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ABSTRACT

The Jurassic Eskay Creek deposit represents a precious metal-rich, polymetallic 

volcanic-hosted sulfide and sulfosalt deposit located in northwestern British Columbia, 

Canada. The ore body is hosted by carbonaceous mudstones at the contact between a 

thick package of footwall rhyolite and overlying basalt. Exploration in the area occurred 

for a period of over 57 years before the discovery of the concealed deposit. Difficulties in 

locating the ore zones of the deposit are, at least in part, a result of the fact that massive 

sulfides hosted by carbonaceous mudstone are difficult to detect by geophysical methods 

as the high carbon and pore water contents of the mudstone produce false electrical 

conductivity anomalies. To aid future exploration for precious and base metal deposits 

hosted in carbonaceous mudstones, the present study aimed to test whether pyrite 

contained in the mudstone host of the Eskay Creek deposit can be used as an exploration 

indicator mineral.

To study the morphological, textural, and compositional characteristics of pyrite 

contained in the mudstone host, pyrite concentrates were prepared from whole rock 

samples collected at various distances from ore, ranging from samples collected within 

the ore zones up to 4.4 km away. The morphology of individual pyrite grains was studied 

by optical microscopy and scanning electron microscopy. It was found that pyrite grains 

contained in samples collected within 100 m of known ore zones are dominated by the 

{210}, {310}, {211}, and {111} crystal forms while the {100} crystal form as well as 

globular, framboidal, and conglomeritic grains are abundant at larger distances from ore. 

Following the morphological studies, the zoning patterns of representative grains of 

different morphologies were studied by back-scattered electron imaging, electron 

microprobe mapping, and electron microprobe and laser ablation inductively coupled- 

plasma mass spectrometry spot analyses. It is shown that the back-scattered electron 

imaging contrast of grains exhibiting concentric core-rim, outer overgrowth, regular 

intergrowth, simple core-rim, and sometimes sector zoning is controlled by variations in 

the concentrations of As and Sb in the pyrite. In contrast, the back-scattered electron 

imaging contrast of grains showing asymmetric, colloformal, irregular intergrowth,



patchy, spongy, and sometimes sector zoning is controlled by variations in Mn, Mo, Ni, 

and/or Se with consistently low levels of As and Sb.

The spatial trends of trace element concentrations within pyrite grains was studied 

by laser ablation inductively coupled-plasma mass spectrometry. The obtained trace 

element data show that the hydrothermal signal in pyrite decreases away from the ore 

zone to about 100 m, where the As, Sb, Tl, and to a lesser extent Pb concentrations of 

pyrite reach background levels. In contrast to these elements, the Mo concentrations of 

pyrite increase away from known ore zones. The observed variations in trace element 

abundances are also reflected by changes in the sulfide mineral inclusion assemblages. 

Energy dispersive X-ray spectroscopy showed that an assemblage of Ag-bearing 

tetrahedrite, galena, and arsenopyrite is most common within 50 m of the ore zones while 

chalcopyrite and sphalerite become more abundant inclusion phases further away from 

known ore zones. Bulk geochemical analysis of the pyrite concentrates by instrumental 

neutron activation verified that the pyrite geochemistry and inclusion inventory change as 

a function of distance to ore. Bulk analysis of the pyrite concentrates showed that spatial 

trends in As, Mo, and Sb are largely hosted by the pyrite structure while variations in the 

abundances of Ag, Au, Hg, and Zn are more likely related to the presence of mineral 

inclusions.

The research of the present study suggests that the morphological, textural, and 

compositional variations in pyrite from the Eskay Creek deposit can be explained by the 

existence of two end-member fluids, namely an immature hydrothermal fluid and a 

mature wall-rock buffered fluid. The latter represents either an evolved hydrothermal 

fluid or a mature pore water that has largely equilibrated with the mudstone. The 

categorization of the morphological, textural, and compositional characteristics of pyrite 

can be used to distinguish between hydrothermal and diagenetic pyrite and allows for the 

quantification of the relative influence of the immature hydrothermal fluid on pyrite 

formation and/or alteration. Reliable identification of a hydrothermal signal and 

quantification of the hydrothermal intensity through microanalytical research on pyrite 

provide new critical vectoring tools that can be used in the search for precious and base 

metal sulfide deposits in ancient shale basins.
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CHAPTER 1 

INTRODUCTION

The Eskay Creek deposit is an unusual, precious metal-rich, polymetallic volcanic- 

hosted sulfide and sulfosalt deposit located in northwestern British Columbia, Canada. 

Over the past decades, the deposit has generated much interest because several of its 

geological characteristics differ from typical volcanic-hosted massive sulfide deposits. 

Key features include the bedded and commonly graded nature of the clastic ore, high 

concentrations of precious metals and other elements more typically associated with 

epithermal environments, complex ore mineralogy, and low inferred temperatures 

(<200°C) of sulfide and sulfosalt deposition (Britton et ah, 1990; Idziszek et ah, 1990; 

MacDonald et ah, 1996; Roth et ah, 1999; Sherlock et ah, 1999). The deposit has been 

considered to be a type example of a new group of volcanic-hosted gold deposits that 

formed in relatively shallow-water submarine environments where phase separation of 

the hydrothermal fluids represented an important control on the precipitation of metals 

(Hannington et ah, 1999; Roth et ah, 1999; Sherlock et ah, 1999).

Initial exploration at Eskay Creek was conducted in 1932. Early prospectors were 

attracted to the area by the occurrence of altered volcanic rocks at surface and the 

presence of Au-Ag rich boulders containing orpiment and realgar. Over the following 

decades, several companies explored the areas with little success. In 1988, Au-Ag-rich 

massive sulfide ores were identified by drilling in what was later referred to as the 21A 

zone. A follow-up program in 1989 resulted in the delineation of a chargeable and 

geochemical anomaly that was subsequently drilled. Hole 109, considered to be the 

discovery hole of the Eskay Creek deposit, intersected 61 m averaging 99 g/t Au and 29 

g/t Ag, forming what was later known as the 109 zone. It took 19 companies and 57 years 

of sporadic exploration to discover the Eskay Creek deposit (Roth et ah, 1999).

The Eskay Creek mine was operated between 1995 and 2007. A total of 2.180 Mt 

of ore were mined. Milling of 2.053 Mt of ore yielded a total of 3.27 Moz of Au and

158.9 Moz of Ag. The average Au grade of the milled ore was 49.5 g/t Au and 2,407 g/t
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Ag. At the time of closure of the mine, a proven reserve of 31,750 tonnes of ore grading 

15.67 g/t Au and 877.7 g/t Ag remained (British Columbia Ministry of Energy and 

Mines, 2008). The Eskay Creek deposit had by far the highest Au and Ag grades of all 

known VHMS deposits worldwide (Mercier-Langevin et al., 2011; Monecke pers. 

comm., 2012).

The discovery history of the Eskay Creek deposit highlights some of the 

complications encountered in exploration for small tonnage, high-grade ore deposits. 

Located in rugged alpine terrain with no outcrops of the massive sulfide zones, the main 

ore body of the Eskay Creek deposit, referred to as the 2 IB zone, measured only 60 by 

900 m in plan and was approximately 20 m thick. The ore body was entirely hosted 

within carbonaceous mudstone, stratigraphically located between a comparably thick 

package of rhyolite in the footwall and basalt in the hanging-wall. Although 

hydrothermal alteration is distinct in the footwall rhyolite, the carbonaceous mudstone 

hosting the ore zones does not readily contain identifiable signs of alteration (Monecke 

pers. comm., 2012), prohibiting the use of visual alteration vectors during exploration.

Exploration for volcanic-hosted sulfide deposits hosted entirely within 

carbonaceous mudstones is also complicated by the geophysical properties of the host 

rocks. Due to the high carbon content and their ability to contain pore water, 

carbonaceous mudstones commonly create electrical conductivity anomalies (Ford et ah, 

2008). As the geophysical signatures of carbonaceous mudstones and sulfide beds are 

similar, drilling of electrical conductivity anomalies often yields disappointing results, 

discouraging explorers to invest additional resources in further exploration. As a 

consequence, little follow-up work is usually conducted once drilling of a geophysical 

target has identified the occurrence of an interval of carbonaceous mudstone within the 

volcanic stratigraphy. The possibility that the carbonaceous mudstone itself may host 

precious and base metal-rich ores is hereby commonly overlooked.

To enhance the effectiveness of exploration for precious and base metal deposits 

hosted in carbonaceous mudstone, it is of paramount importance to develop new and 

innovative exploration tools. Being able to detect a hydrothermal signal in carbonaceous 

mudstone hundreds of meters away from ore zones and using variations in the amplitude 

of that signal for vectoring towards ore would be highly desirable. Pyrite potentially
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represents one of the most useful indicator minerals as it is a common mineral contained 

in carbonaceous mudstone.

The importance of pyrite as a possible indicator mineral relates to its textural and 

compositional variability. A number of recent investigations have shown that the 

composition of pyrite is directly related to the environment of formation or alteration 

(Craig et al., 1998; Large et al., 2001 ; Maslennikov et al., 2009; Guy et al., 2010; Thomas 

et al., 2011). Chapman et al. (2010) pointed out that certain compositional variations in 

pyrite translate into whole-rock geochemical anomalies that may be detected by portable 

XRF analysis on drill core. In addition to the mineral chemistry, the isotopic composition 

of pyrite contained in carbonaceous mudstone could be easily determined. The 

relationship between sulfur source and sulfur isotopic composition of pyrite has been 

studied extensively over the past decades and it is well established that hydrothermal and 

diagenetic pyrite have distinctly different signatures (Roth, 2002; Seal, 2006; Barker et 

al., 2009; Ulrich et al., 2011).

Although these studies have provided insights into the textural and compositional 

variability of pyrite formed in different environments, it has not been established well 

how pyrite morphology is influenced by the physicochemical conditions of formation and 

alteration. Prior studies on pyrite morphology have shown a clear relationship between 

physiochemical conditions and crystal growth rates (Huston et al., 1993; Alonso- 

Azacarate et al., 2001; Ohfuji and Rickard, 2005; Scott et al., 2009; Prol-Ledesma et al., 

2010). Based on laboratory synthesis experiments, Murowchick and Barnes (1987) 

established a possible link between crystal growth rate and pyrite morphology. They 

showed that an increase in the degree of supersaturation, through an increase in the 

cooling rate, leads to the progressive change in pyrite shape from needles, cubes, 

octahedrons, pyritohedrons, skeletal crystals, to dendrites. Differences in pyrite crystal 

growth rates have also been applied to explain textural and compositional variations 

(Large et al., 2007; Large et al., 2009; Maslennikov et al., 2009; Thomas et al., 2011).

For example, Large et al. (2009) proposed that rapid crystal growth can lead to sooty to 

colloformal internal textures with common disequilibrium trace element substitutions into 

the pyrite structure, while nucleation-limited crystal growth generally results in an 

uniform internal texture with limited trace element incorporation.
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Compositional variations have also been studied to constrain the mechanisms of 

trace element substitution in pyrite (Huston et ah, 1995; Chouinard et ah, 2005). The 

study by Huston et al. (1993) on pyrite from volcanic-hosted massive sulfide deposits in 

Australia showed that Co, Ni, S, Se, and Te can form stoichiometric substitutions, while 

As, Au, Cd, In, Mo, and Tl can be incorporated as nonstoichiometric substitutions. Ag, 

Ba, Bi, Cu, Pb, Sb, and Zn are typically present as mineral inclusions such as sulfides and 

tellurides. The occurrence of coupled substitutions into the pyrite structure has been 

documented for As and Au (Reich et ah, 2005). Despite these studies, comprehensive 

analyses of pyrite crystal growth in relation to morphology and differences in the internal 

composition have been limited.

The present study was designed to test whether the morphological, textural, and 

compositional variability of pyrite contained in the mudstone host of the Eskay Creek 

deposit provide vectors to ore. The study is motivated by prior work at Eskay Creek done 

by Thomas Monecke, Tina Roth, and Mark D. Hannington, which indicated that bulk 

pyrite concentrates from the host mudstones vary as a function of distance to known ore 

zones. It was found that As, Au, Hg, and Sb in the bulk pyrite concentrates show 

decreasing concentrations with increasing distance from ore. The present study tested 

how these spatial trends in bulk pyrite composition relate to the morphologies, internal 

textures, inclusion inventories, zoning patterns, and compositions of individual pyrite 

grains.

Although Eskay Creek has been mined out, renewed research on this deposit will 

have important implications for exploration in the area around Eskay Creek and 

elsewhere in carbonaceous mudstone environments. The potentially fertile mudstone 

interval that hosted the Eskay Creek deposit has been recognized to extend for tens of 

kilometers to the north into the Telescope Creek Area along the northwest boundary of 

the Bowser Basin, where exploration is ongoing (Simpson and Nelson, 2004). In addition 

to the exploration implications, the study at Eskay Creek will also contribute to a better 

understanding of the textural and compositional variability of pyrite in general and the 

processes involved in pyrite formation and alteration in different geological 

environments. In particular, one of the goals of this study is to incorporate a 

morphological analysis of pyrite and internal compositional variations to aid in
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understanding the relationship to the environment of pyrite crystal growth. Specific 

questions that are addressed in this thesis are:

1) Is it possible to distinguish pyrite of different origins (hydrothermal versus 

diagenetic) based on textural or chemical criteria?

2) Can pyrite morphologies be related to trace element compositional variations to 

help understand pyrite crystal growth processes?

3) Is it possible to quantify the intensity of the hydrothermal signal in a given 

mudstone sample and can this be used as a vector to ore?

4) Can compositional variations in pyrite be linked to chemical gradients in bulk 

pyrite concentrates?

5) Based on the characteristics of pyrite, is it possible to draw conclusions on the 

hydrothermal environment of ore formation at Eskay Creek?

To address the questions listed above, the following six primary sources of information 

were utilized:

1) The grain morphologies of pyrite were studied by optical microscopy and 

secondary electron (SE) imaging on an scanning electron microscope (SEM),

2) Following reflected light microscopy, the internal textures and chemical zoning 

patterns of the different pyrite types identified were studied by back-scattered 

electron (BSE) imaging on a SEM,

3) BSE imaging was also conducted to visualize sulfide mineral inclusions in the 

pyrite grains and to constrain their textural setting. Energy dispersive X-ray
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(EDX) spectra were collected to determine the composition of the mineral 

inclusions,

4) The trace element zoning of representative pyrite grains of the different 

morphologies was studied by electron microprobe (EMP) mapping,

5) The trace element content of the different pyrite types was quantified by EMP 

spot analysis and laser-ablation inductively coupled plasma-mass spectrometry 

(LA-ICP-MS) analysis, and

6) The bulk chemistry of pyrite concentrates from the mudstones was determined by 

instrumental neutron activation analysis (INAA).

Based on the research findings, this thesis shows that different types of pyrite can 

be readily distinguished. Pyrite grains of different origins contained in the mudstone host 

of the Eskay Creek deposit indeed show distinct grain morphologies, internal textures, 

mineral inclusion inventories, and trace element zoning and abundances. The research 

demonstrates that these properties of pyrite can be directly linked to the environment of 

crystal growth and alteration. A set of exploration guidelines is developed that allows 

effective vectoring towards ore. It is also shown that the variations in pyrite chemistry 

can be recognized in geochemical data obtained on bulk pyrite concentrates, which 

enhances the exploration implications of the present study.
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CHAPTER 2 

GEOLOGICAL SETTING

This chapter provides an overview on the geological setting of the Eskay Creek 

deposit. The volcanology of the footwall, contact, and hanging-wall units are described in 

detail along with their age relationships. In addition, the characteristics of the ore zones 

comprising the deposits are described. A brief summary of the current model of ore 

formation is presented to provide a framework for the discussion of the analytical 

research on pyrite contained in the mudstone host of the Eskay Creek deposit.

2.1 Regional Setting

The Eskay Creek deposit is located in the Iskut River area, 80 km north of Stewart, 

British Columbia. The deposit lies within the allochthonous Stikine terrane of the 

northern Cordillera (Fig. 2.1). The oldest rocks of the Stikine terrane are 

metasedimentary and metavolcanic rocks of the Middle to Upper Paleozoic Stikine 

assemblage. They are unconformably overlain by the Upper Triassic Stuhini Group, 

which consists of sedimentary rocks and basalt flows and breccia. An angular 

unconformity separates the Stuhini Group from the overlying Lower to Middle Jurassic 

Hazelton Group. This island arc succession is dominated by volcanic rocks and clastic 

sedimentary deposits. During the late Middle Jurassic, the Stikine terrane amalgamated 

with the Cache Creek terrane to the east. Erosion of this composite terrane in the Middle 

Jurassic to Lower Cretaceous resulted in the deposition of marine sedimentary rocks of 

the Bowser Lake Group. These sedimentary rocks crop out extensively within the 4900 

km2 Bowser basin to the east of the Iskut River area, forming an overlap assemblage on 

the Stikine terrane. Mesozoic and Cenozoic plutonic suites intrude all of these 

assemblages (Anderson, 1989; Britton et ah, 1989, 1990).

The Lower to Middle Jurassic Hazelton Group, which hosts the Eskay Creek 

deposit, has been subdivided into four regional stratigraphie units (MacDonald et ah, 

1996). The lower portion of the Hazelton Group is dominated by fossiliferous
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Felsic intrusions that are up to tens of meters wide form a series of gossanous bluffs 

within the deposit area. These intrusions crosscut the volcanic stratigraphy in the core of 

the Eskay anticline. They reach their highest stratigraphie level directly below the 21 

zone (Edmunds and Kuran, 1992; Bartsch, 1993). The felsic intrusions are aphyric, fine

grained, and pervasively quartz-sericite-pyrite-altered. Geochemically, they are 

indistinguishable from the footwall rhyolite, suggesting that they represent subvolcanic 

intrusions or feeder dikes (K. Rye, unpub. report for International Corona Corp., 1992; 

Bartsch, 1993; Roth, 1993). Locally, mafic dikes and sills crosscut the volcanic 

stratigraphy around the deposit. They are geochemically indistinguishable from the 

hanging-wall basalt (K. Rye, unpub. report for International Corona Corp., 1992; Bartsch, 

1993; Roth, 1993). The mafic dikes and sills in the footwall stratigraphy are generally 

significantly less altered than the host rocks.

The host rock succession of the Eskay Creek deposit has been affected by 

metamorphism during the Middle Cretaceous (Alldrick et ah, 1987). Metamorphism 

reached a maximum grade of sub-greenschist, mid-prehnite-pumpellyite facies (Britton et 

ah, 1990; Roth et ah, 1999; Monecke pers. comm., 2012). The overall geometry of the 

ore zones and the stratigraphie relationships within the former mine are generally well 

preserved.

2.3 Volcanic Facies Relationships

The footwall rhyolite has a maximum apparent thickness of approximately 100 m 

in the mine area (Britton et ah, 1990). Several distinct rhyolite facies can be distinguished 

(Britton et ah, 1990; Allen, 1993; Barrett and Sherlock, 1996; Monecke et ah, 2005).

Coherent rhyolite is aphyric and massive or flow-banded. The occurrence of perlitic 

cracks indicates that the coherent rhyolite was formerly glassy. Spherulites are locally 

abundant. The coherent facies is in contact with, and locally grades into, non-stratified 

and poorly sorted, blocky to slabby rhyolite breccia (Allen, 1993; Barrett and Sherlock, 

1996; Monecke et ah, 2005). Although these breccias occur throughout the footwall 

rhyolite, they appear to be especially concentrated in its upper part (K. Rye, unpub. report 

for International Corona Corp., 1992). The breccia facies is compositionally similar to the
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coherent rhyolite, usually monomictic, and typified by prominent jigsaw fit textures or a 

random arrangement of variably rotated clasts. Apparently polymict breccias containing 

mixtures of massive and flow-banded material also occur (Allen, 1993; Barrett and 

Sherlock, 1999; Monecke et ak, 2005). Detailed textural studies by Allen (1993) showed 

that the blocky to slabby rhyolite breccia facies formed by a range of fragmentation 

processes including autobrecciation, quench fragmentation, and hydraulic brecciation.

The central part of the deposit is underlain by a texturally distinct rhyolite 

sandstone and breccia facies. This facies is moderately to well sorted and crudely 

stratified. Individual beds range from massive to internally graded (Allen, 1993; Roth et 

al., 1999; Monecke et al., 2005). The stratified volcaniclastic rocks are interpreted to have 

formed by phreatic-hydrothermal explosions associated with the submarine rhyolitic 

volcanism (K. Rye, unpub. report for International Corona Corp., 1992; Allen, 1993; 

Monecke et al., 2005).

Hydrothermal alteration is widespread throughout the footwall rhyolite (Robinson, 

1991; Barrett and Sherlock, 1996). Peripheral to the stratiform ores of the Eskay Creek 

deposit and in the deeper parts of the footwall, hydrothermally altered rhyolite is typified 

by the occurrence of secondary potassium feldspar and is moderately silicified. Intense 

and texturally destructive propylitic alteration is largely restricted to the upper contact of 

the footwall rhyolite, immediately underlying the stratiform mineralization. The tabular 

shape of this zone, which contains abundant chlorite and white mica, coincides spatially 

with the inferred distribution of the stratified rhyolite breccia and sandstone facies 

(Ettlinger, 1992; Roth et al., 1999). An unusual hydrocarbon alteration, producing 

millimeter-scale blackish laminations and bands in the otherwise white rhyolite occurs 

locally below the stratiform mineralization (Ettlinger, 1992; Barrett and Sherlock, 1996; 

Roth et al., 1999).

The footwall rhyolite is overlain by carbonaceous mudstone, which hosts the 

stratiform sulfide and sulfosalt mineralization. The contact between the footwall rhyolite 

and the carbonaceous mudstone is commonly marked by the occurrence of sediment- 

matrix rhyolite breccia, interpreted to be peperite (Allen, 1993; Bartsch, 1993; Barrett 

and Sherlock, 1996; Roth et al., 1999; Monecke et al., 2005). Childe (1996) reported that 

this contact relationship can be recognized along most of the western limb of the Eskay
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anticline. Observations by Allen (1993) and Monecke et al. (2005) suggest that, at least 

locally, peperite formation was associated with late rhyolite sills that intruded along the 

contact of the still wet and unconsolidated stratified rhyolite breccia and sandstone facies 

and the mudstone that was deposited on top of the extrusive parts of the footwall rhyolite 

(Fig. 2.4).

The carbonaceous mudstone hosting the stratiform sulfide and sulfosalt 

mineralization ranges from less than 1 m to more than 60 m in thickness (Britton et al., 

1990; K. Rye, unpub. report for International Corona Corp., 1992). The mudstone is 

black and sooty in appearance. The mudstone is laminated, thinly bedded, or massive and 

contains abundant intercalated, tan-colored beds of fine-grained volcaniclastic material. 

The carbon content decreases towards the top of the unit. Calcareous and siliceous 

intervals are present, but not common. Thin pyrite laminations are common throughout 

the unit (Britton et al., 1990; Monecke et al., 2005). The occurrence of flame structures at 

the base of the sulfide laminations indicates that the pyrite is clastic in origin. In addition 

to the pyrite laminations, thin veins and veinlets of pyrite crosscutting bedding are 

widespread throughout the mine area. The mudstone unit contains radiolaria, 

dinoflagellates, rare belemnites, and corals, confirming a marine depositional 

environment (Britton et al., 1990; Robinson, 1991; Nadaraju, 1993; Monecke et al., 

2005).

Basalt sills and dikes occur throughout the carbonaceous mudstone unit (Fig. 2.4). 

The occurrence of mudstone-matrix basalt breccia along the bottom and top margins of 

coherent basalt intervals indicates that the lava intruded the still wet and unconsolidated 

mudstone (Roth et al., 1999; Monecke et al., 2005). In some cases, basaltic sills merge 

laterally into breccia zones that extend up to 5 m beyond the coherent basalt facies. 

Mudstone intervals that are intercalated with basalt commonly contain radiating 

porphyroblasts of prehnite that probably formed during regional metamorphism of the 

contact aureole surrounding the basalt intrusions (Roth et al., 1999; Monecke pers. 

comm., 2012). Basalt intervals in the lower part of the carbonaceous mudstone unit are 

typically affected by weak hydrothermal alteration related to the formation of the deposit 

(Britton et al., 1990).
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Mine geologists have used the first occurrence of basalt in the mine succession to 

divide the mudstone overlying the footwall rhyolite into two units, referred to as the 

contact and the hanging-wall mudstone, respectively. The contact mudstone unit is 

defined as the mudstone between the upper surface of the footwall rhyolite and the lowest 

basalt unit in the hanging-wall. Mudstone occurring further up stratigraphy in the mine 

succession is collectively referred to as the hanging-wall mudstone (Britton et al., 1990). 

Monecke et al. (2005) demonstrated, however, that the lowest basalt unit in the mine 

succession is commonly intrusive in nature and therefore is not reliable as a stratigraphie 

marker. In the present contribution, a distinction between contact and hanging-wall 

mudstone samples is made nevertheless to be consistent with the presently used mine 

terminology.

The relative proportion of basalt increases in the upper part of the mine succession 

(Fig. 2.4). The hanging-wall basalt locally exceeds 150 m in thickness and generally thins 

southward away from the deposit (Britton et al., 1990; K. Rye, unpub. report for 

International Corona Corp., 1992).

The mafic volcanic rocks of the hanging-wall basalt are intercalated with variably 

thick intervals of the carbonaceous hanging-wall mudstone. These mudstone intervals are 

similar to the contact mudstone hosting the mineralization and also contain intercalations 

of fine-grained volcaniclastic material as well as abundant pyrite laminations.

The basalt in this part of the mine succession occurs as both intrusive and extrusive 

emplacement units. Sills are abundant near the base. The relative proportion of flows 

increases towards the top of the mine succession where the basalt forms intervals 

exceeding tens of meters in thickness. Mudstone-matrix basalt breccias are common at 

the base of individual basalt flows, whereas their top margins are typified by the 

occurrence of non-stratified monomictic basalt breccia that formed through 

autobrecciation and quench fragmentation. The basalt is aphyric to moderately 

porphyritic (feldspar and/or ferromagnesian phases) and non- to moderately 

amygdaloidal. In addition to the basaltic flows, well-preserved pillow basalts and 

polymict talus breccia occur towards the top of the hanging-wall basalt (Britton et al., 

1990; Barrett and Sherlock, 1996; Roth et al., 1999; Monecke et al., 2005). The
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occurrence of polymict talus breccia indicates the presence of seafloor relief during the 

period of basalt emplacement (Barrett and Sherlock, 1996).

2.4 Age Relationships

The age of the Eskay Creek deposit is well constrained through both microfossil 

records and U-Pb zircon geochronology. According to Nadaraju (1993), fossils in the 

package of marine mudstone and interbedded coarse clastic sedimentary, volcaniclastic, 

and calcareous rocks overlying the andesitic and polymict breccia and conglomerate 

exposed in the core of the Eskay anticline suggest a depositional age corresponding to the 

Upper Pliensbachian (Pliensbachian: 191.5+1.9/-4.7 to 183.6+1.7/-1.1 Ma; Pâlfy et al., 

2000) or possibly Lower Toarcian (Toarcian: 183.6+1.7/-1.1 to 178.0+1.0/-1.5 Ma; Pâlfy 

et al., 2000) stages. The Eskay porphyry that intruded this package yielded an U-Pb 

zircon age of 184+5/-1 Ma (MacDonald et al., 1992; recalculated by Childe, 1996).

Microfossil investigations on the contact mudstone of the west limb of the Eskay 

anticline suggest that the mudstone was deposited during the Aalenian (Aalenian: 

178.0+1.0/-1.5 to 174.0+1.2/-7.9 Ma; Pâlfy et al., 2000) to possibly Lower Bajocian 

(Bajocian: 174.0+1.2/-7.8 to 166.0+3.8/-5.6 Ma; Pâlfy et al., 2000) stages (Nadaraju, 

1993). Carbonaceous mudstone in a similar stratigraphie position on the eastern limb 

appears to have been deposited during the Upper Aalenian. U-Pb zircon ages from two 

footwall rhyolite samples from the western and eastern limb of the Eskay anticline 

yielded emplacement ages of 175±2 and 174+2/-1 Ma, respectively (Childe, 1996), which 

are consistent with the fossil findings.

The marine sedimentary rocks from the Bowser Lake Group occurring in the 

stratigraphie hanging-wall of the Eskay Creek deposit have been interpreted to be of the 

Lower Bajocian to Lower Callovian (Callovian: 160.4+1.1/-0.5 to 156.5+3.1/-3.3 Ma; 

Pâlfy et al., 2000) stages (Nadaraju, 1993).

2.5 Ore Zones of the Eskay Creek Deposit

The Eskay Creek deposit is composed of several distinct ore zones. The 

characteristics of the ore zones are complex with the mineralogy, textures, precious and
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base metal grades, and metallurgical characteristics varying between ore zones. The bulk 

of the economic endowment occurred as stratiform ore lenses within the 21A, 21B, 21C, 

HW, and NEX zones (Fig. 2.5).

The 21A zone, located at the southern end of the deposit, was composed of two 

massive to semimassive sulfide lenses, probably representing a single lens offset by a 

fault, that mainly consisted of stibnite, realgar, cinnabar, and arsenopyrite (Fig. 2.6) 

(Britton et al., 1990; Idziszek et al., 1990; Roth et al., 1999). The stratiform 

mineralization occurred within the carbonaceous mudstone at or near the contact with the 

footwall rhyolite and covered an area that is 240 m long and 180 m wide. The thickness 

of the 21A zone was variable but averaged approximately 10 m. The rhyolite in the 

immediate footwall of the 21A zone was intensely altered and hosted abundant 

disseminated stibnite, arsenopyrite, and tetrahedrite (Roth et al., 1999).

The largest and most precious-metal rich ore zone at Eskay Creek, the 2 IB zone, 

was located approximately 200 m to the north of the 21A lenses. It occurred at the same 

stratigraphie interval as 21A and was composed of high-grade clastic sulfide and sulfosalt 

beds. The mineralization formed a tabular body that was about 650 m long, 60 to 150 m 

wide, and locally in excess of 20 m thick. The 2 IB zone contained approximately 1.08 

Mt grading 65.5 g/t Au, 2930 g/t Ag, 5.6% Zn, and 0.77% Cu (Barrett and Sherlock, 

1996).

In its central portion, the 2 IB zone consisted of beds comprising pebble- to 

cobble-sized sulfide and sulfosalt clasts. These clasts were composed of sphalerite, 

galena, pyrite, tetrahedrite, freibergite, boulangerite, bournonite, stibnite, electrum, and 

other sulfosalts. The beds contained variable amounts of barite, rhyolite, and mudstone 

clasts (Britton et al., 1990; Idziszek et al., 1990; Roth et al., 1999). The mudstone clasts 

contained in these beds varied from angular to irregularly shaped and apparently were 

plastically deformed, suggesting that they represent rip-up clasts (Barrett and Sherlock, 

1996; Monecke pers. comm., 2012). Individual sulfide and sulfosalt beds varied between 

graded or ungraded and poorly- to well-sorted (Fig. 2.7). Load and flame structures 

occurred locally at the base of individual beds. The geometry of the coarse-grained beds 

suggests that mass-flow-deposition of the clastic sulfides and sulfosalts occurred in a

17



northward-trending channel or sub-basin. Massive beds of barite, sometimes also 

displaying clastic textures, occurred locally.
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Figure 2.5: Plan view of the spatial distribution of ore zones at Eskay Creek, with each 
zone given a different color (modified from Roth et ak, 1999).
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Figure 2.6: Photographs of representative hand-specimens from the 21A zone, (a) Quartz- 
sulfide vein composed of sphalerite, pyrite, and galena grading 995 g/t Au and 167 g/t 
Ag. (b) Discordant stibnite-rich veinlets crosscutting contact mudstone.

Figure 2.7: Photographs of representative ore samples from the 2 IB zone, (a) Normally 
graded clastic sulfide and sulfosalt bed containing 1.6% Cu, 15.0% Zn, 6.4% Pb, 49.9 g/t 
Au, and 5980 g/t Ag. (b) Graded sulfide and sulfosalt-rich mass flow deposit that 
contains abundant clastic sulfides at the base of the bed. The mudstone top of the bed 
contains abundant disseminated sulfides grading 85 g/t Au and 906 g/t Ag.
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In its central portion, the 2 IB zone consisted of beds comprising pebble- to cobble

sized sulfide and sulfosalt clasts. These clasts were composed of sphalerite, galena, 

pyrite, tetrahedrite, freibergite, boulangerite, bournonite, stibnite, electrum, and other 

sulfosalts. The beds contained variable amounts of barite, rhyolite, and mudstone clasts 

(Britton et ah, 1990; Idziszek et al., 1990; Roth et al., 1999). The mudstone clasts 

contained in these beds varied from angular to irregularly shaped and apparently were 

plastically deformed, suggesting that they represent rip-up clasts (Barrett and Sherlock, 

1996; Monecke pers. comm., 2012). Individual sulfide and sulfosalt beds varied between 

graded or ungraded and poorly- to well-sorted (Fig. 2.7). Load and flame structures 

occurred locally at the base of individual beds. The geometry of the coarse-grained beds 

suggests that mass-flow-deposition of the clastic sulfides and sulfosalts occurred in a 

northward-trending channel or sub-basin. Massive beds of barite, sometimes also 

displaying clastic textures, occurred locally.

The coarse-clastic sulfide and sulfosalt beds of the 2 IB zone graded laterally over 

short distances into thinner, finer grained, clastic beds, and laminations (thickness 

decreases from about 1 m to less than 1 mm) (Fig. 2.8). The clast size and bed thickness 

also decreased stratigraphically upward, progressively thinning to fine laminations and 

disseminated sulfides and sulfosalts with the proportion of intercalated mudstone 

increasing upward.

The clastic ore of the 2 IB zone was crosscut by abundant stibnite veins. Stibnite 

also rimmed the sulfide and sulfosalt clasts or occurred as complete replacement of 

individual beds of the clastic ore. Stibnite replacement was most pronounced in the 

central, thickest part of the 2 IB zone (Roth et al., 1999).

The 21C zone consisted mainly of beds of massive to bladed barite and calcite 

containing abundant, very fine-grained disseminated sulfides including pyrite, 

tetrahedrite, sphalerite, and galena. This ore zone was located 100 m down-dip from the 

2 IB zone and was sub-parallel to it (Britton et al., 1990; Roth et al., 1999). Both ore 

zones occurred at the same stratigraphie horizon, but were separated by a barren interval 

of mudstone. The rhyolite in the footwall of the 21C zone was intensely altered and 

contained localized zones of precious metal-rich, extremely fine-grained, disseminated 

sulfides and sulfosalts (Roth et al., 1999).
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Figure 2.8: Distribution of ore facies within the 21B ore zone and representative images 
of hand specimens (diagram modified from Roth, 2002; images from T. Roth).

Additional zones of mineralization hosted by the contact mudstone, at or near the 

contact with the underlying rhyolite, have been recognized in the northern part of the 

deposit (Fig. 2.5). Near the north end of the 2 IB zone, the precious metal-rich 

mineralization extended over the top of the anticline into the complexly folded and 

faulted East Block.

The ore zone of the East Block occurred in a steeply dipping, fault-bounded 

mudstone that is located immediately east of the north-trending Pumphouse fault. The 

bulk of the ore was composed of fine-grained massive to locally clastic sulfosalts that 

graded downwards into massive pyrite. Ore concentrations of precious metals were 

mainly confined to the sulfosalt-rich upper portion of the mineralization (Roth et ah, 

1999).
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The NEX zone was located north of the 2 IB lens within the nose of the Eskay 

anticline. The zone consisted of mainly fine-grained massive sphalerite, tetrahedrite, 

galena, chalcopyrite, and minor pyrite. Clastic textures were restricted to the south end of 

the mineralization. Abundant chalcopyrite stringers overprinting the clastic 

mineralization occur throughout the NEX zone and suggesting they formed later than the 

clastic ore zone, associated with the stratigraphically overlying HW zone (Roth et al., 

1999).

The HW zone was also hosted by carbonaceous mudstone, but occurred 

stratigraphically above the NEX zone and the lowermost basaltic sills. The ore body was 

composed of fine-grained and finely-banded, semimassive to massive sulfides consisting 

of pyrite, sphalerite, galena, chalcopyrite, and tetrahedrite (Britton et al., 1990; Roth et 

al., 1999). Massive barite and calcite were common near the upper contact of the ore 

body. The HW zone had significantly higher copper and lower precious metal contents 

than the clastic sulfide and sulfosalt ores of the 21B zone (Roth et al., 1999).

In addition to the stratiform ore zones, discordant zones of sulfide veins and 

disseminations have been recognized at Eskay Creek. The Pumphouse and Pathfinder 

zones occurred adjacent and below the 2 IB zone (Fig. 2.5). The sulfide mineralization in 

both zones consisted primarily of sphalerite, pyrite, galena, and tetrahedrite. Additional 

discordant mineralization occurred in the 109 zone that was located stratigraphically 

below the north end of the 2 IB zone and the HW zone. This area was typified by 

distinctive, very precious metal-rich cmstiform quartz veins with coarse-grained 

sphalerite, galena, pyrite, chalcopyrite, sulfosalts, and electrum (Roth et al., 1999).

2.6 Deposit Model

The Eskay Creek deposit formed during the waning stages of volcanism of the 

Lower to Middle Jurassic Hazelton arc. Ore deposition took place in an extensional 

environment, presumably representing a submarine rift within the Hazelton arc 

(MacDonald et al., 1996). The deposit formation appears to have coincided with a shift in 

volcanism from intermediate compositions and calc-alkaline magmatic affinity to 

bimodal volcanism of tholeiitic affinity (Barrett and Sherlock, 1996; Roth, 1999).
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Initially, felsic volcanism in the deposit area resulted in the formation of the 

approximately 100 m thick footwall rhyolite. Allen (1993) and Monecke et al. (2005) 

showed that the facies architecture of the footwall rhyolite is complex, involving multiple 

rhyolite generations, including both intrusive and extrusive emplacement.

The presence of the stratified rhyolite sandstone and breccia facies that formed by 

phreatic or hydrothermal eruptions illustrates that the emplacement of the footwall 

rhyolite must have been at least partially extrusive. Because the deposits of these 

explosions form the immediate footwall to the carbonaceous mudstone and the stratiform 

mineralization, and are locally intermixed with the clastic sulfide and sulfosalt ore, the 

mineralization must have formed in close spatial and temporal association with the 

extrusive part of the felsic volcanic center.

However, the footwall rhyolite also contains a significant intrusive component 

(Allen, 1993; Monecke et ak, 2005). The occurrence of sediment-matrix rhyolite breccia, 

interpreted to be peperite, along much of the top contact of the footwall rhyolite exposed 

along the western limb of the Eskay anticline clearly illustrates that intrusive 

emplacement of the rhyolite was widespread. The footwall rhyolite does not simply 

represent a string of extrusive flow domes as initially proposed by Bartsch (1993).

Monecke et al. (2005) showed that rhyolite sills were at least locally emplaced 

along the contact of the sediment-matrix rhyolite breccia and the carbonaceous mudstone 

that was deposited on top of the extrusive parts of the footwall rhyolite (Fig. 2.4). The 

occurrence of sediment-matrix rhyolite breccia at the bottom and top contacts of the 

rhyolite sills illustrates that both the stratified rhyolite sandstone and breccia facies and 

the overlying mudstone were still wet and unconsolidated at the time of intrusion. As 

these rhyolite sills were subject to hydrothermal alteration, Monecke et al. (2005) 

concluded that there was no significant time hiatus between the rhyolitic volcanism, the 

occurrence of the phreatic-hydrothermal explosions, the formation of the deposit, and the 

onset of deposition of the carbonaceous mudstone through suspension sedimentation.

The clastic sulfide and sulfosalt beds at Eskay Creek were deposited into a north- 

trending graben or sub-basin by mass-flow deposition. Although the precise location of 

the source for the clastic sulfide-sulfosalt material is unknown, the spatial association 

with intense alteration and mineralization in the footwall suggests that the source of the
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clastic sulfides was located close to the site of mass-flow deposition. It is also important 

to note that stibnite replacement is most intense in the central portion of the 2 IB zone, 

suggesting proximity to a hydrothermal upflow zone. As the clastic sulfide and sulfosalt 

mineralization directly overlies the extrusive part of the felsic volcanic center and the 

zone of most intense hydrothermal alteration, it can be assumed that the site of sulfide 

and sulfosalt formation was located proximal to the location of the volcanic vent(s).

Roth et al. (1999) proposed that the sulfides and sulfosalts formed initially in 

mounds or chimney structures similar to those in modern black smoker environments 

although the temperature of mineralization was probably distinctly lower (<200°C). Allen 

(1993) and Roth et al. (1999) speculated that the fragmentation of the mounds or 

chimneys may have been related to the occurrence of the phreatic-hydrothermal 

explosions also causing the formation of the stratified rhyolite breccia facies.

Although initial deposition of the carbonaceous mudstone overlapped with the 

felsic volcanism and mineralization at Eskay Creek, prolonged suspension sedimentation 

resulting in the formation of this fine-grained sedimentary rock records a period of 

relative quiescence. The occurrence of abundant intercalated, tan-colored beds of fine

grained volcaniclastic material and the presence of relic volcanic glass shards within the 

carbonaceous mudstone and these thin beds of volcaniclastic material (Monecke pers. 

comm., 2012) is consistent with the presence of subaerial arc volcanism outside the 

submarine rift zone that was the site of deposit formation.

The occurrence of basaltic sills within the carbonaceous mudstone and the 

deposition of the comparably thick package of mafic volcanic rocks in the hanging-wall 

of the Eskay Creek deposit indicate that volcanism at Eskay Creek shifted towards a more 

mafic composition, presumably recording peak extension within the rift zone (Monecke 

pers. comm., 2012). The occurrence of peperitic margins along both rhyolitic and basaltic 

emplacement units implies that the time gap between felsic and mafic volcanism at Eskay 

Creek was insufficient for the mudstone host to consolidate. Weak alteration of the 

lowermost hanging-wall basalt units suggests that the onset of basaltic volcanism 

occurred prior to the waning of the hydrothermal activity at Eskay Creek.
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2.7 Inferred Origin of Pyrite Contained in the Host Mudstone

Based on the above review of the geology of the Eskay Creek deposit, it appears 

possible that the carbonaceous mudstone representing the immediate host of the ore zones 

contains several distinct generations of pyrite. The sedimentary rocks may contain 

diagenetic pyrite that formed under reduced conditions within the carbonaceous 

mudstone. It could be expected that diagenetic pyrite is present throughout the interval of 

carbonaceous mudstone and does not show spatial relationships with respect to the 

deposit. In addition to diagenetic pyrite, multiple generations of hydrothermal pyrite may 

have formed throughout the extended period of hydrothermal activity. This could include 

pyrite that formed close to the source of the hydrothermal fluids and was subsequently 

redeposited into the mudstone basin by mass flow events, similar to the processes that 

controlled the emplacement of the clastic ore beds. This type of pyrite would likely form 

laminations in the mudstone or occur as disseminated grains. Hydrothermal pyrite could 

also form through fluids percolating through the mudstone, forming disseminated grains 

or veinlets. It appears possible that pyrite already contained in the mudstone (e.g. 

diagenetic pyrite or pyrite laminations) can be altered by later fluid flow or that 

individual grains recrystallized or were overgrown. The occurrence of the HW ore zone 

in the hanging-wall of the bulk of the clastic ore attests to the fact that hydrothermal fluid 

flow was ongoing during and after the deposition of much of the contact mudstone. 

Finally, the Cretaceous sub-greenschist metamorphic event could have resulted in the 

recrystallization of diagenetic or hydrothermal pyrite or may even have resulted in the 

formation of metamorphic pyrite.
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CHAPTER 3 

METHODOLOGY

This chapter describes the analytical techniques and procedures used in the 

present study. The chapter first summarizes the methods used for the separation of pyrite 

from the bulk mudstone samples and the procedures established for the preparation of 

grain mounts from the pyrite concentrates. Representative grains were investigated by SE 

imaging on an SEM to study the morphology of pyrite grains. After imaging, the grain 

mounts were filled up with epoxy, grinded down by 15 jam and then polished. The 

polished grain mounts were studied by reflected light microscopy to determine internal 

pyrite textures. The chapter also describes how BSE imaging was performed using an 

SEM to study the mineral inclusion inventory of the pyrite as well as its compositional 

zoning patterns. Compositional analyses of individual pyrite grains were performed 

utilizing EMP and LA-ICP-MS. Through spot analysis and trace element mapping, the 

EMP investigations allowed for the characterization of the pyrite composition on the 

scale of individual grains and the correlation of trace element data with BSE zoning 

patterns. LA-ICP-MS analysis allowed for the determination of trace element abundances 

that could not be detected otherwise. The final part of the chapter describes the methods 

used for bulk analysis of the pyrite concentrates by IN A A.

3.1 Sample Selection and Separation of Pyrite

The present study is based on samples that were initially collected by Tina Roth and 

Thomas Monecke when the Eskay Creek Mine was still in operation. In total, 180 

mudstone samples (100 samples from the contact mudstone and 80 mudstone samples 

from the hanging-wall) were collected from exploration drill core as well as surface and 

underground exposures (half core samples averaging 0.5 m in length and bulk samples of 

approximately 2 kg weight). The samples were collected at various distances to ore 

ranging from the immediate ore zones to a maximum distance of over 4.4 km from the 

ore.
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Additional work conducted prior to the present thesis included the preparation of 

pyrite concentrates. Pyrite concentrates were prepared as pyrite typically occurs at low 

concentrations in the mudstone samples, potentially hampering representative studies to 

be performed on thin sections (note that individual thin sections may also not be 

representative for the large bulk samples due to the heterogeneous distribution of pyrite at 

the hand-specimen scale). The preparation of pyrite concentrates was performed by Ian 

Jonas son at the Geological Survey of Canada.

Initially, the whole-rock samples were crushed and sieved to pass a 150 pm screen, 

but not the 75 pm mesh. The sieved samples were processed through a superpanner to 

obtain a pan concentrate that was then subjected to electromagnetic separation to remove 

iron oxides. Despite the sieving, grains smaller than 75 pm are common within the 

concentrates due to the agglomeration of these smaller grains. A total of 85 mudstone 

samples (40 samples from the contact mudstone and 44 mudstone samples from the 

hanging-wall) yielded sufficient sulfides to warrant further investigations on the pyrite. 

Detailed microanalytical investigations presented in this study focused on 45 

representative samples (21 samples from the contact mudstone and 24 mudstone samples 

from the hanging-wall) (Table 3.1). The sample locations are shown in figure 3.1 with 

respect to the different known ore zones of the Eskay Creek deposit.

3.2 Preparation of Grain Mounts

The pyrite concentrates selected for the present study were inspected using a Nikon 

smz 1500 binocular microscope. Visual examination revealed that the concentrates were 

not entirely composed of pyrite. In many cases, pyrite is intergrown with silicate 

minerals. Some samples also contained trace amounts of pyrrhotite.

Inspection of the pyrite concentrates under the binocular microscope allowed the 

recognition of different pyrite morphologies and their relative abundances. After 

screening, 10 to 20 pyrite grains representative of all pyrite morphologies present in a 

given sample were hand-picked under the binocular microscope. These grains were 

carefully arranged as a row on double-sided sticky tape mounted on a glass slide. Once 

the glass slide was filled up with several rows of pyrite grains representing different

28



Table 3.1 : Sample identification (ID), closest radial distance to known ore zone, distance 
from the contact with the footwall rhyolite, and stratigraphie interval of the representative 
pyrite concentrates used for the detailed microanal ytical investigations of the present 
study.

Sample ID Distance 
from Rhyolite (m)

Distance 
to Ore (m)

Stratigraphy

C98899-156.25 0.0 3.4 C
C99961-169 0.0 0.5 C
C98896-148.7 1.5 1.3 C
C99953-133 1.9 21.9 C
C96761-214.0 4.1 7.9 H
C99973-133 4.5 27.3 H
C99964-151 11.9 6.2 C
CA90-306-109.8 13.1 21.2 H
C98895-145.5 13.8 24.8 C
C98895-141.5 16.5 28.8 C
C97853-142.8 17.3 1.9 C
C98897-126.1 20.7 25.5 H
C97857-119.0 24.1 1.9 C
C98893-131.5 24.8 3.6 C
C97857-116.4 26.6 4.5 C
C98895-124.2 29.3 46.1 C
CA90-437-126 40 24.7 H
CA90-291-64.8 41.1 47.6 H
C97866-158.7 44.4 6.4 C
C97866-143.8 45.2 21.9 C
C96826-141.5 45.5 71.5 H
AD9767-430.9 46.7 26.7 C
C99985-27.8 49.2 34.9 H
AD9769-401.8 49.6 45.7 H
C98878-107.3 51.3 1.2 C
C96786-59.9 62.4 51.3 H
C98883-68.2 70.6 39.3 H
C97855-41.8 83.5 51.6 H
C98893-56.5 95 61.7 H
C97866-55.5 97.7 105.1 H
C98893-45 106.1 73.8 H
AD9768-215 180 135.5 H
C99977-329.1 196.5 179.1 H
C96738-123.5 199.7 0.8 C
C97831-8.3 235.2 54.0 H
C99951-182.7 270.6 9.4 H
C99951-119.3 280.1 59.4 H
C99951-108.9 283 67.9 H
C96736-108 305.9 56 C
AD9772-466.3 375 124.1 H
AD9772-545.6 378.4 61.6 H
C99962-316.3 869 11.9 C
C98926-92 1510.3 6.1 H
GNC9730X-871.5 2918 2 C
MP9808-246 4425.3 56.2 C

Notes: C=contact mudstone; H=hanging-wall mudstone
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Figure 3.1: Sample locations of representative pyrite concentrates used for the 
microanal ytical investigations of the present study and drill hole traces of the sampled 
diamond drill holes. The map also shows the spatial distribution of ore zones at Eskay 
Creek (modified from Roth et al., 1999).
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samples, the grain tape mounts were photographed under the microscope. Images were 

taken of the entire mounts and the individual grains at maximum magnification of 50x. 

The grain tape mounts were then carbon-coated to allow SE imaging of the outer 

morphology of individual pyrite grains under the SEM (see below).

Following SE imaging, a plastic round was mounted on top of the glass slide and 

back-filled with epoxy. A 7:1 weight ratio mixture of Struer’s resin to hardener was used. 

The grain tape mounts were subsequently cured at 25 bar in a pressure chamber for four 

hours and then placed into a 40°C oven overnight.

An Allied Multiprep automated polisher with a Mituyo Absolute C125EB 

attachment was used for grinding and polishing. To expose the center of the grains, 

approximately 15 pm were grinded off the surface of the grain epoxy mounts using the 6- 

pm-plate. The grain epoxy mounts were then polished on the 3-pm-plate for three 

minutes, followed by a 1-pm-plate for about five minutes. Initially, problems were 

encountered in effectively exposing the grain without plucking during the grinding. These 

problems relate to the fact that the pyrite grains were commonly fractured. Some grains 

also behaved brittle due to oxidation, causing the surfaces of the pyrite grains to be 

covered by a white, flaky secondary mineral (presumably a Fe sulfate). It was found that 

the problem of plucking could be minimized by double back-filling of the epoxy, with the 

initial fill being only a layer barely covering the grains.

3.3 Scanning Electron Microscopy

Grain tape mounts of the samples were imaged under the SEM prior to back-filling 

with epoxy to study the morphology of the pyrite grains. SE imaging was performed 

using a JEOL 5800LV electron microscope at the US Geological Survey, Denver. 

Following preparation of the polished grain epoxy mounts, the same pyrite grains were 

again studied by the SEM to characterize their internal textures and to identify their 

sulfide mineral inclusion inventories. Imaging was also performed on the JEOL 5800LV 

electron microscope at the US Geological Survey, Denver. The composition of the sulfide 

mineral inclusions was determined by EDX analysis. Operating conditions included an 

accelerating voltage of -20  keV, a beam current of -1.5 nA, and a working distance of 

-10  mm.
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Chemical zoning of the pyrite mounts was visualized by BSE imaging of the 

polished grain mounts. The BSE images were produced using the FBI Quanta FEG 450 

field emission scanning electron microscope at the US Geological Survey, Denver. An 

accelerating voltage of -20  keV, a beam current of -1.5 nA, and a working distance of 

-10 mm. The brightness and contrast of BSE images were adjusted for each grain for 

optimal imaging of the compositional variations BSE contrast. It is important to note that 

the high-resolution on the BSE, voltage contrast detector from the field emission SEM at 

the US Geological Survey in Denver allowed for very subtle phase contrasts to be 

imaged.

3.4 Electron Microprobe Analysis

EMP analyses of representative pyrite grains were performed using the JEOL 

8900 Superprobe at the US Geological Survey, Denver, which is equipped with five 

wavelength dispersive X-ray (WDX) spectrometers. Spot analyses were conducted to 

determine the concentrations of 15 selected elements (As, Cu, Cr, Fe, Mn, Mo, Ni, Pb, S, 

Sb, Te, Tl, V, and Zn). These elements were chosen based upon reconnaissance work by 

LA-ICP-MS indicating that these elements were detectable and also vary in abundance 

between pyrite grains from the Eskay Creek deposit.

Several spot analyses were performed on each representative pyrite grain, with the 

number of spots depending on the complexity of the zoning patterns observed by BSE 

imaging. Spot analysis on the EMP was conducted using an accelerating voltage of 20 kV 

and a beam current of 30 nA, measured on the Faraday cup. The counting times on the 

peak were 20 s, with background count times obtained on both sides of the peak of 10 s. 

Ka-lines were used for Cr, Cu, Fe, Mn, Ni, S, V, and Zn; L(3-lines for As, Mo, Sb, Se, 

and Te; Mcc-lines for Pb and Tl. The following analyzing crystals were used: LIE for Cu, 

Cr, Fe, Mn, Ni, V, and Zn; TAP for As and Se; PET for Mo, Pb, S, Sb, Te, and Tl. X-ray 

line calibration was carried out using mineral standards including natural pyrite for Fe 

and S, natural chalcopyrite for Cu and S, AS2S3 for As, C^Ss for Cr and V, MnS for Mn, 

pentlandite for Ni, natural galena for Pb and Tl, stibnite for Sb, elemental Se and PbSe 

for Se and Te, synthetic ZnS for Zn. X-ray intensities were converted to concentrations
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using a ZAF correction (Jansen and Slaughter, 1982). The detection limits in spot mode 

are shown in table 3.2. Spot analyses were performed overnight on pre-programmed 

locations. The precision of the spot analyzes was within within two microns both 

horizontally and vertically from the set point of analysis.

In addition to the spot analyses, element mapping was conducted on selected 

grains. Based on BSE imaging and prior BMP spot analyses, four or five elements (As, 

Cu, Mn, Mo, Ni, Pb, or Sb) were selected for mapping. Elements such as As, Cu, Ni, Pb, 

and Sb were typically mapped in grains taken from within 150 m from ore, while As, Cu, 

Mn, Mo, and Sb were mapped in pyrite grains recovered from samples collected further 

than 150 m from known ore zones. In selected cases where elements were of low 

concentrations but still exhibited zoning (e.g., Sb and Mo), two detectors were used to 

detect those elements by adding the count rates from both detectors. The elemental 

distribution maps comprised 250 by 250, 256 by 256, or 300 by 300 point analyses over 

square areas of 15625 pm2, 10404 pm2, or 14304 pm2, respectively. At dwell times of 

150 ms, each elemental distribution map took approximately one hour.

Table 3.2: Detection limits of EMP spot analyses (99% confidence level).

Element 99 % Confidence Limit (ppm)

As 127
Cr 56
Cu 361
Fe 161
Mo 139
Mn 69
Ni 278
Pb 337
Sb 110
Se 82
S 161

Te 262
T1 356
V 59

Zn 502
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3.5 Laser-Ablation Inductively Coupled Plasma-Mass Spectrometry

LA-ICP-MS analyses were performed on the pyrite grains to determine the 

concentration of trace elements not detectable by EMP analysis. The analyses were 

performed at the US Geological Survey, Denver, using a photon machines analyte G2 

(193 nm) coupled ICP-MS Perking Elmer Elan DRC. The operating conditions included 

a spot size of 12 pm in spot analysis mode, a pulse frequency of 2 Hz, an energy density 

of close to 5 J/cm2, and a He carrier gas flow of 0.8-0.95 1/min. Signals were calibrated 

using the USGS reference material MASS-1 (Wilson et al., 2002). The standard was 

analyzed 10 times at the start of an analytical session and monitored throughout for 

instrument drift. Concentrations were determined using the off-line calculation protocol 

of Longerich et al. (1996). Iron was used as the internal standard for concentration 

calculations with the assumption based upon EMP data that pyrite has a stoichiometric Fe 

content of 45 wt.%.

Appropriate locations for LA-ICP-MS analysis were chosen using the results of the 

pétrographie investigations and BSE imaging on the same grains. Depending on grain 

size, typically one to 10 spots were analyzed per grain. In general, the analytical spots 

were positioned away from mineral inclusions recognized by BSE imaging. However, 

heterogeneities, likely resulting from mineral inclusions, were occasionally identified by 

noting changes in the time-resolved signals. These spot analyses were excluded from data 

analysis. The 25 elements analyzed for are listed in table 3.3 with their respective 

detection limits. Instrumental improvements on the mass spectrometer between two 

periods of data acquisition resulted in a lowering of detection limits under otherwise 

identical analytical conditions (Table 3.3).

In addition to the spot analyses, attempts were made to map four representative 

grains by LA-ICP-MS at a spot size of 8 jam. However, the mapping did not yield useful 

results due to the presence of abundant small inclusions. The results of these experiments 

are, therefore, not included in this thesis.

34



Table 3.3: Detection limits of LA-ICP-MS spot analysis conducted with a spot size of 12 
pm. Due to instrumental changes on the mass spectrometer, the detection limits were 
different between two batches of samples analyzed.

Element 99% Confidence Limit (ppm) 
Group 1 (01/ 17/2012-01/ 19/2012)

99% Confidence Limit (ppm) 
Group 2 (03/ 1/2012-03/2/2012)

Ag 10.67 2.27
As 32.66 6.05
Au 1.56 0.448
Bi 1.83 0.316
Cd 57.47 27.17
Co 7.20 1.86
Cr 1043.87 na
Cu 37.59 15.10
Ga 9.02 na
Ge 52.07 na
Hg 19.44 3.34
In 3.25 na

Mn 90.98 245.3
Mo 10.06 2.86
Ni 33.63 13.00
Pb 9.65 1.95
Pt 11.21 na
S 25258 20865

Sb 3.42 0.897
Se 1671.95 24.12
Sn 52.32 14.18
Te 579.69 10.00
T1 1.69 0.289
V 57.46 36.7

Zn 91.94 22.37

Notes: na = not analyzed.

3.6 Instrumental Neutron Activation Analysis

The chemical compositions of the bulk pyrite concentrates were determined by 

INAA. These investigations were conducted by Mark D. Hannington at the Geological 

Survey of Canada prior to the present study. The INAA data were made available to 

allow comparison with the microanalytical results of this study.

INAA analysis was performed on a split of the pyrite concentrates at Activation 

Laboratories Ltd. in Ancaster, Ontario. The sample aliquots weighing approximately 0.2 

to 1.0 g were encapsulated in polyethylene vials and subsequently irradiated at a thermal 

neutron flux of 7 -1012 n cm 2 s ' in the McMaster nuclear facility at Hamilton, Ontario. 

Following a decay period of seven days, the samples were measured instrumentally on an
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Ortec HPGe detector (resolution of 1.67 keV at the 1.332 meV Co-60 photopeak) 

coupled to a Canberra Series 95 multi-channel analyzer system. INAA analysis allowed 

the determination of the element concentrations of Ag, As, Au, Ba, Co, Cr, Hg, Mo, Ni, 

Sb, Sc, Se, and Zn. Other elements of interest such as Cu, Pb, and T1 could not be 

analyzed using this method due to the short half-live of the radioactive isotope or lack of 

n-gamma radioactive isotopes for these elements (Hoffman, 1992). Routine detection 

limits of the INAA analyses were 2 ppb for Au; 0.1 ppm for Sb and Sc; 0.5 ppm for As; 1 

ppm for Co, Hg, and Mo; 3 ppm for Se; 5 ppm for Ag and Cr; 20 ppm for Ni; 50 ppm for 

Ba and Zn; and 0.02 wt % for Fe. Additional details of the analytical procedure are given 

by Hoffman (1992).
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CHAPTER 4 

PYRITE MORPHOLOGY

This chapter describes the different morphologies of pyrite grains contained in the 

contact and hanging-wall mudstone from the Eskay Creek deposit. It is shown that 

several distinct morphological types of pyrite can be distinguished using optical and 

scanning electron microscopy. Variations in the external morphology of single pyrite 

crystals are examined in detail in terms of the relative development of different crystal 

forms using the software Krystal shaper. Following the description of the different types 

of pyrite, this chapter examines spatial trends in pyrite morphology.

4.1 Classification of Pyrite Morphologies

Inspection of the pyrite concentrates under the binocular microscope showed that 

pyrite grains in the mudstone samples represent single pyrite crystals, intergrown pyrite 

crystals, or aggregated grains consisting of small pyrite crystals or globular grains 

cemented by fine-grained pyrite (Appendix A). Pyrite fragments of all types are common 

and may have formed, at least in part, during sample preparation, which involved 

crushing, sieving, and superpanning of the mudstone samples. Based on color, these 

different types of grains fall into two groups. Euhedral pyrite crystals and intergrown 

crystals have a bright golden color with a metallic luster while aggregated grains and 

globular grains are bronze in color with a metallic luster.

The bright golden pyrite crystals are typically coarser grained than the dull bronze 

pyrite grains, ranging from about 50 to 150 pm in size (Fig. 4.1). The most common 

euhedral grains are based on combinations of several crystal forms, including the {100} 

cube, the {210} pyritohedron, the {310} pyritohedron, the {211} trapezohedron, and the 

{111} octahedron (Table 4.1). The morphology of the pyrite crystals was modeled using 

the software Krystalshaper to better understand the combination of crystal forms. The 

software allows the combination of multiple crystal forms and changes of the respective 

crystal form’s distance from the center of the crystal. In this way, models of the crystal
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morphologies can be produced that mimic the observed single crystals. The variability in 

pyrite morphologies seen in the bright, golden pyrite grains and intergrown pyrite crystals 

can be modeled by modifications of the {100} cube through the addition of the {111} 

octahedron, the {210} pentagonal dodecahedron (pyritohedron) (Fig. 4.2), and the {211} 

trapezohedron (Fig. 4.3). In rare cases, the {310} pyritohedron form has been recognized 

(Fig. 4.4).

a  I B righ t, go ld en  co lored  o c ta h ed ra l grain

B right, go ld en  co lored  in tergrow n  cu b es

B righ t, go ld en  co lored  p y n to h e d r a l gra in

D ull, b ron ze  co lored  co n g lo m eritic  grain

D ull, b ron ze co lored  fra m b o id a l grain

Figure 4.1: Optical microscopy images of pyrite grains from the Eskay Creek deposit 
showing the difference between different pyrite colors, (a and b) Samples containing 
mostly bright, golden colored grains varying from octahedrons in the first row, to cubes 
in the second row, and pyritohedra in the third row. The samples from top to bottom are 
CA90-291-64.8 (41.1 m from ore), C96826-141.5 (45.5 m from ore), and C99985-27.8 
(49.2 m from ore), (c) Samples containing predominantly dull, bronze colored grains that 
vary from conglomeritic to framboidal in morphology. Some brighter golden cubes and 
fragments occur. Samples from top to bottom are C99951-119.3 (280.1 m from ore), 
C99951-108.9 (283 m from ore), C96736-108 (305.9 m from ore), and AD9772-466.3 
(375 m from ore).
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Table 4.1 : Morphologies of pyrite grains contained in mudstone samples from the Eskay 
Creek deposit. Two general groups of pyrite grains can be distinguished based on color. 
Within each category, several types of pyrite can be identified that are based on the 
predominance of certain crystal forms. Depending on the development of additional 
forms, several subcategories can be distinguished.

Bright, golden colored pyrite grains
Pyritohedron: {210} form

c

{310} + {210} pyritohedral forms
Cubo-pyritohedral dominated by {210} form: {210} + { 100} forms 
Cubo-pyritohedral dominated by {100} form: {210}+{100} forms 

Trapezohedron: {211} form
c

Cubo-trapezohedral: {211} + {100} form 
Octahedron: {111} form

c

Cubo-octahedral dominated by {111} form: {111}+{100} forms 
Cubo-octahedral dominated by {100} form: {111}+{100} forms 

Cube: {100} form
c

Î
(100)

a

Cubo-octo-pyritohedral: {100} + { 111 } + {210} forms 
Other features observed: intergrowths, striations, and ridges 

Dull, bronzer colored pyrite grains 
Conglomeritic 
Globular 
Framboidal
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Pyritohedron {210} form

Cube {100} form

À -

6 #üO

Octahedron {111} form

Cubo-octahedral morphologies 
dominated by {100}

Cubo-octahedral morphologies 
dominated by {111}

50%

Figure 4.2: Krystalshaper models of combinations of the {100} cube, {210} pyritohedral, 
and {111} octahedral forms. The diagram also illustrates classifications of pyrite 
morphologies used in this study. Combinations of all three forms are referred to as cubo- 
octo-pyritohedral morphologies. Morphologies denoted with an asterisk (*) denote 
morphologies found in samples.
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Trapezohedron {211} form

Cube {100} form Octahedron {111} form

Cubo-octahedral morphologies

Figure 4.3: Krystalshaper models of combinations of the {100} cube, {211} 
trapezohedral, and {111} octahedral forms. The diagram also illustrates classifications of 
pyrite morphologies used in this study. Morphologies denoted with an asterisk (*) denote 
morphologies found in samples.

Pyritohedron {210} form

Cube {100} form Pyritohedron {310} form

{310}+{100} morphologies

Figure 4.4: Krystalshaper models of combinations of the {100} cube, {210} pyritohedral, 
and {310} pyritohedral forms. The diagram also illustrates classifications of pyrite 
morphologies used in this study. Morphologies denoted with an asterisk (*) denote 
morphologies found in samples.
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Pyritohedral morphologies are characterized by a spectrum of combinations of the 

{100}, {310}, and {210} forms (Figs. 4.2 and 4.4). Figures 4.2 and 4.5 illustrate the 

progressive development of the {210} pentagonal dodecahedron form relative to the 

{100} cube form, which leads to the development of various cubo-pyritohedral 

morphologies. Addition of the faces of the {210} form to the edges of the cube initially 

gives the cube a slightly rounded appearance (Fig. 4.5a). Further development of the 

faces of the {210} form creates the pseudo- hexagonal faced pyritohedron with the faces 

on the {100} form being modified to rectangles (Figs. 4.5b and 4.5c). Complete 

development of the faces of the {210} form relative to the faces of the {100} form 

produces the pentagonal-faced pyritohedron (Fig. 4.5d). For classification purposes, less 

than 50% development of the faces of the {210} form relative to the faces of the {100} 

typifies the cubo-pyritohedral morphology dominated by the {210} form. Greater than 

50% development of the faces of the {210} form relative to the faces of the {100} form 

characterizes the cubo-pyritohedral morphology dominated by the {210} form. The 

addition of the {310} pyritohedron form can further modify the cubo-pyritohedral 

morphologies. As shown in figures 4.4 and 4.6, the faces on the {310} form intersect a 

particular crystallographic axis at shorter distances from the center than those of the 

{210} form, creating curved faces. Overall, the pyritohedral morphologies can be found 

in 27 of the 85 samples investigated. In most samples, there is an overlap of different 

types of cubo-pyritohedral morphologies.

Trapezohedral grains are also characterized by a spectrum of combinations of the 

{211} and {100} forms. Figures 4.3 and 4.7 show the modification of the cube {100} 

form by the addition of the {211} trapezohedral form, yielding cubo-trapezohedral 

morphologies. The development of the trapezohedral crystal faces is seen on the sides of 

the cubo-trapezohedral morphology with the crystal faces of the {100} form morphed to 

pseudo-octagons/hexagons (Figs. 4.7a and 4.7b). The complete development of the faces 

of the {211} form creates a trapezohedron (Fig. 4.7c). Trapezohedral grain morphologies 

are only found in eight of the 85 samples investigated. Additionally, the trapezohedral 

morphologies are typically found in association with octahedral morphologies.
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Figure 4.5: Representative secondary electron images of cubo-pyritohedral pyrite 
morphologies caused by the combination of the {100} cube with the {210} pyritohedron. 
(a) Cubo-pyritohedral morphology dominated by {100} form from sample C96761-214.0 
(4.1 m from ore), (b) Cubo-pyritohedral morphology dominated by {210} form from 
sample CA90-437-126 (40 m from ore), (c) Cubo-pyritohedral morphology dominated by 
{210} form from sample C98895-124.2 (29.3 m from ore), (d) Pyritohedron from sample 
C97855-41.8 (83.5 m from ore).
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Figure 4.6: Secondary electron images of cubo-pyritohedral pyrite morphologies with the 
{310} pyritohedral form, (a) Conjunction between the faces on the {310} form and the 
faces on the {210} form creates a curve in the pentagonal face from sample C99973-133 
(4.5 m from ore), (b) {210}+{310} pyritohedral morphology from sample C98893-131.5 
(24.8 m from ore), (c) {100} + {310} morphology from sample C97857-119 (24.1 m from 
ore), (d) Combination of the {310}, {210}, and {100} forms creates a rounded edge 
appearance from sample AD9768-215 (180.0 m from ore).

Figure 4.7: Representative secondary electron images of cubo-trapezohedral pyrite 
morphologies, (a) Cubo-trapezohedral grain from sample C96761-214.0 (4.1 m from 
ore), (b) Trapezohedron from sample C97866-143.8 (45.2 m from ore).
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Octahedral morphologies are also composed of combinations of the {111} and 

{100} forms. The increased development of the faces of the {111} form relative to those 

from the {100} form is represented by the various cubo-octahedral morphologies (Figs.

4.2 and 4.8). For classification purposes, less than 50% development of the faces of the 

{111} form relative to the faces of the {100} form, characterizes a cubo-octahedral 

morphology dominated by the {100} form. In contrast, greater than 50% development of 

the faces of {111} form relative to the faces of the {100} form characterizes a cubo- 

octahedral morphology dominated by the {100} form. Overall, octahedral morphologies 

are found in 18 of the 85 samples investigated. They commonly occur in the same 

samples as the trapezohedral morphologies.

Figure 4.8: Representative secondary electron images of cubo-octahedral pyrite 
morphologies, (a) Cubo-octahedral morphology dominated by the {100} form from 
sample C96761-214.0 (4.1 m from ore), (b) Cubo-octahedral morphology dominated by 
the {111} form from sample C96761-214.0 (4.1 m from ore), (c) Cubo-octahedral 
morphology dominated by the {111} form rotated by about 90° in comparison to 
previous grain. Sample CA90-291-64.8 (41.1 m from ore), (d) Octahedron from sample 
CA90-291-64.8 (41.1 m from ore).
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Cube morphologies {100} form, occur as subhedral to euhedral grains showing 

variable development of striations (Fig. 4.9a). Additional modifications of the cube are 

the cubo-octo-pyritohedral morphologies that can be found in association with the cube in 

some samples (Figs. 4.2 and 4.9). The cubo-octo-pyritohedral morphologies consist of a 

combination of the {100} + { 111 }+{210) forms, in which the faces of the {210} and 

{111} forms are added on to the cube, producing rectangular/trapezoidal shaped surfaces 

extending from the edges and corners of the cube (Figs. 4.9b-d). The {100} cube can be 

found in 50 samples, while the cubo-octo-pyritohedral morphologies were found only in 

10 samples out of 85 total samples analyzed.

Figure 4.9: Representative secondary electron images of pyrite cubes and cubo-octa- 
pyritohedral morphologies, (a) Pyrite cube showing growth striations in sample C98895- 
141.5 (16.5 m from ore), (b and c) Cubo-octo-pyritohedral morphologies formed through 
the addition of both the {210} and {111} forms to the cube {100} form in sample 
C97866-55.5 (97.7 m from ore), (d) Cubo-octo-pyritohedral morphology with increased 
development of the faces of the {210} and {111} forms relative to the faces of the {100} 
form in sample AD9768-215.0 (180 m from ore).
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Other features characteristic of the crystal forms are intergrowths and ridges (Fig. 

4.10). Intergrowths can occur as intergrown crystal forms sharing crystal faces/edges or 

appear as pairs where two crystals are held together by interstitial material. Intergrowths 

can occur between any combination of the crystal forms. Ridges are the development of 

triangular, ridge, growth on faces (Fig. 4.10b). Ridges differ slightly from the typical 

perpendicular striations seen on crystal faces in that there is more distinct topography on 

the surface typically in only one direction. Murowchick and Barnes (1987) described the 

development of striations on a cube’s faces as representing a transitional stage of pyrite 

supersaturation between the cube and octahedral morphologies. Therefore, ridges could 

indicate an oscillatory crystal growth between higher and lower degrees of pyrite 

supersaturation. Intergrowths and ridges can be found in 18 and six of the 85 samples 

investigated, respectively.

Figure 4.10: Representative secondary electron images of intergrown pyrite grains, (a) 
Intergrowth of cubo-trapezohedral grains from sample C97866-158.7 (44.4 m from ore).
(b) Cubo-pyritohedral morphology dominated by {210} forms with the development of 
ridges along the faces of the {100} form from sample C97857-116.4 (26.6 m from ore).
(c) Intergrown pyritohedrons from sample C99985-27.8 (49.2 m from ore), (d) 
Intergrown octahedra from sample C99985-27.8 (49.2 m from ore).
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In contrast to the bright, golden pyrite grains, conglomeritic, globular, and 

framboidal grains are composed of aggregates of crystals to rounded grains that are 

cemented by fine-grained dull, bronze-colored pyrite (Fig. 4.11). Conglomeritic grains 

consist of granular, fragmented, and/or subhedral crystals (-5-25 pm) that have been 

amalgamated by pyrite and other phases, such as silicate minerals (Fig. 4.1 la and 4.1 lb). 

They can also form clumps of intergrowths that appear in a jigsaw-like appearance. 

Globular grains are sub-spherical structures composed of aggregates of non- 

equidimensional and non-equimorphic, radiating clusters of microcrystals (0.1-25 pm) 

(Fig. 4 .11c). In contrast, framboidal grains are characterized by spherical to sub-spherical 

structures (-50-75 pm) composed of aggregates of equidimensional and equimorphic 

microcrystals (0.1-5 pm) (Fig. 4.1 Id). Framboidal grains were only found in two 

samples, while conglomeritic grains are common and found in 83 of the 85 samples.

Figure 4.11: Representative secondary electron images of conglomeritic, globular, and 
framboidal grains, (a) Conglomeritic grain from sample C98893-45 (106.1 m from ore), 
(b) Conglomeritic grain from sample C96784-96.5 (162.9 m from ore), (c) Globular grain 
from sample C97831-8.3 (235.2 m from ore), (d) Framboidal grain from sample C97831- 
8.3 (235.2 m from ore).
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4.2 Spatial Trends in Pyrite Morphology

Inspection of a large number of samples revealed that the color of the pyrite grains 

changes systematically with distance to known ore zones. Close to known ore zones, the 

proportion of bright and golden grains is significantly higher than that of dull, bronze 

colored grains (Table 4.2). The change in pyrite color is also reflected in systematic 

changes in grain morphology away from the ore zones (Fig. 4.12). Within 10 m from the 

ore zone, there is a diversity of grain morphologies. All pyrite morphologies may occur in 

a given sample. Pyritohedral grains are most abundant, followed by conglomeritic, 

octahedral, cube, trapezohedral, and cubo-octo-pyritohedral grains, in decreasing order of 

abundance. However, despite the common occurrence of euhedral grains, there are 

samples within this interval that are entirely composed of conglomeritic grains and are 

consequently difficult to distinguish from conglomeritic-rich samples collected from 

greater than 100 m away from the ore zones.

Table 4.2: Relative abundance (mean and median values) of bright, golden colored pyrite 
grains at different distances to known ore bodies. Dull, bronze colored pyrite makes up 
the remainder of grains. The decreasing trend of bright golden colored pyrite grains 
reflects the decrease in euhedral crystal forms relative to conglomeritic, globular, and 
framboidal grains at greater distances from the ore zone.

Distance from  
Ore (m)

Mean % of 
bright, golden 

colored pyrite grains

Median % of 
bright, golden 

colored pyrite grains

0-10 43 33
>10-30 47 53
>30-50 41 40
>50-70 26 30

>70-100 36 35
>100-200 23 20
>200-400 13 10

>400-3311 14 0

In the distance interval from 10-30 m away from known ore zones, euhedral 

grains are still dominantly pyritohedral, but commonly also contain ridges and 

intergrowths. In the interval from 30-50 m from known ore zones, there is a decrease in 

pyritohedral morphologies, coupled with a slight increase in octahedral morphologies. 

Ridges and intergrowths are relatively common in this interval. Between 50-70 m from
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Figure 4.12 Trends in the abundance of pyrite color and morphology relative to the 
distance from the known ore zones.

from the ore zone, the cubo-octo-pyritohedral morphology becomes most abundant, while 

trapezohedral morphologies are absent. Trapezohedral morphologies are no longer 

observed in samples more distal to ore zones. Ridges and intergrowths are not typically 

found. Pyritohedral morphologies only occur locally in samples. From 70-100 m, 

pyritohedral morphologies are again common in the samples that also contain some cubes 

as well as, octahedral and cubo-octo-pyritohedral morphologies.

In the distance interval from 10-30 m away from known ore zones, euhedral 

grains are still dominantly pyritohedral, but commonly also contain ridges and 

intergrowths. In the interval from 30-50 m from known ore zones, there is a decrease in 

pyritohedral morphologies, coupled with a slight increase in octahedral morphologies. 

Ridges and intergrowths are relatively common in this interval. Between 50-70 m from 

from the ore zone, the cubo-octo-pyritohedral morphology becomes most abundant, while 

trapezohedral morphologies are absent. Trapezohedral morphologies are no longer
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observed in samples more distal to ore zones. Ridges and intergrowths are not typically 

found. Pyritohedral morphologies only occur locally in samples. From 70-100 m, 

pyritohedral morphologies are again common in the samples that also contain some cubes 

as well as, octahedral and cubo-octo-pyritohedral morphologies.

In the interval from 100-200 m from the ore zone, the cube becomes the 

predominate crystal form, occurring with high numbers of conglomeritic grains. The 

other crystal forms, as in the pyritohedral, octahedral, and cubo-octo-pyritohedral 

morphologies, and associated intergrowths and ridges in grains occur rarely in the 

samples. From 200-400 m, the cube and conglomeritic grains still predominate. However, 

framboidal and globular grains are noted in samples for the first time. Crystal form 

morphologies other than the cube are rarely identified in this interval. Between 400 and 

4425 m, there is a similar pattern as from 200-400 m from ore, with the framboids, 

conglomeritic, and cubes being the primary morphologies. The exception is the sample 

collected at 4425 m from ore, which contains 75% bright, golden colored grains. Cubes 

are the predominant morphology.

In summary, bright, golden colored pyrite grains predominate within 100 m from 

ore in a wide range of pyrite morphologies, with the {210}, {310}, {211}, and {111} 

forms being particularly common. At a distance greater than 100 m from ore, the {100} 

form becomes more prominent with an increased number of the dull, bronze colored 

pyrite grains as in the conglomeritic, globular, and framboidal grains. Although such a 

general trend in pyrite color and morphology can be observed at the deposit scale, it is 

important to note that complex juxtapositions can occur at the sample scale. For example, 

there are samples within 100 m from ore that contain greater than 90% of the bright and 

golden pyrite grains while samples collected only several meters away may contain 

greater than 90% dull, bronze colored grains. Furthermore, the distribution of grain 

morphologies can be highly variable in individual samples in that samples juxtaposed 

within meters can vary from having only one morphological type of pyrite to samples that 

contain a diversity of pyrite types. Additionally, variable degrees of fragmentation of the 

grains are common, with samples composed of almost completely fragmented, anhedral 

grains, within meters of samples that contain predominately euhedral crystals. The degree
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of fragmentation does not show a spatial pattern, suggesting that it mostly represents an 

artifact related to the sample preparation.
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CHAPTER 5

PYRITE INTERNAL TEXTURES AND ZONING PATTERNS

This chapter describes the internal textures and zoning patterns of pyrite grains 

contained in contact and hanging-wall mudstone samples from the Eskay Creek deposit. 

Two different internal textures of pyrite grains were distinguished by reflected light 

microscopy of polished epoxy grain mounts. In addition, high-resolution BSE imaging 

was performed by field emission SEM investigations to characterize compositional 

zoning in the pyrite. Based on the observations made, spatial trends in the internal 

textures and zoning patterns of pyrite are discussed.

5.1 Reflected Light Textures and Pyrite Morphology

Reflected light microscopy of polished epoxy grain mounts showed that the 

bright, golden pyrite grains and the dull, bronze-colored pyrite grains have different 

internal textures. Euhedral grains, intergrown grains, and grain fragments derived from 

euhedral grains have low quantities of silicate/oxide mineral inclusions and low amounts 

of pore space in a relatively pseudo-homogeneous interior. In contrast, conglomeritic and 

framboidal grains contain abundant silicate/oxide mineral inclusions and pore space 

characterizing a heterogeneous internal texture. Globular grains typically have a pseudo- 

homogeneous interior, although they can locally show a heterogeneous internal texture.

Pseudo-homogeneous grains can be intensely fractured with the fragments having 

jigsaw fit textures, which could have formed during crushing and separation process of 

producing the pyrite separates (Fig. 5. la). In addition, dominantly pseudo-homogeneous 

grains can contain variable amounts of mineral inclusions as well as remnants of 

framboidal grains that were presumably encapsulated during growth of the euhedral 

grains (Fig. 5.1b-d). The encapsulated framboids can be located in different parts of the 

otherwise pseudo-homogeneous grains and are not always located in the center of the 

grains. Intergrowths of crystal forms can have the intergrowth boundary of the crystal 

faces defined by inclusions and encapsulated framboidal remnants.
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Figure 5.1: Reflected light microscopy images of pseudo-homogeneous bright, golden 
pyrite grains, (a) Fractured, cubo-pyritohedral morphology dominated by {100} form 
from sample C98899-156.25 (ore zone), (b) Pseudo-homogeneous pyritohedron 
containing two encapsulated framboids. Sample 096761-214.0 (4.1 m from ore), (c) 
Intergrown pyritohedra containing an encapsulated framboid that is partially cemented by 
new pyrite. Sample 099985-27.8 (49.2 m from ore), (d) Pseudo-homogeneous pyrite 
grain having a cubo-octahedral morphology dominated by the {100} form morphology. 
The grain does not contain encapsulated framboids. Sample 099985-27.8 (49.2 m from 
ore).

In comparison, the conglomeritic and framboidal grains have heterogeneous 

interiors (Fig. 5.2a-d). The heterogeneous internal textures range from conglomerated, 

independent euhedral fine-grained (<25 pm) crystal s/fragments (heterogeneous texture I) 

to granular and partially interconnected pyrite grains (heterogeneous texture II) and fully 

interconnected networks of spongy/skeletal pyrite grains (heterogeneous texture III). 

These three textures essentially represent a spectrum from conglomerated, interconnected 

pyrite grains set in a silicate or oxide mineral matrix to interconnected pyrite grains with
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colloformal/spongy matrix that contains abundant silicate and oxide mineral inclusions. 

This colloformal/spongy matrix is interpreted to give these grains their characteristic dull, 

bronze colored appearance under the binocular microscope. In some cases, the 

interconnected network of skeletal pyrite can form radial/dendritic patterns (Fig. 5.3).

Figure 5.2: Reflected light microscopy images of spectrum of heterogeneous textures 
observed in dull, bronze-colored pyrite grains, (a) Heterogeneous texture I consisting of 
conglomerated, independent euhedral grains in a conglomeritic grain from sample 
C99964-151 (11.9 m from ore), (b) Heterogeneous texture II consisting of granular and 
partially interconnected pyrite grains in a conglomeritic grain from sample C96738-123.5 
(199.7 m from ore), (c) Heterogeneous texture II of granular and partially interconnected 
pyrite grains in a conglomeritic grain from sample AD9772-466.3 (375 m from ore), (d) 
Heterogeneous texture III consisting of fully interconnected networks of spongy pyrite in 
a framboidal grain from sample C98926-92 (1510.3 m from ore).
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Figure 5.3: Reflected light microscopy images of pyrite grains having a heterogeneous 
texture consisting of granular and partially interconnected pyrite grains with local 
occurrence of radial/dendritic pyrite, (a and b) Conglomeritic grains from sample 
C98878-107.3 (51.3 m from ore).

5.2 BSE Zoning Patterns

BSE imaging allowed the distinction of two principal types of zoning patterns, 

each having several subcategories (Figure 5.4). The two primary divisions are regular and 

irregular zoning patterns. Regular zoning patterns are characterized by a systematic 

zoning relationship within the grain, in which the BSE zoning approximately parallels the 

crystal faces. In contrast, irregular zoning patterns are characterized by non-systematic 

BSE contrasts, where zoning does not parallel crystal faces.

Regular zoning occurs as core-rim, outer overgrowth, regular intergrowth, sector, 

and asymmetric zoning patterns. Core-rim zoning is defined by the presence of bands of 

alternating BSE contrast that are subparallel to the crystal faces. Core-rim zoning varies 

along a spectrum from simple to more complex concentric zoning. Simple core-rim 

zoning occurs where the core of a pyrite grain shows a different BSE contrast than the 

rim. Typically, the core is of a brighter BSE contrast relative to the rim. Concentric 

zoning patterns consist of a mantle of bands with alternating BSE contrast occurring 

around a core that typically appears homogeneous.

Outer overgrowth zoning is characterized by a distinct triangular to trapezoidal 

zone of BSE contrast that occurs on a grain dominated by a cube with different BSE
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Figure 5.4: Diagrams of BSE zoning patterns found in pyrite grains from the Eskay Creek 
deposit.

BSE Zoning P a tte rns  

R egular P atte rns  I r reg u la r  P a tte rns

Simple Core-rim

Concentric Core-rim

Outer Overgrowth 

Regular Intergrowth

Sector

Asymmetric

contrast. Regular intergrowth zoning is characterized by elongated zones of brighter BSE 

contrast, relative to the internal BSE contrast of the crystals, occurring along the 

intergrowth boundaries of crystals that sub-parallel crystal faces. Regular sector zoning is 

typically characterized by hour-glass shaped zones corresponding to certain crystal faces 

that show different BSE contrasts. Asymmetric zoning is characterized by a band (-5-15 

pm in width) of bright BSE pyrite that forms a curved boundary between the core and 

rim of a grain. The curved peripheral band typically sub-parallels the faces of the crystal.

In comparison, irregular zoning includes patchy, irregular intergrowth, spongy, 

and colloformal patterns. Patchy zoning is characterized by rounded areas of BSE 

contrast, typically 2 to 10 pm in width, juxtaposed throughout a grain without a clear

Patchy

Irregular Intergrowth

Spongy

Colloformal
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systematic relationship to location within the grain. Irregular intergrowth zoning 

represents non-uniform zoning across the intergrown crystals, in which the inter grown 

crystals contain BSE contrasts between crystals, with commonly asymmetric and patchy 

zoning patterns across the crystals. Spongy zoning refers to sieve/spongy textured 

portions of the pyrite grains that are commonly of darker BSE contrast than the fine

grained crystals and framboids in the conglomeritic and framboidal grains. Colloformal 

zoning is characterized by irregular, rounded, thin growth layers (typically <1 pm in 

width) of alternating BSE contrasts that do not parallel crystal faces.

5.3 BSE Zoning and Pyrite Morphology

Grain-sc ale variations in BSE contrast are observed both in pseudo-homogeneous 

and heterogeneous grains, and typically relate to the grain morphology. The only 

exceptions are regular and irregular intergrowth zoning that can occur in all grain 

morphologies (Figs. 5.5 and 5.6).

The simple and concentric core-rim zoning patterns are typically found in cube 

and pyritohedral morphologies (Figs. 5.7 and 5.8). In the case of cubes, the individual 

zones of the concentric zoning patterns are relatively regular in thickness, while zones of 

more irregular widths predominate in the case of pyritohedral grains. In some grains of 

pyritohedral morphology, an outer overgrowth zone of distinct BSE contrast can occur. It 

is typically associated with the addition of faces of the {210} form to the cube (Fig. 5.9). 

In contrast, cubo-octo-pyritohedral morphologies do not typically contain a zone of 

distinct BSE contrast between the cube-shaped core and the outer overgrowth zone 

formed from the addition of the {111} and {210} forms to the {100} cube.

In contrast to cube and pyritohedral morphologies, sector, asymmetric, and patchy 

zoning patterns are typically found in octahedral and trapezohedral morphologies (Figs. 

5.10-5.12). These zoning patterns are rare in pyritohedral grains and cubes. Spongy and 

colloformal zoning patterns are commonly found in conglomeritic, framboidal and 

globular grains (Figs. 5.13 and 5.14).
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Figure 5.5: Regular intergrowth zoning in pyrite grains of different morphologies, (a) 
Intergrown pyritohedrons from sample C99985-27.8 (49.2 m from ore), (b) Intergrown 
cubo-octahedral morphologies dominated by {100} form from sample AD9769-401.8 
(49.6 m from ore), (c) Intergrown cubes from sample C98893-45 (106.1 m from ore), (d) 
Conglomeritic grain from sample C99964-151 (11.9 m from ore).



Figure 5.6: Irregular intergrowth zoning commonly containing asymmetric and patchy 
zoning patterns: (a) Intergrown cubes in sample C98895-141.5 (16.5 m from ore), (b) 
Intergrown trapezohedrons in sample C97866-143.8 (45.2 m from ore), (c) Conglomeritic 
grain in sample C98893-45 (106.1 m from ore), (d) Intergrown cubes in sample C99977-
329.1 (196.5 m from ore).

Figure 5.7: Simple and concentric zoning in pyrite grains of different morphologies, (a) 
Pyrite grain with a {310} + {210} pyritohedral form morphology containing a brighter 
BSE core that is a cube with a darker BSE rim. Sample (299973-133 (4.5 m from ore), (b) 
Pyritohedron containing a brighter BSE pyrite core that also is a pyritohedron, 
surrounded by concentric layers of different BSE contrast, with an asymmetric overprint 
in the left portion of the grain. Sample C98896-148.7 (1.5 m from ore).



Figure 5.8: Concentric zoning in pyrite grains of different morphologies, (a) Cubo- 
pyritohedral morphology dominated by {210} form from sample C98895-145.5 (13.8 m 
from ore), (b) Pyritohedron from sample C98895-145.5 (13.8 m from ore), (c) Cube from 
sample C96826-141.5 (45.5 m from ore), (d) Cubo-pyritohedral morphology dominated 
by {210} form with ridges from sample C99985-27.8 (49.2 m from ore).



Figure 5.9: Outer overgrowth zone in pyrite grains of different morphologies, (a) Cubo- 
pyritohedral morphology dominated by {210} form in sample C98895-145.5 (13.8 m 
from ore), (b) Cubo-pyritohedral morphology dominated by {210} form in sample 
C98895-124.2 (29.3 m from ore), (c) Cubo-pyritohedral morphology dominated by {210} 
form in sample C98883-68.2 (70.6 m from ore), (d) Cubo-pyritohedral morphology 
dominated by {100} form in sample C99985-27.8 (49.2 m from ore).



Figure 5.10: Sector zoning in pyrite of cubo-octahedral morphology, (a) Cubo-octahedral 
morphology dominated by {100} form from sample C99953-133 (1.9 m from ore), (b) 
Cubo-octahedral morphology dominated by {111} form from sample CA90-291-64.8 
(41.1 m from ore).
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Figure 5.11: Asymmetric zoning in pyrite of different morphologies, (a) Cubo-octahedral 
morphology dominated by {111} form from sample C98897-126.1 (20.7 m from ore), (b) 
Cubo-octahedral morphology dominated by {111} form from sample C96786-59.9 (62.4 
m from ore).



Figure 5.12: Patchy zoning in pyrite of different morphologies, (a) Octahedron from 
sample C99961-169 (ore zone), (b) Trapezohedron from sample C97866-158.7 (44.4 m 
from ore). The grain shows an overlap of patchy and sector zoning.

Figure 5.13: Spongy zoning in aggregated grains, (a) Framboidal grain in sample 
C97831-8.3 (235.2 m from ore), (b) Conglomeritic grain in sample AD9772-466.3 (375 
m from ore).
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Figure 5.14: Colloformal zoning in pyrite of different morphologies, (a) Framboidal 
pyrite grain in sample C99951-108.9 (283 m from ore), (b) Globular grain in sample 
C99962-316.3 (869 m from ore), (c) Globular grain in sample GNX9730X-871 (2918 m 
from ore), (d) Globular grain in sample GNX9730X-871 (2918 m from ore).

5.4 Zoning in Relation to Distance from the Ore

General spatial trends in the zoning patterns of pseudo-homogeneous and 

heterogeneous pyrite grains are summarized in table 5.1. Within 10 m from known ore, 

the pseudo-homogeneous pyrite grains show distinct concentric core-rim, regular 

intergrowth, and simple core-rim zoning patterns. Less common zoning patterns include 

outer overgrowth, sector, patchy, and asymmetric zoning. At a distance of 10-30 m from 

ore, the outer overgrowth zone pattern in pseudo-homogeneous pyrite grains becomes 

more abundant while the relative abundance of other types of zoning remains similar as 

observed within 10 m from ore.
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As previously described, both pseudo-homogeneous and heterogeneous grains can 

be found in varying proportions in samples within 30 m from known ore zones. In the 

case of heterogeneous grains, the heterogeneous textures I and II are typically most 

abundant within 30 m of the ore zone. Within 30 m from ore, the matrix can be made up 

of silicate and oxide minerals, or less commonly, by sulfide minerals other than pyrite 

(see Chapter 7). Beyond 30 m from ore, the heterogeneous textures II and III and are 

most common, with the matrix typically being a spongy textured, non-sulfide mineral 

inclusion-rich pyrite generation.

Between 30-50 m from ore, there is an increase in grains showing sector zoning. 

From 50-70 m from ore, asymmetric and irregular intergrowth zoning increase in 

frequency, while concentric core-rim, regular intergrowth, and simple core-rim zoning 

become less common. From 70-100 m from known ore, the frequency of concentric core- 

rim, regular intergrowth, simple core-rim, and sector zoning continues to decrease, while 

outer overgrowth zoning is common in some samples. In the interval from 100-200 m 

from ore, these five zoning patterns are only rarely found in pseudo-homogeneous grains. 

The dominant zoning patterns in pseudo-homogeneous grains recovered at those 

distances from ore include the asymmetric to irregular intergrowth zoning. In the case of 

the heterogeneous textures present in conglomeritic and framboidal grains, spongy 

zoning is almost ubiquitous.

In the interval from 200-400 m from known ore zones, colloformal zoning 

appears in the pseudo-homogeneous grains, with spongy zoning still remaining as the 

dominant zoning pattern in heterogeneous grains. From 400-4425 m from ore, the main 

zoning patterns seen are of the spongy type in the heterogeneous grains and colloformal 

types in the pseudo-homogeneous grains.
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CHAPTER 6 

TRACE ELEMENT COMPOSITION OF PYRITE

This chapter examines the compositions of pyrite grains in relation to the BSE 

zoning patterns and pyrite morphologies. The chapter first analyzes the compositional 

controls of each BSE zoning pattern by examining the composition of multiple grains 

representative of the different morphologies showing each BSE zoning pattern discussed. 

Compositions of the BSE zoning patterns were determined through EMP spot analysis 

and EMP elemental mapping, with supplementary data provided by LA-ICP-MS spot 

analysis. Both microanalytical techniques are complementary. EMP analysis provides the 

primary compositional data as the excitation volume is only a few micrometers in size 

whereas the beam diameter of the LA-ICP-MS analysis is 12 qm, which does not allow 

for the analysis of small-scale zoning patterns. However, the EMP analyses typically 

have higher detection limits (except for Mn and Se), relative to the LA-ICP-MS analysis. 

As a result, LA-ICP-MS analysis provides data for trace elements such as Ag, Au and TL 

In cases where As, Cu, Sb, and Ni were below their respective EMP detection limits, 

additional information provided by LA-ICP-MS proved to be critical.

Second, this chapter will further test the relationship between composition and 

morphology through LA-ICP-MS spot data. The elements analyzed in relation to 

morphology are those elements of As, Mo, Pb, Sb, and Tl that show relations to BSE 

zoning, and as will be shown in chapter 8, demonstrate spatial trends in concentration 

relative to the ore zone.

6.1 Core-Rim Zoning

The two types of core-rim zoning in cube to pyritohedral grain morphologies, 

namely simple and concentric core-rim zoning, are strongly controlled by variations in 

the concentration of As (Table 6.1). The As concentrations vary from below the EMP 

detection limit of 127 ppm up to approximately 10,000 ppm. Figures 6.1 to 6.4 illustrate
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Table 6.1: EMP and LA-ICP-MS analyses of representative pyrite grains from the Eskay 
Creek deposit. All data are in ppm. The concentrations with an asterisk (*) are 
concentrations that are below the EMP detection limit. Where available, the results of the 
LA-ICP-MS spot analyses are given instead.

Sample As Sb Mo Se Pb Cu Ni Mn Ag Au Tl

C99973-133 (4.5 m from ore): {310}+{210} pyritohedral morphology. core-rim zoning
1 3720 27* 320 <dl <dl <dl <dl <dl <dl* <dl* 0.9*
2 3979 <dl 424 <dl <dl <dl <dl <dl
3 565 10* 505 <dl <dl <dl 45* <dl <dl* <dl* 0.7*
4 4814 <dl <dl <dl <dl <dl 1405 <dl
5 2279 1.1* 136 <dl <dl 372 519 <dl <dl* <dl* <dl*
C98896-148.7 (1.5 m from ore): pyritohedron, concentric core-rim zoning
1 6298 17* <dl 116 506 <dl 256* <dl 7.3* 2.8* <dl*
2 1789 <dl <dl 88 544 696 <dl <dl
3 3849 <dl 208 115 <dl 29* 58* <dl 4.1* 1.5* 0.2*
4 1035 <dl 166 186 <dl <dl <dl <dl
5 1211 <dl <dl 159 431 <dl 1471 <dl
6 3646 741 <dl <dl 2038 <dl 1039 <dl
7 <dl <dl <dl <dl 396 <dl 811 <dl
8 1400 6.2* <dl 240 356 32* 320 <dl 1.7* 1* <dl*
9 <dl <dl <dl <dl 390 <dl 453 <dl
C98895-145.5 (13.8 m from ore): pyritohedron, concentric core-rim zoning
1 8896 <dl 267 <dl 442 376 <dl <dl
2 7190 28* 498 97 <dl 37* 125* <dl 0.9* <dl* <dl*
3 4919 <dl 373 154 692 891 <dl <dl
4 7315 2.7* 324 <dl <dl <dl <dl <dl 0.6* <dl* <dl*
5 4687 <dl <dl <dl 408 <dl <dl <dl
6 810 <dl 200 102 <dl <dl 342* <dl <dl* <dl* 2.9
7 <dl <dl 339 <dl <dl <dl 628* <dl
8 <dl 16* 303 <dl 503 29* 901 <dl 2.4* 1.4* <dl*
C96826-141.5 (45.5 m from ore): cube, concentric core-rim zoning
1 <dl <dl 535 <dl 441 25* 37* <dl <dl* <dl* <dl*
2 2263 <dl <dl <dl 422 <dl 309 <dl
3 474 17* 321 <dl 500 <dl <dl <dl 4.8* 8.6* 4.4*
4 7984 <dl 150 <dl <dl <dl <dl <dl
5 5437 <dl 150 87 464 <dl <dl <dl
6 <dl <dl 204 <dl <dl <dl <dl <dl
7 7000 70* 324 <dl <dl <dl <dl <dl 7.0* 9.0* 4.2*
8 <dl 70* <dl <dl 89 <dl <dl <dl
9 2613 <dl <dl <dl 371 385 <dl <dl
10 <dl <dl 295 <dl <dl <dl <dl <dl

Note: <dl: Element content below EMP detection limit; <dl*: Element below LA-ICP-MS detection limit
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Fig. 6.1: Core-rim zoning controlled by variations in As concentrations in a {310} + {210} 
pyritohedral form morphology containing a cube-shaped core. Locations of EMP (dots) 
and LA-ICP-MS (circles) analyses are shown (see Table 6.1). Sample C99973-133 (4.5 
m from ore).
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Figure 6.2: Concentric core-rim zoning in a pyritohedron. The zoning is primarily caused 
by variations in the As concentrations. Locations of EMP (dots) and LA-ICP-MS 
(circles) analyses are shown (see Table 6.1). Sample C98896-148.7 (1.5 from ore).
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Figure 6.3: Concentric core-rim zoning in a pyritohedron. The zoning is primarily caused 
by variations in the As concentrations. Locations of EMP (dots) and LA-ICP-MS 
(circles) analyses are shown (see Table 6.1). Sample C98895-145.5 (13.8 m from ore).
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Figure 6.4: Concentric core-rim zoning in a cube. The zoning is caused by variations in 
the As concentrations. Locations of EMP (dots) and LA-ICP-MS (circles) analyses are 
shown (see Table 6.1). Sample C96826-141.5 (45.5 m from ore).
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this general pattern of element enrichment for pyrithedral grains and cubes from samples 

collected at distances ranging from 1.5 to 45.5 m from ore. In all cases, the concentric 

layers in the cores of the grains contain higher concentrations than the concentric layers 

towards the rims of the grains (Table 6.1). In all cases, Sb occurs at concentrations below 

the EMP detection limit of 110 ppm. Other elements detected that are not correlated with 

the As controlled zoning are Mo (-100-500 ppm), Ni (-50-1500 ppm), Pb (-300-500 

ppm), and Se (-90-200 ppm). In general, higher Ni concentrations commonly occur 

towards the rims of grains. The trace elements Ag, Au, and Tl are variably detected by 

LA-ICP-MS spot analysis with concentrations reaching 7.3 ppm, 9 ppm, and 4.4 ppm, 

respectively.

In addition to As, concentric core-rim zoning can also sometimes be related to 

variations in the abundance of Sb (Table 6.2). As shown in figures 6.5 and 6.6, two 

pyritohedra from a sample collected 13.1 m from ore, are characterized by variations in 

the As content from below the EMP detection limit of 127 ppm to 14,338 ppm. However, 

Sb also shows variations in concentrations from below the EMP detection limit of 110 

ppm to 4408 ppm (Table 6.2). These grains show that the Sb enriched zones occur 

towards the rim of the grains, while As enrichment can be found throughout the grains.

As shown in figure 6.5, the Sb enriched concentric layers are also associated with 

elevated concentrations of Pb, which ranges up to a concentration of 1306 ppm. High 

concentrations in Ag and Tl of up to 180 and 286 ppm, respectively, are associated with 

the Sb enrichment. The other trace elements detected are consistent with the distribution 

described above for Mo, Ni, Pb, and Se.

6.2 Outer Overgrowth Zoning

Outer overgrowth zoning is strongly controlled by As enrichment in the 

pyritohedral form overgrowth relative to the cube (Figs. 6.7-6.8). Figure 6.7 shows a 

pyritohedron from a sample collected 13.8 m from ore. In this grain, As increases from 

the core of the grain, at concentrations of 1849 ppm, to the triangular shaped, 

pyritohedral form overgrowth at concentrations of 3395 ppm (Table 6.2). Other elements 

enriched in the overgrowth are Au (up to 2.64 ppm), Ni (up to 2094 ppm), Sb (up to 108
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Table 6.2: EMP and LA-ICP-MS analyses of representative pyrite grains from the Eskay 
Creek deposit. All data are in ppm. The concentrations with an asterisk (*) are 
concentrations that are below the EMP detection limit. Where available, the results of the 
LA-ICP-MS spot analyses are given instead.

Sample As Sb Mo Se Pb Cu Ni Mn Ag Au Tl

CA90-306-109.8 (13.1 m from ore): pyritohedron, concentric core-rim zoning
1 3123 <dl 150 <dl <dl <dl 19* <dl 15* 32*
2 <dl 2923 <dl <dl 543 <dl <dl <dl
3 3610 209 <dl <dl 434 37* 32* <dl 11* 37*
4 5676 <dl 119 <dl 607 <dl <dl <dl
5 4690 1278 168 <dl 777 <dl <dl <dl 176* 2.1* 284*
6 10236 4408 <dl <dl 1306 3177 <dl <dl
7 9506 8436 171 <dl <dl 2838 <dl <dl 180* 1.7* 286*
8 1766 301 400 <dl 384 323* <dl <dl
9 962 <dl <dl <dl <dl 298* <dl <dl
CA90-306-109.8 (13.1 m from ore): intergrown pyritohedron, concentric core-rim zoning
1 5285 62* <dl <dl 366 <dl <dl <dl <dl* 0.6* 4.8*
2 155 370 <dl <dl <dl <dl <dl <dl
3 1217 436 193 <dl 890 <dl <dl 103
4 430 <dl <dl <dl 414 32* <dl <dl 16* 1.2* 35*
5 12240 112 <dl <dl <dl <dl <dl <dl
6 1305 623 <dl <dl 654 <dl <dl <dl
7 14338 312 5.7* <dl <dl 56* 30* <dl 24* 0.8* 93*
8 5937 1944 <dl <dl <dl 461 <dl <dl

C98895-124.2 (29.3 m from ore): cubo-pyritohedron dominated by {100} form, outer overgrowth zoning
1 8377 14* 163 145 <dl <dl <dl <dl <dl* 1.9* <dl*
2 11694 <dl <dl 158 <dl <dl <dl <dl
3 12758 <dl 321 <dl <dl 37* <dl <dl <dl* 1.5* 0.4*
4 12802 <dl 217 <dl <dl <dl 370 <dl
5 9418 <dl 352 <dl <dl <dl <dl <dl
6 9070 6.2* <dl <dl 406 455 28* <dl <dl* 1.9* <dl*
7 12203 22* 322 <dl 356 <dl 1169 <dl <dl* 1.1* 0.3*
8 14270 19* <dl 90 <dl 24* 367* <dl <dl* 1.2* 1.0*
C98895-145.5 (13.8 m from ore): pyritohedron, outer overgrowth zoning
1 1849* <dl* <dl* <dl* 8.7* 29* 429* <dl* <dl* 1.3* 0.4*
2 2812* <dl* <dl* <dl* <dl* <dl* 374* <dl* 3.0* 0.5* <dl*
3 3395* 108* <dl* <dl* 161* 80* 2094* <dl* 2.5* 2.6* 15*

Note: <dl: Element content below EM P detection limit; <dl*: Element below LA-ICP-MS detection limit
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Figure 6.5: Concentric core-rim zoning in a pyritohedron. The zoning is caused by 
variations in the As and Sb concentrations. Locations of EMP (dots) and LA-ICP-MS 
(circles) analyses are shown (see Table 6.2). Sample CA90-306-109.8 (13.1 m from ore).
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Figure 6.6: Concentric core-rim zoning in intergrown pyritohedra. The zoning is 
primarily caused by variations in the concentrations of As and and locally towards the 
rim of the grain Sb. Locations of EMP (dots) and LA-ICP-MS (circles) analyses are 
shown (see Table 6.2). Sample CA90-306-109.8 (13.1 m from ore).
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Figure 6.7: Outer overgrowth zoning in pyritohedron. The outer pyritohedral form 
overgrowth is enriched in As relative to the core cube. The grain also contains concentric 
layers that are characterized by different As concentrations. Locations of LA-ICP-MS 
(circles) analyses are shown (see Table 6.2). Sample C98895-145.4 (13.8 m from ore).
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Figure 6.8: Outer overgrowth zoning in cubo-pyritohedral morphology dominated by 
{100} form. The outer pyritohedral form overgrowth is enriched in As relative to the core 
cube. Fine-scaled bands present throughout the core are controlled by variations in the As 
concentrations. Locations of EMP (dots) and LA-ICP-MS (circles) analyses are shown 
(see Table 6.2). Sample C98895-124.2 (29.3 m from ore).
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ppm), and Tl (up to 14.6 ppm). Another example of overgrowth zoning is shown in figure 

6.8. This grain with a cubo-pyritohedron morphology dominated by the {100} form 

originates from a sample collected 29.3 m from ore. The concentration of As reaches up 

to 14,270 ppm in the overgrowth relative to concentrations between 8377 and 12,758 

ppm within the core of the grain that contains small-scaled oscillations (Table 6.2). With 

the exception of Au, other trace elements were only detected at low levels. Gold was 

detected throughout the grain with concentrations ranging from 1.1 to 1.9 ppm.

6.3 Regular In ter growth Zoning

Regular intergrowth zoning is primarily controlled by an enrichment in As within 

intergrowth boundaries relative to the cores of the grains. Other elements show 

consistently low levels (Table 6.3). Figure 6.9 shows an example of intergrown cubes 

from a sample collected 106.1 m from ore. The intergrowth boundary is enriched in As at 

concentration of up to 16706 ppm while the interior of the cubes has As concentrations 

below the EMP detection limit of 127 ppm (Table 6.3). Gold was found to be elevated 

within the As enriched intergrowth boundary at concentrations of up to 7.5 ppm. The 

other detectable elements such as Mo (337-458 ppm). Ni (30-262 ppm), and Sb (1.67-

34.8 ppm) occur at low, but consistent levels throughout the grain. A pyrite grain 

consisting of intergrown cubo-octahedral morphologies dominated by the {100} form 

from a sample collected 49.6 m from ore also shows a similar pattern (Fig. 6.10). 

Enrichment of As is pronounced along the intergrowth boundaries at up to 5286 ppm 

while concentrations below the EMP detection limit of 127 ppm occur within the crystals 

(Table 6.3). Other elements such as Mo and Se were detected at consistently low levels 

between 100-450 ppm. One other example is seen within the conglomeritic grain from a 

sample collected at a distance of 11.9 m from ore (Fig. 6.11). The intergrowth boundary 

in this grain contains As concentrations of up to 22962 ppm relative to 6008 ppm in the 

core of the grain (Table 6.3). In contrast to the other two examples, the As enrichment is 

associated with elevated Ag (up to 52 ppm). Au (up to 11.8 ppm), and Tl (up to 38.2 

ppm) concentrations. Other elements detected that are consistently high include Mo (210- 

1004 ppm), Sb (618-977 ppm), and Se (171-301 ppm).
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In some cases, the regular intergrowth pattern is controlled by differences in As 

and Sb concentrations. Figure 6.12 shows intergrown pyritohedra contained in a sample 

collected 49.2 m from ore. The intergrowth boundary along the rims of the grains in 

enriched in As and Sb relative to the cores of the grains (Table 6.3). Within the 

intergrowth boundary, As and Sb concentrations reach levels of 10248 and 1227 ppm, 

respectively. The core of the crystals only contains 1539 ppm As and 55 ppm Sb. Other 

elements with elevated concentrations within the intergrowth boundary are As (up to 122 

ppm). Au (up to 4.8 ppm), Pb (up to 620 ppm), and Tl (up 125 ppm).

Table 6.3: EMP and LA-ICP-MS analyses of representative pyrite grains from the Eskay 
Creek deposit. All data are in ppm. The concentrations with an asterisk (*) are 
concentrations that are below the EMP detection limit. Where available, the results of the 
LA-ICP-MS spot analyses are given instead.

Sample As Sb Mo Se Pb Cu Ni Mn Ag Au Tl

C98893-45 (106.1 m from ore): intergrown cubes, regular intergrowth zoning
1 16706 <dl 337 <dl <dl <dl <dl <dl <dl* 7.5* <dl*
2 13191 23* 376 <dl 480 366 262* <dl 4.4* 4.0* 0.4*
3 11181 35* 414 104 348 76* 149* <dl <dl* 0.7* 0.8*
4 1066 16* 396 <dl 492 <dl 30* <dl 3.9* 0.9* <dl*
5 2472 12* 227 <dl <dl <dl 32* <dl <dl* 0.8* <dl*
6 <dl 1.7* 458 <dl <dl 78.8* 37* <dl <dl* <dl* <dl*
AD9769-401.8 (49.6 m from ore): intergrown cubo-octahedral morphologies dominated by {100} form, regular
intergrowth zoning
1 5123 4.5* 449 416 <dl <dl <dl <dl <dl* <dl* <dl*
2 576 <dl 429 247 <dl <dl <dl <dl
3 <dl 8.0* 438 251 <dl <dl <dl <dl 3.5* <dl* 0.5*
4 2651 3.9* 445 260 <dl <dl <dl <dl <dl* 0.6* <dl*
5 <dl <dl 410 106 <dl 331 <dl <dl
6 128 <dl 492 107 <dl 416 <dl <dl
7 5286 <dl 332 299 <dl <dl <dl <dl
8 1213 66* 304 114 <dl <dl 112* <dl <dl* <dl* <dl*
C99964-151 (11.9 m from ore): conglomeritic grain, regular intergrowth zoning
1 6008 717 733 298 351 261 <dl <dl 27* 3.7* 29*
2 7501 639 743 301 472 <dl <dl <dl
3 10013 618 1004 225 <dl <dl <dl <dl
4 6837 977 816 171 <dl <dl <dl <dl
5 15382 854 493 300 1026 960 <dl 2976
6 22962 <dl 210 <dl <dl 277 <dl <dl 52* 12* 38*
C99985-27.8 (49.2 mi from ore): intergrown pyritohedra, regular intergrowth zoning
1 10248 1227 470 <dl 620 93* <dl <dl 122* 4.8* 125*
2 2768 387 536 242 524 155* <dl <dl 93* 2.2* 125*
3 2667 39* 413 <dl 413 26* <dl <dl 13* 2.7* <dl*
4 1539 55* <dl <dl <dl 27* <dl <dl 5.6* 2.8* 0.4*
5 3124 29* 460 <dl 460 <dl 95 <dl 3.8* 1.6* <dl*

Note: <dl: Element content below EMP detection limit; <dl*: Element below LA-ICP-MS detection limit
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Figure 6.9: Regular intergrowth zoning within intergrown cubes. The intergrowth 
boundary along the rims of the cubes is enriched in As relative to the cores of the cubes. 
Locations of EMP (dots) and LA-ICP-MS (circles) analyses are shown (see Table 6.3). 
Sample C98893-45 (106.1 m from ore).
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Figure 6.10: Regular intergrowth zoning within intergrown cubo-octahedral 
morphologies dominated by {100} form. The intergrowth boundary along the rims of the 
crystals is enriched in As relative to the cores of the crystals. Locations of EMP (dots) 
and LA-ICP-MS (circles) analyses are shown (see Table 6.3). Sample AD9769-401.8 
(49.6 m from ore).
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Figure 6.11: Regular intergrowth zoning in conglom eritic grain. The intergrow th 
boundary along the rims o f the crystals rims are enriched in As relative to the cores o f the 
crystals. Locations o f EM P (dots) and LA-ICP-M S (circles) analyses are shown (see 
Table 6.3). Sample C 99964-151 (11.9 m from ore).
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Figure 6.12: Regular intergrowth zoning in intergrown pyritohedra with ridges. The 
intergrow th boundary along the rims o f the crystals is enriched in As, Sb, and Pb relative 
to the cores o f the crystals. Locations o f EM P (dots) and LA-ICP-M S (circles) analyses 
are shown (see Table 6.3). Sample C99985-27.8 (49.2 m from ore).
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6.4 Sector Zoning

Sector zoning represents a result of differential trace element incorporation along 

non-equivalent crystal faces and is typically manifested by hour-glass-shaped zones of 

different compositions. In the case of the pyrite from Eskay Creek, sector zoning visible 

in BSE can be related to variations in the content of various trace elements. The zoning 

can be controlled by variations in As abundance, the Sb+/-As+/-Ni content, or the Mn 

concentrations (Table 6.4). As shown in figure 6.13, the cubo-octahedral morphology 

dominated by the {100} form from a sample collected 1.9 m from the ore zone, exhibits 

sectors that have different As concentrations (Table 6.4). Arsenic concentrations vary 

from 1080 ppm up to 6149 ppm in the sector of bright BSE contrast. Other elements 

commonly detected within the grain were Mo (3.9-778 ppm), Ni (39.7-694 ppm), Sb 

(22.6-390 ppm), and locally Pb (up to 493 ppm). The sectors of brighter BSE contrast 

typically contain elevated concentrations of Sb, while the zones of darker BSE contrast 

typically contain elevated Ni concentrations. Other trace elements such as Ag, Au, and Tl 

were not typically detected by the LA-ICP-MS analyses. The outer asymmetric bright 

BSE band on the left side of the grain was found to be enriched in Mo (806 ppm), Mn 

(3029 ppm), and Sb (1938 ppm).

In contrast to the As controlled sector zoning, figure 6.14 shows a sector and 

patchy zoned trapezohedron from a sample collected 44.4 m from ore. Sector zoning in 

this grain is strongly controlled by differences in the concentrations of As, Sb and to a 

lesser extent Ni (Table 6.4). The As, Sb, and Ni concentrations vary between non

equivalent crystal faces from below their respective EMP detection limits of 127 ppm, 

110 ppm, and 278 ppm up to 1505 ppm, 1452 ppm, and 1066 ppm, respectively. 

Associated with these areas of elevated concentrations of As, Sb, and Ni, the trace 

elements of Ag and Tl are also high at up to 46.7 and 80.5 ppm, respectively. Other trace 

elements are typically below the EMP detection limits, with the exception of Mo that 

occurs in concentrations between 174 ppm and 604 ppm.

Figure 6.15 shows a pyrite with cubo-octahedral morphology dominated by the 

{111} form. This grain displaying sector zoning was collected 41.1 m from the ore. Its 

zoning pattern is not controlled by differences in the concentrations of As and Sb as both 

elements occur at low levels of around 26 ppm (Table 6.4). The only trace elements
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typically detected were Cu, Mn, and Mo. The concentrations of Mn are significantly 

elevated within the grain and range from 2402 ppm to 5547 ppm. As shown in the EMP 

map, the Mn concentrations are correlated with the BSE zoning pattern. However, as Mn 

is lighter than Fe, this element cannot be responsible for the brighter BSE contrast. 

Higher values of Cu and Mo of up to 625 pm and 588 ppm are only weakly correlated 

with the elevated Mn concentrations. The exact reason for the BSE contrast is 

unresolved.

Table 6.4: EMP and LA-ICP-MS analyses of representative pyrite grains from the Eskay 
Creek deposit. All data are in ppm. The concentrations with an asterisk (*) are 
concentrations are below the EMP detection limit. Where available, the results of the LA- 
ICP-MS spot analyses are given instead.

Sam ple As Sb Mo Se Pb Cu Ni M n Ag Au Tl

C99953-133 (1.9 m from ore): cubo-octahedral morphology dominated by {100} form, sector zoning
1 6149 214 186 <dl <dl <dl <dl <dl
2 2531 23* 778 <dl 411 18* 40* <dl <dl* <dl* <dl*
3 2243 390 302 <dl 493 <dl <dl <dl <dl* <dl* 0.6*
4 1880 47* <dl <dl <dl 24* 499 <dl <dl* <dl* 1.9*
5 1109 18* 3.9* <dl <dl <dl 486 <dl <dl* <dl* <dl*
6 1085 146 10.9* 100 407 1155 694 <dl <dl* <dl* 0.5*
7 1080 1938 806 <dl <dl <dl 414 3029 <dl* <dl* <dl*
C97866-158.7 (44.4 m from ore): trapezohedron, sector zoning
1 649 1452 565 <dl <dl <dl 810 <dl 47* 2.3* 81*
2 1505 1415 176 <dl <dl <dl 1066 <dl 43* 1.3* 119*
3 <dl 813 434 <dl <dl <dl <dl <dl
4 <dl 1275 402 <dl <dl <dl 565 <dl
5 <dl <dl 174 <dl <dl <dl <dl <dl
6 131* 159* 476 <dl <dl <dl <dl <dl <dl* <dl* 6.0*
7 253 1281 275 <dl <dl <dl 966 <dl
8 <dl 685 604 <dl <dl 81* 349* <dl <dl* <dl* 9.1*
9 <dl 470 356 <dl <dl <dl <dl <dl 6.0* <dl* 48*
CA90-291-64.8 (41.1 m from ore): cubo-octahedral morphology dominated by {111} form, sector zoning
1 20* 16* 7.5* <dl <dl 579 <dl 3904 <dl* <dl* 3.9*
2 <dl <dl 259 <dl <dl <dl <dl 3425
3 <dl <dl 8.5* <dl 370 <dl <dl 2417
4 26* 26* 588 111 <dl 206 <dl 2402 <dl* <dl* 3.2*
5 <dl <dl 441 <dl 402 316 <dl 4307
6 19* 17* 209 160 342 625 146* 5547 <dl* <dl* <dl*

Note: <dl: Element content below EMP detection limit; <dl*: Element below LA-ICP-MS detection limit
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Figure 6.13: Sector zoning in a cubo-octahedral morphology dominated by the {100} 
form. The zoning is caused by differences in As incorporation between non-equivalent 
crystal faces during growth of the grain. Locations of BMP (dots) and LA-ICP-MS 
(circles) analyses are shown (see Table 6.4). Sample C99953-133 (1.9 m from ore).
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Figure 6.14: Sector and patchy zoning in a trapezohedron. The sector zoning is caused by 
differences in the incorporation of As, Sb, and Ni between non-equivalent crystal faces 
during growth of the grain. The patchy character of the zoning is related to variations in 
the concentrations of these elements along crystal faces. Locations of BMP (dots) and 
LA-ICP-MS (circles) analyses are shown (see Table 6.4). Sample C97866-158.7 (44.4 m 
from ore).
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Figure 6.15: Sector zoning in cubo-octahedral morphology dominated by {111} form.
The zoning is related to differences in the incorporation of Mn between non-equivalent 
crystal faces. Local enrichment in Cu and Mo is observed. Trace element controls of BSE 
contrast are complex and not simply related to the presence of Mn. Locations of EMP 
(dots) and LA-ICP-MS (circles) analyses are shown (see Table 6.4). Sample CA90-291-
64.8 (41.1 m from ore).

6.5 Asymmetric Zoning

Asymmetric zoning in grains having low concentrations of As and Sb is primarily 

controlled by variations in the Se content (Table 6.5). Figure 6.16 shows a grain of cubo- 

octahedral morphology dominated by the {111} form that originates from a sample 

collected 62.4 m from ore (Fig. 6.16). The concentrations of As and Sb are typically at 

around 21 ppm and 16.4 ppm, respectively (Table 6.5). Selenium concentrations vary 

from 141.2 ppm to 107 ppm across the bright BSE band, with a detectable Mo 

concentration of 188 ppm. In contrast, the core of the grain has Se concentrations below 

the EMP detection limit of 82 ppm. All other elements are typically below their EMP 

detection limits, except for the one darker band (spot 4) containing a detectable Cr 

content of 69.79 ppm.
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Table 6.5: EMP and LA-ICP-MS analyses of representative pyrite grains from the Eskay 
Creek deposit. All data are in ppm. The concentrations with an asterisk (*) are 
concentrations that are below the EMP detection limit. Where available, the results of the 
LA-ICP-MS spot analyses are given instead.

Sample As Sb Mo Se Pb Cu Ni Mn Ag Au T1

C96786-59.9 (62.4 m from ore): cubo-octahedral morphology dominated by {111} form, asymmetric
1 187 10* <dl 129 <dl 41* 18*
2 16* <dl <dl 141 <dl <dl <dl <dl <dl* <dl* <dl*
3 17* <dl 188 107 <dl <dl <dl <dl 5.5* <dl* <dl*
4 3.0* <dl <dl <dl <dl <dl <dl <dl <dl* <dl* <dl*
5 21* 16* <dl <dl <dl <dl <dl <dl <dl* <dl* <dl*
6 10* 12* <dl <dl 395 16* <dl <dl <dl* <dl* <dl*
C99961-169 (ore zone): octahedron, patchy zoning
1 130* <dl 206 <dl 431 <dl 5384 <dl <dl* <dl* <dl*
2 36* <dl 197 <dl 345 <dl 2004 <dl <dl* 0.7* <dl*
3 42* <dl 276 <dl <dl <dl 1341 <dl <dl* <dl* <dl*
4 8* 1.4* <dl <dl 6243 <dl 476 <dl <dl* <dl* 0.6*
5 6* 1.6* <dl <dl 361 <dl 286 <dl <dl* 0.5* <dl*
6 31* 3.5* 183 <dl <dl <dl <dl <dl <dl* <dl* <dl*
C98893-45 (106.1 m from ore): conglomeritic grain, irregular intergrowth zoning
1 782 <dl 49* 136 523 69* 39* <dl 24* 0.9* 0.6*
2 887 115 899 <dl 429 285* <dl <dl 9.9* 2.3* <dl*
3 674 191 <dl 128 393 171* 85* <dl 7.2* 4.5* 0.7*
4 315 <dl <dl <dl <dl <dl <dl <dl
5 <dl <dl 840 94 447 52* 107* <dl 22* <dl* 1.5*
6 55* <dl 56* 228 <dl 30* 36* <dl 10* 1.2* <dl*
7 <dl <dl 201 163 <dl <dl <dl <dl
8 61* <dl 28* 115 <dl 171* 127* <dl 12* <dl* 0.3*
C99977-329.1 (196.5 m from ore): intergrown cubes, irregular intergrowth zoning
1 158* 10* 183* <dl* 20* <dl* 231* <dl* <dl* <dl* <dl*
2 222* 42* 114* <dl* 39* <dl* 193* 115* <dl* <dl* 2.2*
3 504* 78* 105* <dl* 68* 61* 163* <dl* <dl* <dl* <dl*
AD9772-466.3 (375 m, grain 1): conglomeritic grain, spongy zoning
1 <dl <dl <dl 679 <dl <dl <dl <dl <dl* <dl* 4.8
2 404 <dl <dl 438 411 <dl <dl <dl
3 <dl <dl 296 835 <dl <dl <dl <dl <dl* <dl* 6.3
4 <dl <dl <dl 148 <dl 549 <dl <dl 12* <dl* 6.4
5 151 168 377 208 <dl 318 <dl <dl
6 <dl 223 401 331 <dl 685 <dl <dl 7.6* <dl* 0.9*
7 221 166 4923 232 <dl 531 <dl <dl
AD9772-466.3 (375 m from ore, grain 2): conglomeritic grain., spongy zoning
1 16* <dl 286 262 <dl <dl <dl <dl <dl* <dl* <dl*
2 <dl <dl 142 214 406 626 <dl <dl
3 <dl <dl 237 255 <dl 559 <dl <dl
4 <dl <dl 413 238 <dl 263 <dl <dl
5 152 225 727 263 <dl 303 55* <dl 10* <dl* 2.8*
6 377 289 528 118 407 546 <dl <dl
7 455 143 503 265 <dl 535 29* <dl 8* <dl* 8.6*
8 <dl <dl 539 156 521 684 <dl <dl

Note: <dl: Element content below EMP detection limit; <dl*: Element below LA-ICP-MS detection limit
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Figure 6.16: Asymmetric zoning in cubo-octahedral morphology dominated by {111} 
form. Asymmetric zoning in cubo-octahedral morphology dominated by {111} form. The 
zones have low As and Sb concentrations, but show significant variations in the 
abundance of Se. Locations of EMP (dots) and LA-ICP-MS (circles) analyses are shown 
(see Table 6.5). Sample C96786-59.9 (62.4 m from ore).

6.6 Patchy Zoning

Patchy zoning is controlled by variations in Ni content. As shown by an 

octahedron from the ore zone, Ni concentrations in patchy zoning vary from below the 

EMP detection limit of 278 ppm up to 5384 ppm (Fig. 6.17). As and Sb are at low 

concentrations throughout the grain, being only detected by LA-ICP-MS analysis at 

concentrations up to 130 ppm and 3.5 ppm, respectively (Table 6.5). The only other trace 

elements commonly detectable are Mo (up to 276 ppm) and Pb, which typically is below 

431 ppm with the exception of one point with concentrations of 6243 ppm that may have 

intersected a sulfide mineral inclusion. Furthermore, the association of Ni with patchy 

zoning can also be seen in the case of the trapezohedron discussed above that shows a 

combination of sector and patchy zoning (Fig. 6.14; Table 6.4).

6.7 Irregular Inter growth Zoning

Irregular intergrowth zoning is controlled by variations in the concentrations of 

As, Sb, Mo, and Se. Characteristic of this zoning pattern are overall low As and Sb 

concentrations that are comparable with the concentrations of Mo and Se (Table 6.5). 

Figure 6.18 shows an example of irregular intergrowth zoning. Patchy, irregular zones of
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Figure 6.17: Patchy zoning in octahedron. The zoning is related to variations in Ni 
content across the grain. Locations of EMP (dots) and LA-ICP-MS (circles) analyses are 
shown (see Table 6.5). Sample C99961-169 (ore zone).
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Figure 6.18: Irregular intergrowth zoning in conglomeritic grain. The zoning is 
characterized by low As and Sb concentrations that are comparable to the Mo and Se 
contents. Variations in the As, Mo, Sb, and Se concentrations across the grain control the 
contrast in BSE. Location of EMP (dots) and LA-ICP-MS (circles) analyses are shown 
(see Table 6.5). Sample C98893-45 (106.1 m from ore).

bright BSE contrast across the conglomeritic grain are associated with elevated As (up to 

887 ppm). Mo (899 ppm), Sb (up to 197 ppm), and Se (up to 228 ppm) concentrations. 

This contrasts with the surrounding zones of darker BSE contrast that are typified by low 

As (55 ppm), Mo (<139 ppm), Sb (<110 ppm), and Se (<82 ppm) concentrations. Other 

trace elements commonly detected within the grain include Ag (up to 21.9 ppm), Au (up 

to 4.5 ppm), and Pb (up to 523 ppm). Figure 6.19 shows another example of the irregular 

zoning in intergrown cubes from a sample collected 196.5 m from ore. In this grain, As

87



(158-504 ppm), Mo (105-183 ppm). Ni (164-231 ppm), and Sb (10.3-77.6 ppm) vary 

across the intergrown cubes, creating the irregular BSE contrast (Table 6.5).

Spot Number

Figure 6.19: Irregular intergrowth zoning in intergrown cubes. The zoning is 
characterized by low As and Sb concentrations that are comparable to the concentrations 
of Mo and Ni. Variations in the As, Mo, Ni, and Sb concentrations across the grain 
control the contrast in BSE. Location of LA-ICP-MS (circles) analyses are shown (see 
Table 6.5). Sample C99977-329.1 (196.5 m from ore).

6.8 Spongy Zoning

Spongy zoning is characterized by variable enrichment of Ag, As, Cu, Mn, Mo, 

Sb, Se, and T1 in the bright BSE zones that have a pseudo-homogeneous texture in 

comparison to the surrounding zones of darker BSE contrast that have a heterogeneous 

texture. Figures 6.20 and 6.21 show two conglomeritic grains that originate from a 

sample collected 375 m from ore. Grains having a lighted BSE contrast typically are 

enriched in Se (up to 835 ppm) when compared to the matrix that contains 100 to 200 

ppm Se (Table 6.5). The darker matrix is typically enriched in Ag (up to 10.2 ppm). As 

(up to 455), Cd (up to 47 ppm), Cu (up to 685 ppm), Mo (up to 727 ppm), Sb (up to 289), 

and T1 (up to 8.6 ppm) relative to the bright grains where these elements are commonly 

below their respective EMP detection limits.

In comparison to conglomeritic grains, framboidal grains can also show a similar 

enrichment within the matrix relative to the grains that have a brighter BSE contrast 

(Table 6.6). Figure 6.22 shows a framboidal grain from a sample collected 283 m from 

the ore that exhibits an enrichment patern similar to the conglomeritic grains described
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Figure 6.20: Spongy zoning in conglomeritic grain. The darker BSE shaded matrix is 
typically enriched in As, Cu, Mo, and Sb relative to the brighter BSE shaded grains. The 
brighter BSE shaded grainsare enriched in Se relative to the darker BSE shaded matrix. 
Location of EMP (dots) and LA-ICP-MS (circles) analyses are shown (see Table 6.5, 
grain 1). Sample AD9772-466.3 (375 m from ore).
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Figure 6.21: Spongy zoning in conglomeritic grain. The darker BSE shaded matrix is 
typically enriched in As, Cu, Mo, and Sb relative to the brighter BSE shaded grains. 
Location of EMP (dots) and LA-ICP-MS (circles) analyses are shown (see Table 6.5, 
grain 2) .Sample AD9772-466.3 (375 m from ore).
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Table 6.6: EMP and LA-ICP-MS analyses of representative pyrite grains from the Eskay 
Creek deposit. All data are in ppm. The concentrations with an asterisk (*) are 
concentrations that are below the EMP detection limit.

Sample As Sb Mo Se Pb Cu Ni Mn Ag Au T1

C99951-108.9 (283 m from ore): framboidal grain, spongy zoning
1 526 1021 613 696 <dl 804 <dl 1689
2 642 937 696 641 <dl 770 <dl 1992 71* <dl* 21*
3 720 706 1110 1390 <dl 363 <dl 2468
4 728 329 217 243 <dl 594 <dl 88
5 <dl 415 <dl 166 <dl <dl <dl 450 42* <dl* 15*
6 <dl 241 181 <dl <dl <dl <dl 377
7 284 244 <dl 474 <dl 745 <dl 2701
8 358 798 290 274 <dl 627 <dl 1311
C97831-8.3 (235.2 m from ore): framboidal grain, spongy zoning
1 <dl <dl 214 <dl 525 <dl <dl 340
2 <dl <dl 626 <dl 573 <dl <dl 356
3 <dl <dl 250 <dl 413 450 <dl 199
4 745 <dl <dl <dl 353 <dl <dl <dl 11* <dl* 4.6*
6 1044 <dl <dl 245 <dl <dl <dl 110 9.1* <dl* 4.0*
7 1463 <dl 325 267 <dl 598 <dl 164
8 2334 154 244 675 <dl 797 439 471
C99962-316.3 (869 m from ore): globular grain, colloformal zoning
1 <dl <dl 274 <dl 453 <dl <dl <dl 4.6* 0.6* 20*
2 63* 41* 4* <dl <dl <dl 131* <dl <dl* <dl* 2.9*
3 19* 7.3* 553 <dl <dl 103 142* <dl <dl* <dl* 2.8*
4 10* 124 4* <dl 420 106* 390 <dl <dl* 0.9* 9.9*
5 <dl <dl 308 <dl <dl 62* 97* <dl
6 <dl <dl 160 <dl <dl 429 444 <dl 3.2* <dl* 20*
7 <dl <dl <dl <dl <dl 42* <dl <dl
8 106* 5.9* 174 <dl <dl 58* 93* <dl <dl* <dl* <dl*
9 278 438 635 <dl <dl 410 562 690
GNC9730X-871 (2918 m from ore): globular grain, colloformal zoning
1 76* 4.8* 707 <dl 386 <dl 274* 255 <dl* <dl* 1.4*
2 <dl <dl 144 <dl 337 <dl <dl 140
3 <dl <dl 360 <dl <dl <dl <dl 194
4 128* 13* 175 <dl <dl 23* <dl <dl <dl* <dl* 1.6*
5 <dl <dl 223 <dl <dl <dl <dl 134
6 <dl <dl <dl <dl <dl 441 <dl <dl
7 <dl <dl 315 <dl 394 <dl <dl 131
8 251* 19* 199 <dl <dl 20* 13* 237 <dl* <dl* 5.5*
9 <dl <dl 620 <dl <dl <dl <dl 174
10 <dl <dl 501 <dl <dl <dl <dl 164
11 <dl <dl 452 <dl <dl <dl <dl 77
12 224* 19* 300 <dl <dl 60* 15* 93 <dl* <dl* 4.5*
13 <dl <dl 682 <dl <dl <dl <dl 243
14 <dl <dl 396 <dl <dl <dl <dl 234
15 174* 10* 424 <dl <dl 27* 13* 204 <dl* <dl* 4.9*
16 <dl <dl 661 <dl <dl <dl <dl 186

Note: <dl: Element content below EMP detection limit; <dl*: Element below LA-ICP-MS detection limit
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Figure 6.22: Spongy zoning in framboidal grain. The darker BSE shaded matrix is 
typically enriched in As, Cu, Mn, Mo, and Sb relative to the brighter BSE shaded 
framboids. Location of EMP (dots) and LA-ICP-MS (circles) analyses are shown (see 
Table 6.6). Sample C99951-108.9 (283 m from ore).

above. Elevated concentrations of As (up 728 ppm), Cu (up to 804 ppm). Mo (up to 1110 

ppm), Mn (up to 2702 ppm), and Sb (up to 728 ppm) occur in the framboids, where these 

elements are typically below their respective EMP detection limits in the matrix (Table 

6.6). The highest Mo concentration is found in the matrix within the outer colloformal 

zone near the right rim of the grain. Other trace elements detected by LA-ICP-MS spot 

analyses in the grain include Ag (26.2-73.3 ppm), Cd (<27.2-148 ppm), Co (2.56-12.3 

ppm), Ni (24.4-93.9 ppm), Sb (318-714 ppm), T1 (6.59-25.7 ppm), V (36.7-179 ppm), 

and Zn (274-4152 ppm). However, due to the large spot size it was not possible to 

differentiate between the matrix and the framboids by LA-ICP-MS.

Figure 6.23 shows a framboidal grain contained in a sample collected 235.2 m 

from ore. This grain shows a slightly different enrichment pattern in the matrix relative
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the brighter BSE zones (Table 6.6). The matrix is enriched in Mo (up to 626 ppm) and Pb 

(up to 573 ppm) relative to the framboids, which contain less than 325 ppm Mo and less 

than the EMP detection limit of 337 ppm Pb. In contrast, the framboids are enriched in 

As (up to 2334 ppm) and locally in Cu (up to 797 ppm) relative to the matrix, where 

these elements are typically below their respective detection limits of 127 and 361 ppm. 

Manganese is also detected throughout the grain at concentrations of up to 471 ppm. 

Other trace elements detected by LA-ICP-MS spot analyses, but due to the large spot size 

could not be related to either the matrix or framboids, include Ag (9.1-32.9 ppm), Ni 

(184-403 ppm), Sb (39-103 ppm), and T1 (4-15.2 ppm).

Spot Number

Figure 6.23: Spongy zoning in framboidal grain. The brighter BSE shaded framboids 
typically are enriched in As and Cu relative to the darker BSE shaded grains. Location of 
EMP (dots) and LA-ICP-MS (circles) analyses are shown (see Table 6.6). Sample 
C97831-8.3 (235.2 m from ore).

6.9 Colloformal Zoning

Colloformal zoning is typically found in globular grains. This type of zoning 

pattern is controlled primarily by variations in the concentration of Mo (Table 6.6). As 

shown for globular grains in figures 6.24 and 6.25, Mo varies from below the EMP 

detection limit of 139 ppm to concentrations of up to 707 ppm. In a globular grain from a 

sample collected 869 m from ore, Cu, Ni, and T1 are the only other elements detectable at
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concentrations of up to 429 ppm, 562 ppm, and 20.3 ppm, respectively (Fig. 6.24). In a 

globular grain from a sample collected 2918 m from ore, Mn is commonly detectable and 

varies from below the EMP detection limit of 69 ppm to 255 ppm. As shown in figure 

6.25, the Mn and Mo concentrations are weakly correlated to each other. Overall, it is 

important to note that the globular grains with colloformal zoning have low As and Sb 

concentrations that are typically below the EMP detection limits of 127 ppm and 110 

ppm, respectively.

Spot Number

Figure 6.24: Colloformal zoning in globular grain. The fine scaled zoning is associated 
with variations in Mo concentrations. Location of EMP (dots) and LA-ICP-MS (circles) 
analyses are shown (see Table 6.6). Sample C99962-316.3 (869 m from ore).
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Figure 6.25: Colloformal zoning in globular grain. The fine scaled zoning is associated 
with variations in Mo and Mn concentrations. Location of EMP (dots) and LA-ICP-MS 
(circles) analyses are shown (see Table 6.6). Sample GNC9730X-871 (2918 m from ore).
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6.10 Relationships between Trace Element Contents and Pyrite Morphology

Table 6.7 summarizes the relationships between composition, BSE zoning pattern, 

and morphology. As exemplified above, the composition of pyrite grains can be strongly 

associated with BSE zoning pattern, while clear relationships between composition and 

morphology are not evident. In order to further test for possible relationships between the 

trace element content and observed grain morphologies, average grain compositions from 

LA-ICP-MS spot analyses were computed for 58 pyritohedra, 11 trapezohedra, 31 

octahedra, 13 cubo-octo-pyritohedra, 42 cubes, 62 conglomeritic grains, 15 framboidal 

grains, and 8 globular grains.

The ranges of concentrations of As, Sb, Tl, Pb, and Mo in grains of different 

morphologies are shown in figure 6.26. The elements As, Sb, and Tl exhibit a wide range 

of concentrations and no systematic differences can be observed for the different 

morphologies (Figs. 6.26a-c). The concentrations of these elements vary over two to four 

orders of magnitude across all pyrite morphologies, ranging from the limits of detection 

to concentrations of 100 to 10,000 ppm. The inter-quartile ranges of the element 

concentrations overlap between the different morphologies, although the globular and 

cubo-octo-pyritohedral morphologies typically have slightly lower As, Sb, and Tl 

concentrations.

A similar pattern is also seen for the concentration of Pb in pyrite, although 

framboidal and conglomeritic grains exhibit slightly higher Pb concentrations when 

compared to the euhedral grains such as pyritohedra and cubo-octo-pyritohedral 

morphologies (Fig. 6.26d). Although the Mo concentrations also span several orders of 

magnitude for the different pyrite morphologies, there is a pattern of decreasing Mo 

concentrations from globular, framboidal, and conglomeritic grains to the euhedral grains 

including cubes and pyritohedra (Fig. 6.26e).

Overall there appear to be few consistent trends across the different pyrite 

morphologies, suggesting that grain morphology is not directly related to trace element 

content. This can also be demonstrated by the lack of correlation between the trace 

element and the degree of development of the {100} form in pyritohedral and octahedral 

morphologies. As seen in figure 6.27, the transition from a cube to a pyritohedron is not 

characterized by notable differences in the concentrations of As, Mo, Pb, Sb, and Tl.
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Table 6.7: Summary of BSE zoning patterns found in pyrite grains in relation to 
morphologies and trace element controls on BSE zoning.

BSE Zoning Patterns Morphologies
Elemental
Control

Regular Patterns

Simple Core-Rim

Concentric Core-Rim

Outer Overgrowth 

Regular Intergrowth

Sector

Asymmetric

Irregular Patterns

Patchy

Irregular Intergrowth

□

Spongy

Colloformal

Cube, pyritohedral,
locally conglomeritic grains As+/-Sb+/-Pb 

Cube, pyritohedral,
locally conglomeritic grains As+/-Sb+/-Pb

Pyritohedral morphologies As

Intergrown cubes, pyritohedral, As+/-Sb+/-Pb 
octahedral grains

Octahedral and trapezohedral As+/-Sb, 
grains Mn+/-C u+/-Mo

All morphologies except 
framboidal grains Se+/-Mo

Conglomeritic octahedral, 
trapezohedral, and locally Ni
pyritohedral and cube grains

All intergrown morphologies, 
commonly cubes and Mo+/-Se
conglomeritic grains

Conglomeritic, framboidal 
grains

Globular grains

As+/-Cu+/-Mn
+/-Mo+/-Sb+/-Se

Mo+/-Mn
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Figure 6.26: Whisker-and-box-plots showing the concentration of (a) As, (b) Sb, (c) Tl, 
(d) Pb, and (e) Mo in pyrite grains having different morphologies. There are no clear 
compositional differences between grains of different morphologies in regard to As, Sb, 
Tl, and Pb. Mo is generally enriched in conglomeritic, framboidal, and globular grains 
relative to other grain morphologies. The number of grains analyzed for each morphology 
type is given in the figure (n=number of grains).
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Figure 6.27: Whisker-and-box plots showing the concentration of (a) As, (b) Sb, (c) Tl, 
(d) Pb, and (e) Mo in grains having different pyritohedron morphologies. There are no 
clear morphological controls on composition. The number of grains analyzed for each 
morphology type is given in the figure (n=number of grains).
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CHAPTER 7

SULFIDE AND NON-SULFIDE MINERAL INCLUSIONS IN PYRITE

This chapter describes the occurrence and distribution of sulfide and non-sulfide 

mineral inclusions in pyrite grains from the Eskay Creek deposit. The sulfide mineral 

inclusions in the pyrite occur as arsenopyrite, chalcopyrite, electrum, galena, Ni+/-Cr+/- 

V-bearing minerals, sphalerite, and Ag-bearing tetrahedrite. This chapter demonstrates 

that both the mineralogy and textures of the sulfide mineral inclusions vary 

systematically as a function of pyrite morphology and distance to known ore zones. In 

addition, the abundance of sulfide mineral inclusions has been quantified by processing 

BSE images using Adobe Photoshop. With the help of this program, the number of pixels 

having different BSE contrasts than pyrite was determined, which represents an objective 

measurement of the area occupied by sulfide mineral inclusions. Although this analysis 

yielded important information, confirming empirical results obtained during BSE 

imaging, it is important to note that the analysis is based on images that only represent a 

single two-dimensional slice through a given pyrite grain. Clearly heterogeneities may 

exist in the third dimension, limiting correlation between the results of this image 

analysis and geochemical analyses conducted on bulk pyrite.

7.1 Textures of Sulfide Mineral Inclusions

Sulfide mineral inclusions can be found in two different textural occurrences, 

namely as inclusions that are fully encapsulated by pyrite and as inclusions that infill 

fractures and pore space in pyrite (Table 7.1). In the pyrite grains, fully encapsulated 

sulfide mineral inclusions can be irregularly distributed, concentrically arranged, or 

mantling non-sulfide mineral inclusions. Irregularly distributed inclusions in pseudo- 

homogeneous pyrite grains typically appear as large splotches that are unoriented with 

respect to compositional zoning patterns (Fig. 7.1a). The irregularly distributed inclusions 

generally range from <1 to 50 gm in size, making them some of the largest sulfide 

mineral inclusions observed. Concentrically arranged sulfide mineral inclusions occur
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Table 7.1: Textures of sulfide mineral inclusions in pyrite grains from the Eskay Creek 
deposit.

Sulfide mineral inclusion textures

Fully encapsulated

Irregularly distributed

Concentrically arranged

Mantling non-sulfide mineral inclusion

Fracture/pore infilling

Fracture infilling

Pore space infilling of framboidal remnant

Pore space infilling of sieve textured pyrite

O
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Figure 7.1: Textural types of sulfide mineral inclusions in pyrite, (a) Irregularly 
distributed galena and sphalerite inclusions in the interior of intergrown cubo- 
pyritohedral morphology dominated by the {210} form. Galena and tetrahedrite 
inclusions mantling non-sulfide mineral inclusions occur mostly near the rim of the grain. 
Sample C97857-116.4 (26.6 m from ore), (b) Concentrically arranged tetrahedrite 
inclusions in pyritohedron. Sample CA90-306-109.8 (13.1 m from ore), (c) Sphalerite 
inclusions mantling non-sulfide mineral inclusions in cubo-octahedral morphology 
dominated by the {111} form. Sample C98897-126.1 (20.7 m from ore), (d) Galena, 
sphalerite and locally electrum inclusions infilling fractures within a fragmental pseudo- 
homogeneous grain. Sample C98899-156.25 (ore zone), (e) Arsenopyrite, galena, and 
tetrahedrite inclusions infilling pore space of remnant framboidal in conglomeritic grain. 
Sample C98896-148.7 (1.5 m from ore), (f) Chalcopyrite, Ni-bearing, and sphalerite 
infilling pore space of sieve texture pyrite within conglomeritic grain. Sample C97866- 
55.5 (97.7 m from ore).



disseminated to clustered along the concentrically zoned layers and along crystal 

boundaries with regular intergrowth zoning. They are typically small in size ranging from 

<0.1 to 9 pm (Fig. 7.1b). Sulfide mineral inclusions mantling non-sulfide mineral 

inclusions occur in which the sulfide mineral inclusion has grown around a non-sulfide 

mineral inclusion in pyrite. These inclusions range from 1.2 to 10 pm in size (Fig. 7 .1c).

In the pyrite grains, fully encapsulated sulfide mineral inclusions can be 

irregularly distributed, concentrically arranged, or mantling non-sulfide mineral 

inclusions. Irregularly distributed inclusions in pseudo-homogeneous pyrite grains 

typically appear as large splotches that are unoriented with respect to compositional 

zoning patterns (Fig. 7.1a). The irregularly distributed inclusions generally range from <1 

to 50 pm in size, making them some of the largest sulfide mineral inclusions observed. 

Concentrically arranged sulfide mineral inclusions occur disseminated to clustered along 

the concentrically zoned layers and along crystal boundaries with regular intergrowth 

zoning. They are typically small in size ranging from <0.1 to 9 pm (Fig. 7. lb). Sulfide 

mineral inclusions mantling non-sulfide mineral inclusions occur in which the sulfide 

mineral inclusion has grown around a non-sulfide mineral inclusion in pyrite. These 

inclusions range from 1.2 to 10 pm in size (Fig. 7.1c).

In comparison, fracture/pore infilling sulfide mineral inclusions occur in the pyrite 

along fractures or infilling the pore space within framboids and sieve textured pyrite. 

Sulfide mineral inclusions along grain and/or fracture boundaries typically range in size 

from 1.5 to 18 pm (Fig. 7 .Id). Sulfide mineral inclusions infilling the framboidal pore 

space inclusions occur within both pseudo-homogeneous and heterogeneous grains, and 

typically range in size from 0.25 to 4 pm (Fig. 7. le). In addition, sulfide mineral 

inclusions can be found infilling the pore space within the spongy to sieve textured 

portions of the heterogeneous pyrite grains. These sulfide mineral inclusions in the sieve 

texture of the pyrite typically range in size from <0.1 to 7 pm (Fig. 7. If).

7.2 Relationships between Sulfide Mineral Inclusions and Grain Morphology

The textures and mineralogy of the sulfide mineral inclusions appear to relate to 

the pyrite morphology. The trapezohedral, octahedral, and cubo-octo-pyritohedral
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morphologies commonly have the lowest abundance of sulfide mineral inclusions (-0.2- 

0.7% area sulfide mineral inclusions per grain). The trapezohedral, octahedral, and cubo- 

octo-pyritohedral morphologies typically lack the irregularly distributed and 

concentrically arranged inclusion types, and the few sulfide mineral inclusions found 

generally are of the mantling non-sulfide mineral inclusion, fracture infilling, and 

framboidal pore space infilling types. Sulfide mineral inclusions can be composed of all 

of the above mentioned sulfide mineral phases, however, the assemblage of chalcopyrite, 

sphalerite, and Ni+/-Cr+/-V-bearing minerals is most common.

By comparison, the pyritohedral and cube morphologies are typically enriched in 

sulfide mineral inclusions (-1.2-8% area sulfide mineral inclusions per grain), with the 

irregularly distributed and concentrically arranged inclusions being particularly common 

(Figs. 7.2 and 7.3). In the pyritohedral and cube grains, these textural types of sulfide 

mineral inclusions are dominated by arsenopyrite, galena, tetrahedrite, and electrum. 

Additionally, the cube and pyritohedral grains that contain crystal intergrowths and/or 

ridges on the crystal faces more typically are enriched in sulfide mineral inclusions than 

individual crystals (-4-25% area sulfide mineral inclusions per grain containing 

intergrowths and/or ridges).

In comparison to the euhedral crystal forms, the conglomeritic and framboidal 

grains contain a more variable mineral inclusion inventory. Typically, the overall 

abundance of sulfide mineral inclusions is low (-0.2-1% and -  0.1-1% area sulfide 

mineral inclusions per grain, respectively). Conglomeritic grains may contain the entire 

spectrum of sulfide minerals and textural types, with the exception of the irregularly 

distributed inclusion (Fig. 7.4). The conglomeritic grains most commonly contain 

fracture and pore space infilling inclusions of arsenopyrite, tetrahedrite, galena, 

chalcopyrite, and sphalerite. In comparison, the framboidal pyrite grains vary from being 

sulfide mineral inclusion free to containing basically only chalcopyrite and sphalerite 

inclusions (Fig. 7.5). The chalcopyrite and sphalerite inclusions vary from occurring 

primarily in the exterior matrix to within the individual framboids.
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Figure 7.2: Irregularly distributed sulfide mineral inclusions occurring in pyrite grains 
that have grain shapes varying from pyritohedral to cube morphologies, (a) Sphalerite 
inclusions in a cubo-pyritohedral morphology dominated by the {100} form. Sample 
C98999-156.25 (ore zone), (b) Sphalerite and galena inclusions in a pyritohedron. 
Sample C97857-116.4 (26.6 m from ore), (c) Predominately galena inclusions, with one 
chalcopyrite inclusion in intergrown cubo-pyritohedral morphologies dominated by the 
{210} form with ridges. Sample C97857-116.4 (26.6 m from ore), (d) Galena inclusions 
in a cube. Sample MP9808-246 (4425.3 m from ore).
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Figure 7.3: Concentrically arranged sulfide mineral inclusions in pyrite grains that have 
grain shapes varying from pyritohedral to cube morphologies, (a) Chalcopyrite, a Ni- 
bearing mineral, and sphalerite inclusions near the core of the grain surrounded by 
concentrically arranged galena and tetrahedrite inclusions in a fragmental cubo- 
pyritohedral morphology dominated by the {100} form. Sample C98896-148.7 (1.5 m 
from ore), (b) Tetrahedrite inclusions concentrically arranged in Sb enriched band within 
pyritohedron. Sample CA-3060109.8 (13.1 m from ore), (c) Galena and tetrahedrite 
inclusions occur along concentric core zones while chalcopyrite and sphalerite inclusions 
are abundant near the rim within intergrown cubo-pyritohedral morphologies dominated 
by the {100} form. Sample C97857-116.4 (26.6 m from ore), (d) Arsenopyrite, electrum, 
galena, and tetrahedrite inclusions in aligned along regular intergrowth boundary of 
intergrown pyritohedrons. Sample C9985-27.8 (49.2 m from ore).
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Figure 7.4: Sulfide mineral inclusions in conglomeritic pyrite grains, (a) Galena and 
tetrahedrite inclusions that are concentrically arranged and mantle non-sulfide mineral 
inclusions in pyrite. Sample C99964-151 (11.9 m from ore), (b) Chalcopyrite and 
sphalerite inclusions infilling fracture and pore space within pyrite. Sample C99951-
182.7 (270.6 m from ore), (c) Chalcopyrite inclusions infilling pore space of sieve 
textured pyrite. Sample AD9772-466.3 (375 m from ore), (d) Chalcopyrite inclusions 
infilling the pore space of sieve textured pyrite. Sample C99962-316.3 (869 m from ore).



Figure 7.5: Sulfide mineral inclusions in framboidal pyrite grains, (a) Small chalcopyrite 
inclusions located in individual framboids. Sample C97831-8.3 (235.2 m from ore), (b) 
Chalcopyrite and sphalerite inclusions infilling the matrix surrounding framboids. Sample 
C99951-108.9 (283.0 m from ore).

7.3 Spatial Variations in Sulfide Mineral and Textural Occurrences

A clear trend of decreasing inclusion abundance is present (Figures 7.6-7.8) 

(Appendix B). The average number and percent area of sulfide mineral inclusions per 

grain generally decrease from the ore zone (five to seven sulfide mineral inclusions per 

grain and 1.2-8% area sulfide mineral inclusions per grain) to a distance of 50-70 m from 

known ore zones (one to two sulfide mineral inclusions per grain and 0.2-1% area sulfide 

mineral inclusions per grain), where the total number of sulfide mineral inclusions per 

grain and the area of sulfide mineral inclusions per grain level off. In the interval from 

70-100 m from ore, a slightly elevated amount of sulfide mineral inclusions was noticed, 

which may be related to the relatively small number of grains analyzed. However, the 

presence of unrecognized ore zones close to the sampling locations cannot be discounted. 

A small increase in the number of inclusions is also noticed across the interval from 100 

to 3311 m from ore, although the percent area of sulfide mineral inclusions per grain does 

not increase (-0.2-0.6% area sulfide mineral inclusions per grain) for samples collected at 

those distances to ore. One sample collected 4425 m away from known ore zones was 

found to contain an average of 10 sulfide mineral inclusions per grain and around one to 

three percent area sulfide mineral inclusions per grain. This sample represents an outlier, 

also from a textural and mineralogical point of view. This may imply the presence of 

hitherto an unrecognized mineralized zone away from the Eskay Creek deposit.
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Figure 7.7: Abundance of textural types of sulfide mineral inclusions in pyrite collected 
at different distances from known ore zones.
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Figure 7.8: Abundance of sulfide mineral inclusion species in pyrite collected at different 
distances from known ore zones.
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In terms of sulfide textures and mineralogy, samples collected within 30 m of 

known ore zones are significantly elevated in irregularly distributed and concentrically 

arranged sulfide mineral inclusions, with galena and tetrahedrite being the most abundant 

phases (Figs. 7.7 and 7.8). Arsenopyrite and electrum are also slightly enriched in this 

interval, and are associated with relatively high levels of fracture infilling mineral 

inclusions. In the 30-50 m interval, the irregularly distributed and concentrically arranged 

sulfide mineral inclusions decrease in abundance, associated with a decrease in the 

abundance of galena, tetrahedrite, arsenopyrite, and electrum inclusions. Beyond 50 m 

from ore, irregularly distributed and concentrically arranged inclusions are almost absent 

from the analyzed pyrite grains, with the exception of a high number of irregularly 

distributed inclusions in the 70-100 m interval. In contrast, the sulfide mineral inclusions 

infilling pore space within the sieve textured pyrite typically become more abundant with 

increasing distance from ore and become the predominant inclusion type at distances past 

200 m from ore. Associated with the increase in sulfide mineral inclusions infilling pore 

space is a general increase in the abundance of chalcopyrite inclusions away from the ore 

zone, while the sphalerite abundance does not change systematically with distance to ore.

This textural assemblage transition from irregular distributed and concentrically 

arranged sulfide mineral inclusions to sulfide mineral inclusions infilling pore space 

within the sieve textured pyrite is associated with a change in the principal mineral 

assemblage. The principal mineral assemblage within 50 m of known ore zones consists 

of galena, tetrahedrite, arsenopyrite, and rare electrum, while at distances greater than 50 

m from known ore zones the assemblage is typically composed of chalcopyrite, 

sphalerite, and rare Ni+/-Cr+/-V-bearing minerals. The pore space infilling within the 

framboidal pyrite, fracture infilling, and mantling non-sulfide mineral inclusions parallel 

these changes in the mineralogical assemblage away from the ore zone, and typically are 

at low levels past 100 m from the ore zones (Figs. 7.9-7.11). As mentioned above, one 

major exception from this trend is the sample from 4425 m from ore that contains on 

average over 10 irregularly distributed sulfide mineral inclusions per grain that are 

composed of eight galena and two silver-bearing mineral inclusions.
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Figure 7.9: Sulfide mineral inclusions that infill pore space within remnant framboids 
occurring in pseudo-homogeneous pyrite grains, (a) Small galena and tetrahedrite 
inclusions in a framboid intergrown with a homogeneous pyrite grain. Sample C97853-
143.8 (17.3 m from ore), (b) Tetrahedrite inclusions along the boundary of remnant 
framboid in intergrown pyritohedra and octahedra. Sample C99985-27.8 (49.2 m from 
ore), (c) Ni+V-bearing mineral inclusions in remnant framboids of a cubo-pyritohedral 
morphology dominated by the {100} form. Sample CA90-437-126 (40 m from ore), (d) 
Sphalerite inclusion along the boundary of a remnant framboid in a pyrite cube. Sample 
C98893-56.5 (95.0 m from ore).
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Figure 7.10: Sulfide mineral inclusions that infill fractures in pyrite grains or occur along 
grain boundaries and cements, (a) Arsenopyrite infilling the matrix of the conglomeritic 
grain from sample C99964-151 (11.9 m from ore), (b) Arsenopyrite and galena infilling 
fractures in intergrown cubo-pyritohedral morphologies dominated by the {210} form. 
Sample C98805-145.5 (13.8 m from ore), (c) Chalcopyrite and sphalerite infilling the 
fractures of intergrown cubes. Sample AD9767-430.9 (46.7 m from ore), (d)
Chalcopyrite and sphalerite infilling fractures in conglomeritic grain. Sample C98893-45 
(106.1 m from ore).
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Figure 7.11: Mineral assemblages in sulfide mineral inclusions mantling non-sulfide 
mineral inclusions, (a) Galena, chalcopyrite, and tetrahedrite inclusions commonly 
mantling non-sulfide mineral inclusions in cube. Sample C98896-148.7 (1.5 m from ore), 
(b) Galena, chalcopyrite, and tetrahedrite inclusions typically mantling non-sulfide 
mineral inclusions in pyritohedron. Sample C97857-119 (24.1 m from ore), (c) 
Chalcopyrite inclusions mantling non-sulfide mineral inclusions in cube. Sample 
C98893-56.5 (95.0 m from ore), (d) Sphalerite inclusions mantling non-sulfide mineral 
inclusions in cubo-octahedral morphology dominated by the {100} form. Sample 
C97866-55.5 (97.7 m from ore).

7.4 Non-sulfide Mineral Inclusions

In addition to the sulfide mineral inclusions, reconnaissance work has been 

conducted on the non-sulfide mineral inclusions contained in pyrite from the Eskay Creek 

deposit. Non-sulfide mineral commonly identified include quartz, chlorite, muscovite, 

and titanite. It was found that the textural context of these non-sulfide mineral inclusions
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is also variable. In homogeneous pyrite grains, the non-sulfide mineral inclusions 

commonly occur randomly throughout the grains. In the case of some homogeneous 

pyrite cubes, silicate mineral inclusions occur in the core of the pyrite, possibly 

representing a nucleus for crystal growth (Figs. 7 .12a-b). In some cases, the non-sulfide 

mineral inclusions are aligned within the zoning patterns of the grains. They can form 

distinct concentric layers within pyrite that define a boundary between two adjacent 

growth zones of different compositions (Figs. 7.12c-d). Non-sulfide mineral inclusions 

are particularly abundant in heterogeneous pyrite grains. Evenly distributed silicate 

mineral inclusions result in the formation of sieve to spongy textured pyrite (Figs. 7.12e-

f).

Figure 7.12: Textural context of non-sulfide mineral inclusions in pyrite, (a) Cube and (b) 
conglomeritic grain with silicate mineral inclusion-rich cores surrounded by outer zones 
of pseudo-homogeneously textured pyrite. Samples AD97772-545.6 (378.4 m from ore) 
and C99951-119.3 (2801 m from ore), respectively, (c) Pyrite grain having a 
{310} + {210| pyritohedral form morphology and (d) fragmental crystal form with 
internal concentric zones of silicate mineral inclusions separating adjacent growth zones 
of pyrite having variable BSE contrasts. Samples C98893-131.5 (24.8 m from ore) and 
C99977-329.1 (196.5 m from ore), respectively, (e and f) Conglomeritic grains with 
abundant non-sulfide mineral inclusions that show no preferred orientation. Both from 
sample C98926-92 (1510.3 m from ore).
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CHAPTER 8

SPATIAL TRENDS OF TRACE ELEMENT CONTENTS IN PYRITE

This chapter attempts to explain broader-scaled compositional trends than those 

focused on in the previous chapters, which analyzed the composition of BSE zoning 

patterns and the sulfide mineral inclusions on the scale of individual pyrite grains. This 

chapter examines metal associations in pyrite contained in the contact mudstone and the 

hanging-wall mudstone and relates changes in the trace element composition of pyrite to 

the location of the samples with respect to the known ore zones and the contact between 

the mudstone host and the footwall rhyolite. The discussion of spatial trends is based on 

the data obtained by LA-ICP-MS spot analysis. The metal associations and spatial trends 

found in the pyrite grains presented in this chapter will allow for the comparison with the 

corresponding bulk pyrite concentrate metal associations and spatial trends presented in 

the next chapter.

The present chapter first presents an univariate analysis of the trace element data 

obtained by spot analysis and compares those results with averages calculated for 

individual pyrite grains and samples. Bivariate statistical analysis using the trace element 

data obtained by spot analysis is conducted to test for possible metal associations. 

Subsequently, the spatial trends in the geochemical data set are examined using both, 

calculated averages and maximum values measured by LA-ICP-MS spot analyses. It is 

tested which of the two methods of data evaluation can be most reliably used as a 

vectoring tool.

8.1 Analytical Results

LA-ICP-MS spot analyses were performed on 241 representative pyrite grains 

picked from 74 samples for a total of 636 spot analyses (Appendix C). Representative 

trace element data obtained on samples collected at different distances to known ore 

zones are listed in table 8.1. Trace elements detected in pyrite from the Eskay Creek 

deposit include, in the order of the relative frequency of detection. As, Sb, Pb, Ni, Cu, Tl,
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Mo, Co, Ag, as well as Mn and Au. All of these elements occur over wide concentration 

ranges, varying from the respective limits of detection up to two to four orders of 

magnitude above the detection limits (Figs. 8.1a-c). Arsenic typically occurs at 

concentration ranges between 100 and 10,000 ppm while Cu, Ni, Pb, and Sb have 

concentrations ranging from 10 to 100 ppm. Ag and Co are significantly less abundant 

with concentrations between 1 and 10 ppm. Au and Tl occur at low abundances, typically 

below 10 ppm. The other elements analyzed for by LA-ICP-MS, including Bi, Cd, Hg, 

Sn, Te, V, and Zn were only rarely detected. These elements were detected in less than 

20% of the spot analyses, in less than 15% of the pyrite grains analyzed, and less than 

45% of the samples. Where detected, these elements occurred at concentration levels 

close to the respective limits of detection. The only exception is Zn, which has been 

noted at concentrations of several thousands of ppm in some spot analyses.

8.2 M etal Association

Statistical analysis of the As and Sb concentrations determined by LA-ICP-MS 

spot analysis shows that the metal associations of both elements are different, which is 

consistent with the observations made by EMP analysis (see Chapter 6). Correlation 

coefficients between different metals analyzed by LA-ICP-MS are given in table 8.2 

along with the corresponding levels of statistical significance.

As and Sb do not correlate with each other (Fig. 8.2a). However, weak positive 

correlations are noted between the concentrations of As and other metals such as Ag, Au, 

Cu, Pb, and Tl. Slightly higher positive correlations are observed for samples from the 

contact mudstone when compared to the hanging-wall mudstone.

In contrast to As, Sb shows a stronger positive correlation with Ag, Pb, Tl, and to 

a lesser extent with Cu (Table 8.2 and Figs. 8.2b-d). The correlation coefficients between 

Sb and the other metals are similar for both the contact and hanging-wall mudstone 

samples. Gold also shows a slight positive correlation with Sb, which is significantly 

higher for the contact mudstone samples when compared to the hanging-wall mudstone 

samples. The elements Ag, Pb, and Tl are also positively correlated to each other.
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Figure 8.1: Whisker-and-box-plots of trace element abundances as measured by LA-ICP- 
MS spot analysis: (a) in spot analyses, (b) in individual pyrite grains as determined by 
averaging all LA-ICP-MS spot analyses performed on each grain, and (c) in individual 
pyrite samples as determined by averaging all LA-ICP-MS spot analyses performed 
within each sample. All elemental concentrations in spots, grains, and samples range 
from below their respective detection limits up to 104 ppm. Elemental concentrations 
below their respective detection were inputted as half of their detection limitsThe number 
of samples having trace element concentrations above the detection limit are given above 
each column (n=number of samples).
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Table 8.2: Correlation coefficients for the logarithm of pairs of trace elements 
detected in pyrite grains by LA-ICP-MS. The contact and hanging-wall mudstone 
samples have been treated separately. The table also shows which of the correlations are 
statistically significant at the 99% confidence level. Spot analyses below the detection 
limit were removed from statistical evaluation as indicated by the number of spots 
analyzed.

E lem ental P a ir C o rre la tio n  C oefficient 
C on tact

C o rre la tio n  C oefficient 
H anging-w all

N um ber of 
Spots

As an d  Sb 
enriched

As,Ag 0.26* 0.19* 188
As,An 0.35 0.24* 136
As,Cu 0.08* 0.06* 312
As,Pb 0.20 0.12* 401
As,Tl 0.27 0.16* 322

Sb,Ag 0.66 0.74 189
Sb,Au 0.45 0.09* 128
Sb,Cu 0.48 0.30 323
Sb,Pb 0.63 0.70 398
Sb,Tl 0.75 0.61 335

Cu,Ag 0.55 0.33 151
Cu,Pb 0.66 0.24 285
Cu,Tl 0.51 0.30 257
Pb,Ag 0.62 0.70 174
Tl,Ag 0.45 0.70 147
Tl,Pb 0.54 0.54 278

As an d  Sb 
depleted

Co,As 0.001* 0.04* 281
Co,Sb 0.08* -0.03* 292
Mn,As 0.09* 0.33* 120
Mn,Sb 0.31* 0.21* 100
Mo,As -0.13* -0.10* 304
Mo,Sb 0.04* 0.40 305
Ni,As -0.16* 0.12* 275
Ni,Sb -0.11* 0.10* 313

Co,Mn 0.36* 0.05* 90
Co,Mo 0.03* 0.03* 183
Co,Ni 0.37 0.60 224

Mn,Mo 0.19* 0.15* 90
Mn,Ni 0.09* -0.30* 81
Mo,Ni -0.39 0.10* 180

Note: *= Not statistically significant at the 99% confidence level
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Figure 8.2: Scatterplots showing trace element data as determined by LA-ICP-MS spot 
analysis, (a) Plot of As and Sb concentrations, showing that there is no clear correlation 
between the concentrations of both elements, (b) Plot of Pb and Sb concentrations, with 
the diameters of the circles reflecting the corresponding Tl concentrations. These 
elements exhibit strong positive correlations to each other, (c) Plot of Pb and Sb 
concentrations, with the diameters of the circles reflecting the corresponding Ag 
concentrations. These elements exhibit strong positive correlations to each other, (d) Plot 
of Sb and Tl concentrations, with the diameters of the circles reflecting the corresponding 
Ag concentrations. These elements exhibit moderate positive correlations to each other. 
The number of spot analyses above detection limit are listed in each plot (n=number of 
analyses).

Other elements such as Co, Mn, Mo, and Ni, which occur at elevated 

concentrations in zones of As and Sb depletion (see Chapter 6), do not typically show 

statistically significant correlations with As or Sb in spot analyses from grains in either 

the contact mudstone or hanging-wall mudstone (Table 8.2). The exception is the 

statistically significant positive correlation between Mo and Sb, in the hanging-wall 

mudstone. Statistical analysis also showed that there is no significant correlation between 

Co, Mn, Mo, and Ni. An exception is Co and Ni, which exhibit a statistically significant
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positive correlation in both the contact mudstone and hanging-wall mudstone. In the 

contact mudstone, Mo and Ni show a statistically significant negative correlation.

8.3 Spatial Trends in Elemental Abundances

The obtained LA-ICP-MS analyses can also be used to evaluate spatial trends in 

pyrite composition although it is important to note that pyrite grains within 40 m from 

known ore bodies frequently contain inclusions, which often prevented LA-ICP-MS 

analysis at the given beam diameter. As a consequence, the compositional data set is 

somewhat limited for pyrite close to known ore zones.

The spatial trends in the element abundance data are analyzed in two ways. In a 

first step, spatial trends will be examined using scatterplots that display element 

concentrations on a sample basis, whereby the element concentrations in a given sample 

are determined by averaging all spot analyses taken on pyrite grains from the respective 

sample. As a second step, the highest element concentrations detected in all LA-ICP-MS 

spot analyses performed on a given sample are related to the sample location using 

whisker-and-box plots.

8.3.1 Spatial Trends in the Trace Element Content of Pyrite Samples

Based on the results of the LA-ICP-MS analyses, trace elements in pyrite can be 

divided into three groups: (1) a group of elements that show patterns of decreasing 

concentrations with increasing radial distance from known ore zones, (2) a group of 

elements for which concentrations increase moving away from known ore zone, and (3) a 

group of elements that do not show consistent changes in element abundances as a 

function of distance to ore.

Elements that decrease in abundance in the analyzed samples with increasing 

radial distance to ore include As, Sb, Tl, and to a lesser extent Pb (Figs. 8.3-8.4). Despite 

this overall trend of decreasing element concentrations, it is common that samples having 

elevated element concentrations are juxtaposed with samples having background levels of 

these elements at the same distances from known ore zones. As the distance from known 

ore zones increases, the difference between samples showing enrichment of these
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Figure 8.3: Concentrations of As and Sb in pyrite samples plotted as function of distance 
to known ore zones. These elemental concentrations were determined by averaging all 
LA-ICP-MS spot analyses performed on each sample, (a) A plot showing all data points 
illustrates that there is a juxtaposition of samples having background concentrations of As 
(gray dashed line) and samples that have elevated As concentrations, which decrease 
away from known ore zones (black arrow), (b) Plot showing the same relationship, with 
all samples having As concentrations of <400 ppm within 100 m from ore being 
removed, (c) A plot showing all data points illustrates that there is a juxtaposition of 
samples having background concentrations of Sb (gray dashed line) and samples that 
have elevated Sb concentrations, which decrease away from known ore zones (black 
arrow), (d) Plot showing the same relationship, with all samples having Sb concentrations 
of <45 ppm within 100 m from ore being removed. Correlation coefficients shown are 
significant at the 99% level. The number of samples above detection limit is given in 
each plot (n=number of samples).
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Figure 8.4: Concentrations of Tl and Pb in pyrite samples plotted as function of distance 
to known ore zones. These elemental concentrations were determined by averaging all 
LA-ICP-MS spot analyses performed on each sample, (a) A plot showing all data points 
illustrates that there is a juxtaposition of samples having background concentrations of Tl 
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away from known ore zones (black arrow), (b) Plot showing the same relationship, with 
all samples having Tl concentrations of <2.5 ppm within 100 m from ore being removed.
(c) A plot showing all data points illustrates that there is a juxtaposition of samples 
having background concentrations of Pb (gray dashed line) and samples that have 
elevated Pb concentrations, which decrease away from known ore zones (black arrow).
(d) Plot showing the same relationship, with all samples having Pb concentrations of <35 
ppm within 100 m from ore being removed. Correlation coefficients shown are 
significant at the 99% level. The number of samples above detection limit is given in 
each plot (n=number of samples).
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elements and the background diminishes. Pyrite from Eskay Creek has sample 

background levels of <400 ppm As (typically 100-400 ppm), <45 ppm Sb (typically 10- 

45 ppm), <2.5 ppm Tl (typically 0.5-2.5 ppm), and <35 ppm Pb (typically 5-35 ppm). 

Figures 8.3-8.4 show the negative correlation between the concentrations of these 

elements and the distance to ore.

In contrast to these elements, Mo represents the only element that increases 

consistently with increasing distance to ore (Fig. 8.5a).

The group of elements that does not show variations in element abundances as 

function of distance to ore includes Ag, Bi, Cd, Co, Cr, Cu, Ga, Ge, Hg, In, Mn, Ni, Pt, 

Sn, Te, and V. With the exception of Ag, Co, Cu, Mn, and Ni, these elements were only 

rarely encountered at concentrations above their respective limits of detection. As an 

example, figure 8.5b shows that Co concentrations are at background levels for the entire 

range of distances to known ore zones.

The observed trends can be combined to develop sets of element ratios that could 

be used as efficient vectors to ore at Eskay Creek, without having to separate samples 

having background trace element abundances from those that are anomalous. Figures 

8.6a and 8.6b show the relationships between the As/Mo and Sb/Mo ratios and the 

distance from known ore zones. In both cases, these ratios correlate strongest with the 

distance from ore for contact mudstone samples although the correlation is also 

statistically significant for the hanging-wall samples. Broad stratigraphie controls on 

pyrite composition are also suggested by the observed variations in pyrite As, Sb, and Tl 

content as a function of distance to the contact between the footwall rhyolite and the 

overlying contact mudstone. The highest values of these trace elements can be observed 

close to the contact although there is again a juxtaposition of samples having elevated As, 

Sb, and Tl concentrations and samples with background concentrations at similar 

distances (Figs. 8.7a-c). These background levels parallel the typical concentrations 

approached further up stratigraphy. In contrast to these elements, the concentrations of Pb 

and Co do not show a consistent relationship with distance from the footwall rhyolite, 

while Mo shows a weak pattern of increasing concentrations up stratigraphy (Fig. 8.7d-f).
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Figure 8.7: Average of elemental concentrations measured by LA-ICP-MS spot analyses 
for each sample plotted as function of distance to the contact between mudstone and 
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ICP-MS spot analyses performed on each sample, (a-c) Plots of As, Sb, and Tl 
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levels indicated by the gray dashed line, (d) Plot of Pb concentrations that do not show a 
clear spatial trend indicated by the gray dashed line, (e) Plot of Mo concentrations that 
show a weak pattern of increases in concentration up stratigraphy shown by the black 
arrow, (f) Plot of Mo concentrations that do not show a clear spatial trend indicated by 
the gray dashed line. The number of samples above detection limit is given in each plot 
(n=number of samples).
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8.3.2 Spatial Trends in the Highest Element Concentration Data

As shown above, the concentrations of As, Mo, Sb, Tl, and to a lesser extent 

Pb, vary systematically as function of distance from known ore zones. This section 

examines these spatial trends further by using only the highest concentration value of 

each element measured in a given sample. Figure 8.8a shows that the As concentrations 

exhibit a strong decrease in concentrations away from the ore zone. In contrast, Sb and Tl 

show less pronounced decreases in their concentrations. The upper quartiles of these two 

elements decrease from the ore zones to about 70-100 m from ore (Figs. 8.8b and 8.8c).

In addition, the sample intervals within 50 m of known ore zones generally exhibit 

greater inter quartile ranges than the samples collected at greater distances. Lead only 

exhibits a weak decrease in the upper quartile of data to a distance of 70-100 m from ore 

although a slight increase in the concentrations can be observed at larger distances (Fig. 

8.8d).

Molybdenum shows a pronounced increase in maximum concentrations with 

increasing distance from known ore zones (Figure 8.9). As a consequence, the As/Mo and 

Sb/Mo ratios of the highest LA-ICP-MS spot analyses can be used to effectively vector 

towards ore (Fig. 8.10). Out of the two ratios, the As/Mo ratio shows the most 

pronounced trend of decreasing values with increasing distance to ore (Fig. 8.10a).

As seen in the whisker-and-box plots, spatial analysis of the highest 

concentrations detected in each sample may provide a better vectoring tool than the 

average concentrations. In particular, the As/Mo ratio calculated from the highest 

concentrations encountered in a given sample shows a clear decrease with distance from 

known ore zones. In contrast, the Sb and Tl data show the same trends already recognized 

in the averaged sample data. Spatial trends in Pb are in fact more ambiguous in the 

whisker-and-box plots displaying maximum concentrations.
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CHAPTER 9

COMPOSITIONS OF BULK PYRITE CONCENTRATES

This chapter reports on the trace element content of bulk pyrite samples analyzed 

by INAA prior the present study. Metal associations in the bulk samples are constrained 

using bivariate statistical analysis. In addition, spatial trends in the geochemical data set 

are examined by considering the distance of the sampling location from known ore zones 

and the contact between the footwall rhyolite and the overlying mudstone.

Following the discussion of bulk pyrite compositional trends, the data set obtained 

by bulk analysis is compared to the LA-ICP-MS data obtained as part of the present 

study. This is done through the construction of a set of scatterplots that compare the 

INAA bulk pyrite concentrate data with the LA-ICP-MS data discussed in the previous 

chapter.

9.1 Normalization of Analytical Data

INAA was performed on a total of 159 pyrite concentrates (Appendix D). Many 

of the samples returned Fe values below the ideal value of 45 weight percent. The 

measured Fe content of the samples analyzed ranged from 1.15 to 58.2 weight percent, 

with an interquartile range of 24.0 to 42.9 weight percent, and a median value of 36.2 

weight percent. Low Fe contents are presumably caused by silicate mineral impurities 

contained in the pyrite concentrates. Dilution is likely to have occurred because of the 

small scale intergrowth of pyrite with various silicate minerals and the fact that the pyrite 

concentrates were not hand-picked under a binocular microscope to remove impurities 

prior to analysis. Fe values above the expected 45 weight percent are more difficult to 

explain. It appears possible that some of the samples contained pyrrhotite.

To account for the mineral impurities that are causing the large variances in iron 

contents of the bulk pyrite concentrates and to allow comparison of the trace element data 

obtained by INAA and LA-ICP-MS analysis, all INAA data were normalized to 100% 

pyrite. To accomplish this, the trace element contents of the bulk pyrite concentrates were
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multiplied with the ideal weight percent of Fe in pyrite (45 wt.%) and divided by the 

measured weight percent Fe in the sample. The assumption made in this normalization 

procedure is that the trace elements of interest are hosted by the pyrite. If this is not the 

case, the normalization procedure will create elemental concentrations that are 

anomalously high. Trace element data of representative bulk pyrite concentrates, 

normalized to 100% pyrite, are shown in table 9.1. A whisker-and-box plot illustrating 

the variations in trace element abundances is given in figure 9.1. The concentrations of 

most elements vary from below their respective detection limits to about three to five 

orders of magnitudes above these detection limits. This confirms the observations made 

in the previous chapters that the variations in element abundances in pyrite from Eskay 

Creek are pronounced, allowing their use as genetic indicators.

It is important to note that a number of elements of interest such as Pb and Tl, 

which show spatial trends with respect to ore as demonstrated by LA-ICP-MS analysis of 

pyrite grains, are not available for the bulk pyrite concentrates. This is due to the fact that 

Pb has no n-gamma radioactive isotopes whereas the short-half life of radioactive 

isotopes prevents the measurement of Tl using this technique.

9.2 M etal Association

Inspection of the INAA data reveals that there is a strong positive correlation 

between As, Au, Hg, and Sb. Correlation coefficients between these elements are 

significant at the 99% level (Table 9.2). Similarly strong correlations are observed for 

both the contact and hanging-wall mudstone samples, suggesting that there is no 

pronounced stratigraphie control on the behavior of these trace elements.

A positive correlation was also observed for Ag and Zn with As, Au, Hg, Sb and 

each other. However, the correlation coefficients are typically lower, except for Ag and 

Sb that probably occur together in tetrahedrite. It is also interesting to note that the 

correlation coefficients between these elements differ between the contact and hanging- 

wall mudstone samples. The correlation coefficients are typically higher in the contact 

mudstone.
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Figure 9.1: Whisker-and-box plot of the trace elements analyzed in the bulk pyrite 
concentrates of 159 samples. The box encloses the inter-quartile range with the median 
displayed as a line. The vertical lines extending outside the box mark the minimum and 
maximum values. The plot also shows the number of samples with concentration above 
the respective detection limit (n=number of samples).
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Table 9.2: Correlation coefficients for the logarithm of pairs of trace elements detected in 
bulk pyrite concentrates by INAA. Contact and hanging-wall mudstone samples are 
analyzed separately.

Elemental Pair Correlation Coefficient 
Contact Mudstone

Correlation Coefficient 
Hanging-wall Mudstone

Number of Samples 
Above Detection Limit

As, Au 0.55 0.69 140
As,Hg 0.62 0.60 122
As,Sb 0.66 0.63 157
Au,Hg 0.67 0.60 122
Au,Sb 0.71 0.66 140
Sb,Hg 0.74 0.65 122

Ag,As 0.04* 0.66 52
Ag,Au 0.48 0.69 52
Ag,Hg 0.66 0.72 52
Ag,Sb 0.84 0.87 52
Ag,Zn 0.52 0.69 52
Zn,As 0.20* 0.44 155
Zn,Au 0.47 0.30 140
Zn,Hg 0.55 0.46 122
Zn,Sb 0.53 0.33 155

Co,Ag -0.10* 0.05* 85
Co,As 0.20* -0.11* 158
Co,Au 0.12* -0.02* 142
Co,Hg 0.05* 0.13* 139
Co,Mo -0.02* -0.02* 139
Co,Se -0.10* 0.20* 155
Co,Sb 0.05* 0.27* 158
Co,Zn 0.43 0.35 155
Mo,Ag -0.71 -0.20* 77
Mo,As -0.19* -0.01* 140
Mo,Au -0.25* -0.08* 126
Mo,Hg -0.35 -0.19* 121
Mo,Se -0.34 -0.02* 138
Mo,Sb -0.26* -0.16* 140
Mo,Zn -0.31 -0.13* 138
Se,Ag 0.38 0.07* 85
Se,As 0.20* -0.11* 156
Se,Au 0.25* -0.24* 140
Se,Hg 0.24* -0.21* 138
Se,Sb 0.17* -0.05* 156
Se,Zn 0.42 0.05* 153

Note: *= Not statistically significant at the 99% confidence level

In contrast to Ag, As, Au, Hg, Sb, and Zn, the suite of elements of Co, Mo, and Se 

typically do not have statistically significant correlations implying that these elements 

behave geochemically different (Table 9.2). The correlation coefficients for Co, Mo, and 

Se are almost all lower, and not statistically significant, for pyrite concentrates from the 

hanging-wall mudstone relative to the contact mudstone. For pyrite concentrates from the 

contact mudstone, Mo typically exhibits statistically significant, negative correlations to
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Ag, Hg, Se, and Zn. In addition, Se exhibits slightly positive, statistically significant 

correlations to Ag and Zn in the contact mudstone that are typically lower than those 

seen across Ag, As, Au, Hg, Sb, and Zn.

9.3 Spatial Trends in Elemental Abundances

To test whether the trace element content of bulk pyrite concentrates changes as 

function of distance to known ore zones, a number of whisker-and-box plots were 

constructed. These plots are particularly useful as they allow for the identification of 

changes in the inter-quartile ranges as well as median values for groups of samples 

collected at different distances to ore (Figs. 9.2-9.5). Based on the observed trends, 

several distinct groups of elements can be distinguished.

Several trace elements, including As, Au, Hg, and Sb, show a distinct decrease of 

their median values up to about 100 m from known ore zones (Figs. 9.2a-d). Further 

away from the ore zones, the concentrations of these trace elements contained in the bulk 

pyrite concentrates decrease to background levels (Figs. 9.2a-d), which are <1000 ppm 

for As, <0.1 ppm for Au, <6 ppm for Hg, and <200 ppm for Sb.

The trace elements Ag and Zn show a broadly similar behavior (Figs. 9.2e and 

9.2f). The concentrations of the upper quartile decreases up to a distance of about 50-70 

m away from known ore bodies before background levels are reached. Approximate 

background levels for Ag and Zn are less than 10 ppm and 3500 ppm, respectively. The 

trend is not as clear for the median values due to the large number of samples containing 

low Ag and Zn values.

In contrast, Mo shows a different behavior with the median concentrations of the 

sample groups increasing away from known ore zones (Fig. 9.3). Mo concentrations vary 

from typically less than 50 ppm within 50 m of the ore zone to concentrations typically 

greater than 100 ppm past 100 m from the ore zone. In addition, the trends seen with As, 

Au, Hg, and Sb can be combined with Mo to form element ratios that typically show 

more pronounced decreases with increases in distance from the ore (Fig. 9.4).

Several additional trace elements analyzed in the pyrite concentrates such as Co,

Cr, Ni, Sc, and Se show no significant variations in their concentrations as function of
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Figure 9.2: Whisker-and-box plots of the normalized trace element concentrations for 
bulk pyrite concentrates collected at different distances to known ore zones. The box 
encloses the inter-quartile range with the median displayed as a line. The vertical lines 
extending outside the box mark the minimum and maximum values. For (a) As, (b) Au, 
(c) Hg, and (d) Sb, the line connecting the median values illustrates that there is an 
overall trend of decreasing concentrations of concentrations up to 100 m away from 
known ore zones. For (e) Ag and (f) Zn, the line connecting the upper quartile values 
illustrates that there is an overall trend of decreasing Ag concentrations up to 70 m away 
from known ore zones. For each elemental plot, the corresponding background levels are 
indicated by the gray dashed line. Analytical results less than the detection limit were set 
at half of the detection limit for statistical analysis.
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Figure 9.4: Whisker-and-box plots of the normalized trace element ratios for bulk pyrite 
concentrates collected at different distances to known ore zones. The line connecting the 
median values illustrates that there is an overall trend to decreased normalized elemental 
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expresses a more pronounced decrease in normalized elemental ratios with distance from 
the known ore zones than expressed in individual normalized element concentration 
trends, (a) As/Mo, (b) Au/Mo, (c) Hg/Mo, and (d) Sb/Mo. See caption of figure 9.2 for 
further details of plot.
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distance to ore. With the exception of Co and Se, the concentrations of these elements are 

also commonly below detection limit. Because these elements show no spatial trends and 

occur at low concentrations, they do not provide useful indicators in mineral exploration.

In addition to an evaluation of element concentrations as function of the distance to 

known ore zones, it was tested to what extent the stratigraphie position of the sample 

influences the trace element content of the pyrite concentrates (Figs. 9.5a-f). Elements 

such as As, Au, Hg, and Sb are enriched in samples from the contact mudstone when 

compared to samples from the hanging-wall mudstone (Figs. 9.5a-c). Elements such as 

Ag and Zn also exhibit a slight enrichment in the contact mudstone relative to the 

mudstone further up stratigraphy (Fig. 9.5d). Overall, these patterns of enrichment are 

illustrated through the overall negative correlations between the elemental concentrations 

and distance from the footwall rhyolite. In contrast, Se exhibits enrichment in the 

hanging-wall mudstone compared to the contact mudstone, while Mo shows a relatively 

even distribution between the contact and hanging-wall mudstone (Figs. 9.5e and 9.5f).

9.4 Bulk Pyrite Concentrate and Pyrite Compositional Comparison

In general, trends observed in the LA-ICP-MS spot analyses are paralleled by 

compositional trends in the bulk sulfide concentrates. Differences between both data sets 

mostly occur for elements that are largely hosted by mineral inclusions as those clearly 

affect the composition of the bulk pyrite concentrates analyzed by INAA. Figures 9.6-9.8 

show the observed correlations between the INAA data for bulk pyrite concentrates and 

the corresponding LA-ICP-MS data averaged over a number of grains for each sample 

analyzed. Although many data points plot close to the line of equality, some of the 

elements appear to have higher concentrations in the bulk pyrite concentrates than the 

averaged spot analyses. This behavior is most likely related to the presence of sulfide 

mineral inclusions in the pyrite, and/or other separate mineral phases within the bulk 

pyrite concentrates (Tables 9.3 and 9.4). In comparison, samples plotting below the line 

of equality represent cases where the bulk sample concentrations are lower than the 

concentrations measured on individual pyrite grains. This could be the result of the pyrite 

grains selected for analysis not being representative of the sample, and/or the
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Figure 9.6: Scatterplots comparing the trace element content of pyrite concentrates 
measured by INAA with LA-ICP-MS analyses averaged over all grains analyzed for a 
given sample, (a) As, (b) Au, (c) Hg, (d) Sb, (e) Ag, (f) Zn. The gray dashed line express 
equality between the INAA data and the LA-ICP-MS analyses. The plot shows the trace 
element data for both the contact mudstone and hanging-wall-mudstone samples. The 
plots display samples where the trace element abundances are below the detection limit.
In these cases, the trace element concentrations were set at half of the detection limit. The 
correlation coefficients were determined using only the samples above the detection 
limits.
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Table 9.3: Comparison between sample trace element concentrations as derived by 
averaging LA-ICP-MS spot analyses and INAA analyses on bulk pyrite concentrates. 
Trace element data obtained by INAA are renormalized to 100% pyrite. See text for 
discussion of normalization.

Sample II)
Distance 
from Ore 

(m)
As Sb Ag Mo Zn An Hg

C98896-148.7 1.5 MS 3977.3 1456.7 13.2 8.7 3665.1 17.22 7.5
INAA 9705.1 6987.4 136.4 0.9 154427.9 123.0 246.2

C99964-151 11.9 MS 8766.0 310.8 39.22 182.8 582.2 4.7 50.4
INAA 22300.0 977.4 64.1 186.9 20029.7 4.0 280.4

C99958-149.4 21.4 MS 1405.4 303.2 12.7 28.4 <dl* 1.6 35.1
INAA 6695.6 379.0 2.4 0.49 122.8 5.1 72.9

C97857-119 24.1 MS 72.2 39.7 12.6 1.4 11.2 <dl <dl
INAA 3324.5 24529.6 2773.4 2.3 796040.8 84.8 445.4

C97857-116.4 26.6 MS 5246.9 170.8 15.7 24.6 <dl 1.0 1.8
INAA 2009.7 34245.8 4156.8 1.9 1231779.7 108.3 648.3

C99985-27.8 49.2 MS 2708.0 534.7 42.5 23.5 20.3 6.9 2.2
INAA 3377.8 1099.8 222.2 0.6 694.6 162.7 40.3

C98883-76.8 66.4 MS 328.1 325.9 3.7 25.7 39.2 0.7 <dl
INAA 495.9 288.2 4.8 49.8 1207.3 0.1 9.6

Note: *<dl=less than detection limit, MS=LA-ICP-MS.

Table 9.4: Average amount of sulfide mineral inclusions per sulfide grain (area %) as 
determined by analysis of three representative pyrite grains from each sample.

Sample ID Distance from 
Ore (m)

Total
Sulfide Apy Ttr Gn El Cpy Sp Ni

C98896-148.7 1.5 1.4 0.14 0.42 0.56 0.21 0.056 0.14
C99964-151 11.9 1.5 1.2 0.22 0.08
C99958-149.4 21.4 2.3 2.1 0.2
C97857-119 24.1 4.6 0.3 1.25 2.1 0.95
C97857-116.4 26.6 8.3 0.05 1.6 4.9 0.55 1.2
C99985-27.8 49.2 4.8 0.96 1.06 1.69 0.86 0.24
C98883-76.8 66.4 0.05 0.05

Note: Blank table entry means that type of zoning was not found.

renormalizing factor for the bulk sample being too low. For the pyrite grains selected, the 

pyrite morphologies could have affected the average sample composition. For example, 

the conglomeritic grains typically contain higher concentrations of elements such as Mo 

compared to euhedral grains. If there were significant amounts of other Fe-bearing phases 

within the pyrite concentrate such as chalcopyrite, pyrrhotite, or a Fe-silicate/oxide 

(chlorite), then the renormalizing factor for the sample would be too low.

The concentrations of the elements As, Mo, and to a lesser extent Sb are strongly 

correlated between the bulk pyrite concentrates and the LA-ICP-MS pyrite analyses.
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Many samples have concentrations that fall along the line of equality between the bulk 

pyrite concentrates and the pyrite grains (Figs. 9.6a, 9.6d, and 9.7; sample C98883-76.8 

in Tables 9.3 and 9.4). The correlation coefficients of As and Mo for both the contact and 

hanging-wall mudstones are statistically significant at the 0.01 level. The hanging-wall 

correlation coefficient of Sb is statistically significant at the 0.01 level, while the contact 

correlation coefficient is only statistically significant at the 0.05 level.

The concentrations of the elements As, Mo, and to a lesser extent Sb are strongly 

correlated between the bulk pyrite concentrates and the LA-ICP-MS pyrite analyses. 

Many samples have concentrations that fall along the line of equality between the bulk 

pyrite concentrates and the pyrite grains (Figs. 9.6a, 9.6d, and 9.7; sample C98883-76.8 

in Tables 9.3 and 9.4). The correlation coefficients of As and Mo for both the contact and 

hanging-wall mudstones are statistically significant at the 0.01 level. The hanging-wall 

correlation coefficient of Sb is statistically significant at the 0.01 level, while the contact 

correlation coefficient is only statistically significant at the 0.05 level. The presence of 

many samples with equality of As, Mo, and Sb concentrations between the bulk pyrite 

concentrates and the LA-ICP-MS analyses indicates that As, Mo, and to a less extent Sb, 

are largely hosted within the pyrite structure. Locally elevated bulk sample 

concentrations of As and Mo can in part be caused by the presence of arsenopyrite 

(samples C98896-148.7, C99964-151, and C99958-149.4 in Tables 9.3 and 9.4) or Mo 

absorption onto silicate minerals (Vine and Tourtelot, 1970). For Sb, the elevated 

concentrations in the bulk pyrite concentrates can in part be related to inclusions of 

tetrahedrite in the pyrite (samples C97857-119 and C97857-116.4 in Tables 9.3 and 9.4).

In addition to individual element abundances for As, Mo, and Sb, the As/Mo and 

Sb/Mo ratios can be compared between the bulk pyrite concentrates and the averaged 

LA-ICP-MS spots (Fig. 9.8). The As/Mo ratio shows the strongest correlation for 

samples within the contact mudstone between the bulk pyrite concentrate and LA-ICP- 

MS pyrite grain composition with a correlation coefficient of 0.85. For pyrite 

concentrates from the hanging-wall mudstone, the Sb/Mo ratio shows the strongest 

correlation between the bulk pyrite concentrate and LA-ICP-MS pyrite grain composition 

with a correlation coefficient of 0.82.
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Other elements that show pronounced decreases in abundance away from the ore 

zone such as Ag, Au, Hg, and Zn are characterized by weak correlations between the bulk 

pyrite compositions and the averaged LA-ICP-MS data (Figs. 9.6b, 9.6c, 9.6e, and 9.6f). 

These correlations, with the exception of Au, are only statistically significant for samples 

from the contact mudstone at the 0.05 level. The majority of concentrations in the bulk 

pyrite concentrates are greater than the LA-ICP-MS pyrite grain compositions. This 

indicates that Ag, Au, Hg, and Zn in the bulk pyrite concentrates are not entirely hosted 

by the pyrite structure. It is likely that these elements are largely hosted by mineral 

phases forming inclusions within the pyrite or occur as separate mineral phases in the 

bulk pyrite concentrates. For example, elevated concentrations of Ag and Au in the bulk 

pyrite concentrate can in part be related to Ag-bearing tetrahedrite and electrum 

inclusions (sample C99985-27.8 in Tables 9.3 and 9.4). With respect to Hg, it is 

important to note that Grammatikopoulos et al. (2005, 2006) showed that high Hg 

concentrations in bulk ore samples correlated with Hg substitution into sphalerite and 

tetrahedrite. Higher concentrations of Zn in the bulk pyrite concentrates are likely related 

to sphalerite inclusions.
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CHAPTER 10 

DISCUSSION

The primary purpose of this study has been to determine if pyrite can be used as a 

vector to base and precious metal sulfide deposits hosted by carbonaceous mudstone 

using the Jurassic Eskay Creek deposit as a test case. The study was motivated by 

previous trace element analyses showing trends in the composition of bulk pyrite samples 

with distance to ore. The present study focused on the examination of the morphology, 

texture, and composition of individual pyrite grains to test how these characteristics relate 

to the bulk pyrite concentrate composition and to determine if these properties of pyrite 

grains change systematically with distance to known ore zones. The present chapter 

discusses the findings of the research in the light of previous research on pyrite. First the 

characteristics of pyrite formed in different environments are discussed to derive first- 

order constraints on the origin of pyrite contained in the mudstone. The second part of the 

chapter discusses additional controls on the morphology, texture, and composition of 

pyrite. Based on these findings, implications for the deposit model are derived. Finally, a 

set of exploration guidelines are proposed that makes use of pyrite as an indicator 

mineral.

10.1 Environments of Pyrite Formation

At Eskay Creek, pyrite contained in the mudstone host of the ore zones could 

have formed during diagenesis, hydrothermal activity, or regional metamorphism (Fig. 

10.1). As the mineralization at Eskay Creek is syngenetic, diagenetic pyrite formation 

could be essentially contemporaneous with hydrothermal activity. Diagenetic pyrite is 

likely to have formed throughout the entire basin and its occurrence would most likely 

not be spatially related to the ore deposit. In contrast, hydrothermal pyrite is likely to 

have formed proximal to the upflow zones of the hydrothermal fluids and within a halo 

surrounding the upflow zones. As redeposition of sulfides played a major role in the 

formation of the dominantly clastic ore zones, it appears possible that two types of
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Primary hydrothermal pyrite 
forms associated with VHMS 
mineralization in sulfide mound Diagenetic pyrite forms 

in the mudstone
Secondary hydrothermal pyrite generations 
form along hydrothermal fluid pathways 
and altering primary pyrite, sulfides, 
and sulfosalts in the clastic ore beds

Hanging-wall basalt

Carbonaceous
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Hydrothermal pyrite
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Figure 10.1: Pyrite formational processes in relation to the Eskay Creek deposit. (I) 
VHMS hydrothermal pyrite forms in association with the ore formation above the 
footwall rhyolitic emplacement in the mudstone. (II) Hydrothermal explosions from 
volatile depressurization create brecciation of the ore body and clastic transport as debris 
flows forming laminations in the mudstone. Hydrothermal circulation cells are active 
above the footwall rhyolite and recrystallize earlier pyrites and form new in situ 
hydrothermal pyrite. (Ill) Hydrothermal circulation continues as the hanging-wall basalt 
is emplaced, the clastic ore debris flows cease, and secondary hydrothermal pyrite 
generations are still possible in situ. (IV) Lower sub-greenschist metamorphism during 
the Late Cretaceous, not associated with significant pyrite recrystallization. Prior and 
throughout the hydrothermal periods, diagenetic pyrite could be forming on the seafloor 
and in the mudstone under the hypoxic conditions of the basin.

Hydrothermal erruption causing 
brecciation and mass debris flow 
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hydrothermal pyrite occur at Eskay Creek, namely pyrite that formed in situ during the 

interaction of the mudstone with the hydrothermal fluids and pyrite that forms 

laminations in the mudstone and was deposited into the mudstone during ongoing 

sedimentation. It is possible that the host rocks at Eskay Creek also contain metamorphic 

pyrite although the metamorphic grade in the deposit area is low.

10.1.1 Diagenetic Pyrite

Fine-grained sedimentary rocks such as carbonaceous mudstones commonly 

contain several percent of sedimentary pyrite that formed from reduced porewaters, often 

through bacterial mediation (Huyck, 1989; Schieber, 2002). Diagenetic pyrite is fine

grained (<5 jam) and typically framboidal. The pyrite is sooty and rich in silicate mineral 

inclusions. Colloform zoning patterns are common in diagenetic pyrite (Chen, 1978; 

Large et al., 2007, Large et al., 2009; Guy et al., 2010; Ulrich et al., 2011). Thomas et al. 

(2011) conducted LA-ICP-MS analyses of pyrite grains contained in organic-rich shales 

to determine the compositional characteristics of diagenetic pyrite. These authors showed 

that diagenetic pyrite is commonly enriched in As, Au, Co, Cr, Cu, Mn, Mo, Ni, Pb, Se, 

Te, Tl, U, V, and Zn.

Based on these previously established criteria, the dull, bronze colored pyrite 

grains that have framboidal, conglomeritic, and globular grain morphologies from Eskay 

Creek would be classified as being diagenetic in origin. The grains are heterogeneous in 

texture and rich in silicate mineral inclusions, which is consistent with pyrite nucléation 

being favored over pyrite growth in the diagenetic envrionment. The spongy zoning in 

the conglomeritic grains and the colloformal textures in the globular grains are similar to 

zoning patterns of diagenetic pyrite described by other workers (Chen, 1978; Huston et 

al. 1995; Large et al., 2009; Maslennikov et al., 2009).

The microanalytical investigations of the present study generally show that 

elements such as Mo, Mn, Se, Co, and Cu are commonly enriched in pyrite grains 

interpreted to be of diagenetic origin. Bulk analysis of pyrite concentrates has shown that 

samples collected at various distances to ore have consistent background levels of these 

elements, suggesting that a hydrothermal system is not required to explain low
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concentrations of these elements in pyrite. The pyrite having framboidal, conglomeritic, 

and globular grain morphologies is formed from fluids that were depleted in elements 

such as As and Sb.

10.1.2 Hydrothermal Pyrite

Pyrite formed through hydrothermal processes in various deposit types has been 

studied by a number of previous workers (Zacharias et al., 2004; Chouinard et al., 2005). 

Although similarly detailed studies on pyrite are have not yet been performed on many 

VHMS deposits, some information on the habit, texture, and composition of 

hydrothermal pyrite from these deposits is available from Huston et al. (2005) and 

Maslennikov et al. (2009).

Maslennikov et al. (2009) focused on the characteristics of pyrite occurring in 

black smoker chimneys and systematic variations between pyrite present in the walls and 

close to the central conduit. This study on the Yaman-Kasy VHMS chimneys revealed 

the juxtaposition of recrystallization textures in which the periphery of the chimney 

contained globular and colloformal textures, which transitioned to recrystallized, 

euhedral crystals towards the central conduit. Huston et al. (1995) recorded a similar 

trend of recrystallization habits in pyrite from the Mt. Chalmers VHMS deposit in 

Australia. Huston et al. (1995) also noted that the transition from the top of the massive 

sulfide lens down to the stringer zone was generally characterized by the replacement of 

shreddy, colloformal, spongy, and framboidal habits to coarser grained, lath-like euhedral 

grains, which could correlate to a progressive change in temperature.

Huston et al. (1995) reported that euhedral pyrite is typified by stoichiometric 

substitutions of Co, Ni, Se, and/or Te that causes deviations from the ideal pyrite 

composition. In contrast, As, Au, Cd, In, Mo, and Tl occurred as nonstoichiometric 

substitutions, whereas Ag, Ba, Bi, Cu, Pb, Sb, and were primarily present as mineral 

inclusions such as sulfides and tellurides. In addition, Huston et al. (1995) showed that 

As and Tl correlate positively in the colloformal and coarse-grained pyrite from the upper 

part of the massive sulfide lens at Mount Chalmers, Australia.
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The presence of Tl and Sb in pyrite has also been noted at other VHMS deposits. 

Murao and Itoh (1992) showed that Kuroko VHMS deposits contain pyrite that is 

enriched in Tl (up to 8000 ppm). Based on a study of the Rosebery deposit in Tasmania, 

Smith and Huston (1992) demonstrated that Tl and Sb enrichment is common within the 

alteration halos surrounding the lower-temperature Zn rich part of the deposit. 

Maslennikov et al. (2009) suggested the existence of spatial trends in VHMS deposits 

from high Se/Tl values close to the central conduit to low Se/Tl contents in the periphery. 

This observation was explained by spatial variations in temperatures and redox 

conditions.

At Eskay Creek, the bright, golden-colored and pseudo-homogeneously textured 

crystals that have cube, pyritohedra, octahedra, and trapezohedral morphologies are likely 

to be of hydrothermal origin. The internal zoning patterns of the pseudo-homogeneous 

pyrite grains are consistent with the pyrite being formed by ore-forming fluids. 

Enrichment of the pyrite by elements such as As, Sb, Tl, and Pb responsible for those 

zoning patterns is consistent with enrichment trends observed in other VHMS deposits 

(Murao and Itoh, 1992; Smith and Huston, 1992; Maslennikov et al., 2009). Enrichment 

in Sb in pyrite from Eskay Creek is commonly paralleled by elevated concentrations of 

Ag, Pb, and Tl. As a result. As and Sb enriched zones occurring in the simple core-rim, 

concentric core-rim, regular intergrowth, and sector zoning are indicative of a 

hydrothermal origin of the pyrite (Huston et al. 1995; Zacharias et al., 2004; Chouinard et 

al., 2005).

The observed spatial trends of decreasing element concentrations in individual 

pyrite grains with increasing distance to ore, approaching background levels that can also 

be found in the framboidal, conglomeritic, and globular pyrite, suggests that the chemical 

influence of the hydrothermal fluids on pyrite formation diminishes with increasing 

distance from hydrothermal upflow zones. This change in the intensity of the 

hydrothermal influence on pyrite composition is also reflected in the mineral inclusion 

inventory. Tetrahedrite, galena, and arsenopyrite occur within 50 m from ore, while 

chalcopyrite, sphalerite and Ni+/-Cr+/-V-bearing sulfide minerals increase in relative 

abundance past 50 m from ore. Associated with this mineralogical change away from ore 

is a change in mineral inclusion textures, ranging from concentrically arranged and
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irregularly distributed to pore space infilling textures. This observation can be simply 

explained by the outward migration of hydrothermal fluids and continued changes in 

fluid composition through interaction with the host mudstone and mixing with ambient 

water.

It is important to note that distinctly rounded grains have not been recognized in 

the present study. If redeposition of hydrothermal pyrite took place, transport must have 

occurred over short distances and at comparably low energies, preventing significant 

rounding of pyrite grains. However, it cannot be ruled out that pyrite fragments present in 

the bulk concentrates investigated in this study may have been produced as a result of 

transport. As abundant fragments are also likely to have formed during preparation of the 

pyrite concentrates, which involved crushing, sieving, and superpanning, it is not possible 

to resolve to what extend the samples contain clastic sulfides without textural context. 

However, the delicate or angular nature of the pyrite grains investigated in the present 

study suggests that these grains formed within the host mudstone.

10.1.3 Metamorphic Pyrite

Previous workers have shown that metamorphic pyrite commonly forms rims or 

overgrowths on existing pyrite grains (Craig et al., 1998; Large et al., 2007; Large et al., 

2009; Guy et al., 2010). The pyrite appears to be commonly coarser grained and 

generally devoid of trace elements due to slow growth allowing the formation of separate 

sulfide mineral inclusions rather than incorporation into the pyrite structure (Craig et ah, 

1998; Large et al., 2009). Previous investigations also suggest that ductile deformation of 

pyrite only occurs at temperatures in excess of 425°C (McClay and Ellis, 1983). The 

occurrence of minor pressure solution of preexisting pyrite and related overgrowth during 

lower greenschist metamorphism has been documented for pyrite from a SEDEX deposit 

in British Columbia (Lianxing and McClay, 1992).

The pyrite identified at Eskay Creek does not show the characteristics of 

metamorphic pyrite previously described. There is no evidence for recrystallization of the 

diagenetic or hydrothermal pyrite or overgrowth by a distinct new pyrite generation. A
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deformation fabric has not been observed in silicate mineral inclusions within the pyrites 

(Craig et al. 1998; Large et ah, 2007, Large et ah, 2009).

10.2 Typomorphic Properties of Pyrite

The above discussion shows that the environment of pyrite formation represents a 

first-order control on the morphology, texture, zoning, and composition of pyrite as all of 

these properties relate to the conditions of pyrite formation. However, in addition to a 

broad distinction between environments of pyrite formation (i.e., diagenetic versus 

hydrothermal), the present research allows for the identification of additional controls on 

the typomorphic properties of pyrite at Eskay Creek. These controls are discussed in 

more detail in the following sections.

10.2.1 Controls on Pyrite Morphology and Texture

Pyrite contained in the mudstone host of the Eskay Creek deposit has variable 

morphologies. The pyrite ranges from coarser grained crystal forms (>50 pm) to 

aggregated grains consisting of small pyrite crystals (<10 pm) or globular grains 

cemented by fine-grained pyrite as observed in framboidal, conglomeritic, and globular 

grains. The crystal forms of the coarser grained pyrite range along a spectrum from the 

{100} cube to progressive development of the cube combined with other crystal forms 

such as the {210} and {310} pyritohedral, {211} trapezohedral, {111} octahedral, and 

the {210}+{ 111} cubo-octa-pyritohedral morphologies.

The pyrite morphologies change in abundance from the ore zone at Eskay Creek 

from a diversity of crystal forms within 100 m of the ore zone such as the {210}, {310}, 

{211}, and {111} forms to the {100} only crystal form, globular, framboidal, and 

conglomeritic grain morphologies past 100 m. This trend is also reflected in the decrease 

in bright, golden relative to dull, bronze colored pyrite grains away from the ore zone. 

Framboidal and globular pyrite grains are absent near the ore zone, although as seen 

under reflected light microscopy, encapsulated remnant framboids are evident within the 

coarser grained crystal forms. In comparison, conglomeritic grains occur throughout 

samples spatially, locally predominating in samples within 50 m of the ore zone.
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The development of different pyrite morphologies is known to be influenced by 

variations in temperature. Experimental studies have shown that pyrite formed at low 

temperatures (<150°C) is typically fine-grained similar to pyrite occurring in framboids 

while pyrite growing at higher temperatures (>200°C) typically forms larger euhedral 

crystals as the growth rate predominates over the nucléation rate under those conditions 

(Butler and Rickard, 2000). This experimental study is in agreement with the above 

mentioned empirical studies by Huston et al. (1995) and Maslennikov et al. (2009), 

establishing that globular and colloformal textures in pyrite prevail in the outer parts of 

chimneys and at the top of massive sulfide lenses while euhedral crystals predominate in 

the higher-temperature environment of the chimney conduits and feeders.

Assuming that the spatial variations in pyrite morphology observed at Eskay 

Creek primarily represent a temperature control, it could be argued that pyrite formed 

close to the upflow zones of the hydrothermal fluids, is predominantly euhedral while 

pyrite formed under lower temperature conditions would be primarily framboidal and 

globular.

The occurrence of encapsulated remnant framboids within the coarser grained 

crystal forms suggests that framboid formation predated the growth of euhedral pyrite at 

a given location in space. In addition, the relationships of the crystal forms modifying the 

cube support the later crystallization of {210}, {310}, {211}, and {111} forms relative to 

the {100} form. The occurrence of trapezoidal overgrowths from the addition of the 

{210}+{ 111} crystal forms onto cubes, suggests a period of contemporaneous 

crystallization of the {210} and {111} forms. Also, the local the occurrence of the {310} 

form can be found modifying the {210} form, suggests the later crystallization of the 

{310} relative to the {210} form. Thus, in a given sample, pyrite framboids appear to 

have formed first, followed by the formation of pyrite cubes. The other crystal forms 

appear to be later, with the {310} form probably representing the youngest phase of 

pyrite growth in a given sample.

A similar progression if pyrite morphology has been documented by 

Korobeynikov and Pshenichkin (1985) and Li et al. (1994) for pyrite from a variety of 

hydrothermal to metamorphic Au deposits. These studies indicate the general sequence of
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paragenesis from pre-ore stage cubes, to ore-stage pyritohedra associated with a diversity 

of crystal forms, to post-ore stage octahedra.

Following the concept that temperature represents an important control on pyrite 

morphology, it appears possible that the observed progression in pyrite morphologies at 

Eskay Creek largely reflects a change in the temperature of the fluids interacting with the 

mudstone over time (Fig. 10.2). Early framboidal pyrite may have formed at low- 

temperatures and is subsequently overgrown by pyrite forming cubes, reflecting an 

overall prograde trend of the hydrothermal system. Subsequent crystallization of the more 

complex euhedra may reflect a subsequent change in the temperature at which pyrite 

formed. In summary, it is proposed here that the morphology of pyrite relates to the 

evolution of the fluids interacting with the host mudstone in time and space. In such a 

model, the distinction between hydrothermal pyrite formed from evolved hydrothermal 

fluids at low temperatures and diagenetic pyrite formed from diagenetic fluids at low 

temperatures is not readily possible.

Framboidal ------------------------------------------------------------------

Globular -------------------------------------------------------------------------------------------------------------------

Conglomeritic

{100}    .............

{111} --------------------------------------------
{210} ---------------------------------------------------------

{211} -------------------------------------------------------

{310} -----------------

 ►
Time and/or Temperature 

(space fixed)

Figure 10.2: Paragenetic diagram of the pyrite morphologies at Eskay Creek with the 
width of the line corresponding to the relative abundance of the morphology.
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10.2.2 Controls on Pyrite Composition

The BSE zoning patterns vary from regular to irregular types, with the regular 

zoning patterns typically decreasing in frequency with increasing distance from the ore 

zone. Despite this spatial trend, irregular zoning patterns can still be found up the ore 

zone, and zoning patterns can be significantly different in grains separated by less than 

five meters. Compositionally, the regular zoning patterns of simple core-rim, concentric 

core-rim, regular intergrowth, outer overgrowth, and locally sector zoning are controlled 

by variations in As and Sb concentrations associated with zones of enrichment in As 

and/or Sb relative to pyrite grains containing the zoning patterns of asymmetric, 

colloformal, irregular intergrowth, patchy, and spongy. Arsenic enrichment typically 

occurs within zones towards the cores of grains, although it can be found throughout a 

grain, while Sb enrichment typically occurs in localized zones towards the rims of grains. 

This suggests, that the Sb enrichment occurred during a later, localized stage of the 

hydrothermal system relative to As enrichment. Additionally, the elevated Sb 

concentrations are associated with the elemental suite enrichment of Ag, Pb, and Tl. This 

could in part be related Sb substituting for S in the pyrite structure in the minus three 

valence state forming dianions within the pyrite as SbS"3, which promotes the substitution 

of plus three valence cations substituting into the Fe+2 position as in Tl+3 (Abraitis et ah, 

2004).

In comparison to As and/or Sb controlled zoning patterns, the regular zoning 

patterns of asymmetric and locally sector zoning, along with the irregular zoning patterns 

as in patchy, irregular intergrowth, spongy, and colloformal contain consistently low 

levels of As and Sb. These zoning patterns are controlled by variations in the 

concentrations of Mn, Mo, Ni, and/or Se within grains, commonly with zones of 

enrichment in Mn, Mo, Ni, and/or Se relative to the As and/or Sb controlled zoned grains 

as in simple core-rim, concentric core-rim, regular intergrowth, outer overgrowth, and 

locally sector zoning patterns.

Additionally, compositionally within the pyrite grains, there are two general 

mineral associations: 1) tetrahedrite (typically Ag-bearing), galena, and arsenopyrite, and 

2) chalcopyrite, sphalerite, and locally Ni+/-Cr+/-V-bearing minerals. These metal 

associations are associated with spatial and textural trends of the sulfide mineral
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inclusions in the pyrite. This is seen in the decrease in the abundance of sulfide mineral 

inclusions spatially away from the ore zone that is associated with the change from 

concentrically arranged and irregularly distributed textured sulfide mineral inclusions that 

are commonly of tetrahedrite, galena, and arsenopyrite, to pore space infilling textured 

inclusions as in chalcopyrite and sphalerite at around 50 m from the ore zone.

Broader scaled spatial trends in the composition of pyrite within samples from 

LA-ICP-MS data indicate trends in As, Mo, Sb, Tl, and to a lesser extent Pb relative to 

the ore zone. The elements of As, Sb, Tl and Pb show trends of decreasing concentration 

with increasing distance away from the ore zone juxtaposed with samples containing 

consistently low, background levels, of these elements spatially throughout. In contrast, 

Mo concentrations show trends of increasing concentrations away from the ore zone. For 

As and Mo these trends extend to the farthest sampling distance of 4425 m, while for Sb, 

Tl, and Pb these trends only extend to distances of around 100 m from the ore zone. 

Strong elemental spatial correlations are seen in As and Mo concentrations, that can be 

combined in an elemental ratio of As/Mo that exhibits the most pronounced decreasing 

spatial trend from the ore zone.

The source trace elements and compositional trends could in part be related 

enrichment by the mudstone as described by Large et al. (2007 and 2009). Large et al. 

(2007 and 2009) attributes the trace element source for the pyrite to be the mudstone that 

is enriched in a whole suite of elements as in As, Au, Co, Cr, Cu, Mn, Mo, Ni, Pb, Se, Te, 

Tl, U, V, and Zn due to absorption onto to the clay minerals (Vine and Tourtelot, 1970; 

Morse and Luther, 1999). Accordingly, the diagenetic pyrite that is formed within the 

mudstones is enriched in this suite of elements relative to hydrothermal pyrite due the 

higher crystallization rates of diagenetic pyrite. The higher crystallization rates of 

diagenetic pyrite lead to the incorporation of increased amounts of trace element 

impurities from the mudstones that occur as non-stoichiometric substitutions and mineral 

inclusions within the pyrite. Subsequently, the recystallization of the diagenetic pyrite 

from hydrothermal fluids, under slower crystal growth rates, promotes the expulsion of 

these non-stoichiometric substitutions and disequilibrium concentrations. These elements 

then became incorporated into the hydrothermal pyrite generations as substitutions or as 

sulfide mineral inclusions such as galena, chalcopyrite, and sphalerite.

157



The main problem with using this model to explain trends at Eskay Creek is that 

the pyrite morphology is not systematically related to composition. In that diagenetic 

pyrite morphologies of conglomeritic, framboidal, and globular grains at distances past 

200 m, where hydrothermal recrystallization is low to not present, do not show an 

enrichment in trace elements as in As, Pb, Sb, and T1 relative to the hydrothermal pyrite 

generations as in the crystal forms. These diagenetic, conglomeritic grains can even show 

the reverse relationship spatially, containing an enrichment in As, Pb, Sb, and T1 within 

50 m relative to at distances of greater than 200 m. Additionally, the framboidal remnants 

within the coarser grain hydrothermal pyrite typically contain a sulfide mineral inclusion 

assemblage that parallels the change in fluid composition spatially, suggesting that the 

framboids are not the source of the metals.

In contrast to this diagenetic model, in the hydrothermal and wall-rock buffered 

fluid model the relative influence of the hydrothermal and wall-rock buffers controls the 

fluid and resultant pyrite composition with low influence from crystallization rate as 

represented by pyrite morphology (Fig. 10.3). The hydrothermal fluid buffer represents 

an immature hydrothermal fluid formed from interaction either with the primary ore- 

bearing fluids during the VHMS mineralization stage or with the ore zones post

deposition. Therefore, the hydrothermal fluid buffer is the source of elevated Ag, As, Pb, 

Sb, and T1 concentrations for the pyrite, and also Au and Hg that were seen primarily in 

the bulk pyrite concentrates. In comparison, the wall-rock buffer represents fluid 

interaction with the wall-rock, in particular the mudstone. As a result, the wall rock 

buffer is the source of the background levels of Ag, As, Cu, Co, Mo, Ni, Pb, Sb, Se, T1 

and locally Cd, Mn, and V as seen on the LA-ICP-MS spatial plots in chapter 8.

In this model, the relative interaction/equilibration between the hydrothermal and 

wall-rock buffers is the primary control on the fluid composition and the resultant 

composition of the pyrite generation. Differences in the influence of the hydrothermal 

relative to wall-rock buffers on a fluid can be related to such factors as fluid paths, 

residence time within the wall-rock, magmatic input to the hydrothermal fluids, mixing of 

hydrothermal fluids, and associated compositional factors as in pH, temperature, and 

oxidation state. For example, differences in the hydrothermal relative wall-rock buffer 

influences of the fluids from one fluid passing through the ore zone while another fluid
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Hydrothermal and wall-rock buffer model

Primary VHMS mineralizing 
fluids with elevated Ag, As 
Au, Hg, Pb, Sb, Tl, and Zn 
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Enrichment in Mn, Mo, Ni, Se with 
background levels o f other trace elements 
derived from the mudstone. Saturation levels for 
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Figure 10.3: Hydrothermal and wall-rock buffer model for the Eskay Creek deposit. The 
numbers ( 1 -4) correspond to contrasting upflow fluid pathways that have different 
implications in each model. The fluid upflow paths of 1 and 2 will be enriched near the 
ore zone in Ag, As, Au, Hg, Pb, Sb, Tl, and Zn due to being hydrothermally buffered 
within the primary VHMS system or from interaction with the clastic ore beds, 
representing immature fluid compositions. At greater distances from the ore zone, the 
hydrothermal fluids have had strong interactions with the wall-rock buffer leading to a 
depletion in this hydrothermal buffer associated suite of elements and relative enrichment 
in Mn, Mo, Ni, and Se. In comparison, hydrothermal fluids 3 and 4 are only weakly to 
not hydrothermally buffered by the clastic ore beds leading to low enrichment in the 
hydrothermal buffer suite of elements near the ore zone. As a result, hydrothermal fluids 
3 and 4 cause the juxtaposition of composition between the hydrothermally buffered suite 
of elements and the wall-rock buffered suite of elements within hydrothermal pyrite 
spatially from the ore zones.



only passing through the shale wall rock can result in the variances in composition seen 

in samples juxtaposed within meters. Additionally in this model, the 

sedimentary/diagenetic pyrite although originally formed from pore fluids that represent 

wall-rock equilibrated fluids, can be altered close to the ore zone by hydrothermal 

buffered fluids. This hydrothermal alteration is seen locally within 50 m of the ore zone, 

in the conglomeritic grains through fracture infilling by arsenopyrite, galena, and/or 

tetrahedrite and As, Pb, Sb, and Tl-rich regular intergrowth and concentric bands.

The spatial trends in the stoichiometric and non-stoichiometric elements as in As, 

Mo, Pb, Sb, and Tl, and the associated sulfide mineral inclusion assemblage change from 

tetrahedrite (typically Ag bearing), galena, and arsenopyrite to chalcopyrite, sphalerite, 

and locally Ni+/-Cr+/-V reflects the evolution of the hydrothermal fluids. These general 

trends can be related to high hydrothermal buffer interaction for the hydrothermal fluids 

near the ore zone enriching the hydrothermal fluids in As, Pb, Sb, and Tl that are 

characteristic of immature hydrothermal fluid compositions as seen in the BSE zoning 

patterns of simple core-rim, concentric core-rim, regular intergrowth, outer overgrowth, 

and locally sector zoning. At greater distances, the increasing wall-rock buffer interaction 

for the fluids results in decreasing As, Pb, Sb, and Tl concentrations to background levels 

and increased concentrations of Cu, Mn, Mo, Ni, Se and Zn, as seen in the BSE zoning 

patterns of asymmetric, colloformal, irregular intergrowth, patchy, spongy, and locally 

sector.

The hydrothermal fluid evolution spatially from a strongly hydrothermal buffered 

fluid, representing an immature hydrothermal fluid composition, to an increasingly wall- 

rock buffered fluid with increasing distance from the ore zone can also be modeled from 

a geochemical perspective. Proximal to the ore zone the immature hydrothermal fluid is 

characterized by having a lower pH, being more reduced, and being of a higher 

temperature. At greater distances, the fluid transitions to an evolved, wall-rock buffered 

fluid that has higher pH, is more oxidized, and is of lower temperature due to the 

increased interaction with the wall-rock and seawater. For example, Spycher and Reed 

(1989)’s geochemical modeling showed that As, Sb, and sulfosalt (e.g. tetrahedrite) 

saturation is higher under lower pH and increased reduced sulfur activities characteristic 

of fluids close to the central ore zone. In comparison, elements as in Se, Mo, and Mn are
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more saturated under higher oxidation levels as characteristic of more wall rock 

equilibrated fluids (Huston et al., 1995; Maslennikov et al., 2009). Furthermore, the trend 

seen in inclusions from galena to sphalerite and chalcopyrite farther away from the ore 

could be related to Huston and Large (1987)’s study on the zinc ratio, Zn/(Zn+Pb), within 

VHMS systems. This study found that within the temperature range of 0-300°C, as at 

Eskay Creek, decreasing temperatures exponentially increased the Zn ratio.

10.2.3 Genetic Implications

There are at least two related hydrothermal events that characterize the Eskay 

Creek VHMS system. The first is the hydrothermal system that produced the primary 

VHMS mineralization system above rhyolitic flow domes/sills with hydrothermal 

circulation driven along fractures associated with the dome/sill emplacement. The second 

is to relate the pyrite growth to fluids after brecciation, transport, and deposition that 

would be associated with post-ore footwall rhyolite and hanging-wall basalt 

emplacement. As noted in the geologic setting, the most intense alteration occurs beneath 

the ore zone with associated footwall mineralization that is likely associated with the 

primary ore deposition of the VHMS system near the central vent. Additionally, as seen 

with As and Sb in the LA-ICP-MS data, the concentrations of these elements decrease 

away from the footwall rhyolite.

The differentiation of ore and post-brecciation hydrothermal systems could in part 

be related to the compositions of the hydrothermal fluids. Roth et al. (1999) described the 

post-depositional hydrothermal fluids as causing the massive stibnite replacement of the 

clastic ore beds. In this study, the Ag, Sb, Tl, and Pb enriched pyrite generations 

generally appear paragenetically later, towards the rims relative to the As enriched, lower 

Sb pyrite cores. Also, as seen in the stronger spatial correlations with the As/Mo ratio 

compared to the Sb/Mo ratio, the As enriched fluids could be representative of a more 

prolific hydrothermal system as in the primary VHMS hydrothermal system. Thus, the As 

enriched system might have been related to the primary VHMS system, while the Sb 

enriched system could be related to the post-depositional system.
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10.3 Exploration Guidelines

Based on the observations of the present study, it is possible to derive an objective 

measure of the intensity of the hydrothermal signal for a given sample (Table 10.1). The 

intensity of the hydrothermal signal hereby broadly correlates with the distance to the 

upflow zone of the immature hydrothermal fluids. Samples that have a clear 

hydrothermal signal dominantly contain pyrite formed from the immature hydrothermal 

fluids while samples that essentially have background values would primarily contain 

diagenetic pyrite or pyrite that formed by a hydrothermal fluid that has equilibrated with 

the wall-rocks.

Identification of samples that are clearly anomalous would be critical during 

exploration. Variations in the intensity of the hydrothermal signal could then be used as 

vectors towards ore. Samples with background values of key indicators (Table 10.1) do 

not provide information useful in an exploration context as no distinction can be made 

between pyrite formed from an evolved hydrothermal fluid distal to upflow zones and 

diagenetic pyrite formed from pore water unrelated to ore-forming processes.

Table 10.1 illustrates that a range of pyrite properties can be used to measure the 

intensity of the hydrothermal signal. This includes the morphology, texture, and 

composition of individual pyrite grains as well as trace element content of bulk pyrite 

concentrates. The likelihood of correctly identifying a given sample as being anomalous 

increases if more than one of the key indicators suggest that pyrite in the sample formed 

by hydrothermal processes.

Based on these findings, an exploration protocol for base and precious metal 

sulfide deposits hosted by carbonaceous mudstones can be developed. During initial 

exploration, drill core and outcrop samples should be collected and processed to obtain 

bulk pyrite concentrates for compositional analysis. It is proposed here that analysis of 

pyrite concentrates should be performed in addition to whole-rock geochemical analysis 

as both can yield complementary results. Pyrite separation followed by trace element 

analysis can be readily performed in an exploration context as commercial laboratories 

are available to perform this type of work on large sample numbers. Based on this study, 

it is recommended to use established INAA procedures for a first classification of the 

samples whereby bulk pyrite concentrates that show concentrations of Ag, As, Au, Hg,
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Sb, and/or Zn above background, combined with comparably low Mo concentrations, 

would be classified as being geochemically anomalous. However, if the analysis of bulk 

pyrite concentrates becomes an important exploration tool, it is recommended to develop 

analytical protocols that allow for the determination of a wider range of elements. One of 

the limitations of INAA is that it cannot be used to determine the concentrations of all 

trace elements that might be of interest in base and precious metal exploration, including 

Cu, Pb, and Tl. More complete trace element analysis could potentially be achieved by 

bulk powder LA-ICP-MS investigations.

Follow-up analysis should be performed on samples that have been identified as 

geochemically anomalous and, in particular samples where the hydrothermal signal is 

weak and just marginally above background. As demonstrated in this research, 

microanalytical investigations on individual pyrite grains should be conducted to test why 

a given sample appears to be geochemically anomalous. The analysis of individual grains 

will provide independent evidence establishing whether a given mudstone sample 

contains a distinct pyrite population formed by hydrothermal processes. As pointed out 

above, microanal ytical characterization of samples identified to be geochemically 

anomalous through bulk pyrite analysis should be performed using several 

complementary techniques, which are discussed in relative order of importance below.

As a first step, BSE imaging should be performed to study the zoning patterns of 

pyrite grains that are clearly related to compositional variations. The occurrence of 

regular zoning patterns (e.g., concentric core-rim, regular intergrowth, outer overgrowth, 

simple core-rim, and sometimes sector zoning) indicates that a given pyrite grain formed 

from an immature hydrothermal fluid, especially if zoning is related to elevated As, Ag, 

Pb, Sb, Tl and sometimes Au concentrations, with Mo occurring at low levels. In 

contrast, asymmetric and irregular zoning patterns, coupled with low As and Sb 

concentrations and relative enrichment in Mn, Mo, Ni, and/or Se are indicative of pyrite 

formation from a mature, rock-buffered fluid that may or may not be associated with ore 

formation.

During BSE imaging, the occurrence of sulfide mineral inclusions in pyrite should 

be recorded and, if possible, quantified. The total number and textures of the sulfide 

mineral inclusions can be readily identified, and the sulfide mineral inclusions
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assemblage can be determined through EDX analysis. The sulfide mineral inclusion 

assemblage is generally consistent within a given sample. As a consequence, only two to 

three representative grains would need to be analyzed per sample to minimize cost. High 

amounts of sulfide mineral inclusions (greater than one percent area sulfide mineral 

inclusions per grain), in particular of arsenopyrite, tetrahedrite, galena, and/or electrum 

are suggestive of a hydrothermal origin of the pyrite and proximity to ore, especially if 

these inclusions are concentrically arranged, irregularly distributed, or occur as fracture 

infillings. In contrast, low amounts of sulfide mineral inclusions (less than one percent 

area mineral inclusions per grain), with the principal sulfide minerals being chalcopyrite, 

sphalerite, and/or Ni+/-Cr+/-V-bearing mineral phases are indicative of pyrite formation 

from a more mature fluid. The mineral inclusions in these pyrite grains typically infill 

pores. Pyrite formed distally from the hydrothermal upflow zones or through diagenetic 

processes is unlikely to show any of these mineral inclusion types. In addition to 

information on zoning patterns and sulfide mineral inclusions, BSE imaging will also 

yield constraints on pyrite morphology even if the pyrite grains are not initially studied 

by SE imaging as conducted in the present research. The imaging easily allows for the 

distinction between pseudo-homogeneous and heterogeneous grains, which provides an 

additional layer of information (Table 10.1).

One of the advantages of BSE imaging coupled with EDX analysis is that it can 

be performed quickly on a large set of grains, which would be comparably cost efficient 

in an exploration scenario. However, a possible difficulty is that the ability to image 

subtle BSE contrasts depends on instrumental configuration. As a consequence, it is of 

paramount importance to perform this type of work on a state-of-the-art instrument as 

critical zoning patterns could potentially be overlooked otherwise.

In most exploration programs, it is likely that the use of BSE imaging and EDX 

analysis will be sufficient to characterize the samples in combination with bulk 

geochemical analysis. More detailed microanal ytical research that further constrains the 

composition of pyrite grains including EMP and LA-ICP-MS would likely be too costly 

on a routine basis. However, it is recommended that such analysis should be performed as 

baseline studies for different geological environments or if exploration is conducted in a 

new shale basin. One of the advantages of using LA-ICP-MS relative to the EMP is that
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LA-ICP-MS allows for the determination of an increased number of trace elements due to 

the typically lower detection limits. For example, in this study LA-ICP-MS analysis 

allowed for the detection of Sb, Tl, and sometimes Ag and Au, which were almost 

uniformly below the detection limits on the EMP. One of the other advantages of LA- 

ICP-MS lies in the fact that spot analysis can be performed under two minutes. This 

contrasts with 10 to 12 minutes per spot analysis on the EMP. As a consequence, a much 

larger data set can be obtained by LA-ICP-MS in a comparable instrumentation time, 

allowing a more rapid recognition of possible spatial trends and metal associations. The 

major disadvantages of LA-ICP-MS analysis are related to the much larger spot size. LA- 

ICP-MS requires a spot size of 12 pm while EMP can be performed at a beam diameter 

of less than 2 pm. As a consequence, small-scale zoning as observed in the present study 

can be better characterized by EMP. In addition, it is more difficult to avoid the analysis 

of mineral inclusions by LA-ICP-MS in pyrite grains that are rich in inclusions. EMP 

analysis yields better results in analyzing pyrite grains where mineral inclusions are 

abundant, as observed in samples collected within 30 m of ore in the present study. In this 

type of detailed baseline studies involving EMP and/or LA-ICP-MS, it is important to 

pay attention to the presence of sulfide mineral inclusions as direct correlation between 

microanal ytical results and bulk pyrite analysis is not possible without an understanding 

of the nature and distribution of sulfide mineral inclusion assemblages.

Trace element data obtained by LA-ICP-MS can be used in various ways to 

constrain the intensity of the hydrothermal signal and to infer proximity to ore. The 

present study shows that spatial trends in As, Mo, and, in particular, the As/Mo ratio are 

most pronounced if the highest concentrations measured by spot analysis in a given 

sample are used as opposed to averaging trace element concentrations across all spot 

analyses performed in a given sample. The hydrothermal signal is exemplified by this 

data processing procedure as the analysis of a single hydrothermal pyrite grain in a 

sample otherwise dominated by diagenetic pyrite would make this sample anomalous. 

However, the results of the present study show that averaging concentrations across all 

pyrite grains is also effective as overall elevated As, Sb, Tl, Ag, Au, and Pb 

concentrations, coupled with low Mo concentrations, are also reflective of a high 

hydrothermal intensity signature.
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In summary, the results of the present research demonstrate that the study of 

pyrite contained in the mudstone host of base and precious metal deposits can add 

significant value to exploration programs. Given the fact that whole-rock geochemical 

analyses are almost routinely conducted in many exploration programs, the additional 

analysis of pyrite should not be a large logistical or financial issue.
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CHAPTER 11 

CONCLUSIONS

The present study focused on the detailed characterization of pyrite contained in 

the mudstone host of the Eskay Creek deposit in British Columbia. Motivated by prior 

work on bulk pyrite concentrates separated from the carbonaceous mudstone, 

demonstrating the existence of spatial trends in the abundance of trace elements this 

research concentrated on the study of the morphological, textural, and compositional 

variability of individual pyrite grains. These properties of individual pyrite grains were 

studied to better understand the previously measured bulk compositional trends and to 

test whether the analysis of individual grains can be used as a tool in the exploration for 

metal sulfide deposits hosted in carbonaceous mudstones. This chapter summarizes the 

key findings of the study and makes suggestions for future research.

11.1 Key Findings

• The present study shows that pyrite contained in the host mudstone of the Eskay 

Creek deposit varies from grains that have a golden color and metallic luster to 

bronze colored grains with metallic luster. Grains of the former type are 

dominately euhedral while the latter grains are globular, framboidal, or 

conglomeritic. The variability in the morphologies of the euhedral pyrite grains is 

in large part based on the addition of the four forms {211} trapezohedra, {310} 

pyritohedra, {210} pyritohedra, and {111} octahedra to the cube {100}. In many 

cases, the euhedral grains contain remnant framboids, suggesting that growth of 

euhedral pyrite post-dates framboid formation. These textural observations 

constrain the pargenetic order between framboids and euhedral grains, which are 

dominated by the {100}, {211}, {210}, {310}, and {111} crystal forms.

• The morphologies within 100 m of known ore zone are generally characterized by 

an abundance of a variety of crystal forms including the {210}, {310}, {211}, and 

{111} forms. Past 100 m from the ore zones, euhedral grains are most commonly
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based on the {100} form. In addition, globular, framboidal, and conglomeritic 

grains are abundant. This progression in crystal morphologies away from the ore 

zones is interpreted to represent a general transition from a dominance of 

hydrothermal to diagenetic pyrite.

• A wide range of sulfide mineral inclusions (arsenopyrite, chalcopyrite, electrum, 

galena, Ni+/-Cr+/-V-bearing phase(s), sphalerite, and tetrahedrite) and textural 

types of sulfide mineral inclusions (irregularly distributed, concentrically 

arranged, mantling non-sulfide mineral inclusions, fracture infilling, pore space 

infilling of framboidal remnant, pore space infilling of sieve textured pyrite) have 

been observed in pyrite from Eskay Creek. In general, the average amount of 

sulfide mineral inclusions per grain decreases away from the ore zones. Pyrite 

close to the ore zones contains on average four to eight sulfide mineral inclusions 

per grain (1-8 area % of the grains) while the abundance of sulfide mineral 

inclusions reaches background levels at about 70 m from known ore zones (one to 

two sulfide mineral inclusions per grain, 0.2-1 area % of the grains). Associated 

with this overall decrease in sulfide mineral inclusions, there is a transition 

between two different sulfide mineral inclusion assemblages. At distances less 

than 50 m from known ore zones, (typically Ag-bearing) tetrahedrite, galena, and 

arsenopyrite, predominate, often occurring as irregularly distributed, 

concentrically arranged, and fracture infilling inclusions. This assemblage is 

typically found in pyritohedra, cubes, intergrown crystals, and locally in 

conglomeritic grains that have elevated amounts of sulfide mineral inclusions per 

grain. In contrast, at distances greater than 50 m from ore zones, inclusions of 

tetrahedrite, galena, and arsenopyrite appear to be rare. The most common sulfide 

mineral inclusions are composed of chalcopyrite, sphalerite, and Ni+/-Cr+/-V- 

bearing phase(s), which commonly occur as pore space infilling of sieve textured 

pyrite. This assemblage is typically found in octahedral, trapezohedral, and cubo- 

octo-pyritohedral morphologies as well as conglomeritic and framboidal grains 

that generally contain lower amounts of sulfide mineral inclusions per grain.

• Ten different types of BSE zoning were recognized that correlate broadly with 

crystal morphology, suggesting that trace element incorporation into pyrite is at
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least in part related to the processes of crystal growth. Within 50 m of known ore 

zones, concentric core-rim, outer overgrowth, regular intergrowth, and simple 

core-rim zoning patterns are common, occurring in pyritohedra, cubes, intergrown 

crystal forms with ridges, and conglomeritic grains. Interspersed within 50 m 

from ore, but becoming the predominated zoning patterns from 50-100 m from 

ore, are the asymmetric, patchy, and sector zoning patterns that are typically 

found in cubo-octa-pyritohderal, octahedral, and trapezohedral grains. Past 100 m 

from the ore zones, colloformal, irregular intergrowth, and spongy zoning patterns 

are common, which are typically found in the conglomeritic, framboidal, and 

globular grains.

• Zoning in pyrite from Eskay Creek is primarily related to variations in the 

abundance of As, Mn, Mo, Ni, Pb, Sb, and Se. Concentric core-rim, outer 

overgrowth, regular intergrowth, simple core-rim, and sometimes sector zoning 

are controlled by variations in As and Sb concentrations associated with zones of 

enrichment in As and/or Sb relative to pyrite grains containing the zoning patterns 

of asymmetric, colloformal, irregular intergrowth, patchy, and spongy. In contrast 

to zoning patterns controlled by As and/or Sb, regular zoning patterns such as 

asymmetric zoning and sometimes sector zoning, along with the irregular zoning 

patterns such as patchy, irregular intergrowth, spongy, and colloformal zoning 

contain consistently lower levels of As and Sb. These zoning patterns are 

controlled by variations in the concentrations of Mn, Mo, Ni, and/or Se.

• LA-ICP-MS analysis indicates that the concentrations of As, Sb, Tl, Pb, and Mo 

in pyrite grains vary systematically as function of distance to known ore zones.

As, Sb, Tl, and Pb show decreasing concentrations from the ore zones to about 

200 m from ore. Although there is a clear spatial relationship, it is important to 

note that samples containing pyrite grains with elevated concentrations of these 

elements may occur at the same distance to known ore as samples that are 

dominated by pyrite grains with background levels of these elements. Elevated 

abundances of these elements in pyrite can be used to infer proximity to ore. 

However, the presence of background levels of these elements in pyrite cannot be 

used to confidently rule out the existence of a nearby ore body. In contrast to As,
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Sb, Tl, and Pb, the concentration levels of Mo generally increase away from 

known ore zones.

• IN A A analysis confirmed that bulk pyrite concentrations of As, Au, Hg, and Sb 

decrease away from the ore zones to about 100 m from ore, where these elements 

reach background levels. Bulk compositions of Ag and Zn decrease in the upper 

quartile of samples from the ore zone to about 50-70 m from ore. In contrast, the 

concentrations of Mo show consistent increases away from known ore zones.

• There is no simple relationship between the morphology and the content of trace 

elements in pyrite, except for Mo that exhibits highest levels in globular, 

framboidal, and conglomeritic grains. It is also important to note that variations in 

the type of sulfide mineral inclusions, their textures, and relative abundances do 

not simply relate to pyrite morphology. These observations collectively suggest 

that crystallization rate is not the only factor controlling the studied properties of 

pyrite. This contrasts with previous studies by Large et al. (2007 and 2009).

• Overall, the morphologies, textures, zoning patterns, inclusions, and compositions 

of the pyrites grains can be best explained by a model that assumes the 

involvement of two types of end-member fluids, namely an immature 

hydrothermal fluid and a mature, wall-rock buffered fluid. Immature 

hydrothermal fluids form pyrite that is enriched in As and Sb, with associated 

increased concentrations of Ag, Pb, Tl, and sometimes Au. These elements occur 

as substitutions in pyrite or may potentially be present in the mineral inclusion 

assemblage of arsenopyrite, galena, tetrahedrite, and electrum. Bulk pyrite 

concentrates that contain a high percentage of pyrite formed from this type of 

fluid are enriched in As, Au, Hg, Sb, and Zn. The immature hydrothermal fluids 

are interpreted to represent the primary ore-forming fluids of the Eskay Creek 

deposit. In contrast, pyrite that shows enrichment of Mn, Mo, and Se is 

interpreted to have formed by a mature fluid that is buffered by the wall rocks. 

Enrichment of Mn, Mo, and Se may occur as substitutions in the pyrite although 

these elements may also be hosted by the mineral inclusion assemblage of 

chalcopyrite, sphalerite, and the Ni+/-Cr+/-V-bearing phase(s). The wall-rock 

buffered fluid is interpreted to represent either a hydrothermal fluid that has
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equilibrated with the carbonaceous mudstone, presumably due to long transport 

distances and cooling, or may represent a diagenetic pore water that equilibrated 

with the carbonaceous shales due to long residence times in the sediment.

• Variations in the relative importance of both end-member fluids on pyrite 

formation may have caused some of the complex zoning patterns observed that 

are characterized by variable As and Sb enrichment. Detailed analysis of the 

zoning patterns of hydrothermal pyrite suggests further that early hydrothermal 

fluids were distinctly enriched in As whereas later hydrothermal fluids resulted in 

the formation of pyrite that has higher concentrations of Sb and Tl.

• There is no evidence that pyrite contained in the host succession of the Eskay 

Creek deposit has recrystallized during regional metamorphism of the prehnite- 

pumpellyite facies.

• The findings of the present study can be used to refine exploration strategies used 

in the search for precious and base metal deposits hosted by carbonaceous 

mudstone. As suggested by geochemical analysis of bulk pyrite concentrates 

conducted prior to this study, bulk compositional trends can be used effectively 

during exploration as a vectoring tool. It appears possible that these compositional 

variations can also be detected in whole-rock geochemical analyses, although 

variations may be less pronounced due to the dilutional effects of other minerals 

present in bulk samples. The investigations of the present study further show that 

trends in the trace element concentrations of bulk sulfide mineral concentrates 

reflect a combination of variations in pyrite composition and changes of the 

mineral inclusion inventory with distance to known ore zones. Analysis of 

individual pyrite grains appears to be advantageous in many respects as the 

morphology, zoning patterns, composition, and inclusion assemblages of pyrite all 

relate to pyrite origin. Distinction between hydrothermal and diagenetic pyrite is 

possible at the grain scale using the methods and criteria established in the present 

research. As a consequence, it is recommended that exploration programs shbuld 

implement a strategy that conducts bulk pyrite compositional analysis in 

combination with grain-scale characterization of pyrite. Analysis of pyrite grains 

by SEM, EMP, and/or LA-ICP-MS should be conducted early during exploration
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programs to establish background conditions. Once bulk pyrite concentrates with 

unsual geochemical characterstics are found, the more detailed and costly analysis 

of individual pyrite grains should be conducted to explain the geochemical 

anomalies. Based on the results of the present study, the elemental concentration 

ratios As/Mo and Sb/Mo appear to be the most efficient vectors of proximity to 

Eskay Creek-type ores in carbonaceous mudstone basins.

11.2 Recommendations for Future Work

The results of the present study show that the morphologies, internal textures and 

zoning patterns, mineral inclusion inventories, and compositions of pyrite provide critical 

information that can be used as exploration vectors for shale-hosted VHMS deposits. 

Based on the Eskay Creek case study, two main recommendations are made to improve 

the analytical procedure:

• The method of sample preparation should be optimized. While crushing and 

super-panning has been useful to recover pyrite grains from rock samples for 

geochemical analysis, larger pyrite grains have been commonly fragmented. In 

most cases, the original morphology of the grains cannot be reconstructed for the 

fragments contained in the pyrite separates. It also appears possible that 

framboidal and conglomertitic grains originally contained in the mudstone 

samples are underrepresented in the pyrite concentrates as sample preparation 

may produce fragments that are very small in size and would consequently not be 

recovered.

• The present study made use of bulk geochemical analyses of pyrite concentrates 

that have been conducted by a commercial laboratory. The laboratory only 

offered a fixed trace element package. As this trace element package is not 

tailored to the type of pyrite analyzed, several important trace elements were not 

analyzed for or at detection limits that do not allow critical compositional 

variations to be recognized. Based on the analytical results of the present study, a 

better protocol for bulk geochemical analysis of pyrite separates can be readily
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developed. It would be essential that an improved analytical protocol analyzes for 

elements not normally contained in pyrite such as Si and Al. Based on the 

abundance of these elements, it would be easy to evaluate the purity of bulk 

pyrite concentrates. This will allow for a more rigorous analysis of obtained trace 

element data.

In relation to the findings at Eskay Creek, the following recommendations for future

work are made:

• Due to the fragmental character of many pyrite grains contained in the pyrite 

separates, future work should examine methods that could be used to indirectly 

constrain morphology. For example, Amstutz (1963) correlated vicinals and 

vicinaloids on crystal faces with crystal forms to help differentiate pyrite 

morphologies at the Morococha Cu-Pb-Zn-Ag vein deposit, Peru. Although the 

vicinal patterns described by Amstutz (1963) were not identified in the case of the 

pyrite concentrates from Eskay Creek, this could at least in part be related to 

sample preparation or the fact that pyrite grains from Eskay Creek were affected 

by surface oxidation between the time of sample preparation and analysis (the 

pyrite concentrates were initially prepared several years ago at the Geological 

Survey of Canada). Therefore, future studies on the spatial distribution of pyrite 

morphologies around an ore deposit should take into account that surface 

oxidation may occur rapidly, especially after super-panning of pyrite concenrates 

in water. Furthermore, it is important to note that plucking during grinding and 

polishing of the grain mounts posed a problem and that other methods of sample 

preparation should be tried out to minimize this effect.

• The results of the present study show that the elemental concentrations of Mo, Ni, 

Sb, and Se are typically low in diagenetic and hydrothermal pyrite contained in 

the mudstone host of the Eskay Creek deposit. During EMP elemental mapping, 

these elements could not be detected using the operating conditions chosen.

Future work could map out the spatial distribution of these elements in pyrite 

grains by simultaneously collecting X-ray count rates for each of these elements
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on two WDX detectors. Furthermore, due the possible importance of Se as a 

vector to ore, more EMP spot analyses should be conducted on pyrite from Eskay 

Creek. Selenium could not be reliably detected by LA-ICP-MS analysis due to its 

high first ionization potential and interferences with polyatomic species of Ar 

from the plasma.

• The LA-ICP-MS analyses of Au and Hg were commonly below the limits of 

detection, hampering the identification of spatial trends in their abundances.

Based on systematic experiments, the spot size of the LA-ICP-MS analyses could 

be optimized. Increasing the spot size of the LA-ICP-MS analyses would decrease 

the detection limits due to the increased amount of ablated material. However, a 

balance between spot size and the likelihood of ablating inclusions must be found 

as inclusions are common in the investigated pyrite grains. In addition, it needs to 

be considered that an increased spot size will not be appropriate to characterize 

small-scale zoning that was observed in some pyrite types from Eskay Creek.

• Alternative methods of analyzing bulk chemistry of pyrite concentrates should be 

evaluated and compared to INAA. It appears possible that LA-ICP-MS analysis of 

powdered bulk samples or ICP-MS analysis following dissolution of the bulk 

samples could be used to supplement INAA. This would be particularly useful in 

the analysis of Cu, Pb, and Tl, elements that could not be analyzed by INAA.

• The characterization of formational processes of the pyrite could be aided by 

studying the textural context of pyrite in thin sections. It would be the next logical 

step to add textural information to the data obtained on pyrite concentrates in the 

present study.

• It would be advantageous to conduct a sulfur isotopic study by laser ablation on 

the same types of grains used in the present study. The determination of sulfur 

isotopic ratios would undoubtedly aid distinction between diagenetic and 

hydrothermal pyrite and different types of hydrothermal pyrite.

• In addition to pyrite, it would be feasible to conduct similar morphological, 

textural, and compositional studies on other common sulfide minerals contained 

in the host mudstones of the Eskay Creek deposit, such as chalcopyrite, sphalerite, 

and galena. The identification and quantification of the mineral phases within the
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bulk pyrite concentrates could help to constrain other sulfide minerals that should be 

studied. The study of other minerals would further help establishing the geochemical 

signature of the ore and allow a more detailed understanding of geochemical trends 

observable in whole-rock samples and heavy mineral concentrates.
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