Kerr, 1984) shows base-metal showings on a 

northwest-trending fault zone that is parallel to regional Mesoproterozoic basin structures 

(Aston-Batty line; dashed line). (B) Local geology around the Storm showing shows the location 

of mineralised zones along normal faults. Samples used in this study are from 2750N, 3500N, 

and 4100N zones (NAD83, zone 15). Typhoon showing is the southernmost known showing in 

the Cornwallis district. 
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Figure 3-3: Simplified stratigraphy 

. Simplified stratigraphic column of the geology at Storm (modified after Robinson and 

Atkinson, 2012). Enlargement of the Allen Bay Formation shows the stratigraphic location of 

mineralisation and informal members of the formation (ADMW – alternating dolomudstone and 
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dolowackestone; BPF – brown dolopackstone and dolofloatstone; VSM variable 

stromatoporoid). 
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Figure 3-4: Representative Storm copper core photographs 

Representative core photos show mineralisation textures from (A) 2750N, (B) 3500N, and (C) 

4100N. (A) Mineralisation in brown dolopackstone and dolofloatstone (BPF) from 2750N: (i) 

chalcopyrite veinlets; (ii) geerite breccia mineralisation; (iii) carbonate replacement by geerite; 

(iv) dolostone alteration around mineralisation; (v) chalcopyrite mineralisation in the variable 

stromatoporoid member (VSM). (B) 3500N mineralisation in BPF and VSM: (i) carbonate 
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replacement by geerite in BPF; (ii), (iii), and (iv) breccia mineralization in VSM, by geerite later 

altered to atacamite, cuprite, and malachite. (C) 4100N mineralisation is typically hosted in the 

upper alternating dolomudstone and dolowackestone (ADMW): (i) veins and breccia with 

gangue and sulphide minerals commonly have mineralisation on one side of clasts/vein walls; 

(ii) alteration of dolostone along fractures near mineralised areas; (iii) and (iv) breccia-hosted 

mineralisation is primarily geerite; (v) veinlets of geerite in the overlying Cape Storm Formation. 
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Figure 3-5: Simplified paragenetic diagram 

Simplified paragenetic diagram for mineralisation at Storm copper. The relationship between 

geerite and chalcopyrite is inferred based on relative paragenetic timing with other minerals, and 

geochemistry. 



232 

 

 



233 

 

 

Figure 3-6: Storm mineralogy 

Storm mineralogy. (A) Reflected-light (RL) image of primary dolomite (D1) replaced by calcite 

2 (C2) with corroded edges (thin section). (B) RL image of pre-ore chalcopyrite 1 (Cpy1), pyrite 

1 (Py1), and marcasite in a D1-cemented vein. (C) RL image of Cpy1, with locations of SIMS S 

isotope values (per mil). (D) Core photo of brecciated mineralisation at 4100N showing 

relationship between geerite (G1, G2) and D1. (E) RL image of G1 and G2 in (D) shows D1 

replaced by C1 along its edges and G2 replaced/intergrown with covellite 1 (Cv1). (F) Core 

photo of G2 mineralisation from 2750N. (G) Combined RL and plane-polarised light (PPL) 

image of G2 replaced by Cv1, followed by bornite (Bn) forming a rim, and chalcopyrite. (H) 

Core image of breccia mineralisation of Cpy2. (I) RL image of Cpy 2 and the location of SIMS S 
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isotope values. (J) Core photo of massive Cpy3 with intergrown D2 cement. (K) RL image of 

Cpy3 replacing Py2 and location of SIMS isotope analyses. (L) PPL image of Cpy3 and 

intergrown D2 cement that has a high density of fluid inclusions. (M) Core image of carbonate 

replacement mineralisation along fractures by G1. (N) RL image of mineralisation in (M). (O) 

Thin section photo of mineralisation from 2750N shows the scale of localised alteration fronts. 

(P) RL image from area in (P) that shows bornite that was replaced by chalcopyrite2, which were 

both replaced by Cpy3, and later Cv2. (Q and R) Core and thin section of replacement Cv2 

mineralisation. (S) PPL image from (R) of Cpy2 that was replaced by Cv2. (T) RL image of 

Cpy2 replaced by Cv2. (U) Core image of mineralisation at 3500N showing cuprite (Cp) and 

atacamite (Atm), which are apparently exclusive to this zone. (V) RL image of dendritic native 

Cu surrounded by C3 and goethite (Gth) from 3500N. (W) PPL image of cuprite (Cp) replaced 

by atacamite (At). 
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Figure 3-7: Storm mineral textures 

Mineral textures. (A and B) RL image of intergrown geerite 2 (G2) and spionkopite (Sp) from 

2750N replaced by Cv, and rimmed by bornite (Bn) that has exsolution-textured chalcopyrite 

replacement. The two images in C are the same but rotated 90° to show bireflectivity of Cv. (C) 

Back-scattered electron (BSE) image of relationship of G2 and Cv1. (D) BSE image of 

exsolution-textured chalcopyrite (Cpy) in bornite (Bn). (E) RL image of bornite replacement of 

G2 and Cv at 4100N that is limited to areas of pyrite dissolution. (F) Geerite 2 is intergrown with 
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pyrite 2 (Py2), which forms atoll-like structures around Py1. Spots indicate SIMS analyses for S, 

in permil relative to CDT. (G) BSE image of G2 and Cv1 from F. (H and I) RL and BSE images, 

respectively, of chalcopyrite 2 (Cpy2) exsolution texture and its intergrowth with C1 and 

amorphous carbon. (J) RL image of Cpy2 that replaced bornite and covellite and appears to 

grade into the exsolution-textured chalcopyrite. (K) RL image that shows Cv2 preferentially 

replacing bornite over Cpy3, and that remnant exsolution-textured chalcopyrite is locally 

preserved in covellite, after bornite replacement. (L) PPL image of the latest calcite cement (C3) 

that replaced a previous mineral and filled void space. The only indication of the previous 

mineral is its outline preserved as inclusions in C3. C3 (arrow) includes all transparent minerals 

in view. 
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Figure 3-8: Storm Cu-sulphide composition 

Composition of Cu-sulphides from three zones at Storm copper. (A) First generation of geerite 

has a mode of Cu1.6S for all three zones. (B) Second generation of geerite has noticeable 

decrease in Cu abundance to Cu1.5S, but is still in the natural range reported by Goble and 

Robinson (1980). Geerite 2 is not present at 3500N. (C) Covellite chemistry from 2750N clusters 

at ideal CuS, whereas 4100N covellite is depleted to Cu0.9S; no covellite is present at 3500N. 
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Figure 3-9: Storm fluid inclusion photomicrographs 

Photomicrographs of fluid inclusions in dolomite (D) and calcite (C) cements; note the small 

inclusion size. (A) and (B) D1 cements densely populated by (A) primary and (B) secondary 

fluid inclusions with uniform L-V ratios (insets); vertical planes in (A) are crystallographic 

growth planes and insets are from different FIAs (not shown). (C) and (D) D2 cements nucleated 

on Cpy3 (left) densely populated by (C) primary and (D) secondary fluid inclusions along an 

arcuate fracture with consistent L-V ratios (inset). (E) C2 cement contains sparse fluid inclusions 

that are small or have variable L-V ratios. (F) Secondary fluid inclusions along a fracture in C2 

cement are small, but have uniform L-V ratios. These inclusions cross growth planes in the 

calcite. (G) C3 cements with very small (<1 µm) primary fluid (FI) and solid (SI) inclusions 

whose size precludes microthermometric analysis. Scale bar in insets is 4 µm. 
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Figure 3-10: Evaporate mound images and composition 

Evaporate mounds and their compositions. Back-scattered electron images of evaporate mounds 

showing morphologies (A = domical; B = anhedral clusters; C = dendritic) that reflect their 

different compositions. Results of raster analysis of mounds are plotted on ternary diagrams in D, 

F, and G, whereas E and H are density plots of compositions from (D) and (G), respectively. The 

density plots indicate two compositional groups in D1, but only one in D2. D1- dolomite 1, C2 – 

calcite 2, D2 – dolomite 2. 
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Figure 3-11: Oxygen isotope diagram 

Oxygen isotope diagrams for the Allen Bay Formation and its cements show the range of 

possible δ18O values of the precipitating fluids. Curved lines are isopleths calculated using Horita 

(2014) for dolomite-water and O’Neil et al. (1969) for calcite-water fractionation. 

Homogenisation temperatures (Th) and reasonable burial temperatures were used as temperature 

constraints. Heavy black lines represent average of measured isotope values of mineral. Dstn – 

Allen Bay Formation dolostone, D1 – dolomite 1, D2 – dolomite 2, C1 – calcite 1, C2 – calcite 2, 

C3 – calcite 3. 
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Figure 3-12: PAAS-normalised REE+Y diagram of carbonate gangue minerals 

PAAS-normalised REEY diagrams for Allen Bay Formation, dolomite 1 (D1), calcite 1 (C1), 

calcite 2 (C2), dolomite 2 (D2), and calcite 3 (C3). 
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Figure 3-13: Anomaly discrimination diagram 

A REEY discrimination diagram after Bau et al. (1997) used to verify La and Ce anomalies. The 

majority of samples have neutral or positive Ce and negative La anomalies, when normalised to 

PAAS (subscript SN). D1 – dolomite 1, C1 – calcite 1, C2 – calcite 2, D2, dolomite 2, C3 – 

calcite 3. Ce* = Ce/(0.5*LaSN + 0.5*PrSN). Pr* = Pr/(0.5*CeSN + 0.5*NdSN).   
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Figure 3-14: Trace element composition of carbonate gangue minerals 
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Summary diagram of trace element and REE chemistry of carbonate minerals through the 

paragenesis. Minerals are arranged in paragenetic order from left to right, with field size a 

function of data points, rather than time. 
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Figure 3-15: Sulphide trace element composition 

Bivariant plots of sulphide trace element compositions. Shaded boxes in (A) indicate typical 

compositions of hydrothermal and diagenetic pyrite (Large et al. 2012, 2009). 
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Figure 3-16: Water-rock ratio diagram 

Water-rock ratio diagram showing results of calculations using equation of Taylor (1977). The 

lines show that, for an initial dolostone composition of 25‰, a fluid of the same composition and 

temperature as D1 (12‰ and ~100°C, respectively) requires a W:R of 2-20 to alter the dolostone 

to the measured 30‰ around veins. 
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Figure 3-17: Mineralising fluid flow diagram for Storm 

Mineralising fluid-flow for Storm was predominantly from the (present-day) north. 

Mineralisation was facilitated by downward migration of meteoric water that originated in the 

north (4100N) and migrated through red-beds (Aston Formation) south and west towards 3500N 

and 2750N zones. Data in white boxes are δ65Cu values of mineralisation (stars) at different 

elevations above present-day sea level. Copper minerals record progressive enrichment in δ65Cu 

values along the fluid path and up faults. 
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Figure 3-18: Mineralisation model for Storm 

Mineralisation history of Storm. (A) Pre-ore mineralisation involved two reduced fluids that 

mixed on-site under the semi-impermeable, argillaceous Cape Storm Formation. Fluid 1 was 

basement-equilibrated and acquired magmatic-sourced S and Eu. Fluid 2 was a burial brine that 

leached Cu from Aston Formation red-beds (B) Main-stage ore resulted from prolonged oxidised 

meteoric fluid leaching of Cu from the underlying Aston Formation and transporting it up faults 
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to be reduced in a stratigraphic-structural trap by thermochemically reduced sulphate, organic 

matter, and/or diagenetic pyrite. Not to scale; no vertical scale implied. 
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Table 3-1: Microthermometric data for Storm 

Microthermometric data for ore-related minerals at Storm.  

FIA = fluid inclusion assemblage, FI = fluid inclusion, Avg = average, Th = homogenisation 

temperature, Tm = ice-melting temperature 

 

Mineral Stage FIA# # Fis 
Range 

Th 
Avg Th 

range 
Tm 

avg Tm 

Salinity 
(wt. % 
NaCl 

equiv.) 

Dolomite D1 1 2 
102-
106 

104 
   

  
2 6 

110-
130 

117 -13 -13 16.9 

  
3 12 76-104 83 

   

 
D2 1 7 

105-
125 

115 
   

  
2 7 97-130 107 

   

Calcite C2 1 8 
102-
190* 

138 
 -0.1 to 

-0.2 
-0.1 0.4 
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Table 3-2: Stable isotope data (SIMS) for Storm sulphides and carbonates 

Ore-
stage 

Sulfide Stage 
34SCDT 

(‰) 

1 (‰
) 

Carbonate Stage 
18OV-

SMOW (‰) 

1 

(‰) 

Pre Chalcopyrite Cpy1 2.2 0.3 Dolomite Dstn 31.6 1.2 

 
Chalcopyrite Cpy1 1.6 1.3 Dolomite D1 26.3 1.2 

 
Chalcopyrite Cpy1 1.5 2.3 Dolomite D1 23.8 1.2 

 
Pyrite Py1 0.8 0.3 Dolomite D1 28.1 1.2 

 
Pyrite Py1 -1.4 0.3 Dolomite D1 30.5 1.2 

 
Pyrite Py1 6.9 0.3 Dolomite D1 29.2 1.2 

 
Pyrite Py1 0.9 0.3 Dolomite D1 29.0 1.2 

 
Pyrite Py1 0.5 0.3 Dolomite D1 31.2 1.2 

 
Pyrite Py1 2.4 0.3 Dolomite D1 29.1 1.2 

 
 

   
Dolomite D1 32.0 1.2 

Main Chalcopyrite Cpy2 10.0 0.3 Calcite C1 7.0 1.2 

 
Chalcopyrite Cpy2 13.3 0.3 Calcite C1 7.6 1.2 

 
Chalcopyrite Cpy2 13.5 0.3 Calcite C1 6.3 1.2 

 
Chalcopyrite Cpy2 8.7 0.3 Calcite C1 8.0 1.2 

 
Pyrite Py2 10.8 0.3 Calcite C1 8.6 1.2 

 
Pyrite Py2 10.2 0.3 Calcite C1 17.0 1.2 

 
Pyrite Py2 11.2 0.3 Calcite C1 19.4 1.2 

 
Chalcopyrite Cpy3 8.8 0.3 Calcite C1 18.7 1.2 

 
Chalcopyrite Cpy3 23.4 0.3 Calcite C1 14.8 1.2 

 
Chalcopyrite Cpy3 22.2 0.3 Calcite C1 16.6 1.2 

 
Chalcopyrite Cpy3 13.2 0.3 Calcite C2 13.4 1.2 

 
Pyrite Py3 17.7 0.3 Calcite C2 15.3 1.2 
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Calcite C2 12.0 1.2 

 
 

   
Dolomite D2 24.3 1.2 

 
 

   
Dolomite D2 26.0 1.2 

 
 

   
Dolomite D2 28.5 1.2 

 
 

   
Dolomite D2 25.3 1.2 

 
 

   
Dolomite D2 30.0 1.2 

 
 

   
Dolomite D2 29.3 1.2 

Post  
   

Calcite C3 10.7 1.2 

 
 

   
Calcite C3 9.7 1.2 

 
 

   
Calcite C3 10.2 1.2 

 
 

   
Calcite C3 10.7 1.2 

 
 

   
Calcite C3 9.9 1.2 

 
 

   
Calcite C3 9.8 1.2 

 
 

   
Calcite C3 9.8 1.2 
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Table 3-3: Copper isotope measurements from Cu minerals from 2750N, 3500N, and 

4100N, at different depths. 

2750N 

Down hole 
Elevation 

above 
sea level 

Mineral Stage 65Cu (per mil) 

Float  Geerite G1 0.01 

Float  Bornite Bn 0.02 

Float  Malachite Mal -0.33 

25 m 221 Chalcopyrite Cpy2 3.44 

42 m 208 Chalcopyrite Cpy2 0.88 

62 m 194 Chalcopyrite CPy1 -0.07 

78 m 180 Chalcopyrite Cpy2 2.18 

29 m 158 Chalcopyrite Cpy3 0.14 

29 m 158 Covellite Cv2 1.31 

102 m 153 Chalcopyrite Cpy3 0.18 

4100N 

Down hole 
Elevation 

above 
sea level 

Mineral Stage 65Cu (per mil) 

12 m 294 Geerite G1 0.43 

24 m 283 Chalcopyrite Cpy2 1.31 

62 m 243 Geerite G1 -0.1 

81 m 214 Native Cu Cu 0.04 

3500N 
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Down hole 
Elevation 

above 
sea level 

Mineral Stage 65Cu (per mil) 

float  Geerite G1 0.01 

9 m 212 Chalcopyrite Cpy2 0.99 

16 m 209 Geerite G1 0.05 

33 m 197 Native Cu Cu 0.22 

33 m 197 Malachite Mal 0.78 

33 m 197 Cuprite Cp 0.09 

33 m 197 Geerite G1 -0.17 

65 m 175 Geerite G1 -0.06 
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Table 3-4: Summary of averaged geochemical data for different mineralisation stages. 

Stage Th (°C) 

Salinity                  
(wt. % 
NaCl 

equiv.) 

δ18OSMOW 
(‰)  

δ34SCDT 
(‰)  

δ65CuNIST 
(‰)  

Fluid 
redox 

Fluid 
composition 

Interpretation 

pre-
ore 

101 17 28.8 1.7 0.1 reduced Na & Na+K 

Mixing of 
reduced 

basin-derived 
fluids  

main 
ore I 

102-
190 

0.4 13.5 11.1 1.8 oxidised 
Na-

dominant 

Low-latitude 
meteoric 

water 
dissolved 

evaporites 
and leached 
Cu from red 

bed 

main 
ore II 

111 moderate 27.2 16.9 0.1 reduced 
Na+K-

dominant 

Mixing of  
basin-derived 

fluids 

post-
ore 

<30* low 10 NA NA oxidised NA 
High-latitude 
meteoric fluid 
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Chapter 4  

4 Diagenetic evaluation of a possible red-bed source for anomalous 

Cu in the Paleozoic-carbonate-hosted Cornwallis Zn-Pb district, 

NU 

Mathieu, J. and Turner, E.C. 

Abstract 

The Mesoproterozoic Aston Formation on Kuuganajuup Nunanga (Somerset Island), Canada, is 

a red sandstone situated stratigraphically below the Storm copper deposit, an anomalous Cu 

deposit in the Paleozoic-carbonate-hosted Cornwallis Zn-Pb district. It experienced a history of 

successive burial and exhumation episodes, reaching a maximum burial (>3 km) by the onset of 

the Devonian Ellesmerian orogeny, and a series of mostly Paleozoic fluid migrations. A 

petrographic and in situ SIMS oxygen isotope study was undertaken to identify diagenetic events 

and their relative timing in order to assess the possibility that this redbed unit was the Cu source 

of the Storm Cu deposit. Most framework grains in the sandstone are fractured quartz with long, 

concavo-convex grain contacts, of which some are sutured (pressure-solved); the characteristics 

of these contacts and the paragenesis of associated mineral phases outlines the diagenetic history 

of the sandstone. Two episodes of hematite precipitation (early and late) are indicated by patterns 

in the distribution of 1-100 µm-thick hematite coatings on quartz clasts: hematite coatings are 

present on all surfaces of some grains, including pressure-solved contacts, whereas other sutured 

grains lack hematite along sutured contacts but are otherwise completely veneered with hematite. 

Mafic grains, which would be expected in this material based on nearby exposed gneissic 

basement, are now absent, and may have reacted to supply the iron involved in hematite 

precipitation. Quartz cement that precipitated after the late hematite yields an average δ18O value 

of 14.4‰ (SMOW). Calculated δ18OH2O values indicate that this quartz was probably 

precipitated by a warm (100° to 130°C), externally derived, low- to mid-latitude (20-30°N), 

oxidised meteoric fluid during the Carboniferous, after maximum burial conditions, and was 

probably associated with the late hematite coatings. This relationship indicates that porosity and 

permeability were sufficient for the circulation of fluids in the Paleozoic, including possible 

mineralising fluids during the Carboniferous. The sandstone was bleached by a more reduced 
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fluid prior to (near-) maximum burial, indicated by the absence of hematite at pressure-solved 

grain contacts and secondarily reddened by the circulation of oxidised Carboniferous meteoric 

fluid. This sequence is similar to documented fluid types responsible for the overlying Storm 

copper deposit. The oxidised fluids responsible for the late reddening of the Aston Formation 

sandstone have characteristics that are compatible with their acting as a metal source for the 

regionally anomalous Storm copper deposit. 

4.1 INTRODUCTION 

Stratiform copper deposits are the second-most-important source of Cu globally after porphyry 

Cu, and contribute ~11% of Cu globally (Mudd and Jowitt, 2018). Red terrigenous strata near 

these deposits are typically the inferred metal source for these deposits (Haynes, 1986; Everett et 

al., 2003; Hitzman et al., 2005; Brown, 2005, 2009). It is understood that the sediment was not 

originally red when deposited, but instead that the colour is a diagenetic product produced when 

mafic and other labile minerals in the sediment were exposed to oxidised fluids (Zielinski et al., 

1983; Walker, 1989; Brown, 2009), liberating iron that then precipitated as a ferric iron coating 

(cement) around sedimentary particles. This process gradually reddens sediment over perhaps 

several millions of years, as has been demonstrated in Cenozoic strata in the western USA 

(Zielinski et al., 1983; Walker 1989). The importance of the reddening process in the context of 

stratiform Cu deposits is that the oxidised fluid mobilises iron, copper, and other metals from the 

mafic minerals. The iron is reprecipitated as Fe-oxide, such as goethite or limonite, which can 

easily adsorb the other leached metals. During later fluid circulation, the adsorbed metals can be 

liberated, transported to more reducing areas, and precipitated as sedimentary-rock-hosted Cu 

deposits. 

Originally, it was thought that redbeds controlled the redox conditions of a circulating 

mineralised fluid, but Eh-pH conditions are not necessarily adequate for Cu to be in solution 
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based only on the stability and presence of hematite (Brown, 2009). The Eh-pH and salinity 

conditions required to liberate Cu and other metals from mafic minerals, and at the same time to 

precipitate iron hydroxides (limonite/goethite) must be moderately oxidised, slightly acidic to 

neutral, and saline (Brown 2009). The oxidised sediment that results from the reddening process 

allows for prolonged or subsequent oxidised fluid(s) to migrate through them and broaden the 

extent of oxidised conditions, thus gradually reddening a sediment body. Brown (2009) and 

Zielinski et al. (1983) demonstrated that large amounts of Cu (and other metals) can be liberated 

from and transported away from a source sedimentary rock by the reddening process, and that 

unreasonably large volumes of red-bed sandstone are not required, as once thought (Hitzman et 

al., 2005).  

Although a (moderately) saline, chloride-dominated fluid is accepted as the copper-mobilising 

fluid in redbed Cu deposits (e.g., Hitzman et al., 2005), the source of this fluid is not agreed upon 

(Brown, 2005; 2009). The most favourable fluid type for dissolving Cu in an Fe-OH system is a 

slightly acidic, atmosphere-equilibrated fluid (i.e., meteoric water; Rose, 1976; Brown, 2005; 

2009).  

Another common diagenetic change associated with sedimentary-rock-hosted ore deposits is 

bleaching (Wahab, 1998; Beitler et al., 2005; Hitzman et al., 2005; Wilkinson et al., 2005; 

Gorenc and Chang, 2015). Bleaching of sandstone can occur during hydrocarbon migration, 

which dissolves hematite and precipitates the iron as pyrite (Surdam et al., 1993; Garden et al., 

2001; Rainoldi et al., 2014). The removal of hematite and associated metals changes the rock 

colour from red to grey or white (Everett et al., 2003; Hitzman et al., 2005; Macintyre, 2006; 

Rainoldi et al., 2014). The timing of diagenetic events in possible source rock(s), particularly 
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cementation, reddening, and bleaching, are therefore important in evaluating the possible metal 

source(s) of sedimentary-rock-hosted base-metal deposits.  

Strata of Canada’s Arctic archipelago contain numerous mineralised areas (Dewing et al., 

2007a), including two past-producing mines (Polaris and Nanisivik Zn-Pb deposits). The 

Cornwallis district in Canada’s Arctic archipelago (Fig. 1) includes more than 80 carbonate-

hosted mineralised showings, including the past-producing Polaris Zn-Pb deposit (Kerr, 1977b; 

Randell and Anderson, 1996; Randell et al., 1996; Savard et al., 2000; Dewing et al., 2007b; 

Reid et al., 2013a,b). The southernmost part of the Cornwallis district, on Kuuganajuup Nunanga 

(Somerset Island), includes an anomalous carbonate-rock-hosted copper deposit (Storm copper; 

Dewing et al., 2007b; Mathieu et al., 2018). The Storm copper deposit is hosted by Ordovician-

Silurian age dolostone of the Allen Bay Formation, which is situated stratigraphically between 

underlying Proterozoic red sandstone (Aston Formation) and overlying Silurian-Devonian red 

sandstone (Peel Sound Formation). An integrated geochemical study of the deposit (Mathieu et 

al., 2018) determined that the mineralising fluid was a south-migrating, meteoric-derived fluid 

that interacted with sedimentary rocks and deposited the main ore stage during the late 

Devonian-Carboniferous, and that the Aston Formation may have been the metal source.  

Most studies of sedimentary-rock-hosted ore deposits and districts focus on ore and alteration in 

the immediate vicinity of ore, but the prerequisites required for the formation of ore deposits 

involve large geographic areas and substantial stratigraphic successions, of which the relevant 

characteristics are commonly merely assumed. In many sedimentary-rock-hosted ore districts, 

the presumed source rocks are unexposed, or too fine-grained to harbour evidence of the type of 

diagenesis or subtle alteration that would result from the passage of metal-scavenging fluids. In 

some cases, the characteristics of metal source-rocks and of the aquifers through which 
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mineralising fluids migrate can be crudely deciphered using geochemical approaches focussed 

on ore and gangue minerals (e.g., Goldhaber et al., 1995; Wilde et al., 2006; Everett et al., 2003; 

Garcia-Alonso et al., 2011; Debruyne et al., 2016), without approaching the putative source or 

aquifer material. Diagenetic studies focussed specifically on presumed source rocks in base-

metal districts are relatively few (e.g., Hiatt et al., 2003; Beyer et al., 2011; Tornos and Heinrich, 

2008; Simbo et al., 2019; Everett et al., 2003; Rajabour et al., 2017; Bonnetti et al., 2015; Polito 

et al., 2006), yet the presumed source of metals in redbed copper deposits is coarse-grained 

terrigenous clastic strata (Hitzman et al., 2005) that could readily lend themselves to diagenetic 

study using simple techniques. Deciphering the diagenetic history of suspected source rocks 

could add substantially to the understanding of both individual deposits and whole districts by 

highlighting the types and timing of fluid events that affected source rocks through time, as 

reflected in mineral precipitation and dissolution episodes, and the evolution of porosity-

permeability relationships through time. 

This petrographic and isotopic study addresses Aston Formation red and grey sandstones to (1) 

outline the diagenetic events and burial history of this formation; (2) characterise the succession 

of diagenetic fluids; (3) compare the fluid history recorded in the Aston Formation with the fluid 

history at Storm copper; and (4) determine whether the Aston Formation may have contributed 

metals to mineralising fluids responsible for the Storm copper deposit. 

 

4.2 GEOLOGICAL BACKGROUND 

A collection of Mesoproterozoic basins in the Canadian Arctic archipelago are termed the Bylot 

basins (Fig. 1) and include the Borden (Baffin and Devon islands), Fury and Hecla (Baffin 
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Island), Thule (Greenland and Ellesmere islands), and Hunting-Aston (Somerset and Prince of 

Wales islands) basins (Jackson and Iannelli, 1981), although Mayr et al. (2004) suggested that 

the Hunting-Aston basin may be older. Jackson and Iannelli (1981) concluded that these basins 

were aulacogens associated with extension during the Mackenzie magmatic event (~1270 Ma; 

Fahrig et al., 1981; LeCheminant and Heaman, 1989), however, Long and Turner (2012) 

concluded that they may have been trans-tensional sag basins prior to rifting. The Hunting-Aston 

basin is overlain by Paleozoic strata that were deposited on the Franklin shelf (Trettin et al., 

1991). Far-field, west-directed compressional stresses during the Silurian-Devonian associated 

with the Caledonian orogeny resulted in the Boothia uplift (Miall, 1986; Oliver, 2001; Morris et 

al., 2005), a north-trending feature that is cored by basement rocks and extends from the 

mainland (Boothia Peninsula) in the south to the Grinnell Peninsula (Devon Island) in the north 

(Okulitch et al., 1991). South-directed stresses in the Late Devonian-Carboniferous resulted in 

the Ellesmerian orogeny (Harrison et al., 1991), a west-trending deformation front that affected 

the islands north of the Barrow strait and deposited a thick clastic wedge (6-10 km) in its 

foreland basin on most of the islands (Embry, 1991; Dewing and Obermajer, 2009). Deposition 

in the Franklin basin effectively ceased with the waning of the Ellesmerian orogeny and the 

opening of the Carboniferous-Cretaceous Sverdrup Basin to the northwest of the Cornwallis 

district (Davies and Nassichuk, 1991), which became the primary depocentre in the High Arctic. 

Rotation of Greenland relative to Laurentia caused the Eurekan orogeny during the Cretaceous-

Oligocene, which resulted in compressive stresses in the north (Ellesmere Island) and 

extensional stresses in the South (Baffin Bay; Tegner et al., 2011; Piepjohn et al., 2016), with no 

apparent affect on islands south of Barrow Strait.  
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Proterozoic redbed sandstone of the Aston Formation is exposed in a small area on northern 

Somerset Island (<50 km x <3 km; Figs. 2, 3). It nonconformably overlies amphibolite- to 

granulite-facies Archean quartzo-feldspathic and mafic basement gneiss (Brown et al., 1969; 

Frisch, 2011) along a northwest-trending contact, dipping gently northeast under the 

Mesoproterozoic Hunting Formation and a thick succession of Paleozoic carbonate rocks. 

Although the Aston Formation unconformably underlies Mesoproterozoic strata (Hunting 

Formation; Tuke et al., 1966; Dixon et al., 1971; Dixon, 1974; Butterfield et al., 1990; 

Butterfield, 2000), it is assumed to be much older than, and unrelated to, the late 

Mesoproterozoic Bylot basins in the central Arctic islands of Canada (Fahrig et al., 1981; 

Jackson and Iannelli, 1981). The formation’s present thickness is ~800 m  (Fig. 4), but originally 

may have been substantially thicker (Mayr et al., 2004); it is unclear whether its complete 

absence between basement and the Hunting Formation in some fault-related regions along 

depositional strike is owing to synsedimentary faulting and geographically variable subsidence, 

or to later removal (Tuke et al., 1966). No stratigraphic unit resembling the Aston Formation is 

present in the other Mesoproterozoic Bylot basins, and although the formation presumably 

underlies the Paleozoic succession east of the exposure area, its geographic extent seems to be 

limited to northern Somerset Island, and perhaps only a small part thereof.  

The Aston Formation is sandstone-dominated, with minor basal conglomerate and siltstone. The 

formation consists of medium- to coarse-grained quartz sandstone with cross, trough, and planar 

lamination, and ripple marks, all of shallow-marine origin (Tuke et al., 1966; Long and Turner, 

2012). Paleocurrents suggest that most of the sediment was derived locally from basement gneiss 

to the (present-day) west of the Boothia arch, which is in agreement with the strained and 

monocrystalline predominance of detrital quartz grains (Dixon et al., 1971). Sediment reworking 
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in the shallow-marine environment may have been responsible for the removal of silt-sized 

grains (Dixon et al., 1971). Dixon et al. (1971) noted that feldspar content decreases and 

compositional maturity of the sandstone increases up-section, and related these trends to greater 

transport duration and decreased subsidence rate through time.  The Aston Formation is cross-cut 

by Mackenzie dykes and sills (1270 Ma; Mayr et al., 2004; LeCheminant and Heaman, 1989). 

The overlying Mesoproterozoic Hunting Formation is a ~1.3-km-thick carbonate succession 

(Tuke et al., 1966; Dixon, 1974) and, together with the Aston Formation, is cross-cut by 

Franklin-aged dykes (723 Ma; Heaman et al., 1992). Aston-Formation-derived quartz sand grains 

are present locally in the pink upper Hunting Formation (Fig. 5). Overlying the Proterozoic strata 

are approximately 3 km of Paleozoic carbonate strata (Fig. 4; Miall and Kerr, 1977; 1980). The 

youngest preserved Paleozoic formation (member 4 of the Peel Sound Formation) was deposited 

in the Early Devonian (Lochkovian; Thorsteinsson, 1980) and is composed of clastic material 

shed from rocks in the Boothia uplift, including Aston Formation clasts (Miall and Gibling, 

1978; Stewart, 1987). The Devonian-Carboniferous Ellesmerian orogeny deposited a widespread 

clastic wedge over most of the arctic islands, approximately 6 km thick (Embry, 1991), possibly 

as much as 9 km thick on Banks Island (Dewing and Obermajer, 2009), but no strata related to 

this orogeny are preserved on Somerset Island. 

Of the major Phanerozoic tectonic episodes, the Ellesmerian orogeny has the only apparent 

association with a fluid migration event thought to have been critical to the diagenetic and 

mineral potential of the Cornwallis district of the Canadian Arctic islands (Kerr, 1977a, b; 

Randell and Anderson, 1996; Rose, 1999; Savard et al., 2000; Mitchell et al., 2004; Reid et al., 

2013a, b; Mathieu et al., 2018).  
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The Storm copper deposit on Somerset Island is a carbonate-rock-replacement deposit that is 

divided into three paragenetic stages: pre-, main-, and post-ore (Mathieu et al., 2018). The pre-

ore stage precipitated dolomite cement and chalcopyrite from a mixture of a reduced basement-

derived-equilibrated fluid and a regional sulphate-bearing fluid that circulated at the onset of the 

Ellesmerian orogeny. During the main-ore stage, Cu-sulphides (chalcopyrite, bornite, chalcocite-

group, and covellite) and calcite were precipitated from an oxidised, low-latitude meteoric fluid 

that interacted with sedimentary strata, probably a redbed, associated with the waning of the 

Ellesmerian orogeny. Post-ore fluids were precipitated from higher-latitude meteoric fluid. 

A geochemical study of various mineral showings in the Cornwallis district (Chapter 2) indicates 

that mineralisation in the district was the result of a regional metalliferous fluid mobilised by the 

Ellesmerian orogeny. Following the Ellesmerian orogeny, the main regional fluid was supplanted 

by a low-latitude meteoric fluid. 

 

 

4.3 MATERIALS and METHODS 

Somerset Island is difficult to access during the few summer weeks of the year that are 

appropriate for geological work. Sea-ice cover between a helicopter base at Resolute Bay 

(Cornwallis Island) and Somerset Island is generally low during the summer weeks when snow-

cover on land is lowest, and helicopter access is not possible when there is open water. Owing to 

the rocky landscape (Felsenmeer and glacial drift), areas suitable for the landing of bush-planes 

fitted with tundra tires are few and become dry enough for landings only halfway through the 

short workable summer interval. Much of the landscape is too rocky for travel using all-terrain 
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vehicles, and so field research must be done on foot from backpacking-style base camps that are 

commonly not ideally situated relative to the useful exposures. For these reasons of extreme time 

limitation and inimical geographic conditions, the Proterozoic strata of Somerset Island have not 

been well studied.  

The Aston Formation red and grey sandstone samples used in this study were collected along a 

stratigraphic transect through the formation following a river valley that intermittently exposes 

the gently northeast-dipping strata (Table 1; Fig. 6). Because the exposure is poor and 

intermittent, many of the samples were collected from in situ frost-shattered bedrock 

(Felsenmeer; Fig. 3).  

Petrographic study conducted on polished thin sections (30 µm thick) used transmitted, reflected, 

oblique, and ultraviolet (385 nm) light sourced from an Olympus BX-41 petrographic 

microscope. The resulting descriptions were used to identify sediment gain composition and 

character, visually estimate component proportions, characterise diagenetic cements, locate and 

classify fluid inclusions, and establish a paragenesis. Cathodoluminescence (CL) images were 

captured with a MAAS, Inc. (Nuclide Corporation) ELM-2E luminoscope with a cold cathode 

electron gun, mounted on a standard petrographic microscope. The following operating 

conditions were reported: accelerating voltage of 15 kV, beam current of approximately 5 mA 

and an operating vacuum of 50-100 millitorr.  

A JEOL 6400 scanning electron microscope fitted with an Oxford INCA EDS detector was used 

to image textural relationships and identify mineral and geochemical compositions. Operating 

conditions were an accelerator voltage of 20 kV, 1.005 nA beam current, and 5-second counting 

time. 
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In situ measurement of δ18O values of quartz grains and quartz cement were made using 

secondary ion mass spectrometry (SIMS) at the University of Manitoba, Canada. Samples were 

sputter-coated with Au. A CAMECA 7f secondary-ion mass spectrometer operated with a 300 V 

sample offset, -8.7 kV secondary accelerating voltage, and 225 µm slit diameter combined with a 

mass-resolving power of 350 analysed samples with a 4 nA Cs+ primary ion beam accelerated to 

10 kV onto the sample with a 15 µm beam diameter. Detection of ions was performed using an 

ETP 133H electron multiplier. The quartz standard UWQ-1 of Kelly et al. (2007) was used as an 

internal standard. Data are reported in standard per mil (‰) referenced to V-SMOW with spot-

to-spot reproducibility of 0.7-0.8‰. 

 

4.4 RESULTS 

 

4.4.1 Hand Samples 

Samples consist of red (unbleached) and grey (bleached) sandstone (Fig. 3, 7).  

4.4.2 Thin sections 

Unbleached material has iron-oxide coatings around most detrital particles and, in particular, 

around very fine grains that causes the red appearance of the samples (Fig. 7A-F). Bleached 

samples have little to no iron-oxide coatings and are various shades of grey (Fig. 7G-I). A 

gradation of hues from red to grey reflects variable amounts of iron-oxides. Some samples 

exhibit patches or layers containing iron-oxides, whereas the rest of the sample has none (Fig. 

7J-L). Typically, coarser-grained grey sandstone layers lack hematite and finer-grained 
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sandstone layers are red. Well-sorted bleached samples generally lack iron-oxide coatings 

completely (Fig. 7H, I). 

4.4.3 Framework grains 

Sedimentary particle size ranges from very fine sand (65 µm) to medium sand (0.5 mm), and 

sandstone texture is well sorted with some samples having poorly sorted sections. Sedimentary 

grains are predominantly well- to sub-rounded and sub-spherical. Horizontal layers of different, 

uniform, grain size are present in some samples. Framework grains generally have long, subtly 

concavo-convex contacts that are predominantly horizontal or oblique to the depositional way up 

(Fig. 8A, B), with subordinate point and irregular-amplitude sutured contacts with no apparent 

preferred orientation (Fig. 8C), although the large stylolitic contacts appear to be horizontal (Fig. 

8D-F), collectively forming a fitted framework. Sutured contacts appear to be predominant in 

bleached samples or bleached areas of samples, and are apparently proportional to level of 

sorting (better sorted samples have more sutured contacts). Sutured grains have no hematite at 

the contact, unless it is in small (~2-5 µm) corrosion pits filled with phyllosilicates.  Generally, 

grains, particularly sutured grains, have corrosion along grain margins and contacts, leaving gaps 

less than 2 µm wide that are filled typically by phyllosilicates and/or hematite (Fig. 8C).  

The Aston Formation consists primarily of uniformly luminescent detrital quartz (typically 80-

90% of grains) and potassium feldspar (10-20% of grains), with minor amounts of lithic 

fragments. Quartz grains are predominantly strained (50-60%) and monocrystalline (40-50%), 

with subordinate polycrystalline quartz (typically <10%). Fractures are common in quartz grains. 

Potassium feldspar grains typically have tartan twinning in cross-polarised light, and appear 

cloudy; reflected-light and back-scattered electron images show a pitted-like texture of the grains 

(Fig. 9). Minor amounts of feldspar with perthite twinning or with no apparent twinning are 
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present. Lithic fragments are primarily chert or quartzite, with small amounts of granitic gneiss 

fragments. Mafic clasts are present in trace quantities.  

 

Very fine grains of rounded to sub-angular, opaque, detrital Fe(-Ti)-oxide minerals (Fig. 10) are 

present (<1%) scattered in almost all of the samples, regardless of whether the rock is 

unbleached or bleached, but are apparently more common in bleached samples. Some of these 

grains have intergrown exsolution lamellae (Fig. 10A) or patches of Fe-oxides (hematite) and Ti-

oxides (rutile) (Fig. 10B), and some grains have uniform hematite rims (up to 70 µm thick) 

surrounding cores of mixed Fe-Ti-oxides (Fig. 10B). Hematite grains are present in both 

bleached and unbleached sandstone, but are more common in unbleached material. These grains 

are typically (sub-)rounded and average 100 µm. Grains are distinct from surrounding grains and 

not incorporated in lithic fragments; some have corroded edges. Some of these grains appear to 

be composed of several smaller crystals amalgamated together with ‘pore space’ (Fig. 10C); 

others appear to be a single crystal. Some hematite grains in bleached and unbleached samples 

are <10 µm and appear to be partially dissolved in fine-grain matrix (illite?). 

 

4.4.4 Cement  

Very little matrix is present in the Aston Formation. Cement accounts for approximately 5-10 % 

of rock volume.  

 Iron oxide (hematite) coats and cements sand particles; it is also present along some of the 

fractures in quartz particles. In plane-polarised light, this cement is (almost opaque) brown, 
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whereas in oblique incident light, it is red to red-orange (Fig. 8A, 11). This cement evenly coats 

grains to a thickness of 1-10 µm and where mixed with illite between grains in unbleached 

material has a thickness of up to 100 µm. It unevenly coats few grains (if any) in bleached 

material; along most concavo-convex or sutured contacts, it is absent (Fig. 8C-E, 11A, B); this is 

not readily apparent in plane-polarised light, but is evident in oblique light. Some pressure-

solved contacts have hematite present in corroded pits that are also filled by clay minerals 

(illite?), rather than an actual coating of the grain. The coatings lack any obvious crystallinity 

(based on petrographic evidence) and appear to be composed of colloid-like hematite that is 

trapped around the outside surface of a grain (Fig. 11A, C, E). Two phases of hematite coating 

are present (H1 and H2), which are most obvious when they are separated by a thin veneer of 

quartz (Fig. 11C). When present, H1 consists of thin (1-3 µm) layers of ‘colloidal’ hematite 

entrapped by quartz overgrowths around a grain. At concavo-convex grain contacts, H1 is 

preserved between the grains (Fig. 8A). Hematite 2 (H2) is typically thicker (up to 100 µm) than 

H1 and coats grains or quartz overgrowths and is mixed with phyllosilicates between grains or in 

corroded pits at grain contacts. At pressure-solution grain contacts, H2 envelops the two grains 

(Fig. 11A, B). Some H2 has been incorporated into late quartz cement (Q2; Fig. 11E, F), but 

does not coat Q2.  

Two generations of quartz cement are present: thin, early veneers (Q1) and late, pore-occluding 

crystals (Q2; Fig. 12). The first quartz cement (Q1) forms thin (up to 100 µm), non-luminescent, 

syntaxial overgrowths on detrital quartz particles, and overgrows early hematite (H1 coatings 

around the grains (Fig. 11C, D, 12A-D). These Q1 overgrowths are typically <100 µm thick and 

pinch out at pressure-solved contacts (Fig. 12A, B). The transition from detrital grain to 

overgrowth is detectable by the overgrowth’s lack of fluid inclusions and by the presence of H1 
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coatings along the grain boundary. There is no physical separation that can be detected between 

the grain and overgrowth (i.e., smooth surface under reflected light; Fig. 12B, D). Where Q1 is in 

contact with pores filled by phylosilicates, it has corroded edges (Fig. 12C, D). Late quartz 2 

(Q2) is the main pore-filling cement, and overgrows H2, if present (Fig. 11C-F); this cement is 

non-luminescent (Fig. 12G), hundreds of micrometres thick, has no fluid inclusions and sparse 

fracturing. Unbleached samples typically have more Q2 than bleached samples, with some 

bleached samples having no Q2. In some samples, detrital grains appear to be “floating” in Q2 

(Fig. 12G). Most Q2 is separated from grains (and Q1) by a phyllosilicate (illite?) coating that, 

under reflected light, results in a visible gap that is typically <2 µm wide (Fig. 11F, 12B); these 

gaps typically contain hematite and/or phyllosilicates and have corroded edges. This cement 

surrounds grains that have pressure dissolution contacts (Fig. 12G). In some samples, Q2 that 

overgrows H2 appears to incorporate some of the hematite ‘colloids’ (Fig. 11E, F). 

Authigenic K-feldspar is present around some detrital feldspar (uniformly brightly luminescent) 

particles in the form of cloudy overgrowths (Fig. 9G-J), commonly in optical continuity with the 

underlying feldspar particle. At a micro-scale, the authigenic K-feldspar cement is more porous 

than the detrital grain it overgrows (Fig. 9I, J).  

 

4.4.5 Phyllosilicates 

Phyllosilicate minerals (muscovite and illite) are present in minor abundances in sandstone pores 

(Fig. 12C, D), primarily in bleached samples, where there is an apparently inverse relationship 

with sorting (better sorted = fewer phyllosilicates). They are also found as grain coatings (<2 µm 

thick) even at grain pressure-solution contacts (Fig. 9C-F, 8C). Phyllosilicate mineralogy plots 
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along two trends in a Si-Al-K ternary diagram (Fig. 13A): one between muscovite and Fe-Mg-

free illite, and one from muscovite to Fe-Mg-bearing illite. The phyllosilicate that plots closest to 

a muscovite composition (‘muscovite) is present as comparatively large (~25 µm) euhedral 

plates that infill the larger irregular pores (Fig. 13B-F) in bleached samples, whereas the Fe-Mg-

bearing illite (‘illite’) is fine-grained and is concentrated between grains (Fig. 13G), in corroded 

pits, and especially around dissolved K-feldpar (Fig. 9C-J). 

Illite coats most grains with a veneer that is present between grains that have a small gap (<2 

µm) between corroded grain edges or pits (up to 200 µm). Because some Q1 has corrosion 

features filled by phyllosilicates (Fig. 12C, D), this indicates a post-Q1 process. Cloudy K-

feldspar grains and cement have pits that may be related to twinning that are filled with illite that 

extend to and around the grain margin (Fig.9C-J). Some grains have illite that isolates, rounded 

fragments in optical continuity with the detrital grain (Fig. 13H, I). Hematite 2 is often mixed 

with illite. In samples that have H1 removed at grain contacts (i.e., bleached), H2 can be present 

in the corroded gaps/pits between grains that are associated with illite.  

Muscovite-filled pores have corroded edges with the grains/cement in contact with the pore (Fig. 

12C, D, 13B-F), making it difficult to determine if the pores were primary and the grain edges 

dissolved or if the pore space was the product of dissolution to allow for the infilling by 

muscovite. These pores are limited to bleached samples and have no H2 associated with 

muscovite. Muscovite crystals are apparently oriented randomly and undeformed (Fig. 13D). No 

timing constraints, except for post-dating Q1, were decipherable for muscovite and the pores it 

fills. 
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4.4.6 Porosity 

Little primary porosity remains in Aston Formation sandstones, but there is approximately 1-

10% secondary porosity. Oversized pores with corroded edges and irregular shapes (Fig. 14A-E) 

suggest porosity developed by dissolution. Some of these pores are empty (Fig. 14), whereas 

others were filled with phyllosilicates (Fig. 12C, D, 13B-F); some appear to post-date 

phyllosilicate infilling because of the void butting up against phyllosilicates (Fig. 14A, B); some 

are connected by narrow passages (Fig. 14C). Corroded edges along pores cut across grains and 

Q1 (Fig. 12C, D). Some of these pores are rounded and have concentric fractures around the 

margin of the void and probably represent grains plucked during thin section preparation (Fig. 

14D).  

 

4.4.7 Oxygen isotopes 

Measured δ18O values of quartz clasts and quartz cement (Q2) from two samples (Fig. 15) 

yielded averages of 8.8 (1σ = ±1.1‰SMOW; n=6; range = 7.5-10.1‰) and 14.4 (1σ = ± 1.9‰; 

n=7; range = 11.8-16.9‰), respectively. 

 

4.5 INTERPRETATION 

 

4.5.1 Sandstone composition and fabric 

Aston Formation sandstone is dominated by strained, monocrystalline quartz grains, reflecting its 

main source area in nearby basement rock exposures. In basins that have a local source from 
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uplifted basement rocks, unstable mafic clasts would be expected to be present, and if they are 

not, it may indicate that they were dissolved, which would release Fe (Walker, 1976). Iron that is 

released during initial reddening events typically does not travel far due to its tendency to adsorb 

onto oxyhydroxides (Zielinski et al., 1983; Walker 1989; Rose and Bianchi-Mosquera, 1993). 

Based on paleocurrents and clast composition, the Boothia arch was probably the source of 

Aston Formation sediment (Tuke et al., 1966; Dixon et al., 1971; Long and Turner, 2012), and as 

such, the lack of mafic clasts probably indicates the dissolution of these types of grains. 

The sandstone is dominated by fitted fabric, in which adjacent framework grains generally have 

long, gently concavo-convex contacts rather than point contacts, indicating extensive pressure 

solution. Pressure-solution took place after the development of at least one episode of hematite 

coating and after Q1, because the hematite veneers are preserved along pressure-solved grain 

contacts (behaving as an insoluble residue), whereas Q1 pinches out at pressure-solved contacts. 

After the main episode of porosity loss through pressure-solution, interparticle pore volume 

would have been ~10% until the time of their eventual occlusion during Q2 cement precipitation.  

 

4.5.2 Fe-oxide coatings: 

The red colour of Aston Formation sandstone developed through precipitation of Fe-oxide 

cement that coated sand particles during diagenesis; the Aston Formation sand was, therefore, 

probably not red at the time of its deposition. The reddening process requires the circulation of 

an oxygen-bearing fluid (Rose, 1989; Brown, 2005, 2009).  The reddening of sediment is 

typically considered shallow (Zielinski et al., 1983), with indications of reddening occurring to 

depths near 1 km (McBride, 2016), similar penetration depths of oxygenated meteoric fluid have 
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been determined in other studies as well (e.g., Machel, 2001; Brown et al., 2004; Rasmussen et 

al., 2014; Yuan et al., 2017). Faults and fracture networks can, however, increase the penetration 

depth of meteoric water (e.g., Diamond et al., 2018). Therefore an appropriate limiting depth of 

less than 1 km burial for reddening, in accordance with the shallow burial regime of Machel 

(2001).. This reddening fluid dissolves Fe-bearing (typically mafic) minerals, releasing Fe into 

solution where it can precipitate on grains as an Fe-oxyhydroxide (Zielinski et al., 1983; Weibel, 

1998; Brown, 2005). This process is common, gradual, and can take several million years 

(Zielinski et al., 1983; Brown, 2005), but is still considered to be an early diagenetic 

phenomenon (e.g., Zielinski et al., 1983; Ryan, 1989; Rose and Bianchi-Mosquera, 1993; 

Eichhubl et al., 2004), but it can also develop during late diagenesis if conditions allow for the 

circulation of oxidised fluid, such as after uplift and exposure (Wahab, 1998). 

 The main Fe-oxide cements in oxidised clastic sedimentary rocks are hematite and 

goethite/limonite. Typically, goethite is metastable and recrystallises to hematite (Zielinski et al., 

1983); it can resemble hematite in plane-polarised light, but under oblique light, goethite is 

yellow to yellow-orange. The red colour of coatings in Aston Formation material indicates 

hematite (Figs. 8A and 11).  

Because hematite is highly insoluble during quartz pressure-solution (Morey and Hesselgesser, 

1951) and H2 is generally absent at concavo-convex and sutured quartz-grain contacts but coats 

the free surfaces of pressure-solved grains, H2 precipitation is interpreted to have post-dated 

pressure solution. However, because the overlying Hunting Formation is locally pink due to the 

presence of Aston Formation grains with hematite coatings (Fig. 5), hematite cement must 

predate Hunting Formation deposition, which may not have been thick enough to cause pressure 

solution in the underlying Aston Formation (quartz pressure-solution requires >2 km burial). 
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These two contradicting temporal constraints for hematite timing suggest that at least two 

episodes of hematite precipitation took place - early diagenesis (H1) and late diagenesis (H2) - a 

conclusion that is supported by petrographic evidence. There is no available evidence that the 

two hematite coatings differ compositionally. 

Ilmenite is a common heavy mineral in sedimentary rocks and typically alters during diagenesis 

to heterogeneous clasts composed of mixed TiO2 (rutile/anatase) and Fe-oxide (hematite or 

magnetite) minerals (Ramdohr, 1969, Weibel and Friis, 2004; Pe-Piper et al., 2005; de Oliveira 

and Truckenbront, 2019). The alteration of ilmenite may have supplied the Fe for the thick 

homogeneous hematite overgrowths on the mixed hematite-TiO2 grains (Fig. 10B), similar to the 

alteration documented by Weibel and Friis (2004). It is unlikely that rutile was depositional and 

later altered to hematite, because rutile is the most stable TiO2 mineral in surface and diagenetic 

conditions (Meinhold, 2010), and unlikely to be dissolved and/or replaced during diagenesis, in 

addition to the rutile-hematite exsolution in some grains being related to source rocks, rather than 

diagenetic alteration. Based on the thickness of hematite overgrowths on these opaque minerals, 

the overgrowths may indicate a separate hematite-precipitating event between the early and late 

hematite stages. It is, however, difficult to relate these overgrowths to other diagenetic events 

because of the spatial separation from other stages.  

 

4.5.3 Alteration: 

Oversized, irregular pores, typically with corroded edges, indicate dissolution of particle surfaces 

at pore margins (Walker, 1967). Some of these pores are filled with euhedral muscovite (Fig. 

13D), suggesting that some detrital particles had been dissolved prior to infilling of muscovite. 
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Corroded detrital quartz grains and Q1 in contact with these filled secondary pores indicate that 

the clay was present during burial, because of the increased solubility of quartz by in the 

presence of clay (i.e., clay-induced dissolution; Siever, 1962; Bjørkum, 1996). 

Sodic and potassic alteration are generally expected in a red-bed succession owing to fluid 

interaction (Hitzman et al., 2005). The absence of plagioclase in siliciclastic stratigraphic units, 

such as in the Zambian copperbelt, is attributed to its replacement by K-feldspar during potassic 

alteration (Selley et al., 2005). Similarly, there is a predominance of K-feldspar over plagioclase 

in the Aston Formation, however, this is probably due to the removal/absence of plagioclase, 

rather than the alteration of plagioclase to K-feldspar, because K-feldspar grains typically have 

primary twinning features, although some K-feldspar grains lack the primary, “high temperature” 

tartan twinning, which may be related to a “low temperature” origin, such as alteration. The 

predominance of K-bearing clays over Na clays in the Aston Formation may be a function of 

potassic alteration. Kaolinite is generally the most common phyllosilicate alteration product of 

feldspars (plagioclase and K-feldspar) during diagenesis (Lanson et al., 2002; Yuan et al., 2015), 

but kaolinite is apparently absent in Aston Formation material, and illite is the predominant clay 

mineral. This could be the result of kaolinite being altered to illite, the transformation of smectite 

to illite, or, the direct precipitation of illite from the alteration of K-feldspar. Several diagenetic 

parameters affect the precipitation of illite, the most notable of which are temperature and the 

activities of K+ and H+ (Lanson et al., 2002). The predominance of K-rich illite over K-free 

kaolinite in the Aston Formation may indicate higher K activity, possibly related to dissolution 

of K-feldspar (Berger et al., 1997; Molenaar et al., 2015; Yuan et al., 2019), which is observed in 

the porous detrital K-feldspar grains and cement. Illite is more common than kaolinite at 

temperatures >70°C, which may indicate kinetic controls (Lanson et al., 1996, 2002; Yuan et al., 
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2015, 2019), with increased crystallinity of illite being related to increased temperatures (Lanson 

et al., 1996). That illite (muscovite) in secondary pores is euhedral (Fig. 13D) may therefore be 

related to temperatures reached during or near maximum burial.  

Most redbeds contain carbonate (usually calcite) as an early to middle diagenetic cement 

(Schluger, 1976; Wahab, 1998; Weibel, 1998; Beitler et al., 2005; Heidari et al., 2013; Elshahat, 

2017). This cement prevents physical compaction and occlusion of pore space by other more 

insoluble cements, such as quartz, such that when a later fluid interacts with the rock the calcite 

can dissolve, leaving porosity. The apparent absence of calcite cement in the Aston Formation 

may indicate either that it was formerly present but dissolved during diagenesis, as in other 

studies (e.g., Wahab, 1998; Yuan et al., 2017), or perhaps that calcite cement was never present, 

due to unfavourable conditions. It is possible that the pore space now occupied by illite was once 

occupied by now-dissolved calcite cement, but with the lack of any Ca minerals, and no calcite 

documented elsewhere, it is difficult to determine. 

The porous texture of cloudy feldspar grains (Fig. 9) could have developed from the initial 

weathering process during erosion and deposition or a pre-depositional process, but because the 

authigenic feldspar cement is also porous, some degree of feldspar alteration must have taken 

place during diagenesis. The higher amounts of structural defects in authigenic K-feldspar than 

in detrital grains (e.g., Martin, 1971; McBride, 2015; Yuan et al., 2019) may have resulted in a 

higher rate of dissolution or alteration of the cement versus detrital (igneous) feldspar grains. The 

alteration of K-feldspar is a probable source of the illite coatings and in-fill. The apparent 

absence of muscovite in red samples suggests a relationship to the bleaching fluid, which may be 

related to increased dissolution of K-feldspar with reducing (‘bleaching’) fluids, as has been 

observed in the Navajo sandstones (Beitler et al., 2005).  
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In unbleached material, ilmenite (hematite-TiO2) particles are apparently absent, and only 

hematite grains are present. It is not evident if this is because the hematite (a) was deposited as a 

detrital mineral and underwent no alteration, (b) completely replaced another iron oxide (e.g., 

magnetite), or (c) is the coincidental section through thick hematite cement overgrowths, and not 

particles at all. It is therefore difficult to determine the timing of this alteration relative to other 

diagenetic events, but it probably post-dates early hematite (H1) cements and pre-dates late 

quartz (Q2) cement and may be related to precipitation of H2. The hematite rinds on ilmenite 

grains is a typical feature of reddening during diagenesis (Weibel and Friis, 2004). That these 

grains with hematite rims are present in bleached samples, indicates that bleaching post-dates 

reddening, or at least the oxidised alteration of ilmenite. It is possible that a secondary oxidising 

alteration of previously altered ilmenite could have hematised the entire ilmenite grain, rather 

than just form a rind, which would explain the lack of coated ilmenite grains and predominance 

of hematite grains in unbleached samples. 

The secondary porosity that was produced by dissolution of grains, most of which has been 

occupied by illite, probably formed after or during the final episode of mechanical compaction 

during burial because the pores and the infilling clays are relatively undeformed. It would be 

expected that, if dissolution took place before mechanical compaction, the pores would be 

deformed (Wilkinson et al., 2001).  

 

4.5.4 Bleaching: 

Removal of hematite cement from around sedimentary particles produced bleached sandstone. 

The predominance of illite in bleached samples, as compared to unbleached material may 
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indicate that it is a product of hematite or feldspar alteration. Bleaching of the Navajo Red 

sandstone was accompanied by an increase in K-feldspar dissolution and the precipitation of clay 

minerals (Beitler et al., 2005). Early quartz overgrowths (Q1) that preserve H1 hematite coatings 

in bleached samples of this study indicate that bleaching post-dated both early hematite 

deposition and Q1 precipitation. However, the removal of H1 at long concavo-convex contacts 

indicate that bleaching pre-dates extensive burial.  

The apparent lack of pyrite in the Aston Formation sandstone, which is a common product of 

bleaching (e.g., Weibel, 1998; Beitler et al., 2005; Macintyre, 2006), could be due to sampling 

bias, the subsequent removal/alteration of pyrite, or there not being sulphate present to reduce 

during bleaching that could have precipitated pyrite. Alternatively, it is possible that bleaching 

was actually just the inhibition of reddening by local conditions, such as pH or the presence of 

organic matter (Weibel, 1998; Weibel and Friis, 2004). Sample D9 (red) has spots up to 

approximately 500 µm across that are not red (Fig. 7D-F) and could indicate local conditions that 

would have inhibited hematite precipitation. Large-scale (lithostratigraphic) bleached areas are 

typically the result of external reducing fluids, usually hydrocarbon-bearing, removing hematite 

(Shebl and Surdam, 1996; Beitler et al., 2005; Hitzman et al., 2005; Macintyre, 2006; Rainoldi et 

al., 2014; McBride, 2015), rather than local preclusion of hematite formation due to reducing 

conditions. The lack of bitumen or hydrocarbon-bearing fluid inclusions in Aston Formation 

sandstone or in Storm Cu samples (Mathieu et al., 2018) makes it difficult to relate redbed 

bleaching to the migration of a hydrocarbon fluid.  
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4.5.5 Quartz cement and its δ18O values 
In order to interpret the oxygen isotope data from quartz cement, it is necessary to determine 

whether Q2 resulted from recrystallisation of an early low-temperature phase or if it was 

precipitated directly as coarsely crystalline quartz cement. Amorphous silica typically forms 

laminated precipitates or fibrous chrysocolla, both with easily identified optical and CL 

characteristics (Goldstein and Rossi, 2002). Although recrystallisation of such cements to quartz 

can obliterate their crystal structure and optical properties, the original CL patterns, conferred by 

patterns in trace element distribution, are generally preserved (Goldstein and Rossi, 2002). The 

homogeneously non-luminescent, coarsely crystalline Q2 cement in this study (Fig. 12G) 

probably precipitated as large, simple quartz cement crystals directly from solution, and therefore 

its oxygen isotopic values should record characteristics of the precipitating fluid. 

In the absence of a proper temperature constraint for quartz cement (Q2) precipitation, three 

possible temperature ranges and fluid isotopic compositions (Fig. 15) were used to calculate the 

possible characteristics of the quartz-precipitating fluid. Seawater is one of the most common 

diagenetic fluids and a possible identity for the quartz-precipitating fluid. Using a range of 

δ18OH2O values from -4 to +4‰ with the average quartz cement δ18O value (14.4‰) and the 

H2O-quartz fractionation equation of Sharp and Kirschner (1994), the temperature of 

precipitation is calculated to be between 141° (for -4‰) and 251°C (for 4‰) if the fluid were 

seawater-derived. Such temperatures would relate to burial depths of approximately 4 and 7 km, 

respectively, using a geothermal gradient of 30°C/km and surface temperature of 30°C. 

Meteoric water is another common diagenetic fluid; its isotopic composition is a function of 

latitude (e.g., Yurtsever and Gat, 1981; Luz and Barkan, 2010). Meteoric oxygen isotope values 

for latitudes between 20° and 30°N were chosen for temperature calculations because the 

meteoric water that precipitated the Storm copper deposit indicates these latitudes (Mathieu et 
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al., 2018), based on paleotectonic reconstructions of Cocks and Torsvik (2011) and Torsvik et al. 

(2012). Using present-day oxygen isotope values of meteoric water for these latitudes (-8‰ to -

2‰; Yurtsever and Gat, 1981; Luz and Barkan, 2010), calculated temperatures range from 

~105°C (for -8‰) to 160°C (for -2‰). This temperature range and associated paleolatitude are 

within the respective ranges typical of sedimentary-rock-hosted stratiform Cu deposits (Hitzman 

et al., 2005).  

The final calculation assumes a fluid in equilibrium with ambient burial temperatures during or 

after hematite precipitation (i.e., <1 km). Using a surface temperature of 30°C and geothermal 

gradient of 30°C/km, ambient burial temperature would be less than 60°C, and using the average 

quartz cement δ18O value (14.4‰) in the fractionation equation yields calculated δ18OH2O values 

between -22.5‰ (for 30°C) and -15.6‰ (for 60°C). These calculated values coincide with mid- 

to high-latitude (50° to 60°N) meteoric water, based on present-day values (Yurtsever and Gat, 

1981; Luz and Barkan, 2010; Delavau et al., 2011), which could indicate precipitation during the 

Jurassic or Cretaceous. 

 

4.6 DISCUSSION 

 

The timing of diagenetic events and the fluids that were involved are important in determining 

whether a red-bed unit may have been the metal source for an ore deposit. This section discusses 

the characteristics and paragenesis of the major diagenetic events and their associated fluids 

recorded in the Aston Formation, and how they relate to mineralisation of the overlying Storm 

copper deposit. The main diagenetic events, in paragenetic order (Fig. 16), are (1) development 
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of H1 hematite coatings; (2) precipitation of Q1 quartz cement; (3) irregular, incomplete removal 

of some H1 by reduction (‘bleaching’); (4) alteration of non-quartz minerals to illite and/or 

muscovite; (5) pressure-solution; (6) development of H2 coatings; and (7) occlusion of most 

remaining porosity by Q2. 

4.6.1 Burial history and reddening of the Aston Formation sandstone 

Porosity reduction is a key factor in host-rock quality for metal and hydrocarbon deposits, and 

therefore an understanding of the burial history is required. Most porosity reduction in sandstone 

comes from pressure-solution and quartz cementation (Bell, 1978; McBride, 1989; Bjørlykke 

and Egeberg, 1993; van Noort et al., 2008). Permeability is considered to be effective for fluid 

circulation as long as porosity is above a 2-4% threshold (Mavko and Nur, 1997). In the Aston 

Formation, because pore occlusion by quartz cement Q2 post-dated most of the diagenetic 

events, the sandstone probably had adequate porosity and permeability to allow for fluid 

circulation at all times prior to Q2 quartz cementation.  

Deformation of quartz grains is predominantly brittle up to 2 km burial depth (Bell, 1980; von 

Noort et al., 2008)., Evidence of pressure-solution, such as concavo-convex and sutured grain 

contacts, , becomes abundant after 1.5 km with a geothermal gradient of 40°C/km (Taylor 1950; 

Ramm 1992; Bjørlykke and Egeberg, 1993; van Noort et al. 2008). With more normal 

geothermal gradients (i.e., 20-30°C/km), pressure-solution of quartz grains becomes possible 

below 2 km and is more common below 3 km. Interstitial clay can enhance dissolution of quartz 

under pressure (Siever, 1962; Bjørkum, 1996), and clay coatings can inhibit syntaxial 

cementation (Walderhaug, 1996). The minor amount of clay in Aston Formation sandstone 

indicates that pressure-solution of quartz was not greatly affected by the presence of detrital or 

alteration clay minerals. However, local accumulations of clay material at grain boundaries 
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resulted in corrosion along particle and Q1 surfaces in contact with the clay. Small-scale 

corroded edges of detrital quartz associated with clay minerals (Fig. 12C, D, 13B-D) indicates 

clay-induced dissolution of quartz. That these clays are between sutured grains indicates that 

they were present prior to burial depths sufficient for pressure solution, which would have 

prevented infiltration by clay minerals. The temperature dependence of illite (requiring higher 

temperature than kaolinite) suggests that kaolinite could have been present during burial and 

underwent transformation to illite at burial depths of at least 2 km. Because pressure-solved grain 

contacts are abundant in the Aston Formation, it must have been buried to at least 2 km, but 

probably more than 3 km at some point in its burial history.  

The Proterozoic to Recent stratigraphic succession exposed on northern Somerset Island contains 

evidence of at least three major subaerial exposure events, as indicated by substantial gaps in the 

stratigraphic succession (Fig. 4): major unconformities are present between the Aston and 

Hunting formations, between the Hunting Formation and Paleozoic strata, and between 

Paleozoic and (Mesozoic-) Cenozoic strata. Furthermore, two major compressional tectonic 

events affected the area: (1) far-field effects of the Late Silurian to Early Devonian Caledonian 

orogeny produced the Boothia uplift (Fig. 1; Miall 1986, Oliver, 2001; Morris et al., 2005), and 

(2) the Late Devonian to Early Carboniferous Ellesmerian orogeny (Harrison et al., 1991) 

produced an orogen some 300 km north of Somerset Island (Fig. 1), together with a thick south-

prograding clastic wedge. Other major tectonic events in northern Laurentia that have as yet no 

known widespread tectonic, stratigraphic, or diagenetic expression on Somerset Island include 

Early Carboniferous extension to form the Sverdrup basin (Davies and Nassichuk, 1991), some 

400 km north of Somerset Island, and the early Cenozoic Eurekan orogeny (Kerr, 1977a; Tegner 

et al., 2011; Piepjohn et al., 2016), which produced a fold belt in the northern Arctic islands but 
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extensional structures (locally associated with limited terrigenous clastic accumulations) in the 

southern Arctic islands.  

This suite of events suggests multiple times during which the Aston Formation could have 

become reddened by circulating oxidised fluid (i.e., at less than 1 km burial); two separate 

reddening events (at least) are indicated by the petrography and paragenesis. Discounting the 

remote Sverdrup and Eurekan events, and considering only basic geological factors, the possible 

times for generation and movement of oxidised crustal fluid are (1) during initial burial of the 

Aston Formation (i.e., early diagenesis); (2) during Neoproterozoic exposure of the land surface 

after Hunting Formation deposition but prior to deposition of Paleozoic strata; (3) during 

exposure from the development of the Boothia uplift; (4) during development of the Ellesmerian 

mountain belt and foreland basin; and (5) during episode(s) of exposure post-dating all Paleozoic 

tectonic events.  

Like most redbeds (e.g., Zeilinski et al., 1983; Weibel, 1998; Beitler et al., 2005; Perri et al., 

2013; Busch et al., 2017), the reddening process of the Aston Formation was probably early, 

coating the grains with hematite. The presence of hematite coated grains in the overlying 

Hunting Formation (Fig. 5) indicates that the Aston Formation was reddened prior to deposition 

of the Hunting Formation. The lack of cemented- or sutured-grain clasts in the Hunting 

Formation may represent the lack of an appropriate thickness of the Aston Formation to produce 

pressure-solved features, thereby suggesting that the thickness of the Aston Formation may have 

been less than 1.5-2 km. Possible thickness of the Aston Formation on Prince of Wales Island, 

based on seismic data (Mayr et al., 2004), may be in this thickness range. Because H2 post-dates 

pressure solution, the hematite-coated grains in the Hunting must be related to H1. The second 

reddening event must have post-dated the Hunting Formation deposition. 
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The preserved thickness of the Hunting Formation on Somerset Island is 1.1-1.3 km thick 

(Dixon, 1974), with a possible thickness of several kilometres on Prince of Wales Island, based 

on seismic analyses (Mayr et al., 2004). Possible thickness of the Hunting Formation could have 

been sufficient for the pressure solution of quartz grains, producing concave-convex and sutured 

contacts. Exposure in the Neoproterozoic-Cambrian, which caused the unconformity between 

Proterozoic and Paleozoic strata, could have allowed for the migration of H2-precipitating fluid 

The uplift and exposure during the Boothia uplift event was not uniform along the uplift, with 

northern parts not being as exposed as southern parts for weathering and erosion (Thorsteinsson, 

1980; Okulitch et al., 1991). With similar paragenetic phases present in the northern part of the 

uplift, a regional fluid is expected to have been responsible, rather than a local oxidised fluid 

present only in the southern part of the Boothia uplift. The Peel Sound Formation, derived from 

sediment shed from the Boothia uplift, contains clasts of Aston Formation in its youngest 

member described as quartzite or quartz sandstone (Miall, 1969, 1970), however, no 

petrographic description of these clasts was provided, making it difficult to determine which 

paragenetic phases were present at the time of deposition.  

An oxidised, meteoric fluid associated with the Ellesmerian orogeny in the Late Devonian to 

Carboniferous is recorded regionally in the Cornwallis Zn-Pb district, including the main Cu 

mineralising fluid at the Storm Cu deposit on Somerset Island (Mathieu et al., 2018). This fluid 

could have resulted in the precipitation of H2 that would have post-dated burial below 2 km, 

which could have been associated with the deposition of the Hunting Formation or the 

accumulation of Paleozoic strata.  
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Oxygen isotope values of quartz cement (see Quartz timing below), which post-dates H2, 

indicate low paleolatitudes that are inconsistent with the study site location following the 

Paleozoic, based on paleogeographic reconstructions (Cocks and Torsvyk, 2011; Torsvyk et al., 

2012); therefore, H2 could not have been from the exposure following the Ellesmerian orogeny.  

In summary, the most probable time interval for the precipitation of H1 is between the deposition 

of the Aston and Hunting Formation, whereas H2 is most probable during the migration of 

oxidised fluid flow related to the Ellesmerian orogeny with a less probable timing during the 

Boothia uplift exposure. A detailed petrographic study of the Peel Sound Formation would aid in 

determining the timing of H2, but the documented circulation of appropriate fluids with the 

Ellesmerian orogeny is the preferred timing. 

 

4.6.2 Timing and origin of quartz cement and its effect on porosity 

Quartz cementation is a major component of siliciclastic rock diagenesis (McBride, 1989; 

Bjørlykke and Egeberg, 1993; Bjørlykke, 1994), and may change an aquifer into an aquitard 

during burial (Hiatt et al., 2003; Kyser, 2007). It is important, therefore, to understand the timing 

of quartz cementation in the present study area. Petrographic relationships show at least two 

episodes of quartz precipitation: an early, minor Q1 that post-dates H1 and pre-dates pressure 

solution, and late Q2, the volumetrically more important of the two, which post-dates H2.  

Q1 consists of thin syntaxial quartz overgrowths, probably produced during early diagenesis 

because it experienced pressure solution with adjacent grains and does not surround pressure 

solution contacts. Low temperatures (<70°C) associated with shallow burial (<2 km) during early 

diagenesis would have resulted in slow rates of quartz precipitation (Siever, 1962, Walderhaug, 
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1996; Worden, 2018), which resulted in thin cements. Therefore, the volumetrically minor early 

Q1 cement probably did not affect porosity significantly.  

Because Q2 is either (almost) syngenetic with or post-dates H2, there are three possible times at 

which Q2 could have precipitated: (1) following exposure of the Boothia uplift (Late Silurian to 

Ealry Devonian) but before the Ellesmerian orogeny, (2) during the late stages of the Ellesmerian 

orogeny (Late Devonian to Carboniferous), and (3) after the Ellesmerian orogeny (younger than 

the Carboniferous). Two probable fluid isotopic conditions are yielded by calculations based on 

δ18OQ2 (Fig. 15): a cool, high-latitude fluid and a hot, low-latitude fluid. A possible high-latitude 

(50°-60°N) meteoric fluid calculated with ambient burial (>1 km) temperatures would indicate 

quartz precipitation in either the Jurassic-Cretaceous, based on the paleogeographic 

reconstructions of Cocks and Torsvik (2011) and Torsvik et al. (2012), or the Pliocene, based on 

recorded oxygen isotope values of fossils on Ellesmere Island (Csank et al., 2011); both of these 

possibilities post-date the time of meteoric fluid circulation responsible for main-stage 

mineralisation at Storm copper (Late Devonian to Carboniferous; Mathieu et al., 2018) as well as 

the regional meteoric fluid that post-dates Zn-Pb mineralisation in the Cornwallis district 

(Mathieu et al., in prep.). The Storm copper paragenesis does include a low-temperature (<25°C) 

high-latitude meteoric fluid in the post-ore fluid history (Mathieu et al., 2018), however, a fluid 

below 25°C cannot precipitate quartz at a sufficient rate to account for the volume of Q2, and so 

Q2 in the Aston Formation was probably not contemporaneous with post-ore mineralisation at 

Storm. 

The temperature range (~105-160°C), based on the assumption of the precipitating fluid being a 

low- to mid-latitude (20° to 30°N) fluid of meteoric origin, is beyond ambient burial (<1 km) 

temperatures (Fig. 15C), and requires the circulation of an external, relatively hot fluid to 
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precipitate abundant quartz cement. This temperature range would be conducive to the 

precipitation of quartz cement with sufficient reaction kinetics to account for the volume of Q2 

(Siever, 1962, Fournier, 1985; Walderhaug, 1996; Worden, 2018) and is within the temperature 

range (~150°C) of the regional, meteoric fluids in the Cornwallis district (Mathieu et al., in 

prep.). 

Regardless of whether quartz cementation accompanied reddening (and H2) or not, what is 

important is that porosity of the Aston Formation was not occluded by quartz cement at the time 

of oxidised fluid circulation (second reddening). This allows the possibility of Aston Formation 

sandstone acting as an aquifer and Cu source for the Storm deposit after H2 deposition but before 

Q2 precipitation.   

Silica that is used in diagenetic quartz cementation is typically sourced from biogenic material, 

pressure-solution of detrital grains, clay-transformation reactions (e.g., smectite-illite), or 

dissolution of silicate minerals. Biogenic silica is absent in the Proterozoic Aston Formation. 

Because Q2 quartz cementation took place at < 1 km depth (post-dates H2, which post-dates 

burial), pressure solution is an unlikely Si source; although clay-induced dissolution along grain 

contacts can produce sufficient Si for quartz cementation (Bjørkum, 1996; Hanson et al., 2017; 

Ogebule et al., 2020). Smectite-illite transformation in shale can provide copious amounts of Si 

(Lynch et al., 1997), but mudrock is unimportant in the local stratigraphy. Detrital feldspar grains 

and nearby igneous dykes could have supplied Si through dissolution. The altered detrital and 

authigenic K-feldspars that predate Q2 growth could have supplied the Si used in quartz 

cementation.  
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If Q2 were precipitated from the pressure solution of quartz during burial, the timing of Q2 

would be limited to the Paleozoic. Paleogeographic reconstructions (Cocks and Torsvik, 2011; 

Torsvik et al., 2012) place the Somerset Island in tropical latitudes. Low-latitude (approximate 

position during Silurian-Devonian) fluid isotopic compositions (δ18O value of ~0 ‰) would 

require temperatures between approximately 130 and 240°C, which equates to approximately 3.5 

and 7 km burial, unless the precipitating fluid was in isotopic equilibrium with the detrital quartz 

grains (δ18O value of ~8 ‰), in which case unreasonable temperatures over 300°C (10 km 

burial) would be needed. The 3.5-7 km range could have been attained by burial by the time of 

the Boothia uplift and Ellesmerian orogeny (possible maximum of 6 km). A Silurian-Devonian 

age of Q2 would limit H2 precipitation to the late Neoproterozoic-early Paleozoic, prior to >1 

km of burial. Although it is possible that Q2 can be associated with burial in the Paleozoic, the 

apparently close temporal association with H2 (incorporated in Q2), which requires <1 km burial 

and the timing of regional fluid migration (Devonian to Carboniferous) do not fit with this 

interpretation.  

The most probable timing of Q2 is during the end stages of the Ellesmerian orogeny that is 

associated with circulation of a hot regional, meteoric water that could have altered silicates to 

produce sufficient silica for cementation.  

4.6.3 Bleaching 

Bleaching of redbeds through the circulation of reduced fluids that removed hematite (and 

therefore the red colour) is a common phenomenon in red-bed districts (e.g., Wilkinson et al., 

2005; Beitler et al., 2005; MacIntyre, 2006; Gorenc and Chan, 2015). The timing of Aston 

Formation bleaching post-dates early hematite cement and early quartz overgrowth. Bleaching 

must have taken place before sufficient burial for pressure solution, because hematite grain 
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coatings are absent at pressure-solved grain contacts, especially sutured contacts, which requires 

hematite removal prior to chemical compaction. The presence of hematite at some concavo-

convex grain contacts indicates that the sandstone was bleached, rather than that the sediment 

never had hematite coatings. It also indicates that bleaching was incomplete and patchy. The 

possible timing of bleaching could have been during burial of the Aston Formation, during 

Hunting Formation before thickness was sufficient for quartz pressure solution, and in the 

Paleozoic prior to sufficient burial for quartz pressure solution. After the Ellesmerian orogeny, 

Somerset Island was a locale of erosion rather than deposition, therefore no further opportunities 

for quartz pressure solution after bleaching; also, there was no major driving mechanism for 

reduced fluid migration through the region, after the Ellsemerian orogeny.  

Hematite-coated grains in the Hunting Formation indicate that bleaching post-dated most 

Hunting Formation deposition. Mobilisation of a reduced fluid in equilibrium with basement 

rocks is associated with the Ellesmerian orogeny (Mathieu et al., 2018). The maximum 

(preserved) thickness of the Paleozoic succession would have been attained by the onset of the 

Ellsmerian orogeny, allowing for quartz pressure solution to occur, therefore, the bleaching 

would have had to have been temporally associated with burial and could explain the patchiness 

of the bleaching. A diagenetic history of the Peel Sound Formation (the youngest preserved 

Paleozoic rocks) may elucidate if there was any burial of this formation that may have been 

related to the Ellesmerian orogeny, as well as indicating whether bleaching was before or after 

Peel Sound Formation deposition.  

The Ellesmerian orogeny, and therefore (near) maximum burial, is the most reasonable time for 

reduced fluid mobilisation through the Aston Formation. The Eurekan orogeny caused some 
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fault reactivation and movement in the Cenozoic on Somerset Island (Kerr, 1977a), but no 

evidence of fluid mobilisation is associated with it at Storm.  

 

4.6.4 Aston Formation as an aquifer or aquitard 

Hiatt et al. (2003), Polito et al. (2006), Hiatt et al. (2007), Kyser (2007), and Beyer et al. (2011) 

noted that depositional aquifers have a tendency to become diagenetic aquitards because of early 

cementation of porous and permeable sandstones, whereas depositional aquitards can become 

aquifers by being either relatively more permeable/porous than the diagenetic aquitard or through 

dissolution. Bleached samples of the Aston Formation typically have no Q2 (or very little) and 

more sutured contacts compared to unbleached samples. Sample D11 (bleached) for example, is 

the best sorted sample and would have been a good depositional aquifer. This sample is 

composed almost entirely of sutured grains of quartz; it has the most abundant Q1 cement of the 

samples, with no feldspar framework grains, no H2, and no Q2. The absence in this sample of 

paragenetic stages after Q1 indicates that it became a diagenetic aquitard, preventing the flow of 

diagenetic fluids. The more poorly sorted samples, or sections of samples, are typically more 

abundant in H2 and Q2 and may indicate that these samples acted as depositional aquitards, 

relative to the well-sorted samples, but became diagenetic aquifers for the later reddening and 

Q2-precipitating fluids. It is possible, therefore, that diagenetic fluid flow was facies controlled, 

similar to sandstones in the Berants Sea (Hanson et al., 2017) and McArthur Basin (Australia; 

Polito et al., 2006), where different facies controlled different amounts of cementation. 
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4.6.5 Relationship to Storm mineralising fluids 

The mineral paragenesis of the Storm deposit is divided into pre-ore, main-ore, and post-ore 

stages (Mathieu et al., 2018). Pre-ore mineralisation resulted from reduced fluids that 

equilibrated with basement (-derived) rocks and then mixed with a regional metalliferous fluid at 

the site of precipitation during the onset of the Ellesmerian orogeny. This reduced fluid’s 

geochemical characteristics are similar to those of the reducing fluid that bleached the Aston 

Formation at approximately the time of maximum burial. Metals can be liberated along with Fe 

by the bleaching process, in relatively minor amounts compared to the reddening process, and 

would explain the trace element geochemistry (e.g., abundant Co) of pre-ore sulphides at Storm 

(Mathieu et al., 2018). This process is similar to relationships documented in the Irish midlands, 

where bleached redbeds were the source of trace element concentrations (e.g., Co, Ni, and Cu) in 

sulphides (Wilkinson et al., 2005). The reduced fluid responsible for bleaching the Aston 

Formation may have contributed to the small amount of pre-ore Storm copper mineralisation.  

The main-ore stage at Storm is associated with a post (or late)-Ellesmerian (i.e., maximum 

burial) oxidised meteoric fluid that transported Cu (and other base metals) as a chloride complex 

was delivered to the Storm area and reduced on site (Mathieu et al., 2018). The introduction of 

an oxidised, Na-enhanced meteoric fluid after circulation of a reduced fluid and maximum burial 

is similar to the diagenetic history of the Aston Formation [i.e., reduced bleaching fluid 

circulation was followed by oxidised (reddening) fluid circulation]. Copper adsorbed onto the 

oxhydroxide would have been released into the fluid from the recrystallisation of the 

oxyhydroxide to hematite during the reddening process by oxidised meteoric fluid (Brown, 2005; 

2009) agrees with the fluid history of the Storm copper deposit. A late Paleozoic, mid-latitude 

meteoric water responsible for quartz cementation and reddening in the Aston Formation, and 
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responsible for the main-ore stage at Storm, agrees with age estimates for the main-ore at Storm 

copper (Mathieu et al., 2018) and with the age and geographic position of sediment-hosted 

stratiform Cu deposits globally (Hitzman et al., 2005).  

Circulation of hot mineralising fluids of the carbonate-rock-hosted Zn-Pb (MVT) deposits in the 

Illinois basin gradually occluded source rock pores with quartz cement during (or shortly after) 

precipitation of the deposits (Hyodo et al., 2014). A similar situation could have taken place for 

the Storm copper deposit, in that the mineralising fluid probably circulated through the Aston 

Formation sandstone while initially transporting Cu away from, but eventually precipitating 

quartz cement in, the sandstone source rock shortly afterwards. This may also be reflected in 

some early Q2 (i.e., closest to grain margins) that appears to incorporate some hematite 

‘colloids’ (Fig. 11E, F). Therefore, the diagenetic history of the Aston Formation documented in 

this study is compatible with the paragenetic history of the overlying Storm copper deposit, and 

the Aston Formation redbeds were plausibly the metal source for the Storm deposit. 

 

4.7 Conclusions 

 

The diagenetic and fluid histories recorded in the Aston Formation redbed succession indicate 

multiple fluid circulation events since the formation’s deposition in the Proterozoic. Precipitation 

of early hematite grain-coatings and early quartz cement took place in the Proterozoic. At some 

later time, and at deeper burial (>1.5 km), extensive pressure-solution of sandstone quartz 

particles occurred. A mid-Paleozoic reducing fluid, plausibly related to the pre-ore event at 

Storm, bleached (reduced) some of the early hematite, and may be associated with the reduced 
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fluid responsible for pre-ore mineralization at Storm Cu. The most important fluid migration 

event, in terms of porosity reduction and Cu transportation, took place after maximum burial, in 

the late Paleozoic, with the circulation of low-latitude meteoric water. This warm fluid produced 

a second generation of hematite grain coatings in the Aston Formation, but also liberated Cu, 

which migrated a short distance and was reduced at the Storm copper deposit. The last 

paragenetic phase was pore-occluding quartz cementation with silica probably sourced from 

silicate dissolution, probably a combination of feldspar and clay-induced quartz dissolution. The 

presence of an anomalous Cu deposit in a Zn-Pb district can therefore be explained by the 

diagenetic history of a geographically limited metal-source unit. Based primarily on field and 

petrographic evidence, this study demonstrates that metal liberation by diagenetic reddening 

(oxidation) of subsurface siliciclastic units is a geochemically and geologically viable source of 

Cu in sedimentary-rock-hosted Cu deposits.  
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Figure 4-1: Study area 

(A) Simplified map of Canada; outlined area is enlarged in (B). (B) Part of Canada’s Arctic 

archipelago, showing the location of the Cornwallis district (shaded rectangle), Mesoproterozoic 

Bylot basins, past-producing mines, and the Ellesmerian orogenic front (dashed line). 
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Figure 4-2: Geological map of Somerset Island 

Geological map of northern Somerset Island (after Stewart and Kerr, 1984) showing the location 

of Cornwallis district base metal mineralisation along possible reactivated Mesoproterozoic basin 

structures (Aston-Batty line; Dewing et al., 2007b). Aston Formation (brown) extends at least 

some distance under Paleozoic strata. Black rectangle outlines area shown in Figure 6. 
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Figure 4-3: Typical exposure of the Aston Formation 

Typical exposures of the Aston Formation. (A) Frost-shattered bedrock (Felsenmeer) has not 

been transported; river valley intermittent exposures in background. Near sample D3. Arrows 

indicate location of image 4B and 4C. (B) Typical red sandstone of Aston Formation. Near 

sample D5. (C) Interlayered red (diagenetically hematised) and grey (reduced) sandstone. Near 

sample D7. 
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Figure 4-4: Simplified stratigraphy on Somerset Island 

Simplified stratigraphic column of the geology on Somerset Island (modified from Tuke et al., 

1966; Dixon, 1974; Miall and Kerr, 1980; Stewart, 1987) showing the position of the Storm 

copper deposit above Proterozoic Aston Formation red beds but below Silurian-Devonian Peel 

Sound Formation red beds. 
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Figure 4-5: Hunting Formation features 

Hunting Formation dolostone locally contains hematite-coated quartz grains inherited from 

Aston Formation. (A) A lag of reworked hematite-coated quartz grains and carbonate intraclasts 

in the upper Hunting Formation. (B) Partly hematite-coated quartz sand particles from samples in 

(A) under plane-polarised light. (C) Hematite-coated quartz sand clasts in oblique reflected light. 

The presence of reworked hematite-coated Aston Formation particles in Hunting Formation 

dolostone indicates that diagenetic hematite coatings developed in the burial environment after 
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Aston Formation deposition and before Hunting Formation deposition, and that Aston Formation 

was at least locally exposed during Hunting Formation deposition. 
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Figure 4-6: Simplified local geology of Hunting River, Somerset Island 

Simplified local geology map of rectangle area in Figure 2 showing sample localities along a 

transect through the Aston Formation. 
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Figure 4-7: Representative samples of Aston Formation 

Representative samples of the Aston Formation. (A-C) Typical unbleached material (sample D-

2). (D-F) Typical bleached material (sample D-14). (G-I) Partly bleached samples contain 

patches of hematite-coated grains (sample D-10). (J-L) Reduced spots in red samples. Plane-

polarised transmitted-light (B, E, H) and oblique reflected-light petrography (C, F, I, K, L shows 

that rock colour is related to the amount of hematite cement around the grains and that oblique 

reflected light highlights the hematite cement. 
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Figure 4-8: Aston Formation grain contacts 

Photomicrographs of characteristic grain contacts Aston Formation sandstone. (A) Oblique 

incident and (B) plane-polarised transmitted light images showing typical long, concavo-

convex grain contacts, some of which have hematite preserved between grains (sample 

D12). (C) Reflected-light micrograph of sutured grain contacts with irregular amplitude 

contacts, some of which have corrosion pits filled with clay (illite). (D) Oblique incident and 

(E) plane-polarised transmitted light micrographs  of a stylolite through a quartz grains 

with no hematite along suture (sample D4). Up arrow indicates present-day up. (F) Plane-

polarised transmitted-light image of a stylolite (arrows) through multiple quartz grains. 

(sample D4). 
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Figure 4-9: K-feldspar diagenetic features 

Diagenetic features that are present in detrital K-feldspar. (A) Combined plane-polarised 

transmitted-light and reflected-light image of cloudy detrital grains as the result of pits (sample 

D7). (B) Close-up of area in A. (C) Reflected and (D) oblique reflected-light images of corrosion 

pits possibly related to twinning are filled with clay (illite) and hematite. (E and F) Detailed 

images of area in C shows illite and hematite fill pits and intrapore space. (reflected light in E, 

cross-polarised transmitted-light in F). (G) Plane-polarised transmitted-light, (H) oblique 

reflected-light, and (I) back-scatter electron images of authigenic K-feldspar cement (Kc) on 

detrital K-feldspar grains (Kd) shows an enhanced cloudy appearance than the detrital grain. (J) 

Detailed back-scattered electron image of area in (I) shows illite occupying the pores of the 

altered K-feldspar (sample D13). 
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Figure 4-10: Aston Formation opaque grains 

Typical opaque Ti-Fe-oxide detrital grains in reflected-light. (A) Exsolution texture of hematite 

(bright) and TiO2 (rutile; dark) (sample D12). (B) Mixed hematite-rutile cores surrounded by 

rinds of homogeneous hematite (sample D11). (C) Hematite grains with porous texture in 

unbleached samples (sample D8). 
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Figure 4-11: Aston Formation hematite cement 

Typical features of hematite coatings on Aston Formation sandstone. (A) Oblique reflected-light 

and plane-polarised transmitted-light images shows hematite 2 (H2) is around, and thus post-

dates, pressure-solved detrital quartz grains (Qd). The absence of H2 at the grain contact is 

highlighted by oblique reflected-light (sample D8). (B) Hematite 2 in red samples is abundant 

between grains mixed with illite and absent at most long, concavo-convex contacts (arrows) 

(sample D2). (C) Oblique reflected and plane-polarised transmitted-light images shows early 

hematite 1 (H1) grain coatings are overgrown by quartz overgrowths (Q1), which is then coated 

by a late hematite (H2) and pore-occluding quartz cement (Q2) (sample D12). (D) Oblique 

reflected light image shows ‘colloidal’ texture of H2 that is incorporated in Q2 cement (sample 

D7). (E) Reflected-light image of (D) that shows H2 is incorporated in Q2, rather than as a clast 

surrounded by Q2. 
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Figure 4-12: Aston Formation quartz cement 

Typical features of quartz cement in Aston Formation sandstone. (A) Cross-polarised transmitted 

light and (B) reflected light images showing quartz overgrowth (Q1) pinches out at pressure 

solution grain contacts. Quartz overgrowth have a continuous grain-to-cement surface (black 

arrows), whereas late quartz cement (Q2) is separated from grains (and previous cements) by a 

thin gap (<2 µm; white arrows). (C) Cross-polarised transmitted light and (D) reflected light 

images showing Q1, with continuous surface to detrital grain (black arrow), and illite 

(muscovite)-filled pores with corroded edges (white arrows) (sample D10). (G) 

Cathodoluminescence image shows Q2 is homogeneously non-luminescent (sample D7). 
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Figure 4-13: Aston Formation phyllosilicates 

Two types of pore-filling phyllosilicate display two crystal sizes and chemical compositions. (A) 

Normalised K-Al-Si ternary diagram (in wt. %) of SEM-EDS analyses showing two 

compositions (blue circles) plotting along a muscovite-(Fe-Mg-free)illite trend or a muscovite-
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(Fe-Mg-bearing)illite trend. (B) Cross-polarised transmitted-light and (C) reflected-light 

composite-image and (D) back-scattered electron image of comparatively large euhedral illite in 

sand-sized irregular pores with corroded edge contacts (arrows in C) on adjacent quartz grains 

(Qtz) (sample D10). (E) Cross-polarised and (F) plane-polarised transmitted-light images of (D) 

shows adjacent material is detrital quartz grains. (G) Back-scattered electron image showing 

comparatively small illite crystals along and between grains (sample D12). (H) Reflected-light 

and (I) cross-polarised transmitted-light images of dissolved detrital grains is replaced by illite 

(sample D16). 
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Figure 4-14: Aston Formation void characteristics 

Secondary porosity in Aston Formation. (A) Plane-polarised and (B) cross-polarised transmitted-

light images of irregular over-sized, undeformed pores that are surrounded by detrital grains and 

illite. (C) Cross-polarised transmitted-light and (D) reflected-light images shows irregular-shaped 

oversized pores filled with illite. (E) Plane-polarised transmitted-light image of connected 

oversized pores, suggesting dissolution rather than plucking. (F) Plane-polarised transmitted-

light image of smooth pores in Q2 cement with concentric fractures around pore margin suggest 

plucking during sample preparation. 
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Figure 4-15: Aston Formation quartz SIMS oxygen isotope values 

(A and B) Cross-polarised transmitted-light photo micrographs of Aston Formation sandstone 

showing detrital quartz grains and quartz cement, with locations of SIMS analyses and their 

respective oxygen isotope values (V-SMOW) (sample D3 and D14 for A and B, respectively). 

(C) Measured δ18O values of quartz cement vs. temperature (°C) and depth (using a surface 

temperature of 30°C and geothermal gradient of 30°C/km) with isopleths of equilibrium δ18OH2O 

values calculated using the quartz-water fractionation equation of Sharp and Kirschner (1994). 

Vertical dashed line represents the average δ18O value of quartz cement (14.4‰). Shaded areas 

represent reasonable fluid-source compositions of seawater (-4 to +4‰), low- to mid-latitude 

meteoric water (-2 to -8‰), and a fluid in equilibrium with a quartz sandstone at a temperature 

related to burial depths <1 km. 
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Figure 4-16: Paragenesis of Aston Formation 

Proposed (A) paragenetic sequence and (B) burial history of the Aston Formation, highlighting 

Paleozoic diagenetic processes that coincide with paragenetic sequence previously documented 

at Storm copper (Mathieu et al., 2018). Polaris paragenesis based on Reid et al. (2013a). 

Minimum burial depths are provided by the maximum preserved thickness of strata between 

major unconformities (Fig. 4; Aston Formation = 800 m; Hunting Formation = 1.3 km; Paleozoic 
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strata = 3.9 km). Maximum burial depth is assumed as the maximum preserved thickness of 

strata with minimal removal (i.e., almost no removal) at major unconformities. (C) Simplified 

burial events experienced by Aston Formation: from (1) deposition (Proterozoic), (2) reddening 

1 (Proterozoic), (3) bleaching and illitisation (Paleozoic), (4) pressure solution (Paleozoic), (5) 

reddening 2 (Paleozoic), and (6) quartz cementation (Paleozoic). 
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Table 4-1: Sample list with associated locations (shown on Figure 6) and colour. 

Sample Northing Easting Colour 

16HR D1 442884 8164479 Red 

16HR D2 442442 8164856 Red 

16HR D3 442263 8165048 Bleached 

16HR D4 441836 8165432 Bleached 

16HR D5 441587 8165622 Red 

16HR D6 441556 8165896 Red 

16HR D7 441388 8166051 Red 

16HR D8 441301 8166179 Red 

16HR D10 441429 8166375 Bleached 

16HR D11 441311 8166449 Bleached 

16HR D12 441138 8167149 Red 

16HR D13 441011 8167421 Bleached 

16HR D14 441023 8167707 Bleached 

16HR D15 441002 8168014 Bleached 

16HR D16 441076 8168094 Bleached 
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Chapter 5  

5 Concluding Statements 

5.1 Conclusions 

This thesis provides the first complete study of the fluids responsible for mineralisation in the 

Cornwallis district, including the first detailed study on the Storm copper deposit. During this 

study, the following questions have been answered: 

• What was the mineralising fluid(s) composition within the Cornwallis Zn-Pb district and 

what was the mechanism for sulphide precipitation? 

Mineralisation throughout the Cornwallis district was controlled by a uniform, regional, low-

temperature, high-salinity, seawater-sourced fluid that dissolved evaporites in the subsurface and 

leached metals from the sedimentary succession to transport metals and sulphate together. This 

regional fluid interacted with accumulations of reduced sulphur at the site of mineralisation to 

precipitate sulphide minerals. Thermochemical sulphate reduction (TSR) of the regional fluid 

became the dominant source of reduced sulphur for precipitation, if there was a sufficient source 

of pre-existing reduced sulphur to initiate mineralisation, lowering kinetic controls of TSR 

processes and if there were sufficient reductants on site to allow for TSR. Varying degrees of 

TSR of the regional fluid affected the sulphur isotopic composition. The main control on the size 

(volume) of mineralisation in the Cornwallis district is the amount of fluid flow that could be 

accommodated by a site, and the ability to reduce sulphate at a sufficient rate. 

• What was the composition of the fluid(s) of the Storm copper deposit in the district and 

how does it relate to the regional fluid? 
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Storm copper mineralisation records three episodes of fluid movement: early pre-ore, main-ore, 

and post-ore mineralisation. Fluids evolved from a reduced, basement-equilibrated fluid that 

mixed with a reduced sulphur fluid (pre-ore) to an oxidised low-latitude meteoric fluid (main-

ore) to a high-latitude meteoric fluid responsible for post-ore mineralisation. Main-ore sulphur 

was supplied by a mixture of recycled sulphur and in situ reduction of sulphate. Pre-ore fluids 

are probably related to the main mineralising regional fluid, with the main-ore fluid being related 

to the regional fluid that post-dated Zn+Pb mineralisation in the district, with the Cu 

modifications supplied by local geology. 

• What was the source of copper for the Storm copper deposit? 

Geochemical evidence from Cu mineralisation at Storm copper (Chapter 3) suggest the Aston 

Formation red bed as a probable source of copper. Chapter 4 concludes that fluids with 

comparable composition and paragenetic order to those responsible for Storm copper 

mineralisation circulated through the Aston Formation red beds, resulting in its observed 

diagenetic features. These observations suggest that the Aston Formation was a probable Cu 

source for Storm copper mineralisation. 

• What are the implications of ore district controls and intra-district relationships? 

Topographically driven fluid flow is the most probable mechanism for allowing a regional fluid 

to pervade an entire basin with geochemically consistent characteristics and a uniform 

paragenetic change related to a meteoric recharge fluid. Mineralised showings in an ore district 

that was controlled by a regional fluid should therefore have shared characteristics, making them 

genetically linked, as has been assumed. It is possible that the concept of pre-existing sulphide 
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accumulations can be used to explain other ore districts worldwide that experienced a regional 

metal-bearing fluid. 

 

5.2 Future work 

In Chapter 2, purple sphalerite was common as the regionally consistent main sphalerite. It was 

observed that there was an apparent positive relationship between Cd concentration and the 

purple colour.  The presence of purple sphalerite may be more common than originally thought, 

being observed in the Cornwallis district (Randell, 1994; this study), Australian Canning basin 

(Etminan and Hoffmann, 1989), the Chinese Fule Pb-Zn deposit (Si et al., 2011), Pb-Zn deposits 

in the midcontinent U.S. (Field et al., 2020), and the Congolese Kipushi deposit (personal 

observation). A more detailed study to determine the cause (crystallographic or geochemical) of 

this type of sphalerite is merited, because it may be used as an indicator to mineralisation 

processes. 

Chapter 3 concludes with the Storm copper mineralisation fluid being related to regional Zn-Pb 

mineralizing fluid of the district; study of other Cu showings in the district may be merited to 

compare with the Storm copper deposit to elucidate the controlling factors of Cu mineralisation 

over Zn-Pb mineralisation. Copper showings in other Zn+Pb districts should be geochemically 

studied to identify any possible trends that may separate them from Cu-dominant 

districts/deposits. 

Chapter 4 required some inference on the burial history of the Aston Formation; a petrographic 

study of the Siluro-Devonian Peel Sound Formation sandstone, which was derived from 

reworked Aston Formation (Miall, 1970; Miall and Gibling, 1978), could help identify which 
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paragenetic stages were present in the Aston sandstone at the time of Peel Sound Formation 

deposition. 

The diagenetic study of possible ore-deposit source rocks is mainly limited to uranium deposits 

(e.g., Hiatt et al., 2003; 2007; Kyser, 2007; Beyer et al., 2011). Studies of possible source rocks 

for metals in other base-metal deposits, particularly redbed copper deposits, could be beneficial 

for producing new exploration criteria.  
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