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Abstract
Irish-type Zn-Pb deposits are important global sources of zinc, but despite a fundamental understanding of ore 
genesis within the Irish orefield, a detailed understanding of fluid migration and chemical evolution pathways 
related to sulfide and carbonate precipitation is lacking. We present the first petrographic, paragenetically 
constrained sulfur isotope and mineral chemistry study of mineralization at the Island Pod orebody, Lisheen 
deposit. The Island Pod orebody comprises high-grade mineralization that is less deformed than elsewhere in 
the Irish orefield. Consequently, studies of the Island Pod orebody and its mineralization provide information 
on the evolving nature of hydrothermal fluids involved in ore deposition.

The Island Pod orebody consists almost exclusively of pyrite, sphalerite, and galena, with several stages of 
calcite and dolomite precipitation. Pre-ore, diagenetic pyrite is commonly overgrown by early main ore-stage 
pyrite, with both phases frequently replaced by main ore-stage sphalerite. In many cases, early main ore-stage 
pyrite is texturally zoned and exhibits chemical zoning patterns, reflecting that episodic influxes of hydrothermal 
fluids contained variable concentrations of As, Co, Ni, and Tl. The main ore stage was dominated by the forma-
tion of sphalerite and galena from mineralizing fluids that were depleted in these trace elements (e.g., As, Co, 
Tl) compared to the early main ore stage. Sulfur isotope analysis reveals four distinctive but slightly overlapping 
isotopic groupings, corresponding to different mineral and paragenetic stages: (1) δ34S values range from –47.7 
to –30.7‰, associated with diagenetic pyrite; (2) δ34S values range from –34.3 to –14.7‰, related to early main 
ore-stage pyrite; (3) δ34S values range from –15.5 to +1.7‰, corresponding to main ore-stage sphalerite; and 
(4) δ34S values range from –11.1 to +17.4‰, associated with galena. Large variations in S isotope composition 
are common at intragrain and at other small spatial scales. The textures, paragenetic sequence, and ranges in 
δ34S values are consistent with hydrothermal sulfide deposition where the fluids containing bacteriogenic sul-
fide mixed with metal-bearing fluids. Replacement and remobilization from other Lisheen orebodies may have 
contributed to some of the higher sulfur isotope ratios observed in the Island Pod orebody.

The excellent preservation of sulfide textures in the Island Pod orebody observed during this study demon-
strates that it is an ideal location to study hydrothermal fluid evolution, including episodic fluid flow, mixing, 
precipitation, and compositional variations during the early main ore stage. In other Irish Zn-Pb orebodies, 
these early-ore textures are often obscured due to more complex dissolution and replacement processes, mak-
ing interpretation of the early hydrothermal activity challenging. Consequently, the petrographic, mineral 
chemistry, and sulfur isotope studies of the Island Pod orebody presented here contribute to an enhanced 
understanding of ore-forming processes in similar deposits, where mineralization is often associated with more 
complex deformation or repeated pulses of hydrothermal activity.

Introduction
Irish-type Zn-Pb deposits are structurally controlled, strata-
bound sulfide orebodies hosted in marine carbonate rocks, 
with characteristics intermediate between clastic-dominant, 
sediment-hosted (e.g., SEDEX), and Mississippi Valley-type 
(MVT) styles of mineralization (Wilkinson, 2014; Yesares et 
al., 2019). Sulfide precipitation resulted from mixing between 
two distinct fluids—a hot (up to 280°C), metal-bearing hy-
drothermal fluid with abiogenic sulfur (δ34S values >0‰) and 

a cooler (<100°C), hypersaline brine carrying bacteriogeni-
cally reduced sulfur (δ34S values <<0‰) of Lower Carbon-
iferous seawater sulfate origin (e.g., Coomer and Robinson, 
1976; Anderson et al., 1998; Eyre, 1998; Everett et al., 1999; 
Fallick et al., 2001; Wilkinson et al., 2005a, b; Wilkinson, 
2010). Metal-bearing fluids ascended through normal faults, 
forming orebodies in the hanging walls of these structures 
(Hitzman, 1999; Carboni et al., 2003; Bonson et al., 2012). 
Five significant Zn-Pb discoveries have been mined to date in 
the Irish orefield: Tynagh, Silvermines, Galmoy, Lisheen, and 
Navan (Fig. 1). Many of the southern Irish orefield depos-
its are found along the Rathdowney Trend, an approximately 
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40-km-long, NE-SW–trending belt of carbonate rocks, which 
frequently hosts Zn-Pb mineralization associated with hydro-
thermal breccias, including the Lisheen deposit (Hitzman et 
al., 1992; Eyre, 1998).

The Lisheen deposit, discovered in 1990, is composed of 
several discrete, stratabound Zn-Pb orebodies, which are 
strongly controlled by a left-stepping, ramp-relay fault array 
(Fig. 2; Hitzman et al., 2002; Fusciardi et al., 2003; Kyne et 
al., 2019). Generally, mineralization is located at the mostly 
dolomitized base of the Lower Carboniferous (Mississippian) 
Waulsortian Limestone Formation (Fig. 3). Lisheen was the 
second largest base metal deposit mined in Ireland, closing in 
late 2015 after producing 22.4 Mt of ore grading 11.63% Zn 
and 1.96% Pb (Torremans et al., 2018). The economic cut-
off grade for the Lisheen deposit was 6 wt % combined Zn 
+ Pb, with a minimum mining thickness of 4.5 m (J. Güven, 
pers. commun., 2020). It is composed of six distinct orebod-
ies (Fig. 2): Main Zone, Derryville, Bog East, Bog Central, 
Bog West, and the Island Pod (Kyne et al., 2019). Additional 
subeconomic pods of mineralization occur at Barnalisheen, 
Templetouhy, and Bawnmore.

The Island Pod (0.4 Mt, grading 20% Zn and 1.6% Pb; Fig. 
4) is a small, satellite body of high-grade mineralization found 
in the northern part of the Lisheen mine area (Fig. 2). The 
relatively late discovery of this orebody (2012) led to an exten-
sion of Lisheen’s mine life due to the high-grade ore it pro-

duced (Röhner, 2017). When compared to other ore zones 
at Lisheen, the Island Pod orebody exhibits several key dif-
ferences, including the following: (1) less deformation due 
to a weaker structural control on mineralization; (2) higher 
Zn grades; (3) lower concentrations of penalty and other eco-
nomically disadvantageous elements (e.g., Cd, As) in sphaler-
ite and galena; (4) a less pronounced association with a type 
of hydrothermal breccia known as “black matrix breccia” than 
elsewhere in the Rathdowney Trend; and (5) Zn-Pb miner-
alization often located at a higher stratigraphic position than 
is typical in other Lisheen and Rathdowney Trend orebod-
ies. However, no detailed studies have been published on this 
orebody. Consequently, this research represents the first de-
tailed study of the Island Pod orebody and its immediate sub-
economic halo, including paragenetically constrained sulfide 
mineral, chemical, and sulfur isotope analyses on grain and 
orebody/halo scales.

The unique characteristics of the Island Pod orebody (e.g., 
less deformation) make it an excellent location to study the 
connection between sulfide textures from all stages of miner-
alization and to relate microscopic observations to the larger 
hydrothermal system. Petrographic observations, combined 
with texturally constrained mineral chemistry and sulfur iso-
tope investigations, contribute to a more refined understand-
ing of fluid flow, mixing, precipitation, and compositional 
fluctuation processes, as well as replacement mechanisms 

Fig. 1. Geologic map of the Irish midlands adapted from the Geological Survey Ireland (GSI) 1:500,000 bedrock series. 
Mined Zn-Pb deposits and major prospects are shown. The inset box shows the location of this map in relation to Ireland 
along with the position of the Navan deposit.
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during mineralization. Furthermore, studies of the Island 
Pod orebody may help to elucidate the ore-forming processes 
in comparable geologic settings (e.g., MVT, SEDEX), espe-
cially where mineralization is associated with more complex 
deformation and hydrothermal activity. While orebodies such 
as Island Pod are not likely to be economic if discovered in 
isolation, these small, high-grade satellite orebodies may add 
significant profit and lifespan to active mining operations. 
Additionally, due to the differences between the Island Pod 
orebody and the other mineralized areas in Lisheen, studies 
of this ore zone could help early exploration efforts if similar 
areas of mineralization are discovered.

Geologic Setting
The southern Irish Zn-Pb (Fig. 1) orefield is underlain by a 
Lower Paleozoic basement, composed of lowest greenschist-
facies metasedimentary (greywackes, siltstone, and shales) 
and metavolcanic rocks. These basement rocks are interpret-
ed to be the source of metals for mineralization in the orefield 
(Mills et al., 1987; Johnston, 1999; Hitzman et al., 2002; Fus-
ciardi et al., 2003; Wilkinson et al., 2005a, b; Walshaw et al., 
2006). A succession of terrestrial mudstones, conglomerates, 
and sandstones of Devonian to earliest Carboniferous age, 
known as the Old Red Sandstone (ORS) sequence (Philcox, 
1984), unconformably overlies the Lower Paleozoic basement 
rocks. Conformably overlying the ORS succession is a north-
ward transgressive marine sequence of Lower Carboniferous 
(Mississippian) carbonate rocks (Philcox, 1984; Andrew, 1986; 
Hitzman et al., 1998; Johnston, 1999). At Lisheen, the Lower 
Carboniferous carbonate sequence can be subdivided into the 
following Formations: Ballysteen (locally known as the Argil-
laceous Bioclastic Limestones; ABL), Waulsortian Limestone, 
and Crosspatrick (Fig. 3; Hitzman et al., 2002; Wilkinson et 
al., 2011).

Mineralization in much of the southern Irish orefield is lo-

cated at or close to the base of the Waulsortian Limestone 
Formation, and it is generally associated with hydrothermal 
breccias (Philips and Sevastopulo, 1986; Lee and Wilkinson, 
2002; Wilkinson, 2003; Wilkinson et al., 2005a). At Lisheen, 
mineralization is typically located where the Waulsortian 
Limestone Formation is in contact with the uppermost unit 
of the Ballysteen Formation, which is often a nodular micrite 
unit (NMU; ~20 m). This unit is more argillaceous than the 
overlying Waulsortian Limestone Formation and contains 
thin, green, volcanic tuff units with localized chert (J. Güven, 
pers. commun., 2019), in addition to minor economic min-
eralization. The Island Pod orebody is also hosted by the 
Waulsortian Limestone Formation; however, mineralization 
is generally found at higher stratigraphic positions relative to 
the other Lisheen ore zones (Fig. 3). Mineralization also oc-
curs in the Lisduff Oolite Member in the Lisheen deposit, 
a medium- to coarse-grained oosparite and oobiosparite unit 
of the Ballysteen Formation, where it is faulted by the main 
ore-controlling structures and in close fault juxtaposition to 
the Waulsortian Limestone Formation (Fig. 3; Shearley et al., 
1996; Eyre, 1998; Hitzman et al., 2002; Kyne et al., 2019).

The Waulsortian Limestone Formation is composed of 
several coalesced carbonate mud mounds that were depos-
ited during the Courceyan (360–352 Ma) in marine environ-
ments at approximately 120 to >300 m below sea level (Lees, 
1964; Lees and Miller, 1985; Gregg et al., 2001; Hitzman et 
al., 2002; Wilkinson, 2003). Internal compositional variations 
within the Waulsortian host unit are considered a controlling 
factor for hydrothermal alteration and brecciation at Lisheen 
(Lees, 1964; Hitzman et al., 1992, 2002). Structural detach-
ment along the base of the Waulsortian Limestone Formation 
was also important in controlling the distribution of altera-
tion breccias (J. Güven, pers. commun., 2019). In southern 
Ireland, the Waulsortian Limestone Formation normally 
ranges from 170 to 210 m in thickness, and it was extensively 

Fig. 2. Schematic of the Lisheen mine area showing orebody surface projections and key structural features. Adapted from 
Torremans et al. (2018) and Kyne et al. (2019).
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dolomitized during a regional dolomite event (Wyley, 1854; 
Hitzman et al., 1998; Wright et al., 1999, 2004; Gregg et al., 
2001; Hitzman et al., 2002). However, at Lisheen, some zones 
at the base of the Waulsortian remained undolomitized, and 
they are thought to represent individual mud mounds (Shear-
ley et al., 1996; Hitzman et al., 2002; Wilkinson, 2010). 

Following the regional dolomitization event, subsequent 
hydrothermal alteration associated with mineralization oc-
curred at Lisheen resulting in several hydrothermal dolomite 
and calcite phases that crosscut, cement breccias, or replace 
the regional dolomite unit. The most significant ore-related 
hydrothermal dolomites at Lisheen are black matrix breccia 
dolomite (D2; BMB) and white matrix breccia dolomite (D3; 
WMB; Hitzman et al., 1992, 2002; Shearley et al., 1996; Fus-
ciardi et al., 2003; Wilkinson et al., 2005a; Wilkinson, 2010). 

The BMB dolomite is a distinctive, fine-grained, gray to black 
dolomite that envelops and is replaced by mineralization. The 
WMB dolomite is a coarse-grained, white dolomite that typi-
cally forms a broad breccia halo above the BMB and massive 
sulfide mineralization within the Waulsortian Limestone For-
mation. White matrix breccias are typically more abundant 
and more irregular in their geometry and distribution than 
BMB, but both breccias commonly contain regional dolo-
mite clasts (D1). Sulfides typically replace BMB dolomites 
at Lisheen, with limited overprinting of WMB dolomites also 
observed (Shearley et al., 1996; Redmond, 1997; Hitzman et 
al., 2002; Fusciardi et al., 2003; Wilkinson et al., 2005a). 

Normal faulting at Lisheen played a vital role in control-
ling mineralization and hydrothermal alteration (Hitzman et 
al., 1992, 2002; Shearley et al., 1992, 1996; Earls, 1994; John-

Fig. 3. Summary stratigraphic log of the Lisheen 
area, displaying thicknesses and basic character-
istics of key formations in the mine area, modified 
after Hitzman et al. (1992), Fusciardi et al. (2003), 
Wilkinson et al. (2005a), Torremans et al. (2018), 
and Kyne et al. (2019). Mineralization in the Island 
Pod orebody is found above the contact of the 
Waulsortian Limestone Formation with the Bal-
lysteen Formation (red bar on the left of column), 
while mineralization from the rest of Lisheen mine 
is found at the contact between these two units and 
within the Lisduff Oolite Member of the Ballysteen 
Formation (black bars on the right of column). The 
black bars depicting mineralization are not rep-
resentative of exact ore thickness and have been 
exaggerated to show the approximate locations of 
sulfides. Abbreviations: BMB = black matrix brec-
cia, Fm = Formation, WMB = white matrix breccia.
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ston, 1999; Sevastopulo and Redmond, 1999; Fusciardi et al., 
2003; Kyne et al., 2019). These faults acted as conduits for 
the upwelling hydrothermal fluids and downwelling brines 
that formed ore deposits (Fusciardi et al., 2003; Torremans et 

al., 2018). While the Island Pod displays a weaker structural 
control on mineralization than other orebodies at Lisheen, 
minor faults separated by a NW-trending fold are inferred to 
control the distribution of ore (Fig. 4; Torremans et al., 2018). 

Fig. 4. (a) Schematic of the Island Pod orebody, with the ore boundary (defined by Vedanta Resources) projected to sur-
face. Mineralization located outside of this boundary is referred to as the subeconomic halo in this study. The outer limits 
of the subeconomic halo are not known. All mineralization is hosted within the Waulsortian Limestone Formation, and 
inferred structural features are overlain (Torremans et al., 2018; Kyne et al., 2019; K. Torremans, pers. commun., 2019). Each 
green circle represents a borehole location which was sampled, labeled with the borehole number. (b) Graphic cross section 
through the Island Pod orebody, following the white line labelled A-A’ from (a). Note the ore is found above the Ballysteen/
Waulsortian contact, in contrast to other Lisheen orebodies. 
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The age of mineralization at Lisheen, but not specifically the 
Island Pod orebody, has been constrained by a Re-Os date of 
346.6 ± 3.0 Ma for the main ore-stage massive pyrite from 
the Lisduff Oolite (Hnatyshin et al., 2015). The Island Pod 
orebody geometry is shown in Figure 4, with mineralization 
outside of this boundary referred to as the subeconomic halo.

Petrographic Studies
Representative drill core samples (n = >130) were collected 
from boreholes across the Island Pod orebody and the sub-
economic halo (Fig. 4). These were subsequently subsampled 
to make approximately 60 thin sections for petrographic study. 
The thin section locations were chosen to cover all identified 
sulfide and carbonate stages (Fig. 5) identified from core sam-
ples, and also to ensure a representative spatial distribution of 
samples throughout the orebody and its immediate subeco-
nomic mineralization. Minor sulfosalt and additional sulfide 
minerals that were not observed from drill core observations 
were subsequently identified during petrographic studies.

Samples were initially examined using transmitted and re-
flected light microscopy. Further examination by scanning 
electron microscopy (SEM) was carried out at University Col-
lege Dublin, Ireland, using a Hitachi TM3030Plus Tabletop 
SEM, and at Memorial University, Newfoundland, Canada, 
using a JEOL JSM-7100F field emission SEM. Cathodolumi-
nescence (CL) imaging was carried out at Imperial College, 
London, United Kingdom, using a CITL mk5 cold CL stage, 
which was mounted on a Nikon 50i microscope with a Nikon 
digital camera. 

Mineralogy 

The mineralogy of the Island Pod orebody is relatively sim-
ple, containing multiple generations of pyrite, sphalerite, and 
galena (Fig. 5). Minor marcasite and the sulfosalts gratonite 
(Pb9As4S15) and jordanite (Pb14(As,Sb)6S23) are also present. 
Gangue minerals include dolomite and calcite, with quartz 

and illite laths only locally observed. Several generations of 
calcite and dolomite have been identified from the Island Pod 
orebody, including a calcite phase intergrown with colloform 
sphalerite (C-OS-1), later calcite (C4) that cuts colloform 
sphalerite bands, pink dolomite (D5), and late infilling calcite 
(C6; Table 1). Carbonate nomenclature is based on the clas-
sification scheme presented in Wilkinson (2010).

Paragenesis of the Island Pod orebody

The Island Pod orebody paragenetic sequence (Fig. 6) has 
been subdivided into several stages: (1) diagenetic, (2) early 
main ore, (3) main ore, and (4) late main ore. Stages are de-
fined by changes in sulfide textures and paragenetic relation-
ships. Details of carbonate textures and paragenesis are given 
in Table 1. Post-ore carbonate phases are not focused on here.

The diagenetic stage: The diagenetic stage was dominated 
by Fe sulfide precipitation. Typically, pyrite from this stage 
is coarse (up to 2 cm) and does not display textural zonation. 
Additionally, it is commonly located stratigraphically higher 
than main ore-stage mineralization and is frequently replaced 
by later sphalerite and hydrothermal pyrite. While only pre-
served locally, framboidal pyrite is identified within the Island 
Pod orebody and it is partially replaced by sphalerite, result-
ing in atoll textures (Fig. 5a). Both coarse and framboidal py-
rite may be overgrown by paragenetically later hydrothermal 
pyrite (e.g., Fig. 9f) and all frequently display fracturing.

Regional dolomite has been identified within the Island 
Pod orebody and is subdivided into D1a and D1b. Dolomite 
generation D1a is commonly subhedral to euhedral, fine- to 
medium-grained, and gray. It generally replaces micrite units 
in the original Waulsortian host rock. Dolomite generation 
D1b is a coarse, white dolomite that replaces sections of the 
original Waulsortian host rock. Both D1a and D1b are pres-
ent as clasts (darker luminescence) in later carbonate phases 
(brighter luminescence; Fig. 5b-c).

Early main ore stage: The early main ore-stage mineraliza-

Table 1. Key Dolomite and Calcite Phases from the Island Pod Orebody

Generation Description Timing
D1a Subhedral to euhedral, fine- to medium-grained regional grey dolomite (Fig. 5b-c) Diagenetic stage; overlaps in 

formation with D1b in parts
D1b Coarse, planar to weakly nonplanar regional white dolomite; strong zonation in CL typical Diagenetic stage; overlaps in 

formation with D1a in parts
D2 Black matrix breccia (BMB) dolomite; fine, dark-grey dolomite; replaces Waulsortian limestone 

and surrounds Waulsortian clasts (Fig. 5b)
Primarily early main ore stage

D3 White matrix breccia (WMB) dolomite; medium- to coarse-grained, white, often euhedral, dolo-
mite; typically forms a broad halo to mineralization; euhedral rhombic WMB crystals are often 
partially replaced by Sp (Fig. 5c)

Early main ore stage

C1 Microscopic fibrous calcite/radiaxial fibrous calcite (RFC)/cryptofibrous calcite; only minor 
amounts are observed from the Island Pod orebody

Main ore stage

C-OS-1 Magnesium-bearing calcite closely associated with colloform sphalerite and dendritic galena (Fig. 
5k)

Main ore stage

D4 Veins/infilling of ferroan dolomite, dolomite, associated with calcite (C4); drusy growth common Late main ore stage
C4 Calcite phase associated with D4 veins/infilling phase (Fig. 5l); often veins colloform sphalerite Late main ore stage
D5 Pink dolomite commonly associated with disseminated pyrite; minor amounts noted in the Island 

Pod orebody; often filling vugs within D3, making it difficult to distinguish
Post-ore stage

C6 White, coarse calcite that infills vugs, particularly within D5 phases Post-ore stage

Note: nomenclature adapted from Hitzman et al. (1992), Wilkinson et al. (2005a), and Wilkinson (2010)
Abbreviations: CL = cathodoluminescence, Sp = sphalerite
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tion is characterized by pyrite with minor marcasite occasion-
ally observed (Fig. 5d). Pyrite from the early main ore stage 
frequently displays textural zoning (Fig. 5e-h), and it may 
overgrow pre-ore coarse pyrite (Fig. 5g) or develop as sepa-
rate grains (Fig. 5e-g) surrounded by main ore-stage sphaler-
ite. Individual grains from this stage often display concentric 
zoning (Fig. 5e-f) while pyrite overgrowths on earlier phases 
generally display more complex growth patterns (Fig. 5h). 
Sporadically, thin bands or small inclusions of sphalerite and 
galena are present between pyrite growth zones (e.g., Fig. 5h). 

BMB (D2) and WMB (D3) dolomites both occur in the 
early main ore stage and typically exhibit strong CL zona-
tion (Fig. 5b-c), commonly with bright reddish-orange bands. 
Some rhombic dolomite grains of WMB origin (D3), dis-
playing strong red CL zonation, also predate main ore-stage  
sulfides.

Main ore stage: Main ore-stage mineralization includes mul-
tiple phases of galena and sphalerite with minor pyrite, where 
main ore-stage sulfides often replace BMB dolomite and the 
dolomitized Waulsortian host rock. The transition to main ore-
stage mineralization is marked by the appearance of dendritic 
pyrite and galena (Fig. 5i-j). The carbonate-phase C-OS-1 
(Fig. 5k) and/or colloform sphalerite (Fig. 5l-m) are often 
seen surrounding the branches of dendritic galena. Colloform 
sphalerite is typically composed of alternating bands of pale 
yellowish-brown and medium-to-dark brown sphalerite, with 
occasional dark brown/brick-red forms. Solitary grains of ga-
lena (~50 µm), sometimes with pyrite overgrowths, are occa-
sionally present between colloform bands of sphalerite. Pale 
yellowish-brown colloform sphalerite is also found surround-
ing the early main-ore zoned pyrite. Crystalline, noncolloform 
(~1–10 µm), light reddish-brown and medium-to-dark brown/
brick-red sphalerite repeatedly appear together and overgrow 
brecciated clasts of colloform sphalerite from the beginning of 
the main ore stage (Fig. 5m). Noncolloform sphalerite often 
partially replaces diagenetic and early main ore pyrite (Fig. 
5a) and WMB rhombic dolomite grains. Coarse (>0.5-cm)  
galena is frequently seen in this stage. Marcasite and arsenian 
pyrite (Fig. 5d) locally overgrow or occur with veined, early 
main ore pyrite. 

The sulfosalts gratonite (Pb9As4S15) and jordanite 
(Pb14(As,Sb)6S23) are observed from sample ALD075 (bore-
hole LK-2041), where they occur as inclusions replacing 
main ore-stage dendritic galena branches. Exact paragenetic 
relationships between these sulfosalts and other sulfides are 
currently unknown.

Late main ore stage: Late main ore-stage mineralization 
is defined by the widespread occurrence of galena. Galena 
commonly occurs in veined pyrite (Fig. 5n), and it selectively 
replaces colloform sphalerite bands (Fig. 5o). Additional sul-
fides include sphalerite and disseminated pyrite. Two forms 
of sphalerite occur in the late main ore stage, veining earlier 
sphalerite generations: black to dark brown and pale cream 
to white sphalerite. The black to dark brown and pale cream 
to white sphalerite were not observed together, so no parage-
netic relationship can be deduced. 

Several late main- and post-ore stage carbonate phases oc-
cur throughout the Island Pod orebody: vein dolomite and 
calcite (D4 and C4, respectively; Fig. 5l), pink dolomite (D5) 
filling vugs within WMB dolomite (D3), and white, coarse cal-

cite (C6), often filling cavities within pink dolomite.

Sulfur Isotopes
Spatially and texturally representative sulfide samples (32 pol-
ished blocks from 20 boreholes) were selected from across the 
Island Pod orebody and its surrounding subeconomic halo for 
in situ S isotope analysis. In situ S isotope analysis was car-
ried out at the Scottish Universities Environmental Research 
Centre (SUERC), United Kingdom, with subsequent work 
performed at Memorial University of Newfoundland (MUN), 
Canada. The resulting data (total n = 245; App. 1) have been 
used to evaluate the sources of sulfur within the Island Pod 
orebody and to examine isotope variability on a grain scale 
and as a function of paragenesis.

Analytical methodology

In situ S isotope analysis at SUERC of pyrite, sphalerite, and 
galena (n = 131) was performed on standard polished blocks, 
following the method described by Wagner et al. (2002). The 
samples were placed in a sealed chamber, which was evacu-
ated and subsequently filled with oxygen gas. A Spectron 
Lasers 902Q CW Nd:YAG laser (1-W power), operating in 
TEM00 mode, was used to trace individual mineral species, 
instigating combustion of the sulfide and generating SO2 gas 
along ~50-µm-wide ablation tracks. The SO2 was purified in 
a glass extraction line by subjecting the gas to a CO2/acetone 
slush trap to remove water. Subsequent separation of the 
SO2/CO2 gases was achieved using a standard n-pentane trap. 
Once the SO2 sample was fully purified, it was exported into 
a VG SIRA II gas mass spectrometer, where the δ66SO2 value 
of each sample was measured. These values were converted 
to δ34S values and then had standard correction factors ap-
plied for mineral-specific fractionation (Wagner et al., 2002). 
Reproducibility for this technique is typically around ±0.3‰ 
(Wagner et al., 2002). All results are presented using the con-
ventional delta (δ) value notation.

Supplementary in situ S isotope analyses (n = 114) of py-
rite and galena grains were collected using a Cameca IMS 
4f secondary ion mass spectrometer (SIMS) at the MAF-IIC 
Microanalysis Facility of MUN, using the methodology out-
lined by Brueckner et al. (2015), Cloutier et al. (2015), and 
Gill et al. (2019). Six samples were selected, mounted in ep-
oxy, polished, and subsequently coated with a 30-nm layer of 
Au to mitigate charging under primary ion bombardment. 
Sulfur isotope analysis was achieved using a Cs+ primary ion 
microbeam of 0.8 to 1.0 nA. The ion microbeam was acceler-
ated by a nominal 10 keV potential and focused into a 15- to 
20-μm-diameter spot. When grain size allowed, multiple spots 
were taken from individual grains to monitor possible zonal 
variations in S isotope compositions. Internal precision on 
individual δ34S values ranges from ±0.02 to 0.10% (1σ), and 
overall reproducibility based on replicate in-house standard 
analyses was typically within the range of ±0.02 to 0.18% (1σ). 
To correct for instrumental mass fractionation (IMF), several 
in-house standards were used. For S isotope analysis of py-
rite, UL9 (δ34S value of +15.8‰) and KH97 (δ34S value of 
+0.2‰) were used, whereas for galena measurements, HT10 
(δ34S value of +14.2‰) was used, correcting to the values of 
Lode et al. (2017). 

The application of an in situ S isotope method for Island 
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Fig. 5. Key ore textures and sulfide phases, Island Pod orebody. Mineral abbreviations taken from Whitney and Evans (2010). 
(a) Framboidal pyrite partially replaced by sphalerite forming atoll textures. From borehole LK-2066. Scanning electron 
microscope (SEM) image. (b) Black matrix breccia (D2) with regional dolomite clasts. From borehole LK-2050. Cathodolu-
minescence (CL) image. (c) Clasts of regional dolomite associated with white matrix breccia (D3). From borehole LK-2044. 
CL image. (d) Marcasite veins filling brecciated pyrite. False color template overlain on image to highlight separate phases. 
From borehole LK-1889. Reflected light image. (e) Zoned pyrite, outer zones typically Co-As–rich, surrounded by sphalerite. 
From borehole LK-2041. SEM image.(f) Zoned pyrate grains, brecciated and later infilled with sphalerite. From borehole 
LK-1889. SEM image. (g) Mass of pyrite grains, overgrown by a second generation of pyrite, which is partially replaced by 
sphalerite. From borehole LK-1889. SEM image. (h) Zoned pyrite associated with infilling sphalerite and carbonate, possibly 
calcite type C4(?). Minor bands of galena are present between pyrite bands. From borehole LK-2111. SEM image.
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Pod orebody sulfides greatly reduces the risk of inadver-
tently sampling more than one mineral, compared to pre-
vious Lisheen S isotope studies that employed microdrill-
ing (Hitzman, 1993; Hitzman and Beaty, 1996; Eyre, 1998; 
Wilkinson et al., 2005a).

Sulfur isotope results 

The sulfides analyzed from the Island Pod orebody display a 
wide range of δ34S values, from –47.7 to +17.4‰, with four 
separate but overlapping sulfur isotope groupings identifiable 
related to paragenetic stage and mineral phase (Fig. 7). There 
is no significant S isotope composition variation relative to 
stratigraphic position or host lithology for any sulfide phase. 
Spatial variations in S isotope signatures (orebody vs. subeco-

nomic halo and northern vs. southern areas of mineralization) 
are listed in Table 2. Below, each sulfide mineral is examined 
in more detail.

Pyrite: Pyrite exhibits a wide distribution of δ34S values 
(range = –47.7 to –14.7‰; n = 126) with data revealing two 
slightly overlapping distributions related to paragenetic stage. 
Generally, diagenetic pyrite (range = –47.7 to –30.7‰; mean 
= –38.2‰; n = 71) exhibits lower δ34S values relative to lat-
er hydrothermal pyrite (range = –34.3 to –14.7‰; mean = 
–25.1‰; n = 55). There are no significant differences in pyrite 
δ34S values, from either the diagenetic or the early main ore 
stage, between the northern and southern part of the Island 
Pod orebody.

Galena: Galena exhibits subtle differences in S isotope 

Fig. 5. (Cont.) (i) Dendritic pyrite partially replaced by galena, surrounded by sphalerite. From borehole LK-2111. Scan-
ning electron microscope (SEM) image. (j) Dendritic galena associated with calcite (C-OS-1) and sphalerite. From bore-
hole LK-2066. Transmitted light image. (k) C-OS-1 and sphalerite bands closely associated with each other. From borehole 
LK-2066. SEM image. (l) Colloform sphalerite (shades of yellow) veined by calcite (C4). From borehole LK-2046. CL image. 
(m) A brecciated clast of colloform sphalerite overgrown by a later phase of sphalerite. From borehole LK-2066. Transmitted 
light image. (n) Veined pyrite with later infilling galena. From borehole LK-2058. SEM image. (o) Galena pseudomorph after 
colloform sphalerite. From borehole LK-2066. SEM image. Abbreviations: BMB = black matrix breccia, Cb = carbonate, Gn 
= galena, Mrc = marcasite, Py = pyrite, Reg Dol = regional dolomite, Sp = sphalerite, WMB = white matrix breccia.  
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composition (full range = –11.1 to +17.4‰; n = 63) with δ34S 
values often higher in paragenetically later stages. Main ore-
stage dendritic galena and galena associated with colloform 
sphalerite range from –9.3 to –0.1‰ (mean = –5.3‰; n = 
12), coarse galena from main ore stage ranges from –11.1 to 
+17.4‰ (mean = –0.3‰; n = 30), and late main ore-stage 
infilling and replacive galena ranges from –10.1 to +10.7‰ 
(mean = +1.6‰; n = 21). Spatially, there is a slight difference 
in S isotope compositions between the southern and northern 
parts of the Island Pod orebody, with galena from the south of 
the orebody consistently revealing higher δ34S values relative 
to the north (Table 2). 

Sphalerite: Sphalerite δ34S values (range = –15.5 to +1.7‰; 
mean = –7.9‰; n = 56) are typically between –6.0 and 
–10.0‰, with 31 of the 56 data points falling into this inter-
val. Only one δ34S value higher than 0‰ (+1.7‰) has been 
recorded, and that is from the northern section of the orebody 
(borehole LK-2109; Fig. 4). No consequential variations in S 
isotope compositions have been observed based on texture, 

with main ore-stage colloform sphalerite displaying a mean 
δ34S value of –7.8‰ (range = –12.6 to –1‰; n = 25), and 
later, noncolloform sphalerite having a mean δ34S value of 
–8.0‰ (range = –15.5 to +1.7‰; n = 31). 

Sulfur isotope analysis at both SUERC and MUN reveals 
S isotope composition variations on a submillimeter scale as-
sociated with galena and colloform sphalerite. Commonly, 
colloform sphalerite yields differences of up to 6.0‰ between 
banded zones (e.g., Fig. 8a), while galena exhibits intragrain 
variation of up to 3.0‰ over 300 μm (Fig. 8b). Pyrite analy-
sis generally reveals relatively homogeneous δ34S values, with 
typical intragrain variations between 1.0 and 4.0‰.

Sulfide Mineral Chemistry
Pyrite, sphalerite, galena, and sulfosalts from samples across 
the Island Pod orebody and its subeconomic halo were ex-
amined using electron microprobe spot analyses (n = 343). 
Results are listed in Appendix 2, with a summary of data pre-
sented in Table 3. Analysis of pre-ore, diagenetic, and hydro-

Fig. 6. Summary paragenesis for the Island Pod orebody and its subeconomic halo, separated into diagenetic, early, main, and 
late ore stages, based on relative timing. Orange represents pyrite and (where relevant) marcasite, blue represents galena, 
gray represents sphalerite, and black represents dolomite and calcite phases. Abbreviations: BMB = black matrix breccia, Gn 
= galena, Mrc = marcasite, Py = pyrite, Sp = sphalerite, WMB = white matrix breccia.

Phase Relative timing 
Diagenesis Early main ore stage Main ore stage Late main to post-ore stage 

------------------------------------- ------------------- --------------------------------------------------------------------------------------------------------- 
D1 dolomite (regional) 
Diagenetic Py 
D2 dolomite (BMB) 
D3 dolomite (WMB) 
Py (+/- Mrc) (often zoned) 
C1 cryptofibrous calcite 
Dendritic Gn/Py 
Colloform Sp 
C-OS-1
Coarse Gn 
Non-colloform Sp 
D4 dolomite 
C4 calcite 
Replacing/vein filling Gn 
D5 dolomite (pink dolomite) 
Disseminated sulphides 
C6 calcite (coarse, white) 

///

Table 2. Summary of δ34S Values for Each Sulfide Phase, Classified by Spatial Distribution

Phase Orebody Subeconomic halo Southern orebody Northern orebody
Pyrite n 55 71 77 49

Mean –34.5‰ –30.8‰ –32.4‰ –32.4‰
Median –36.6‰ –31.8‰ –35.3‰ –34.3‰
Std. Dev. 7.0 7.8 7.5 8.0

Galena n 39 24 33 30
Mean –0.6‰ –1.6‰ +1.7‰ –3.13‰
Median +0.1‰ –3.1‰ +1.4‰ –3.8‰
Std. Dev. 5.8 6.3 6.2 4.7

Sphalerite n 31 31 35 27
Mean –7.1‰ –9.2‰ –8.0‰ –8.4‰
Median –7.9‰ –9.0‰ –8.2‰ –8.3‰
Std. Dev. 3.4 3.1 3.6 3.2
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thermal zoned pyrite focused on intragrain variations (Fig. 
9a-f), while differences on an orebody scale are presented for 
sphalerite and galena. Samples were selected based on their 
location throughout the Island Pod orebody, using thin sec-
tions cut from the same section of core as for sulfur isotope 
analysis, where possible.

Analytical methodology

In situ sulfide mineral chemistry work was carried out at the 
Natural History Museum (NHM), London, using a Cameca 
SX100 WDX electron microprobe analyzer (EMPA). A beam 

current of 20 nA and an accelerating voltage of 20 keV were 
used, allowing an approximate 1-µm spot size. At NHM, a 
total of 33 samples, covering the main sulfide phases within 
the Island Pod orebody, including its subeconomic halo, were 
analyzed, resulting in 178 spot analyses. Further spot analyses 
(n = 165) on six samples were performed at MUN, Canada, 
using a JEOL JXA-8230 EPMA with an accelerating voltage 
of 20 keV, a beam current of 10 nA, and an approximate spot 
size of 3 to 4 µm. The six samples analyzed were the same 
ones used for SIMS sulfur isotope analyses at MUN. 

The elements analyzed at NHM were: As, Ag, Bi, Cd, Co, 

Fig. 7. All S isotope data from the Island Pod orebody and its surrounding subeconomic halo. Each box represents a single 
data point. Data for pyrite and galena are further subdivided using paragenetic stage/texture. Sphalerite is not subdivided as 
there were no discernible S isotope composition differences between different textures or paragenetic stages.

Main ore stage galena 
(dendritic/associated with 
colloform Sp)

Diagenetic pyrite 
(typically coarse masses)

Main ore stage sphalerite 
(colloform and non-colloform)

Early main ore stage pyrite 
(typically zoned, overgrowths)

Main ore stage galena 
(coarse)

Late main ore stage galena 
(infilling and replacive)

34SV-CDT (‰)
-30-40-50 -20 -10 0 10 20

Table 3. Summary Mineral Chemistry Data (wt %) From the Island Pod Orebody

Phase S (wt %) Zn (wt %) Fe (wt %) Pb (wt %) As (wt %) Co (wt %)
Pyrite/Fe sulfides n*

Min
Max
Median
Std. Dev. 

31
44.6
53.8
52.7
2.0

21
0.1
1.4
0.2
0.4

31
17.3
47.8
45.0
5.6

23
0.1
2.7
0.9
0.7

30
0.04
9.4
1.8
2.1

31
0.04

15.1
0.1
2.9

Galena n*
Min
Max
Median
Std. Dev.

49
12.4
13.9
13.6
0.2

34
0.1
3.5
0.8
0.9

13
0.1
1.1
0.2
0.3

49
84.2
88.5
86.5
0.8

4
0.02
0.1
0.03
0.1

2
0.01
0.1
0.04
0.02

Sphalerite n*
Min
Max
Median
Std. Dev.

249
28.4
35.6
32.8
0.6

249
54.4
86.9
66.0
1.4

240
0.02
6.1
0.3
0.9

153
0.02

19.0
0.2
1.5

85
0.01
0.2
0.04
0.04

52
0.01
0.1
0.01
0.02

Sulfosalt n*
Min
Max
Median
Std. Dev.

14
13.5
23.4
17.7
2.3

10
0.3
6.3
0.8
1.7

5
0.03
0.1
0.1
0.02

14
53.3
86.8
71.1
7.8

12
0.3

23.2
9.3
4.8

6
0.01
0.02
0.01
0.004

Note: n* = data points above detection limits 
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Cu, In, Fe, Mn, Mo, Ni, Pb, S, Sb, Se, Si, Tl, and Zn. At MUN, 
the analyzed elements were: As, Ag, Au, Cd, Co, Cu, Fe, Pb, 
S, Sb, and Zn. Below, only element data above the detection 
limits and samples with totals of 98 to 102 wt % are reported. 

Mineral chemistry results 

Pyrite analyses: Pyrite analyses (n = 31) generally reveal a 
close to stoichiometric composition for Fe (most data range 
from 41.9–47.8 wt %) and S (range = 44.6 to 52.8 wt %), with 
two points revealing lower Fe values (17.3 and 31.1 wt %; 
App. 2). While data for Bi, Mn, Mo, and Se concentrations 
are consistently below detection limits, pyrite analyses reveal 
low levels of Ag (<0.1 wt %; n = 13), Cd (<0.1 wt %; n = 10), 
Cu (<0.01 wt %; n = 3), Pb (range = 0.1 to 2.7 wt %; n = 23), 
Sb (<0.01 wt %; n = 2), and Zn (range = 0.1 to 1.4 wt %; n = 
21). Arsenic (0.04–9.4 wt %; n = 30) and Co (0.04–15.1 wt %; 
n = 31) are the trace elements with the highest concentrations 
in pyrite (Table 3). While only data from NHM are available 
for Ni (range = 0.1 to 11.2 wt %; n = 3) and Tl (range = 0.5 
to 1.0 wt %; n = 7), Ni consistently displays lower values than 
corresponding Co (App. 2). 

Intragrain compositional variation was examined across 
three pyrite samples from the Island Pod orebody and its sub-
economic halo (Fig. 9a-f). Sample ALD075 from borehole 
LK-2041 (Fig. 9a-b) contains a concentrically zoned early 
main ore-stage pyrite grain. The textural zoning observable 
in Figure 9b reveals complex growth patterns with minor ga-
lena infrequently observed between consecutive pyrite bands. 
Within the core of this grain, Co and As concentrations are 
both ~0.1 wt % and increase toward the margins (up to 3.4 wt 
% As and 0.3 wt % Co). Cobalt and As concentrations are con-
sistent at two different spots along the outer band (Fig. 9a). 
Sample SPL078 from borehole LK-2066 (Fig. 9c-d) contains 
four zoned masses of pyrite, which have been overgrown by 
later pyrite, all from the early main ore stage. Arsenic concen-
trations are highly variable throughout this sample, ranging 
from 0.8 to 3.7 wt %. Sample ALD103 from borehole LK-2145 

is composed of diagenetic pyrite overgrown by early main ore-
stage pyrite (Fig. 9e-f). The central pre-ore, diagenetic pyrite 
(<0.1 wt % Co and As) is surrounded by a thin (<5 µm), trace 
element-rich band (up to 15.1 wt % Co, 11.2 wt % Ni, and 9.4 
wt % As, possibly representing another Fe sulfide), with both 
phases subsequently overgrown by later, vuggy pyrite (0.1 wt 
% Co, Ni below detection limit, and 4.2 wt % As). 

Correlations between major and minor elements (Fe, S, 
Co, As) are discernible from the pyrite data set (Fig. 10). Both 
As vs. S (Fig. 10a) and Co vs. Fe (Fig. 10b) display negative 
correlations with R-values (using Pearson’s correlation coef-
ficient) of –0.95 and –0.96, respectively. Correlations between 
As vs. Co (R = +0.76), Fe vs. As (R = –0.8), and Co vs. S (R = 
–0.81) are present, but these are more variable on a sample 
scale. For example, Co vs. S from samples SPL078 (borehole 
LK-2066) and ALD075 (borehole LK-2041) have R-values of 
–0.41 and –0.95, respectively, but the overall R-value is –0.81 
when data are combined.

Galena analyses: Galena analyses (n = 49) are typically close 
to stoichiometric composition for Pb (range = 84.2 to 88.5 wt 
%) and S (range = 12.4 to 13.9 wt %; Table 3). Minor amounts 
of Zn (range = 0.1 to 3.5 wt %; n = 34) and Fe (range = 0.1 to 
1.1 wt %; n = 13) are detected in some samples. Trace levels 
of As, Cd, Co, Cu, Se, and Tl are also present in some analy-
ses, but all of these are typically below 0.1 wt %. There are no 
clear relationships between element concentrations, spatially, 
or between galena textures.

Sphalerite analyses: Sphalerite analyses (n = 249) are gen-
erally close to expected stoichiometric composition with Zn 
(range = 54.4 to 68.9 wt %) and S (range = 28.4 to 35.6 wt %) 
generally >99 wt %. Sphalerite analyses also reveal low con-
centrations of Ag (<0.01–0.2 wt %; n = 38), As (0.01–0.2 wt %; 
n = 85), Co (0.01–0.1 wt %; n = 52), and Pb (range = 0.02 to 
2.5 wt % and one additional point of 19.0 wt % Pb, which pre-
sumably reflects unseen galena inclusions; n = 153). Bismuth 
(0.1–0.2 wt %; n = 4), Cu (<0.02 wt %; n = 4), Mo (0.1 and 
0.3 wt %; n = 2), Ni (0.03 wt %; n = 1), and Sb (range = 0.01 

Fig. 8. Sulfur isotope intragrain variation. (a) Colloform sphalerite from the main ore stage, crosscut by late calcite (C4) 
vein. Sample from borehole LK-2046. (b) Coarse galena formed during the main ore stage, sample from borehole LK-2111. 
Abbreviations: Cb = carbonate (likely dolomite), Gn = galena, Sp = sphalerite.
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to 0.02 wt %; n = 15) are also detectable in a limited number 
of analyses and may reflect the presence of inclusions of other 
mineral phases. Moreover, Fe is detected in all but 9 analyses, 
ranging from 0.02 to 6.09 wt % (mean = 0.6 wt %), whereas 

Cd (n = 199) is consistently <0.8 wt % (mean = 0.1 wt %).
While concentrations of most trace elements in sphalerite 

do not vary on a sample or orebody scale, Fe content differs 
slightly between colloform (range = 0.02 to 2.6 wt %; n = 131) 

Fig. 9. Pyrite scanning electron microscope (SEM) images showing trace element variation on a grain scale, with red dots 
representing the approximate analysis locations. (a) Zoned pyrite displaying increasing outward concentrations of Co and As. 
Cobalt and As values are consistent along each band. Note the illite needles (black) surrounding the pyrite grain. Sample from 
borehole LK-2041. (b) Enlargement of area shown in the black box in (a) showing thin bands of galena observed between pyrite 
growth zones with additional partial replacement by sphalerite. (c) Zoned pyrite, with subsequent overgrowth by a later pyrite 
phase, showing As variation. Sample from borehole LK-2066. (d) Enlarged version of the black box area in (c), showing the com-
plex zonation patterns in more detail. (e) Pyrite with subtle textural variations partially replaced by sphalerite. From borehole 
LK-2145. (f) Expanded version of the boxed area in (e), displaying a thin, Co-Ni-As-Fe, S-rich band. The band surrounds a cen-
tral diagenetic pyrite grain and is subsequently overgrown by later hydrothermal pyrite. The thin band has the highest recorded 
Co and Ni values from the entire Island Pod orebody. Abbreviations: Gn = galena, Py = pyrite, Sp = sphalerite.
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and noncolloform (range = 0.03 to 6.1 wt %; n = 109) sphaler-
ite. A plot of Zn vs. Fe for sphalerite (Fig. 11) reveals a nega-
tive correlation for noncolloform sphalerite (R = –0.89), with 
little correlation and less variation for colloform samples. The 
Fe content of colloform and noncolloform sphalerite also var-
ies slightly between the orebody (mean values of 0.2 and 0.6 wt 
%, respectively) and the surrounding subeconomic halo (mean 
values of 0.3 and 1.4 wt %, respectively). In addition, no rela-
tionship between sphalerite color and Fe or As content is evi-
dent from microprobe data. However, reddish sphalerite tends 
to host Ag (range = 0.01 to 0.2 wt %; n = 10) and have low Co 
content when compared to other sphalerite generations. 

Sulfosalt analysis: Sulfosalt analysis (n = 14) reveals variable 
concentrations of As (range = 0.3 to 23.2 wt %; n = 12), Pb 
(range = 53.3 to 86.8 wt %; n = 14), S (range = 13.5 to 23.4 wt 
%; n = 14), and Sb (range 0.01 to 2.4 wt %; n = 12), confirming 
the presence of gratonite (PbAsS) and jordanite (Pb(AsSb)S). 
These sulfosalts are associated with the branches of dendritic 
galena. Minor levels of Cd (n = 6; <0.02 wt %), Co (n = 6; 
0.01–0.02 wt %), Cu (n = 1; 0.01 wt %), Fe (n = 5; 0.03–0.07 
wt %), and Zn (n = 10; 0.30–6.34 wt %) are additionally found 

in some samples.

Discussion

Textural and mineral chemistry variation: Implications for 
the mineralizing conditions of the Island Pod orebody

Diagenetic sulfide precipitation: Dolomitization of the Waul-
sortian Limestone Formation in Lisheen occurred during a 
regional-scale dolomitizing event that facilitated an increase 
in porosity and permeability (Hitzman et al., 2002). This in-
crease in porosity and permeability likely signifies a net loss of 
mass during the dolomitization (Hitzman et al., 2002; Turner, 
2019). In the Island Pod orebody, pre-ore sulfide mineraliza-
tion is typified by coarse pyrite, but elsewhere in Lisheen, it 
is often described as disseminated grains surrounding clasts 
of regional dolomite within hydrothermal breccias (D2 and 
D3; Wilkinson et al., 2005a). During the diagenetic stage, 
bacterial sulfate reduction in permeable areas created an 
abundance of reduced sulfur that subsequently led to the for-
mation of early pyrite (Wilkinson et al., 2005a). The source 
of Fe for diagenetic pyrite formation in the Island Pod ore-

Fig. 10. Compositions of the three pyrite samples 
shown in Fig. 9. (a) Plot of As vs. S, showing a nega-
tive correlation with R = –0.95 (shown by the black 
line), indicating As substitution for S. (b) Plot of 
Co vs. Fe, showing a negative trend with R = –0.96 
(shown by the black line), indicating Co substitution 
for Fe. 
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body is not clear, but it is possibly related to the fluids that 
led to the formation of the hydrothermal breccias (D2 and 
D3), as these dolomite phases have elevated Fe abundances  
(Turner, 2019).

Early main ore-stage hydrothermal fluid activity: Early 
main ore-stage pyrite grains from across the Island Pod ore-
body are typically zoned and are surrounded by pale yellow-
ish-brown sphalerite, which is normally associated with collo-
form sphalerite (Fig. 5m). This relationship between pyrite 
and main ore-stage sphalerite demonstrates that hydrother-
mal Fe sulfide precipitation preceded the initiation of Zn-Pb 
main ore-stage mineralization (Fig. 6). Early main ore-stage 
pyrite occurrences typically form concentrically zoned grains 
(Fig. 9a-b). However, pyrite from this stage locally displays 
more intricate zoning textures, with some bands revealing 
complex growth patterns (e.g., Fig. 9d). Overall, the forma-
tion of concentrically zoned pyrite is likely the result of either 
continuous growth, with each zone representing a fresh influx 
of hydrothermal fluid, or the result of growth of each zone 
during a single episode, but from a chemically evolving fluid 
(i.e., no new pulses), with intervening periods without crystal 
growth (cf. Craig et al., 1998). For the latter to be the case, 
resorption textures between subsequent pyrite bands and 
systematic depletion of trace elements from the pyrite core 
outward would be expected, but in their absence, the former 
is a more likely explanation for the pyrite zonation. The occur-
rence of more intricate zoning in some pyrite from this stage 
(e.g., Fig. 9d) indicates that the composition of hydrothermal 
fluids fluctuated locally. The divergent chemistry of new fluid 
pulses caused variable trace element patterns and more com-
plex textures than the commonly observed concentric zones. 
Moreover, porous, inclusion-rich pyrite (e.g., Fig. 9e-f), com-
bined with zoned textures, suggests that the early main ore-
stage mineralizing environment fluctuated rapidly in response 
to new fluid pulses entering the hydrothermal system, causing 
rapid crystallization due to fluid mixing (Genna and Gaboury, 
2015; Román et al., 2019). 

Some Island Pod orebody zoned pyrite display increasing 

concentrations of As and Co from core to rim (Fig. 9a), fur-
ther implying episodic hydrothermal fluid flow in the early 
main ore stage. Systematic increases in trace elements such 
as these are indicative of chemical zoning (Shore and Fowl-
er, 1996; Tanner et al., 2016; Li et al., 2018), with each zone 
growing rapidly in an environment of chemical disequilibri-
um (Fleet et al., 1989; Yardley et al., 1991; Shore and Fowler, 
1996; Hammond and Tabata, 1997). Similarly, changes in As 
concentrations of approximately 3 wt % between adjacent 
growth bands in zoned pyrite (Fig. 9a-b) are characteristic of 
precipitation from distinct fluid pulses (Caruso et al., 2018). 
Intragrain variability of As, Co, and Ni between pyrite bands 
(Fig. 9a, c) suggests that the hydrothermal pulses contained 
fluctuating levels of trace elements (Ulrich et al., 2011). Ad-
ditionally, As vs. S and Co vs. Fe trends (R = –0.95 and –0.96, 
respectively) indicate that As and Co substituted for S and 
Fe, respectively, rather than being present as inclusions (Fig. 
10a-b). While many early main ore-stage pyrite grains com-
monly appear to display consistent chemical zoning, other 
grains from this stage exhibit more variable trace element dis-
tribution patterns. This variation corresponds to more com-
plex textural growth patterns (e.g., Fig. 9c) related to localized 
divergence in hydrothermal fluid composition. 

As the hydrothermal system matured, influxes of metal-
bearing fluids increased, resulting in thin bands of galena and 
sphalerite between some early main ore-stage pyrite growth 
bands (e.g., galena in Fig. 9b). The presence of these inclu-
sions suggests the transition from Fe- to Zn-dominated hy-
drothermal fluids was gradual and not a result of separate 
mineralizing events. Additionally, the early introduction of Zn 
into the hydrothermal system may have led to the atoll-type 
replacement of diagenetic framboidal pyrite by sphalerite 
(Fig. 5a). It is difficult to determine in exactly which parage-
netic stage the replacement of framboidal pyrite by sphalerite 
occurred, but it is likely associated with the main ore stage 
when Zn-bearing fluids dominated. The hydrothermal fluids 
would have led to atom for atom replacement of Fe by Zn in 
diagenetic pyrite (Finlow-Bates et al., 1977). Similar replace-

Fig. 11. Fe vs. Zn plot of sphalerite analyses. Noncolloform sphalerite shows a strong negative correlation (R = –0.89), 
whereas colloform sphalerite shows less variation and a much weaker correlation.
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ment textures associated with replacement-type volcanogenic 
massive sulfide (VMS) deposits have been linked to the cre-
ation of semipermeable caps, which enhance zone refining 
of sulfides and result in the upgrading of mineral assemblage 
grades as hydrothermal fluids continue to enter the mineraliz-
ing system (Piercey, 2015). This process may account for the 
formation of the “pyrite cap” described from stratigraphically 
higher positions than Zn-Pb mineralization at the Lisheen 
deposit (Fusciardi et al., 2003). Similarly, this replacement is 
possibly the source of Fe (and some S) that was incorporated 
into sphalerite during the formation of main ore-stage min-
eralization (Table 3). Nonetheless, the chemical and textural 
zonation of pyrite indicate that Zn-rich hydrothermal activity 
was preceded by episodic pulses of trace element-rich fluids 
into the hydrothermal system, prior to main ore-stage min-
eralization. 

Fluid mixing and ore deposition during the main ore stage: 
The initiation of main ore-stage mineralization at the Island 
Pod orebody is marked by the occurrence of dendritic galena 
and colloform sphalerite. These mineral textures are reflec-
tive of a sudden shift in fluid conditions, leading to the rapid 
precipitation of sulfides into open space from a Zn-Pb su-
persaturated fluid (Roedder, 1968; Yardley et al., 1991; Ham-
mond and Tabata, 1997; Anderson et al., 1998; Atanassova 
and Bonev, 2006; Li and Kusky, 2007; Barrie et al., 2009a, b; 
Gagnevin et al., 2014). Increased influxes of metal-bearing 
hydrothermal fluids and subsequent mixing with bacterio-
genic, sulfur-bearing brines likely caused the sudden shift in 
precipitation conditions at the Island Pod orebody. Mixing 
between these fluids generally triggers rapid changes in pH, 
temperature, and fO2, which are influencing factors on the 
mobility of Zn and Pb (Anderson, 1975; Cooke et al., 2000). 
Subsequent main ore-stage mineralization at the Island Pod 
orebody is typified by coarse galena and noncolloform sphal-
erite that frequently replaces earlier diagenetic and early 
main ore-stage pyrite and hydrothermal dolomite breccias at 
Lisheen (Wilkinson et al., 2005a). The lack of rapid precipita-
tion textures associated with these phases suggests that the 
rate of fluid mixing had slowed, facilitating the formation of 
coarser sulfides during the main ore stage. This change in 
mineralizing environment may reflect more continuous hy-
drothermal fluid incursions as opposed to the episodic flow 
interpreted to have been important during the early main 
ore-stage mineralization. 

Main ore-stage sulfides from the Island Pod orebody are 
devoid of many trace elements normally associated with this 
stage of mineralization in other Irish Zn-Pb deposits (e.g., 
high levels of Cd and Ag; Torremans et al., 2018), and of those 
found in early main ore-stage pyrite (e.g., Co, Ni, As, Tl). 
The reduced concentration of these elements indicates that 
the Island Pod orebody is distal to the main feeder zones in 
Lisheen, which are generally characterized by elevated levels 
of Ag, As, Cu, and Ni (Torremans et al., 2018). While As-Sb 
sulfosalts are associated with some dendritic galena branches, 
the relative timing of these phases is only partly constrained, 
and they could represent a late influx of As-Sb-S-rich fluid af-
ter the main ore-stage mineralization had ceased. The lack of 
significant As or Sb associated with main ore-stage sphalerite 
and galena may suggest the hydrothermal fluids during this 
stage of mineralization were depleted in these elements or, 

if present, they remained stable in solution. However, main 
ore-stage sphalerite does contain abundant Fe (>6.1 wt %). 
Changes in sphalerite color (e.g., Fig. 5m) have often been 
attributed to fluctuations of Fe content in the mineralizing 
fluids (e.g., Ixer, 1974; Craig and Vaughan, 1994; Wilkinson et 
al., 2005a; Barrie et al., 2009a), with elevated concentrations 
associated with darker sphalerite. However, in the Island Pod 
orebody, Fe does not appear to be the controlling factor for 
sphalerite color, with no significant relationship identified be-
tween these variables, similar to the conclusions of Gagnevin 
et al. (2014) on the Navan Zn-Pb deposit and of Roedder and 
Dwornik (1968) more generally. 

Late main ore-stage fluid activity: Late main ore-stage ga-
lena is typified by replacive and infilling textures (e.g., Fig. 
5n-o), which are suggestive of a change in mineralizing condi-
tions from the main ore stage. Galena from this stage gener-
ally infills fractures within diagenetic and early main ore-stage 
pyrite and overprints main ore-stage colloform sphalerite. The 
brecciation of pyrite, which facilitated infilling of late main 
ore-stage galena, possibly occurred due to the stresses caused 
by fluid over-pressuring when metal-bearing fluids entered 
the hydrothermal system, similar to brecciation processes 
outlined by Turner (2019). Alternatively, local tectonic activ-
ity could have influenced the brecciation (Augustithis, 1995), 
possibly related to major east-west or minor northwest-south-
east normal faulting, contemporaneous with mineralization at 
Lisheen (Torremans et al., 2018; Kyne et al., 2019). However, 
late main ore-stage galena textures associated with colloform 
sphalerite are indicative of replacement processes through 
partial dissolution of sphalerite and subsequent reprecipita-
tion of galena in its place (Craig and Vaughan, 1994; Putnis, 
2002). The formation of galena pseudomorphs after colloform 
sphalerite during the late main ore stage at the Island Pod 
orebody may reflect remobilization of Pb from earlier-formed 
coarse galena, or it may represent a late influx of Pb-rich fluid.

Infilling and vein dolomite and calcite (D4 and C4, respec-
tively; Table 1) are also observed from the late main ore stage 
and reflect a resurgence of carbonate precipitation. The last 
stages of sulfide deposition in the Island Pod orebody are typi-
cally disseminated pyrite and sphalerite and likely reflect crys-
tallization from a fluid depleted in trace elements (excluding 
Fe and Zn).

Sulfur isotope variation: Fluid sources and mixing

In the Irish Zn-Pb orefield, it is well established that ore de-
position resulted from mixing between metal-rich, sulfur lim-
ited, hydrothermal fluids (high δ34S values, typically >0‰) 
and brines rich in H2S, derived from bacteriogenically re-
duced sulfate (low δ34S values, typically <−20‰; e.g., Boyce 
et al., 1983; Anderson et al., 1998; Wilkinson et al., 2005a). 
The Island Pod orebody isotopic variations manifest as four 
overlapping S isotope groupings, corresponding with parage-
netic stage and sulfide type, that reflect varying contributions 
from hydrothermal and bacteriogenic sulfur (Fig. 7). 

Dual fluid sources: A dual fluid model is proposed for the 
Island Pod orebody based on the textural and paragenetic evi-
dence discussed earlier. The main sulfur sources, as charac-
terized by paragenetically constrained δ34S values, within the 
Island Pod orebody are described below. 
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1. Bacteriogenic sulfate reduction (BSR) of Lower Carbonif-
erous seawater sulfate resulted in abundant H2S, and this 
was the main source of sulfur within the Island Pod ore-
body. Under open-system and sulfate ion-unlimited condi-
tions (Goldhaber and Kaplan, 1975; Seal II, 2006; Sharp, 
2007), BSR produced sulfur with δ34S values <0‰ due 
to fractionation of contemporaneous seawater sulfate. In 
the Irish orefield, δ34S values lower than –20‰ are typi-
cal of pyrite formed by BSR processes (Boyce et al., 1983; 
Anderson et al., 1998; Wilkinson et al., 2005a), with typical 
fractionations of ~45 ± 10‰ from Lower Carboniferous/
Mississippian seawater sulfate (δ34S value of ~+17‰; Clay-
pool et al., 1980; Wilkinson et al., 2005a). The low δ34S val-
ues of diagenetic pyrite in the Island Pod orebody (Fig. 7) 
are suggestive of the same process, but with slightly greater 
fractionation (typically 55 ± 10‰ lower than the Missis-
sippian seawater sulfate composition) than elsewhere in 
Lisheen (e.g., Boyce et al., 1983; Anderson et al., 1998; 
Wilkinson et al., 2005a). These higher degrees of fraction-
ation have been inferred to reflect slower seawater sulfate 
reduction rates (Seal II, 2006; Antler et al., 2013), likely 
related to local variations between BSR environments 
amongst orebodies (e.g., temperature, sulfate availability; 
Seal II, 2006; Antler et al., 2013).

2. Metal-bearing hydrothermal sulfur (δ34S values >0‰) in 
the Irish orefield is thought to have been released from 
preexisting sulfides into circulating hydrothermal fluids 
within the Lower Paleozoic basement (e.g., Boyce et al., 
1983; Anderson et al., 1998; Eyre, 1998; Everett et al., 
1999; Wilkinson et al., 2005a). The release of sulfur from 
preexisting sulfides has been shown not to fractionate S iso-
topes significantly between source and fluid (Seal II, 2006). 
Since Lower Paleozoic diagenetic pyrite near Lisheen have 
δ34S values >0‰ (Eyre, 1998), a basement source for the 
hydrothermal S is consistent with the δ34S values recorded.

Variable S source input associated with fluid mixing: The 
much lower δ34S values of early main ore-stage pyrite, com-
pared to main ore-stage sphalerite and galena, suggest that 
the availability of hydrothermal S (δ34S values >0‰) in this 
stage was limited. The δ34S values of initial main ore-stage sul-
fide textures (e.g., colloform sphalerite) are more characteris-
tic of fluid mixing in the Irish orefield (e.g., Table 4; Wilkinson 
et al., 2005a). However, Fe enrichment in sphalerite (Table 
3) is indicative of a major bacteriogenic S source (Barrie et 
al., 2009a; Gagnevin et al., 2014). Additionally, Kiyosu (1972) 
has shown that S isotope equilibrium is often reached quickly 
between these minerals and the precipitating fluids, result-
ing in sphalerite having a higher S isotope ratio than galena. 
However, in the Island Pod orebody, the opposite of this is 
observed, with galena δ34S values often 3 to 8‰ higher than 
corresponding sphalerite (e.g., dendritic and galena inclusions 
in colloform sphalerite range from –9.3 to –0.1‰, whereas 
colloform sphalerite ranges from –12.6 to –1‰). This varia-
tion indicates these minerals are out of S isotope equilibrium, 
and it supports rapid fluid mixing as the control on their pre-
cipitation. During the late main ore stage, the hydrothermal 
S source became more dominant, with most δ34S values for 
galena in this stage >0‰ (Fig. 7). These paragenetic S isotope 
variations suggest mineralization formed as part of a “fluctuat-

ing front” between the two S end-member fluids, with the hy-
drothermal sulfur source gradually becoming more dominant 
as sulfide precipitation progressed (Anderson et al., 1998; Fal-
lick et al., 2001).

Possible replacement and remobilization of S: Commonly 
within the Island Pod orebody, diagenetic pyrite is partially 
replaced by early main ore-stage pyrite and main ore-stage 
sphalerite (e.g., atoll texture in Fig. 5a). Hydrothermal fluids 
associated with ore-stage mineralization may have caused par-
tial breakdown of diagenetic pyrite, resulting in remobilized S 
with δ34S values <<0‰ available for reincorporation into later 
sulfides (e.g., Seal II, 2006). This process could also account 
for the unusually low δ34S values of early main ore-stage py-
rite, the isotopic composition variations between coprecipitat-
ing sulfide pairs, and the Fe incorporated into main ore-stage 
sphalerite. The higher δ34S values, associated with late main 
ore-stage galena with infilling and replacive textures, may also 
be related to replacement and remobilization of sulfur. The 
original source may be earlier-formed galena found in areas of 
Pb-rich mineralization (e.g., steel ore from Lisheen; Doran et 
al., unpub. data). The replacement of pre-ore pyrite by ore-
stage mineralization has also been inferred to be a source of 
reduced sulfur for later sulfides in the George Fisher deposit, 
Australia, which also exhibits similar δ34S values to those ob-
served in the Island Pod orebody between diagenetic and ear-
ly main ore-stage pyrite (e.g., Rieger et al., 2020). The textural 
relationships between ore stages and the overlapping δ34S val-
ues of diagenetic and early main ore-stage pyrite (Fig. 7) from 
the Island Pod strongly suggest that S recycling between ore 
stages occurred in the orebody.

Grain-scale and intragrain variability: The S isotope com-
position of zoned pyrite, colloform sphalerite (Fig. 8a), and 
galena (Fig. 8b) frequently varies on a grain or intragrain 
scale, further reflecting rapid precipitation and variable mix-
ing between S source end members (Wilkinson et al., 2005a). 
Colloform sphalerite locally has δ34S values of –10.8 and 
+1.7‰ less than 1 cm apart, with galena often showing varia-
tions of ±6% and pyrite locally showing differences of ±11‰ 
within 300 µm. The large variations are seen on a relatively 
small scale, particularly within colloform sphalerite, and simi-
larly support a fluctuating front between hydrothermally and 
bacteriogenically sourced S. 

Comparison of the Island Pod orebody to the Main,  
Derryville, and Bog zones at Lisheen

Variation in paragenesis and mineralizing conditions: Previ-
ous paragenetic studies of Lisheen (Fig. 12a) have focused on 
the Main, Derryville, and Bog zones (Hitzman et al., 1992, 
2002; Earls, 1994; Hitzman and Beaty, 1996; Redmond, 1997; 
Eyre, 1998; Fusciardi et al., 2003; Wilkinson et al., 2005a), 
with no detailed Island Pod orebody paragenesis published 
to date. A paragenesis based on samples from two boreholes 
in the subeconomic halo of the Island Pod orebody, grouped 
with observations from the Rapla deposit (approximately 23 
km to the northeast of the Lisheen deposit; Fig. 1), was pub-
lished by Riegler and McClenaghan (2017). 

The Island Pod orebody paragenesis and mineralogy is 
simpler (Fig. 6) than that of the Main, Derryville, and Bog 
zone orebodies (Fig. 12a; Table 4), but similar textures are 
present. The ore minerals of the Island Pod orebody are py-
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rite, sphalerite, and galena, with relatively minor marcasite, 
arsenian pyrite (<9.64 wt % As), and sulfosalt minerals rela-
tive to the Main, Derryville, and Bog zones. Marcasite and 
arsenian pyrite are mostly located in the south of the orebody. 
Generally, the other Lisheen ore zones have a more varied 
mineralogy compared to the Island Pod orebody, with sulfides 
such as chalcopyrite and bornite (Cu5FeS4), as well as sev-
eral sulfosalts (e.g., boulangerite, cobaltite, tennantite) and 
other minerals (e.g., barite) not observed in the Island Pod 
orebody (Eyre, 1998; Hitzman et al., 2002; Fusciardi et al., 
2003; Wilkinson et al., 2005a). Additionally, the Island Pod 
orebody contains lower concentrations of economically un-
desirable elements associated with ore-stage sulfides (e.g., As 
in sphalerite) than elsewhere at Lisheen, resulting in higher-
quality, “cleaner” ore. The other Lisheen orebodies also dis-
play much broader, less defined S isotope ranges for pyrite, 
sphalerite, and galena, with additional data available for barite 
and chalcopyrite (Fig. 12b; Table 4). The larger distribution of 
δ34S values from previous studies may be partially related to 
utilization of microdrilling methods instead of in situ analysis 
and the consequent inadvertent sampling of multiple phases. 
However, this variation may also be associated with the more 
complex hydrothermal and structural history of the other 
Lisheen ore bodies, which makes assignment of textures to 
paragenetic stage more difficult.

 While there are differences in terms of mineral and sulfur 
isotope composition, the processes responsible for main ore-
stage mineralization are similar between the Island Pod and 

the other orebodies of Lisheen. The appearance of dendritic 
galena and pyrite is interpreted to reflect the onset of signifi-
cant fluid mixing between the hydrothermal fluids and the 
bacteriogenic brines in all ore zones, leading to the initiation 
of rapid ore deposition (Roedder, 1968; Anderson et al., 1998; 
Atanassova and Bonev, 2006; Li and Kusky, 2007; Barrie et al., 
2009a, b; Gagnevin et al., 2014). However, in the other Lisheen 
orebodies, there has been significantly more overgrowth and 
replacement by main ore-stage sulfides, making detailed stud-
ies of early ore-stage textures challenging. As a result, the epi-
sodic hydrothermal activity associated with the early main ore 
stage identified within the Island Pod orebody has not been 
described in significant detail for the other Lisheen mineral-
ization. Thus, studies of the Island Pod orebody provide infor-
mation on the early hydrothermal history of the Irish-type ore 
system that is often obscured in other deposits.

Island Pod: a distal orebody: Recent work exploring the 
controls on metal distribution at Lisheen illustrates that feed-
er faults likely controlled the introduction of fluids into the 
Lisheen hydrothermal system (Fusciardi et al., 2003; Torre-
mans et al., 2018). Torremans et al. (2018) found elevated Ag, 
Cu, Co, Ni, and As, as well as low Zn/Pb ratios, associated 
with these suspected feeder faults, with higher Zn/Pb ratios 
and lower concentrations of these metals related to increas-
ing distance from the interpreted feeder faults. Further, metal 
tonnage maps presented in Torremans et al. (2018) show that 
while the Island Pod has elevated Zn/Pb and Zn/Fe ratios 
relative to other Lisheen orebodies, the distribution of metals 

Table 4. Comparison of Key Features in the Island Pod Orebody with Those in the Main, Derryville, and Bog Zones at Lisheen

Feature The Island Pod orebody Other Lisheen orebodies (Main, Derryville, and Bog zones)
Structural controls • Relatively simple structural history, with no confirmed 

feeder faults
• Ore shape likely controlled by minor folds and faults

• Complex structural evolution, with prominent faulting and breaching 
identified

• Feeder zones control the distribution of sulfide mineralization
Mineralogy • Principal ore minerals are pyrite, sphalerite, and galena 

with minor arsenopyrite, and marcasite
• Gangue minerals include dolomite and calcite, with  

illite laths and minor quartz found locally
• Minor sulfosalts jordanite (PbAsSbS) and gratonite 

(PbAsS) associated with dendritic galena

• Principal ore minerals are pyrite, sphalerite, galena, and marcasite; 
chalcopyrite, bornite, and bravoite are also noted

• Gangue/other minerals include dolomite, calcite, illite, quartz, barite, 
graphite, niccolite (NiAs), pararammelsbergite (NiAs), and haematite

• Sulfosalts jordanite (PbAsSbS), gratonite (PbAsS), boulangerite 
(PbSbS), tennantite (CuAsS), cobaltite (CoAsS), gratonite (Pb9As4S15), 
seligmannite (PbCuAsS3), ullmannite (NiSbS), vaesite (NiS2), and 
gersdorffite (NiAsS) all described

Paragenesis  
and textures

• Episodic hydrothermal activity in the early main ore 
stage resulted in chemically zoned pyrite

• Main ore stage marked by dendritic galena formation, 
subsequently followed by colloform sphalerite

• Eventually, precipitation into coarser, noncolloform 
textures dominated

• Late main ore stage characterized by replacement and 
infilling galena textures

• Fe sulfides predate main ore-stage mineralization, with overgrowths of 
pyrite-marcasite common; colloform, lath, granular, and equant forms 
all noted

• Main ore stage dominated by galena-sphalerite, with additional Fe 
sulfides, barite, chalcopyrite, tennantite, and dolomite all found; 
paragenetic relationships are difficult as multiple overprinting and 
replacement events occurred

• Late main ore-stage sphalerite, galena, Cu sulfides, calcite, and barite 
often infill fractures; zoned pyrite is attributed to this period

Sulfur isotope  
composition

• Four δ34S value groupings, related to paragenesis
• The first and second S isotope groups are associated with 

diagenetic and hydrothermal pyrite and they display 
separate, but overlapping, ranges

• Pre-ore, diagenetic pyrite δ34S values range from –47.7 
to –30.7‰, while early main ore-stage pyrite δ34S values 
range from –34.3 to –14.7‰

• Third S isotope peak; main ore-stage sphalerite, ranging 
from –15.5 to +1.7‰, with most between –6 and –9‰

• Fourth S isotope group; main to late main ore galena, 
ranging from –11.1 to +17.4‰

• Less defined S isotope peaks, but a minor hydrothermal S (δ34S values 
>0‰) group related to some pyrite and barite is noted

• Pre-ore pyrite; S isotopic range from –38.1 to –44.1‰
• Early to main ore-stage pyrite; S isotopic range from –8.7 to –35.1‰
• Sphalerite δ34S values spread from –31.5 to +8.6‰, with main ore-

stage values typically around –11‰
• Main ore-stage galena S isotope composition ranges from –19.6 to 

–4.9‰, with the majority around –11.2‰
• Late main to post-ore galena fluctuates from –26.7 to +3.2‰

Note: The summary data for the other Lisheen orebodies was compiled from Hitzman (1993), Eyre (1998), Hitzman et al. (2002), Fusciardi et al. (2003), 
Wilkinson et al. (2005), Riegler and McClenaghan (2017), Torremans et al. (2018), and Kyne et al. (2019)
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is variable across the orebody. These maps reveal low concen-
trations of Ni and Cu, with localized enrichment of As associ-
ated with the observed structural features in the Island Pod 
orebody. Furthermore, marcasite, which is not a dominant 
sulfide in the Island Pod orebody, and zoned pyrite are more 
frequently observed in drill core samples from the southern 
area of mineralization. This may suggest hydrothermal fluids 
entered the Island Pod mineralizing system from the south, 
from the direction of the other Lisheen orebodies such as the 
Derryville orebody. These variations indicate the Island Pod 
orebody formed distally to feeder faults that lie at the south-
ern edge of the Lisheen deposit (Torremans et al., 2018).

Conclusions
The Island Pod orebody has a primary sulfide assemblage of 
pyrite, sphalerite, and galena, with minor marcasite, arsenian 
pyrite, and sulfosalts. Dolomite and calcite are found through-
out the Island Pod orebody from all stages of mineralization. 
Main ore-stage textures (e.g., dendrites, colloform) indicate 
that fluid mixing triggered sulfide precipitation, causing rapid 

mineralization in a depositional environment out of chemi-
cal equilibrium. As the hydrothermal system progressed, the 
sulfide textures changed to predominantly coarser, replacive, 
and infilling types. These later forms are indicative of wan-
ing hydrothermal activity as the system developed. The com-
bined S isotope, mineral composition, and petrographic study 
of Island Pod mineralization leads to several key insights into 
mineralizing processes in the orebody.

1. The relatively low δ34S values associated with Island Pod 
orebody diagenetic pyrite, compared to the other Lisheen 
orebodies, may reflect lower rates of bacterial sulfate 
reduction during diagenesis.

2. Replacement of diagenetic pyrite caused by the introduc-
tion of hydrothermal fluids likely led to S and Fe recycling 
into later sulfide phases.

3. Early main ore-stage zoned pyrite indicates episodic hydro-
thermal flow where each pulse had a different chemical 
composition but introduced the bulk of economically unde-
sirable elements (e.g., As) into the mineralizing system. 

Fig. 12. (a) Lisheen paragenetic sequence based on previous work on the Main, Derryville, and Bog zone orebodies by 
Hitzman et al. (1992), Fusciardi et al. (2003), and Wilkinson et al. (2005a). (b) Pyrite/marcasite, galena, and sphalerite δ34S 
values from Lisheen Main, Derryville, and Bog zone orebodies (Hitzman, 1993; Hitzman and Beaty, 1996; Eyre, 1998; 
Wilkinson et al., 2005a; Doran et al., unpub. data). Abbreviations: BMB = black matrix breccia, WMB = white matrix breccia. 
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The hydrothermal pulses underwent variable mixing with 
bacteriogenic brines at fluctuating fronts, causing chemical 
disequilibrium and pyrite precipitation. Grain-scale S iso-
tope variation further confirms rapid sulfide precipitation 
and variable mixing between S fluid sources.

4. The hydrothermal system transitioned to more continu-
ous fluid influxes at the start of main ore-stage mineraliza-
tion. This shift, combined with mixing with bacteriogenic 
brines, caused sudden, local, changes in fluid chemistry 
leading to rapid precipitation of dendritic galena and collo-
form sphalerite.

5. The δ34S values of main ore-stage sphalerite indicate bacte-
riogenically reduced sulfur was a primary source of S dur-
ing its formation. The S isotope characteristics, combined 
with elevated Fe in sphalerite, suggest that the Island Pod 
orebody formed distally to hydrothermal feeder faults that 
lie to the south of Lisheen. This is further evident from 
high Zn/Pb ratios and low trace metal content in Island 
Pod orebody main ore-stage sulfides.

6. The hydrothermal system began to wane toward the end 
of the main ore stage, facilitating the remobilization of Pb 
and allowing replacement processes to dominate. These 
changes possibly reflect a lack of new hydrothermal fluid 
pulses. There was also a resurgence of carbonate precipita-
tion after the main ore-stage mineralization ceased.

The present study has allowed mineralization mechanisms 
associated with the Island Pod ore formation to be elucidated 
more fully and with greater confidence than in other, more 
complex Irish Zn-Pb orebodies. Further, it has been shown 
that if pyrite is present, its formation is often more complex 
than commonly presented, and that examining this complexity 
can provide valuable insights into the fluid dynamics, precipi-
tation mechanisms, and hydrothermal evolution associated 
with ore formation. Consequently, more detailed studies of 
pyrite occurrences may aid exploration efforts to search more 
efficiently for Zn-Pb mineralization worldwide.
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