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Abstract

This study provides a new insight into the genetic and chronological
development of the vein hosted copper sulfide mineralization in the Late
Paleozoic Munster Basins of SW Ireland. Field mapping, supported by drone
photogrammetry, petrography, microthermometry and geochronology of
selected historic mining sites in West Cork reveal elementary data for a
reinterpretation of the mineralization processes. Structural investigations
define two distinct ore forming episodes: The initial vein precipitation is directly
related to syn-basinal, extensional E-W to ENE-WSW striking normal faults.
Smaller sediment hosted Cu sulfide occurrences are related to the extensional
fault systems. The second mineralization phase occurred during the early
stage of the late Carboniferous Variscan compression by reactivation of early
extensional, basinal fault systems. Copper mineralization related molybdenite

samples from the historical Ballycummisk Mines on Mizen Peninsula produced
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Re-Os dates of 315.5 + 1.6 Ma and 311.8 + 1.6 Ma. This Pennsylvanian
(Upper) Carboniferous sulfide emplacement is related to this second stage,
syn-Variscan compressional mineralization event. The discovery of the two
distinct Cu mineralizing events in SW lIreland provides an important
contribution to the understanding of the development of the Irish Ore Field

including the Pb-Zn Midlands Deposits.

Keywords: copper mineralization, SW Ireland, Variscan, Munster Basin, Re-

Os geochronology, fluid inclusions
Supplemental material:

Local Observations (detailed description of local observations shown in
Figure 3 and Table 2.

Methodology Details (extended version of the Methodology with detailed

descriptions).
Appendices:

Appendix Table A1: Locations of selected samples from West Cork, SW

Ireland

Appendix Table A2: Fluid inclusions measurements of selected locations and

historic copper mines from Southwest Ireland.

Introduction

The copper occurrences of SW Ireland have been utilized for over 3500 years
(Williams 1991). Bronze Age (O’Brien 1987) sites on the Mizen Peninsula
(Figs 1 and 2) show that the original extraction of Cu ore targeted surficial
malachite stained, sediment-hosted mineralization. The heyday of Cu mining
in SW Ireland was between 1812 and 1885 when an estimated total of 284,500
tonnes of vein-hosted ore was extracted from Mountain Mine at Allihies, the

most productive mine in the area (Fig. 2; O’'Brien 1959; Williams 1991). Many
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smaller mines were also active throughout West Cork during the 19th century
(Reilly 1986).

The timing of Cu deposits in SW Ireland has previously been described as syn-
to post-Variscan (Sheridan 1964; Halliday and Mitchell 1983; Wen et al. 1996;
Meere and Banks 1997; Spinks et al. 2016) although a recent study (Lang et
al. 2020) has demonstrated that major mineralization, associated with E-W

trending basin forming structures are pre-Variscan in age.

Wen et al. (1996) and Snodin (1972) identified sediment hosted mineralization
in stratigraphically bound, reduced green sandstone zones (green beds; Fig.
2b). The sediment-hosted stratiform copper (SSC) occurrences are associated
with channel sandstones near the base of the Toe Head Formation and within
the upper part of the Castlehaven Formation (Reilly 1986; Fig. 2). Spinks et al.
(2016) measured negative 534S values at Allihies caused by biogenically
induced reduction within the Old Red Sandstone Facies resulting in

syngenetic-diagenetic sulfide mineralization.

The vein hosted deposits at Crookhaven (Fig. 2) have been described as
saddle reef tension gashes exposed in an anticlinal (Variscan) core (Duffy
1932 and Reilly 1986). Reilly (1986) considered a late syntectonic age for this
mineralization. Halliday and Mitchell (1983) dated clay minerals from Allihies
(Fig. 2), which were sampled from the wall rock next to the quartz veins. The
K-Ar dates showed results between 290 and 261 Ma for the Mountain Mine
Lode. An older age of 321 Ma was measured for an apparently unmineralized
quartz vein (Halliday and Mitchell 1983). Sanderson (1984) described N-S
trending mineralized veins on Beara Peninsula with strong folding and
cleavage, which led to a proposed pre/syn-Variscan age. Faulting and
brecciation of mineralized veins on Mizen Peninsula (Fig. 2) has been
confirmed by Reilly (1986). For Crookhaven, Reilly (1986) considered a late

syn-tectonic age for mineralization.

According to Wen et al. (1996) and Spinks et al. (2016) the early sediment-
hosted sulfides were remobilized by metamorphic fluids into late- or post-
Variscan quartz veins. This remobilization was driven by non-magmatic,

metamorphic (Variscan) fluids which were capable of dissolving and
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reprecipitating the sulfides (Wen et al. 1996; Spinks et al. 2016). Wen et al.
(1996), Meere and Banks (1997), as well as Spinks et al. (2016) interpreted
post-Variscan N-S extension as the major driver behind the sulfide
remobilization and mineralization event with large quartz vein precipitation

along normal faults.

Recent findings (Lang et al. 2020) show cleaved and folded N-S and E-W
striking mineralized quartz veins at Allihies. Some of the pre-Variscan copper
lodes where sinistrally off-set by Variscan compressional faults. Vein
mineralization related molybdenite yielded Re-Os dates from the Allihies
Copper mines of 367.3 + 5.5 to 366.4 + 1.9 Ma (Lang et al. 2020). This is
interpreted as mineralization related to basin formation and associated N-S

crustal extension (Lang et al. 2020).

Previous fluid inclusion microthermometry measurements of quartz veins from
Mizen Peninsula suggest peak-metamorphic conditions of between 300-400
°C (Wen et al. 1996). Homogenization temperatures (Th) can be as low as 100
°C (Crookhaven; Wen et al. 1996). Meere and Banks (1997) indicated medium
to moderate salinities (4-16 wt% NaClequiv) for syn-Variscan quartz veins and
high salinities (22-27 wt% NaClequiv) for “apparently” post-orogenic extensional
veins at Allihies. Recent detailed measurements from Allihies copper mines
range from moderate salinity and higher homogenization temperatures (Th LV-
L = <314 °C; >3.2 %NaClequiv.) to high salinities and very low homogenization
temperatures (Th LV-L = >74 °C; <28.5 %NaClequiv.) for the mineralized pre-
Variscan quartz veins (Lang et al. 2020). Syn-Variscan quartz veins (en
echelon tension gashes) show low to moderate salinities and Tn values of
about 200 °C.

This paper focusses on selected localities and historic mines from the Upper
Paleozoic Munster and South Munster Basins (Figs 1 and 2) to develop a

regional model for vein hosted Cu mineralization.
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Geological Setting
Tectonostatigraphic framework of the Upper Devonian Munster Basin

North-south crustal extension between the Middle and Upper Devonian, saw
the development of a large half-graben basin in southern Ireland, the Munster
Basin (Naylor and Jones 1967). The east-west trending Coomnacronia-
Killarney-Mallow Fault Zone (CKMFZ) marks one of the main northern
bounding structures of this intracratonic basin (Fig. 1; Ennis et al. 2015 and

references therin).

The basin infill is dominated by late Middle to Upper Devonian northerly
derived alluvial/ fluvial generally fine-grained siliciclastic sediments (Fig. 2;
MacCarthy 1990). Detailed stratigraphic nomenclature is described by
Williams et al. (1989), MacCarthy (1990), Williams (2000), MacCarthy et al.
(2002) and Pracht and Sleeman (2002, Fig. 2a and 2b):

Continued subsidence and development of the South Munster Basin was
triggered by normal movement on the east-west trending Cork-Kenmare Fault
Zone (CKFZ) at the end of the Devonian (Fig. 1; MacCarthy 2007). The
concomitant marine transgression from the south resulted in the accumulation
of marine siliciclastics within the South Munster Basin south of the CKFZ and

limestones on a more stable platform to the north (Fig. 2; MacCarthy 2007).

NNW-directed compression (Fig. 1) terminated sedimentation towards the end
of the Carboniferous and marked the beginning of the Variscan Orogeny
(Sanderson 1984; Ford 1987; Meere 1995b; Quinn et al. 2005). According to
Ar/Ar dates of cleaved and deformed intrusive rocks on Beara Peninsula (Fig.
2a; Pracht and Timmerman 2004; Quinn et al. 2005), the initial effect of the
Variscan compression started before 318 Ma/314 Ma. The orogeny resulted
in crustal shortening of over 52% with the development of a pervasive
cleavage, followed by kilometre scale buckling and faulting (Fig. 2a; Cooper
and Trayner 1986; Ford 1987). The folding and faulting followed a general NE-
SW structural strike in the west (Fig. 2a; GSI 2016). High-angle basin-
controlling faults were reactivated during compression (Price and Todd 1988).
Reverse NE-SW-trending faults, as well as rarer NW-SE-trending strike slip
faults are described by Meere (1995c) occurring in the west of the Munster
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Basin. The sediments underwent metamorphism to sub-greenschist facies
(Meere 1995b).

Minor intrusions previously described as alkali basalts, trachytes and
phonolites occur around Beara Peninsula and the northern Sheep’s Head
coastline (Boldy 1955; Viswanathiah 1959 and Reilly 1986; Pracht and
Kinnaird 1997; Pracht 2000; Figs 1 and 2). Pipe-like lamprophyric intrusions
dated at 318 + 3Ma (Ar/Ar kaersutite; Pracht and Timmerman 2004) and
314.44 + 1.00 Ma (Ar/Ar phlogopite; Quinn et al. 2005) have been studied at
Black Ball Head (5.6 km south of Allihies, Fig. 2) and were formed during the
early Variscan compression (Pracht and Kinnaird 1995; Pracht 2000). Post
Variscan undeformed trachytic dykes from White Ball Head (400 m northwest
of Black Ball Head) show ages of 296.88 + 0.60 Ma (Ar/Ar phlogopite) (Quinn
et al. 2005).

Methodology

For more details about the Methodology please see Supplemental material:

Methodology Details.

The examined study areas (Fig. 3) were selected based on their historical
mining importance, and their ability to demonstrate a clear structural history.
Field mapping in the selected areas focussed primarily on the classification
and sampling of mineralized and unmineralized quartz veins, as well as
mineralized sedimentary units (App. Table A1). Structural measurements and
veining cross-cutting relationships were utilised for relative chronology. Aerial

drone mapping was used to contextualise features identified in the field.

Large scale structures identified in the field were traced on open access
satellite maps to identify the overall structural pattern (Fig. 3; Bing™ Satellite
Maps 2016-2019; Google Maps 2016-2019; ArcGIS BaseMaps 2016-2020).
Offshore bathymetry data (Geological Survey Ireland, Infomar 2017) provided

additional bedrock information around Mizen Peninsula (Fig. 3).
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Quartz vein samples and ore samples were collected from all selected study
areas. In-situ samples were taken whenever possible. In some cases, where
the historic mine shafts were not accessible or due to the lack of outcrop

(Ballycummisk, Fig. 3), it was necessary to collect samples from spoil material.

The samples were petrographically analysed as polished blocks and polished
thin sections using transmitted and reflected light microscopy. Images were
captured using a Leica (DVM2500) digital microscope with an attached
VZ700C lens in the Geomicroscopy Facility at University College Cork (UCC).

Pre-Variscan and syn-Variscan quartz veins were classified in the field
according to their structural genesis such as extensional or compressional
tension gashes. Five mineralized and seven unmineralized (barren) quartz
vein samples were prepared as doubly polished thin sections. Small chips of
max. 0.5 cm? were examined with a Linkam (LMS600) temperature-controlled
microscope stage, combined with an Olympus BX50 microscope, a x100 LWD
objective and an attached 16 megapixels Nikon DS-Ri2 camera at the UCC
Geomicroscopy Facility. Bi-phase (liquid and vapour, L+V) fluid inclusions
were analysed for their freezing temperature Tice, the first melt temperature Tim
and the final melt temperatures Tm, as well as the homogenization temperature
Th = liquid + vapour = liquid. Within the mineralized veins, primary inclusions
were selected, which are genetically related to the copper sulfides (App. Table
A2). Salinity was calculated as wt% NaClequiv by using the Excel macro
HOKIEFLINCS_H20O-NACL (Steele-Maclinnis et al. 2011; Steele-Maclnnis et
al. 2012; Bodnar 1993; Atkinson 2002; Bodnar et al. 1994; Bodnar 1983).

A historic molybdenite sample (BM.1964,R230) collected by Sir Arthur Russell
in 1907 from the Ballycummisk Mine dumps was obtained from the National
History Museum in London (NHM) (Fig. 3). This study also discovered an
additional molybdenite sample from the Ballycummisk Mine dumps (Table 3,
JL_BC_525). Both samples contain fine-grained molybdenite with crystal size
smaller than 2 mm. They were both analysed using reflected light microscopy
and fluid inclusion microthermometry for JL BC 525. Both samples
underwent Re-Os molybdenite geochronology at Durham University Durham

Geochemistry Center. Sample preparation and analysis utilised established
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analytical protocols (Selby and Creaser, 2001; Li et al., 2017). Approximately
20 mg of pure molybdenite with aqua regia (3 ml HCI + 6 ml HNOs3) and a
known amount of tracer solution ('®°Re + isotopically normal Os) was digested
and equilibrated in a carius tube in an oven for 24 hrs at 220°C. The Os and
Re were purified from the acid solution using solvent extraction,
microdistillation and anion chromatography. The purified Re and Os fractions
were measured for their isotopic compositions in static mode using a Thermo
Scientific Triton mass spectrometer. The Re-Os data and calculated dates are
presented in Table 3. Model dates are presented including all analytical

sources of uncertainty and the decay constant uncertainty.

Results

Large areas of outcropping bedrock, especially on the West Cork peninsulas
and south-western coastline greatly facilitates the structural interpretation of
satellite imaging data and kilometre scale geological features (large-scale,
peninsulas, see table 1). The detailed aerial image interpretation is ground

truthed for selected localities (Fig. 3).

In this study two major structural events were identified: A syn-basinal, pre-
Variscan extension, causing E-W to ENE-WSW striking normal faults; and a
syn-Variscan compressional event causing cleavage formation, folding and
reverse faulting with a general NE-SW strike. Selected localities are used as
case studies to show the relationship of the Cu mineralization to these
structural events (Fig. 3). Syn-extensional, pre-Variscan geological features
show partial syn-compressional, syn-Variscan overprints. The most important
local observations are shown in table 2 (including Figs 4-9). For detailed
description of all localities see Supplemental material: Local Observations.
The selected sample locations are available in Appendix Table A1.

In the northernmost part of the research area, the Beara Peninsula (Fig. 1, 2a
and 3), East-West striking faults and fault systems are identified as negative

topographic features (photolineaments) on satellite imaging data (Bing™
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Satellite Maps 2016-2019). Owing to surficial weathering the faults form
trenches of about 3 to 40 metres width and up to 8.4 kilometres length (Fig.
3). These faults have a mean strike direction of 089° (N = 301). Along the
coastline the faults often form narrow elongate bays due to preferential marine
erosion. Sometimes, the faults are associated with large (up to several
hundred metres) E-W trending quartz veins. Many of these form historically
mined copper lodes (Geological Survey Ireland Jetstream 2019; Fig. 3, e.g.
Allihies and north coast of Beara Peninsula). Perpendicular N-S striking faults
up to 4.3 km in length are generally not associated with quartz veins, apart
from Allihies (Fig 3). Owing to their nearly parallel orientation to the Variscan
compression the N-S faults show stronger folding than the E-W faults (nearly

perpendicular to Variscan stress).

On Sheep’s Head Peninsula (Fig. 1, 2a and 3) the E-W faults have a maximum
length of 4.7 km and a mean strike of 089 (N = 63). Like the Beara Peninsula
the E-W faults are associated with historically mined, mineralized quartz veins
(Fig. 3, e.g. Gortavallig and Killeen North). N-S to NNE-SSW striking faults

with a maximum length of up to 5 kilometres are also present.

The southern part of Mizen Peninsula (Fig. 1, 2a and 3) is dominated by ENE-
WSW striking faults, which belong to the same fault system as the E-W faults
on Beara Peninsula and Sheep’s Head. These ENE-WSW faults can be
followed offshore (Geological Survey Ireland Infomar 2017). Their mean strike
is 082° (N = 115) and the faults can have a maximum length of 7 km (Fig. 3).
The north-eastern part of Mizen Peninsula shows more an E-W strike of these
faults with max. 4.3 km length and a mean strike of 090° (N = 98). The E-W
striking, as well as the ENE-WSW striking faults can sometimes be associated
with the historic copper lodes (Fig. 3, e.g. Dhurode Mine and Crookhaven
Mines). N-S striking faults on Mizen Peninsula have a maximum length of 6.6

km and are generally not associated to mineralized quartz veins.

Molybdenite Re-Os geochronology

The fine grained (grain size < 2 mm) historic molybdenite sample from the
Ballycummisk tailings (BM.1964,R230; Fig. 3; App. Table A1) possesses 70.7

9
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+ 0.3 ppm Re, 44.4 + 0.2 ppm "®’Re and 231.3 + 0.7 ppb 8’Os (Table 3). The
Re-Os data yields to a model date of 311.8 + 1.6 Ma for molybdenite
mineralization. The recent molybdenite finding from the Ballycummisk tailings
(Fig. 9c) has a grain size of < 100 pym. It contains 113.5 £ 0.4 ppm Re, 71.3 =
0.3 ppm 8’Re and 375.9 + 1.2 ppb '8’Os. The 8’Re-'8"Os model date is 315.5
+ 1.6 Ma (Table 3).

Fluid inclusion microthermometry of the selected localities

According to their structural formation, 7 quartz vein samples were classified
as pre-Variscan veins (mainly E-W to SW-NE striking, 5 mineralized and 2
unmineralized/barren, App. 2). Five unmineralized/barren vein samples were
classified as syn-Variscan (en echelon tension gashes, App. 2). The fluid
inclusions of both pre-Variscan and syn-Variscan vein types consist of a 2-
phase system with a major liquid (L) and a minor vapour (V) phase (Fig. 10a-
d, App. 2). No COz2 phase was detected. Anhedral to subhedral quartz grains
prevented a clear identification of individual growth zones. The measured
quartz veins show a large amount of secondary and pseudosecondary fluid
inclusion trails along healed fractures. These fractures were avoided. The
primary fluid inclusions (target for this study) occur as clusters or separate
inclusions along growth zones (Goldstein and Reynolds 1994). Primary fluid
inclusion assemblages (FIA) were classified individually for each sample (App.
2). The classification criteria for the assemblages are the most finely
discriminated, petrographically associated group of coeval inclusions. This
incorporates the fluid inclusion shape, the volume of the vapour phase at room
temperature, and the spatial distribution (growth zonations) within the vein
sample. The complex growth zonations within the quartz vein samples

prevented a temporal placement of the individual fluid inclusion assemblages.

Pre-Variscan E-W veins: All mineralized (pre-Variscan) samples show
chalcopyrite as major copper ore. Minor amounts of syngenetic arsenopyrite
(Dhurode Mine, JL_DH_522) and syngenetic molybdenite (Ballycummisk,
JL_BC 525Re) occur (App. 1). Primary (syn-mineralization) fluid inclusion

10
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assemblages in the pre-Variscan, early E-W quartz veins are generally oval to
angular shaped (Fig. 10a + 10b). They consist of an undersaturated liquid-rich
phase, and a vapour phase with 0.5 to 20 volume percent. The individual fluid
inclusion assemblages (FIA) show generally a quite narrow spread in salinities
and homogenization temperatures for each individual sample location (App. 2,
Fig. 11a). However, between the different sample locations, there is a larger
spread in Th and salinities (Fig. 11a, App. 2). The homogenization
temperatures Th range between 90 and 335 °C. Salinities vary between 5.2
and 22.4 wt.% NaClequiv. The mineralized quartz vein sample from Caha Pass
(JL_CP_432E, Fig. 3) represents an exemption with fluid inclusion
assemblages clustering between 9.2 and 15.3 wt.% NaClequiv and a Tn range
between 125 to 189 °C, as well as showing a more saline FIA (432E.4) with
values between 22.3 and 22.4 wt.% NaClequiv and Th between 90 and 123 °C
(Fig. 11a, App. 2). The mean homogenization temperature Tn of all fluid
inclusion assemblages from the early E-W veins is 211 °C with a mean salinity
of 11.2 wt.% NaClequiv (n = 126).

Syn-Variscan veins: Primary fluid inclusions of the compressional, syn-
Variscan quartz veins (en echelon, tension gashes) can be elongated (Fig.
10c), but also irregular angular shaped (Fig. 10d). All assemblages consist of
a liquid and a vapour phase with 0.1 to 10 vol.% (App. 2). The homogenization
temperature Th ranges from 104 to 270 °C with salinities between 4.8 and 16.7
wt.% NaClequiv (Fig. 11b, App. 2). Syn-compressional vein samples with fibrous
veins and vugs with large (< 5 cm), euhedral crystals were collected near
Durrus (Fig. 2a). The euhedral crystals show assemblages with a Th from 174
to 240 °C, and salinities between 11.8 and 13.4 wt.% NaClequiv (Fig. 11b, App.
2). A single measurement (outlier) showed a Tn of 101 °C and 10.4 wt.%
NaClequiv salinity (Fig 11b, App. 2). The assemblage 517.1 from Gortavallig
(Fig. 11b) shows the relatively highest Tn (239 to 271 °C) with low salinities
(4.8 to 8.5 wt.% NaClequiv). The mean homogenization temperature Th of all
syn-Variscan fluid inclusion assemblages is 178 °C with a mean salinity of 10.2
wt.% NaClequiv (n = 87).

11
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Discussion

Basinal kinematics and fluid flow — N-S crustal extension provides E-W to
ENE-WSW fluid pathways

The current study demonstrates that ore mineralization in SW Ireland shares
a common structural regime to that described at Allihies on Beara Peninsula
(Fig. 2; Lang et al. 2020). The kilometre scale E-W to ENE-WSW striking
normal faults (Fig. 3) are part of the fault system that includes the basin
controlling Coomnacronia-Killarney-Mallow Fault Zone and the Cork-Kenmare
Fault Zone (Fig. 1; Naylor and Jones 1967; Capewell 1975; Price and Todd
1988; Meere 1995b; Vermeulen et al. 2000; Landes et al. 2003; MacCarthy
2007; Ennis et al. 2015; Lang et al. 2020). The large lateral extent of these
faults onshore, as well as offshore (Fig. 3) suggest a deep-reaching fault
system related to crustal extension (Fig. 12a; Naylor and Jones 1967). This
corresponds with seismic interpretation from Landes et al. (2003) who
determined a possible 13-14 km depth for the Cork-Kenmare Fault Zone.
According to Williams et al. (1989) and Williams (2000) the E-W basinal faults
show a steep dip to the South at Beara Peninsula and Sheep’s Head (Fig.
12a+b); however, at Mizen Peninsula antithetic intrabasinal northwards
dipping faults are inferred. The faults show an E-W strike at Beara Peninsula,
Sheep’s Head and northern Mizen Peninsula (Fig. 3), which rotates to an ENE-
WSW strike on the south-western part of Mizen Peninsula. This rotation could
be caused by a minor tectonic anticlockwise plate rotation during the basinal
extension phase. Historically mined copper lodes (Fig. 3; Geological Survey
Ireland Jetstream 2019) are related to these basin forming structures and their
strike coincides with the regional orientation of these faults on the various West
Cork peninsulas. Only a few historic copper lodes follow the kilometre scale
N-S to NNE-SSW striking faults (Fig. 3). As one example Lang et al. (2020)
described the large N-S lode at Mountain Mine, Allihies as a possible transfer
fault or breached relay ramp (Walsh and Watterson 1991; Fossen and

Rotevatn 2016). The large extent of these N-S faults can be explained by

12
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major cross-strike faults (Morley 1995) which are part of an extensional
transfer fault system and can cut across multiple fault blocks. Sanderson
(1984) noted N-S striking mineralized quartz veins on Beara Peninsula with

strong folding and cleavage, which were interpreted as early extension veins.

On a local scale we see structures (Figs 4a, 5a, 6a, 7a, 8a, 9a), which show
evidence for E-W to ENE-WSW striking extensional faults which are
associated with meter-scale, steep dipping quartz veins and mineralized
copper lodes. Stockwork-veining at Baurearagh (Fig. 4c) and hydraulic breccia
with host rock sediment clasts within the quartz veins (Baurearagh, Fig. 4c and
Caha Pass) indicate intensive hydrofracturing during pre-Variscan vein
formation (Fig. 12a). The extensional phase caused a crustal thinning
(Williams 2000), which resulted in a low lithostatic vs. hydrostatic ratio, which
may have caused a rapid ascend of fluids in mobile hydrofractures (Bons
2001). These mobile hydrofractures can explain the large-scale vein
precipitation. Large quartz veins are mainly concentrated into narrow zones (8
— 11 metres) of the outcrop adjacent to the extensional faults (e.g. Fig. 4a +
6a). The extensional faults, which provide the fluid pathways themselves were
probably active for a longer time period which made them susceptible for

surficial erosion.

Regional and microscopic evidence for a pre- and syn-Variscan

mineralization

Some of the E-W/ENE-WSW striking faults with the associated mineralized
quartz veins can show metre-scale folding (e.g. NW of Crookhaven, Fig. 8a).
At the eastern end of the Gortavallig mine adits, the copper lode is described
as “suddenly cut off” (Geological Survey Ireland, historic mine map 1863)
which basically marks the reverse fault (Fig. 6a) caused by Variscan
compression. Sinistral faulting of mineralized E-W veins has been described
by Reilly (1986) occurring at Allihies and Mizen Peninsula (East) copper mines
(Fig. 3). Syn-Variscan quartz veins were described at Allihies (Lang et al.
2020) as generally small-scaled (< 1 m) en echelon tension gashes in semi

brittle shear zones. Generally, these syn-Variscan veins appear to be
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unmineralized. The WSW-ENE striking triangle zone at Dhurode (Figs 7a +
7b) also represents a Variscan feature. Similar structures can be found at
Gortavallig (Fig. 6a) where the SW-NE striking syn-Variscan reverse fault

shows no mineralization.

Microstructures and small-scale field observations support the premise of
basin related extensional mineralization with a Variscan overprint. At
Crookhaven the SW-NE striking quartz veins with splaying horsetail veinlets
(Fig. 8b) indicate a local sinistral extensional movement (Fig. 3 + 8b). Several
study localities from West Cork show cleavage within mineralization related E-
W and ENE-WSW quartz veins (S1.vein, €.g. Figs 8b and 8c). This veining
cleavage (S1,vein) represents a syn-compressional overprint. Similar to Allihies
(Lang et al. 2020) a low angle of the vein’s strike related to the Variscan NNW-—
SSE maximum principal stress o1 forms the most distinct vein cleavage.
Stylolites within the pre-Variscan quartz veins and mineralized lodes are very
common (Figs 4f, 5b, 8f, 9d, 9e) and represent a weak form of cleavage
(Alvarez et al. 1978) caused by pressure solution. Figure 5b shows that the
stylolites are oriented normal to the NNW-SSE Variscan compression.
Occasionally, the stylolites are rimmed by insoluble goethite (Fig. 8f) or
molybdenite (Ballycummisk, Figs 9d + 9e). The goethite could be a remnant
from altered sulfides within the quartz veins. Tectonism induced molybdenite
stylolites have been described by Gaba (1990) and Lawley et al. (2013)

occurring within other quartz vein related deposits.

The oriented sample of the mineralization related E-W striking quartz vein from
Dhurode (Fig. 7c) has sweeping to patchy undulous extinction indicating a low-
temperature crystal-plastic deformation (Trouw et al. 2009). The NNW-SSE
striking microfault with partial recrystallization suggests low-grade sub-grain
rotation during deformation (Fig. 7c: C+D; Trouw et al. 2009). The cataclastic
fractured arsenopyrite from Gortavallig (Fig. 6d), the microfracture with altered
bornite from Crookhaven (Fig. 8e) and the partially deformed hematite within
the chalcopyrite from Ballycummisk (Fig. 9b) represent a post-mineralization
semi-brittle deformation. Snodin (1972) described deformed chalcopyrite from
the major quartz-sulfide veins e.g. Dhurode and Ballycummisk (Fig. 3) as clear

evidence of intense deformation. This is in agreement with Meere (19953,
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1995b) who postulated a low-grade sub-greenschist-facies metamorphism
during the Variscan Orogeny which caused an overprint to the major Cu

mineralization at Allihies (Lang et al. 2020).

Syn-Variscan quartz veins are generally small scale (<1 m) and form stretched
to fibrous antitaxial quartz fillings within tension gashes (Figs 4d + 6b). The
crystals are typically formed during a continuous crack-seal event (Bons et al.,
2012). The mineralized sample from Crookhaven with fibrous kinked quartz
and siderite crystals (Fig. 8g) also represents a continuous crack-seal event
(Bons et al. 2012) generated by progressive deformation during the Variscan
orogeny. The cleaved slate sample from Ballycummisk with the cross-cutting
vein generations (Fig. 9f) represents an early, pre-compressional quartz
precipitation, as well as a syn-compressional barite-quartz-hematite-
chalcopyrite mineralization. This late mineralization took place after the major
Variscan cleavage formation (Cooper and Trayner 1986; Ford 1987). From
these observations it can be summarised that the second copper vein
mineralization happened at the beginning of the Variscan Orogeny, and these

veins were subsequently deformed by ongoing compression.

Fluid inclusions microthermometry of the pre-Variscan and syn-Variscan

quartz veins

The fluid inclusion homogenization temperatures and salinities from the pre-
Variscan E-W veins (Fig. 11a) display a range of Th = 90° to 335 °C and 3.8
to 22.4 wt.% NaClequiv Which correspond with values observed at Allihies (Lang
et al. 2020). The assemblages from the individual localities in West Cork were
generally formed under quite similar Tnh and salinity conditions (Fig. 11a, App.
2). Indeed, the different sample localities between each other show a wider
spread in Th and salinity (Fig. 11a, App. 2). This reflects the various and
complex conditions with multiple fluid pulses which led to the primary
mineralization in the Munster Basin. No sign of fluid mixing was recorded.
Previous measurements from Dhurode, Crookhaven and Ballycummisk (Fig.
3; Wen et al. 1996) show Th ranging between 100° and 348°C. Relatively high

homogenization temperatures (Fig. 11a) are probably caused by crustal
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thinning during the extensional phase resulting high geothermal gradients
(Meere 1995b; Wiliams 2000). Meere and Banks (1997) described
comparable values but also showed a quartz vein from Allihies which has
higher salinities (22-27 wt.% NaClequiv) than the results from this study (max.
22.4 wt.% NaClequiv). The high saline values were described by Lang et al.
(2020) as localized assemblages from end members of a cooling fluid system
occurring at the end of the primary mineralization phase. Carefully selected
early inclusions do not show any sign of deformation or leaking during

Variscan deformation.

Fluid inclusion assemblages in syn-Variscan samples from this study have a
much narrower homogenization temperature and salinity range (Th = 101 to
270 °C and 4.8 to 16.7 wt.% NaClequiv) than those from the pre-Variscan veins
(Fig. 11b, App. 2). Lang et al. (2020) presented similar syn-Variscan
homogenization temperatures from Allihies ranging between 121 and 243°C.
In general, the syn-Variscan inclusions are less saline and show slightly cooler

homogenization temperatures than the pre-Variscan inclusions.

Both vein types (pre-Variscan and syn-Variscan) display regional variations
between sample localities (Fig. 11a and 11b). This suggests that the fluid is
more affected by the different localities (e.g. minor host rock variations) and a
similar fluid source generated both (pre- and syn-Variscan) mineral systems.
Lower salinity and narrower Th ranges imply evolving fluid pulses over time.
The occurrences of siderite (Fig. 8g) and barite (Fig. 9b, 9c, 9f) at Crookhaven
and Ballycummisk indicate that there are additional phases in the H20-NacCl
fluid system. These are most likely CaClz and BaClz. The H2O0-NaCl-CaClz-
BaCl2 system infers an early marine brine signature (Meere and Banks 1997).
Downward migrating marine brines (Fig. 12a) at the end of the Devonian could

well have triggered the early mineralization.

The Old Red Sandstone sediments of the Munster Basins are suitable as a
possible metal source. The basinal sediment infill of over 6 km depth (Meere
and Banks 1997) provides enough detrital material to function as copper
source. According to Brown (2014) diagenetic pore waters can leach copper

from labile minerals (e.g. pyroxenes, amphiboles, biotite, feldspars, magnetite)
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which are present in immature basin sediments. Large amounts of K-feldspar
within the Munster Basin red bed sediments were identified by Meere et al.
(2019).

Magmatism and mineralization

The molybdenite Re-Os model ages of 315.5 £+ 1.6 Ma and 311.8 + 1.6 Ma
from Ballycummisk (Fig. 3; Table 3) coincide with the Ar/Ar phlogopite
lamprophyric intrusion ages (314.44 £ 1.00 Ma; Quinn et al. 2005) from Black
Ball Head near Allihies, and is supported by an Ar/Ar kaersutite age of 318 +
3 Ma (Pracht and Timmerman 2004). These intrusions were formed during the
early Variscan compression (Pracht and Kinnaird 1995; Pracht 2000). Coe
(1959), Charlesworth (1963), Murphy (1960), and Fletcher (1969) presumed a
magmatic intrusion as being the source for the sulfide mineralization.
Nevertheless, no magmatic intrusion was dated in the time frame of the
primary, pre-Variscan mineralization between 367.3 + 5.5 and 366.4 £ 1.9 Ma
(Allihies, Lang et al. 2020). None of the examined mineralized quartz veins in
this study was directly or indirectly locally linked to a magmatic intrusion.
Spinks et al. (2016) presented negative 53*Scort values (-16.9 to -10.4 %o) for
chalcopyrite from Allihies. Wen et al. (1996) showed mostly negative 53*Scor
values (-21.0 to +5.1 %o) for vein- and stratiform-disseminated deposits from
West Cork. These negative values represent a bacteriogenic reduction of
sulfur within the sediments and are evident for a sedimentary, non-magmatic
fluid source. Higher fluid inclusion homogenization temperatures of up to 335
°C from Gortavallig or Ballycummisk Mines (Fig. 11) represent high
geothermal gradients during basin formation (Meere 1995b; Williams 2000)
with crustal thinning and upwelling of the Moho (Williams 2000).

Timing of the copper emplacement and previous mineralization models

According to Spinks et al. (2016) and Wen et al. (1996) the originally stratiform
syngenetic-diagenetic sulfide mineralization was remobilized by metamorphic

fluids into quartz veins at different stages of the Variscan Orogeny. Meere and
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Banks (1997) associated minor vein formation with the early Variscan
compression. All three studies (Wen et al. 1996, Meere and Banks 1997,
Spinks et al. 2016) defined the major vein formation as a post-Variscan N-S

oriented relaxation event.

The demonstrated outcome of this study, as well as recent structural
observations from Lang et al. (2020) show that the major E-W to ENE-WSW
vein-hosted Cu mineralization is related to early basinal extension and pre-
dates the Variscan Orogeny. This early mineralization is followed by a second
syn-compressional event. In the following paragraph we provide new

constraints on the timing of these two events:

The copper deposits from Allihies (Fig. 3) show an age between 367.3 £ 5.5
and 366.4 + 1.9 Ma (Re-Os; Lang et al. 2020) and are described as syn-basinal
mineralization during the Famennian Stage (Cohen et al. 2023) of the Upper
Devonian. The second episode of Cu-vein formation is related to the early
compressional phase at Ballycummisk (Fig. 3) between 315.5 + 1.6 Ma and
311.8 = 1.6 Ma (molybdenite Re-Os model ages, Table 3) belonging to the
Bashkirian to Moscovian Stage (Cohen et al. 2023) of the Pennsylvanian
(Upper) Carboniferous. The molybdenite stylolitisation at Ballycummisk (Figs
9d + 9e) indicates that the samples suffered compressional deformation.
According to Stein et al. (2001) the molybdenite still represents the primary
mineralization, as the Re-Os chronometer is resistant to high-grade
metamorphism and deformation. As the dated molybdenite is syngenetically
intergrown with chalcopyrite (Fig. 9c), it is reasoned that the Re-Os ages
represent the major Cu emplacement at Ballycummisk. Based on Ar-Ar dates
of deformed intrusive rocks on Beara Peninsula Quinn et al. (2005) postulated
that the initial effect of the Variscan compression with cleavage formation
started before 314.4 Ma which indicates that the compressional mineralization
was emplaced after the beginning of the Variscan Orogeny.

This newly classified time-setting of a syn-basinal and an early Variscan
mineralization phase contradicts the previous mineralization models which
presumed a post-Variscan emplacement by metamorphic fluids (Wen et al.
1996; Meere and Banks 1997; Spinks et al. 2016). The erroneously interpreted
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post-Variscan quartz vein (copper lode) formation can be explained by the
structural nature of the quartz veins themselves. The massive, sometimes
metre-wide quartz veins are very competent while host rock sediments (mostly
sandstones and siltstones) are less incompetent and show strong cleavage
and folding. At first glance it appears that the E-W striking quartz veins
postdate the Variscan compression and crosscut the deformed basin
sediments. Cleavage, minor folding and faulting of the quartz veins can be

easily overlooked or misinterpreted as surficial weathering.

As mentioned before, the early Variscan Cu mineralization at Ballycummisk
took place after the major Variscan cleavage formation (Fig. 9f; Cooper and
Trayner 1986; Ford 1987), but still relatively early in the Variscan deformation
cycle. The cleavage formation provided fractures within the pre-Variscan
basinal mineralized quartz veins (e.g. Fig. 9f). These cleavage related
pathways allowed a sulfide remobilization by low-grade sub-greenschist-facies
metamorphic fluids (Meere 1995a, 1995b). As described by Spinks et al.
(2016) the metamorphic fluids were responsible for remobilising both sulfur
and metals. The relatively low solubility of 0.01 ppm metals (e.g. copper)
requires a sulfide-rich source (e.g. early pre-Variscan veins) and/or a high fluid
flow under low pH conditions. The early Variscan reactivation of pre-Variscan
mineralized basinal fault systems provided an immediately adjacent sampling
and sulfide remobilization from the early into the late Cu-vein systems over a
very short distance. Both mineralization generations show therefore a highly

proximal emplacement.

Sediment-hosted stratiform copper (SSC) deposits and exploration potential

Sediment-hosted stratigraphically bound copper mineralization within the
Munster Basin was described by Snodin (1972) and Wen et al. (1996). The
disseminated copper mineralization occurs in reduced green sandstone zones
(green beds, transition zone) within the upper Castlehaven Formation just
below the nonreddish Toe Head Formation (see Fig. 2b). The typical SSC
deposits, such as the Permian Kupferschiefer in Germany and Poland and the

Zambian Central African Copperbelt have a sedimentary basin architecture
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with continental siliciclastic sedimentary rocks (red beds) which are overlain
by nonreddish siltstones, sandstones, carbonates and/or shales, known as
reduced graybeds (e.g. Kirkam 1989; Hitzman et al. 2005; Brown 2014 and
references herein). In SSC deposits the reduced graybeds form a stratiform
thin-layered host rock for the sulfide mineralization (Hitzman et al. 2005). The
observations of this study show that the vein hosted copper deposits of West
Cork are predominantly hosted within sandstone and siltstone formations of
the oxidized Upper Devonian siliciclastic sediments (Fig. 12a). Only with
regard to the host lithology of an SSC type deposit the copper mineralization
of the Muster Basin in West Cork could be classified as a Redbed-Type
Copper Deposit which is generally hosted by the oxidized red bed sequence
and not by the reduced graybeds (Brown 2014). Examples include
Dzhezkazgan in Kazakhstan and Lisbon Valley in Utah (Brown 2014; Hitzman
et al. 2005). The copper mineralization in SSC deposits is often related to
organic matter; for example, pyritized plant debris is replaced by copper
sulfides (e.g. Cumberland Basin of Nova Scotia; Brown 2014). The cellular
permineralized plant fossil from Killeen North (Figs 3 + 6h) is a nice example
for this sediment hosted copper mineralization. The sample was found next to
a historically mined E-W lode. Therefore, it is suspected that this Cu
fossilisation is in direct relation to the pre-Variscan basinal vein mineralization.
Cu- and S-rich fluids possibly percolated from the extensional faults into the
highly porous host rock conglomerates and replaced the organic cellular
material by redox reaction (e.g. Berner 1984). Comparable to this is the
occurrence of disseminated chalcopyrite within an organic-rich slate next to a
mineralized quartz vein from Gortavallig (Fig. 6g). The mineralized siltstone
next to the chalcopyrite-rich quartz vein from Crookhaven (Fig. 8d) provides
another similar example. Apart from these examples the sulfide mineralization
of the examined localities is mainly hosted within the quartz veins. This is not
typical for a sediment-hosted stratiform copper deposit. Vein-style
mineralization can occur for example at the Kupferschiefer Deposit in
Poland/Germany or at Coates Lake Deposit in Canada but is generally
subordinate and the veins are rather described as veinlets (<1 to 15 cm;
Hitzman et al. 2005; Milton et al. 2017). The examined deposits of West Cork
could be named as vein hosted Redbed-Type SSC deposits.
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Comparison with Zn-Pb Deposits of the Irish Midlands

The Cu mineralization in the SW Ireland was compared with the large Zn-Pb
deposits of the Irish Midlands. Pyrite Re-Os dates reveal an age of 346.6 + 3.0
Ma at Lisheen and 334.0 + 6.1 Ma at Silvermines (Hnatyshin et al. 2015). This
postdates the mineralization at Allihies (367.3 £ 5.5 and 366.4 + 1.9 Ma) but
predates the ages from Ballycummisk (315.5 £ 1.6 Ma and 311.8 + 1.6 Ma).
Similarities of the examined localities in West Cork to the Irish Midlands can
be observed in the geostructural genesis and kinematics of the deposits.
Comparable to the observations in this study, Silvermines and Tynagh Mine
are related to E-W striking normal faults, caused by a pre-Variscan N-S
extensional phase (e.g. Kinnaird et al. 2002; Hitzman 1999). In contrary to the
mainly siliciclastic (Upper Devonian) hosted West Cork deposits Navan,
Lisheen, Galmoy, Silvermines and Tynagh are hosted within the Lower
Carboniferous carbonates next to the E-W and SW-NE faults (e.g. Gleeson
and Yardley 2002 and Everett et al. 1999b). Late Carboniferous Variscan
reactivation of normal faults and the formation of transpressional faults in the
Irish Midlands (Coller 1984; Johnston et al. 1996; Hitzman 1999; Kyne et al.
2017; Torremans et al. 2018) can be compared with reactivated faults at
Baurearagh (Tab. 1), the compressional mineralized quartz vein from
Crookhaven (Fig. 8g) and the early Variscan mineralized veins from

Ballycummisk (Fig. 9f).

Fluid inclusion measurements from the Irish Type Deposits show a range of
up to about 240°C for homogenization temperature and low salinities (about
10 wt% NaClequiv), to very low Th values with a minimum of about 55°C and a
high salinity of up to 24 wt% NaClequiv (Wilkinson 2001, 2010; Gleeson and
Yardley 2002). Banks (2002) interpreted from chloride and Br concentrations
(crush + leach studies), that the main ore fluid from Tynagh and Silvermines
was seawater that had evaporated until the salinity was between 12 and 18
wt%. Measurements from pre-Variscan E-W veins of West Cork (Fig. 11a)

indicate comparable values, but homogenization temperatures Th can get
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hotter with up to 335 °C and the salinity can show even lower concentrations
with 5.2 wt% NaC|equiv.

Conclusions

(1) Copper mineralization in West Cork is predominantly related to

extensional E-W to ENE-WSW striking basin structures, which form
pathways for deep sourcing metal-rich fluids. The ore is often hosted
within large meter- to tens of meters-scale quartz veins with occasional
high-pressure hydraulic brecciation and stockwork veining. Sediment-
hosted mineralization related to the extensional basin structures is also
present as fluids can perculate into unconsolidated sediments nearby
the fault systems. All E-W quartz veins and extensional structures show
a Variscan compressional overprint (folding, cleavage, stylolitisation,
brecciation), whereby a reverse reactivation of the extensional fractures
is possible, and Cu mineralization was emplaced during early
compressional phase. Pre-Variscan, mineralizing fluid inclusion
assemblages show multiple fluid pulses with homogenization
temperatures Tn from 90 to 335 °C. Salinities vary between 3.8 and 22.4
wt% NaClequiv. Syn-Variscan quartz veins show also multiple pulses
with Th ranges from 101 to 270 °C and with salinities between 4.8 and
16.7 wt% NaClequiv. There is no evidence for a magmatic driven fluid
source. The Old Red Sandstone sediments within the Munster Basins

are a possible metal source.

(2) The timing of Cu mineralization (molybdenite Re-Os) reveals two

distinct episodes from primary syn-basinal formation at Allihies between
367.3 £ 5.5 and 366.4 £ 1.9 Ma, to an early compressional phase with
remobilisation (secondary episode) at Ballycummisk between 315.5 +
1.6 Ma and 311.8 + 1.6 Ma.

(3) The basin architecture of the West Cork copper mineralization shows

genetic links to the Redbed-Type SSC deposits and a structural

kinematic similarity to the Zn-Pb deposits of the Irish Midlands. A focus

22



694
695
696
697
698
699

700

701

702

703
704
705
706

707
708
709
710
711
712
713

714
715
716
717
718
719
720

721

722

723

for successful mineral exploration in this area or tectonically similar
basin structures should be the syn-basinal extensional fault systems as
they provide the primary pathway for mineralizing fluids which can form
vein hosted and sediment hosted Cu deposits. Reactivated extensional
fault systems owing to tectonic inversion can cause a remobilisation

and reconcentration of valuable mineralization.
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Figures:

Fig. 1. Simplified geological map of the Munster Basin and the South
Munster Basin in SW Ireland. The Munster Basin is defined by the
Coomnacronia-Killarney-Mallow Fault Zone (CKMFZ) or alternatively by the
Dingle Bay-Galtee Fault Zone (DB-GFZ) in the North. The Cork-Kenmare
Fault Zone (CKFZ) indicates the rim to the South Munster Sub-Basin. An
NNW directed compression indicates the Variscan Orogeny (modified from
Geological Survey Ireland, GSI 2016; Sanderson 1984; Williams 2000;
MacCarthy et al. 2002; Landes et al. 2003; MacCarthy 2007; Ennis et al.
2015).
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Fig. 2. (a) Geological map with research localities, major lithologies of the
South Munster Basin and mainly Variscan NE-SW striking fractures
(modified from Geological Survey Ireland 2016). (b) Simplified profile of the
Munster Basin sedimentary formations including the copper hosting transition
zone at the top of the Castlehaven Formation (modified from Snodin 1972;
MacCarthy 1990; Wen et al. 1996; MacCarthy et al. 2002; Pracht and
Sleeman 2002; GSI 2016 and Spinks et al. 2016; horizontal extension not to

scale).

Fig. 3. Geological map with research localities, modified after Geological
Survey Ireland (2016), including satellite image and bathymetry data
interpretation (Bing™ Satellite Maps 2016-2019; GSI Infomar 2017) and
historical mineralization localities (GSI Jetstream 2019): West Cork
peninsulas with outcropping Upper Devonian and Lower Carboniferous
sediments. Large scale E-W faults and N-S faults with their relation to
historic copper lodes and mineralized sediments. The rose diagrams show
the mean orientation of the pre-Variscan extensional E-W and ENE-WSW

striking faults.

Fig. 4. Baurearagh on Beara Peninsula: (a) Structural map with detailed
drone maps of the research area showing pre-Variscan E-W and N-S faults
and quartz veins, as well as compressional NE-SW striking folds and faults
(satellite base map modified from ESRI, ArcGIS 2019). (b) 3-dimensional
photogrammetry drone model shows the topography effect of the steep
dipping E-W striking fault. (c) Stockwork quartz veining within the red
sandstone; smaller image: quartz vein hydraulic breccia with red sandstone
clasts and green chlorite rims. (d) Syn-compressional en echelon quartz
veins within the cleaved sandstone. (e) + (f) Microphotographs of the
Baurearagh mapping area: (e) Quartz vein (Qz) with folded specular
hematite (Hem) with deformation twinning. (f) Quartz vein (Qz) with elongate
blocky quartz crystals and stylolites seamed by a mixture of quartz (Qz) and
goethite (Gth).
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Fig. 5. The Caha Pass with the Turners Rock Tunnel on Beara Peninsula: (a)
Structural map with detailed drone maps of the research area showing pre-
Variscan E-W faults and quartz veins, as well as compressional WSW-ENE
to E-W striking folds and NE-SW striking faults (satellite base map modified
from ESRI, ArcGIS 2019). (b) Up to 30 cm wide pre-Variscan E-W striking
quartz vein (V) with syn-compressional stylolites. The stylolites within the

quartz vein are sub-parallel to the host rock (siltstone) cleavage (S1).

Fig. 6. The historic mines of Gortavallig on Sheep’s Head: (a) Structural map
with detailed drone maps of the mining area showing early E-W faults and
mineralized veins, as well as compressional NE-SW striking cleavage (S1),
folds and faults (satellite base map modified from ESRI, ArcGIS 2019). (b)
Field image of NE-SW striking syncline with reverse fault and en echelon
veining along the fold limbs. (c) lIron-stained quartz vein (V) cut off by
bedding (So) parallel thrust. (d) — (k) Microphotographs of mineralization at
Gortavallig Mining Area: (d) Cataclastic deformed arsenopyrite (Apy) within
quartz (Qz) vein and minor, very small chalcopyrite (Ccp) within the
arsenopyrite, (reflected light, ppl). (e) Massive pyrite (Py) with galena (Gn)
and quartz (Qz) vein filling, (reflected light, ppl). (f) Quartz vein (Qz) with
syngenetic pyrite (Py), chalcopyrite (Ccp) and tetrahedrite (Ttr), (reflected
light, ppl). (g) Quartz vein (Qz) within sandstone (Sst) next to slate (SI.). Both
quartz vein and slate are mineralized with chalcopyrite (Ccp), (reflected and
transmitted light, xpl). (h) Conglomerate with chalcopyritized (Ccp) clasts
within siltstone (Sltst) matrix (Killeen North Mine). One of the chalcopyritized
(Ccp) clasts shows oval to elongated fossilised plant cells with minor
tetrahedrite (Ttr), (reflected light, ppl).

Fig. 7. The copper mines of Dhurode on the northern coast of Mizen
Peninsula: (a) Structural map with detailed drone maps of the research area
showing pre-Variscan E-W faults, compressional NE-SW striking cleavage

(S1), as well as WSW-ENE oriented folds and faults (satellite base map
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modified from ESRI, ArcGIS 2019). (b) Aerial drone image of the coastal
area at Dhurode showing NE-SW striking host rock cleavage (S1) and WSW-
ENE striking anticline rimmed by two reverse faults. (c) Thin section of
oriented, mineralized quartz vein (near mining shafts, cut perpendicularly to
vein strike V) showing elongate blocky quartz crystals with undulous
extinction and partially recrystallized microfault (transmitted light, xpl). (d)
Microphotograph of mineralized quartz vein (Dhurode tailings) shows
euhedral arsenopyrite (Apy) with syngenetic chalcopyrite (Ccp) and
tetrahedrite (Ttr).

Fig. 8. The Crookhaven Copper Mines on the southern coast of Mizen
Peninsula: (a) Structural map with detailed drone maps of the research area
showing pre-Variscan NE-SW striking faults, parallel compressional cleavage
(S1), and NE-SW striking folds (satellite base map modified from ESRI,
ArcGIS 2019). (b) Splaying horsetail quartz veinlets with vein cleavage
(S1,vein) sub-parallel to the host rock cleavage (S1). (c) Siltstone (Sltst) with
folded, mineralized quartz (Qz) veins with chalcopyrite (Ccp). (d) Mineralized
quartz vein within malachite (Mic) stained siltstone: The microphotographs
show (A) disseminated chalcopyrite (Ccp) within the siltstone (Sltst), as well
as (B) massive chalcopyrite (Ccp) with goethite (Gth) alteration within the
quartz (Qz) vein (reflected light, ppl). (e) Microphotograph of quartz (Qz) vein
with bornite (Bn) next to a sandstone (Sst) (reflected light, ppl). The
microfracture (red line) is rimmed by quartz (Qz) and goethite (Gth). The
close-up image shows cataclastic bornite (Bn) with minor chalcopyrite (Ccp)
and chalcocite (Cct) and covellite (Cv) alterations. (f) Quartz (Qz) vein with
chalcopyrite (Ccp), chlorite (Chl), goethite (Gth) and stylolites (reflected ring
light, ppl). (g) Fibrous quartz (Qz) vein with parallel siderite (Sd) and minor
chalcopyrite (Ccp) (high resolution optical scan).

Fig. 9. The Ballycummisk Copper Mines near the southern coast of Mizen
Peninsula: (a) Structural map with inferred structures (modified after Bing™
Satellite Maps 2016-2019, Google Maps 2016-2019, and historic mining
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maps from GSI Jetstream 2019) showing E-W, SW-NE, and N-S striking
faults. (b) Microphotograph of tailings sample with barite (Brt), chalcopyrite
(Ccp) and deformed, specular hematite (Hem) (reflected light, ppl). (c)
Microphotograph of quartz-barite vein (Qz, Brt) with syngenetic chalcopyrite
(Ccp) and molybdenite (Mol), as well as goethite (Gth) alterations (ring light,
ppl). (d) High-resolution scan of hand specimen of quartz (Qz) vein with
syngenetic chalcopyrite (Ccp) and molybdenite (Mol), as well as molybdenite
aggregations along stylolites (please see Supplemental material: Local
Observations for larger figures). (e) Microphotograph of quartz (Qz) vein with
disseminated molybdenite (Mol), molybdenite aggregations along stylolites
and minor, specular hematite (Hem). (f) Greenish altered slate (Sl.) with
folded and cleaved quartz vein (Qz) which is cross-cut by cleavage-parallel
quartz-barite-hematite veins (Qz, Brt, Hem) with chalcopyrite (Ccp) and

malachite (Mlc) mineralization.

Fig. 10. Examples of fluid inclusions assemblages (FIAs) within quartz veins
(microphotographs): (a) Ballycummisk (pre-Variscan): Oval to angular
shaped fluid inclusions with large vapour phase (mineralized vein with
molybdenite, Mol). (b) Dhurode (pre-Variscan): Mineralized quartz vein with
chalcopyrite (Ccp) and oval shaped fluid inclusions with small vapour phase.
(c) Crookhaven: Elongated fluid inclusions within syn-Variscan quartz vein.
(d) Gortavallig: Large angular to oval shaped fluid inclusions from syn-

Variscan quartz vein. See Appendix 2 for further FlAs.

Fig. 11. Fluid inclusions measurements from the selected research areas in
West Cork (Fig. 3): Plot of the salinity wt% NaClequiv versus the
homogenization temperatures Tn (°C). The different colours show the various
locations, and the symbols indicate the individual fluid inclusion assemblages
(FIA) within one sample (see App. 2 for details). The dotted ovals indicate
the measured values from Allihies (Fig. 3, Lang et al. 2020). (a) Early
extensional (pre-Variscan) vein samples. (b) Compressional (syn-Variscan)

vein samples. Further details are available in Appendix 2.
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Fig. 12. Block model of the South Munster Basin in West Cork (including
adaptions after Williams 2000; Landes et al. 2003 and SRTM digital terrain
model from Jarvis et al. 2008). (a) The basinal E-W faults follow the strike of
the major Cork-Kenmare Fault in the North. The E-W faults form the fluid
pathways for the mineralized quartz veins which can be associated with
sediment hosted copper beds. (b) A reactivation of these E-W faults during
the Variscan Compression and crustal shortening can remobilize basin

related copper mineralization.
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Tables:

Area (Large-Scale)

Pre-Variscan (extensional) Structures

Syn-Variscan (compressional) Structures

Beara Peninsula (Fig. 1. 2a and 3)

E-W striking faults and fault systems (negative topographic features
- photolineaments on satellite imaging data, Bing™ Satellite Maps
2016-2019); weathered trenches of ca. 3 to 40 m width and up to
8.4 km length; the mean strike direction of the faults is 089° (N =
301); the faults form narrow elongate bays along the coastline;
some faults are associated with large (up to several hundred
metres) E-W striking quartz veins = historically mined copper lodes
(Geological Survey Ireland Jetstream 2019; Fig. 3, e.g. Allihies and
north coast of Beara Peninsula); N-S striking faults (up to 4.3 km
length) are generally not associated with quartz veins

Kilometre-scale ENE-WSW to E-W striking compressional first order
folds and several hundreds of meters second order folds (Geological
Survey Ireland 2016); the Beara Peninsula is formed by a large
anticline; ENE-WSW striking reverse faults (Geological Survey
Ireland 2016); pre-Variscan N-S faults are folded by syn-Variscan
ENE-WSW to E-W striking compressional folds and show stronger
folding than pre-Variscan E-W faults (nearly perpendicular to
Variscan stress)

Sheep’s Head Peninsula (Fig. 1, 2a, and 3)

E-W faults with a max. length of 4.7 km and mean strike of 089 (N =
63); E-W faults are associated with historically mined, mineralized
quartz veins (Fig. 3, e.g. Gortavallig and Killeen North); N-S to NNE-
SSW striking faults have a maximum length of up to 5 kilometres
and are not associated with quartz veins

Kilometre-scale ENE-WSW to SW-NE striking compressional first
order folds and several hundreds of meters second order folds
(Geological Survey Ireland 2016); Sheep’s Head Peninsula is formed
by an anticline (first order fold); SW-NE and ENE-WSW striking
compressional reverse folds (Geological Survey Ireland 2016);
folded N-S to NNE-SSW striking pre-Variscan folds

Mizen Peninsula (Fig. 1, 2a, and 3)

E-W striking faults in the north-eastern part of Mizen Peninsula with
max. 4.3 km length and a mean strike of 090° (N = 98); ENE-WSW
striking faults in the southern part of Mizen Peninsula with a
maximum length of 7 km and a mean strike of 082° (N = 115); the
ENE-WSW faults can be followed offshore (Geological Survey
Ireland Infomar 2017); E-W and ENE-WSW striking faults are
sometimes associated with historic copper lodes (Fig. 3, e.g.
Dhurode Mine and Crookhaven Mines); N-S striking faults have a
maximum length of 6.6 km and are generally not associated with
mineralized quartz veins

Kilometre-scale ENE-WSW to SW-NE striking compressional first
order folds and several hundreds of meters second order folds
(Geological Survey Ireland 2016); Mizen Peninsula is formed by two
anticlines and one syncline (first order fold); SW-NE striking
compressional reverse folds (Geological Survey Ireland 2016);
folded N-S striking pre-Variscan folds

Table 1. Large-scale (Peninsulas) structural pre-Variscan and syn-Variscan features in SW Ireland.
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Location Coordinates Lithology Pre-Variscan Structures Syn-Variscan Structures Mineralization Microstructures
(GCS_WGS_1984)
Baurearagh 51.781766 (°N) Mica-rich, beige to E-W to ENE-WSW striking fault, dipping Host rock cleavage (S1) NE-SW to Quartz with chlorite, minor Pre-Variscan veins:
-9.650353 (°E) reddish-brown 57° to south (Figs 4a + 4b); quartz veins ENE-WSW, nearly vertical dip specular hematite in pre-Variscan | Elongate blocky quartz; hematite is folded
sandstones (Caha up to 40 metres length and 1.5 m in (Fig. 4a); quartz veins (Fig. 4e) — deformation twinning (Fig. 4e);
Mountain width (mean strike: 085°, N = 457); SW to NE striking folds (Figs 4a + stylolites with goethite alignment (Fig. 4f)
Formation; hydrofractures with stockwork veining 4b); en echelon quartz veins (Fig. Syn-Variscan veins:
Geological Survey (Fig. 4c); host rock clasts in veins (Fig. 4d); reactivated normal faults Elongate blocky to stretched elongate
Ireland, GSI 2016) 4c) (Fig. 4b); slickenlines on E-W blocky quartz
with individual beds striking extensional quartz veins
up to 1 m thickness indicate N-W directed
compressional movement;
stylolites in quartz veins as weak
form of cleavage (4f); minor
faulting of pre-Variscan quartz
veins
Caha Pass 51.785218 (°N) Purple siltstone E-W striking faults with associated Host rock cleavage (S1) E-W to Quartz with major chlorite, minor | Quartz vein with chlorite crosscut by later
-9.590671 (°E) with ripple marks to | quartz veins with a maximum length of NE-SW, steep dip (Fig. 5a); WSW- | iron hydroxides, very little quartz vein generation with elongate
greenish grey to 37 metres and a width of upto 1 m ENE striking folds faulted by NE- malachite stretched quartz crystals (syn-Variscan);
beige siltstone (mean strike 089°, N = 48, Fig. 5a); SW striking reverse fault (Fig. 5a); both generations show stylolites
(Slaheny Sandstone massive quartz with occasional vugs pre-Variscan veinlets are folded
Formation; GSI with euhedral quartz crystals; and cleaved; stylolites (weak
2016) stockwork veining; brecciated host rock cleavage) in quartz veins (V) (Fig.
clasts 5b)
Gortavallig Gortavallig: Cross-bedded beige E-W to ENE-WSW striking faults (Fig. Host rock cleavage (S1) with a Quartz with iron hydroxides Chalcopyrite occurs in quartz veins as well
and Killeen 51.575887 (°N) sandstone to grey- 6a); mineralized and partly mineralized general NE-SW strike and a steep | (goethite, Fig. 6¢), chalcopyrite, as disseminated in slates next to the veins
North -9.784587 (°E) beige sandstone E-W trending (087°, N = 38) quartz veins | to vertical dip (Fig. 6a); NE-SW euhedral arsenopyrite (Fig. 6d), (Fig. 6g); the euhedral arsenopyrite is
Killeen North: and mica-rich up to 1.5 m width and over 35 m length; | striking folds (Fig. 6a + 6b); semi aggregates of pyrite (Fig. 6e), cataclasticly deformed (Variscan
51.597905 (°N) siltstone to grey massive veins with occasional vugs of brittle shear zones with en very little galena and tetrahedrite | compression, Fig. 6d); a sample from
-9.727637 (°E) sandy slates (Toe euhedral quartz crystals (up to 2 cm) echelon quartz veining along the (Figs 6e + 6f) Killeen North (Fig. 3) shows a
Head Formation; fold limbs (Fig. 6b); faulting and conglomerate with a chalcopyritized
GSI2016) complete cut off extensional (permineralized in chalcopyrite) plant
veins (V), (Figs 6a + 6c) by reverse fossil (Fig. 6h)
faults (Fig. 6b);
minor folding and cleavage of
pre-Variscan quartz veins (Fig. 6c)
Dhurode 51.516135 (°N) Brownish red to E-W to WNW-ESE and ENE-WSW Host rock cleavage (S1) has a NE- Fibrous quartz veins with minor Sample (Fig. 7c): E-W striking quartz vein

-9.757177 (°E)

grey, cross-bedded
silty sandstone and
sandy siltstone (Toe

striking faults (Fig. 7a); E-W striking
quartz veins (V) up to 30 cm wide

SW strike and a steep to nearly
vertical dip (Fig. 7a); WSW-ENE
striking folds; the limbs of the

siderite, elongate blocky quartz
(Fig. 7c) and quartz vugs with
euhedral crystals, locally

with elongate blocky crystals (< 7 mm)
with an NE-SW c-axis orientation, the
crystals in the vein centre show a
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Head Formation,
GSI2016); grey to
beige silty
mudstone (Old
Head Sandstone
Formation; GSI
2016)

anticline are cut by WSW-ENE
striking reverse faults forming a
triangle zone (Fig. 7a + 7b); NW-
SE striking and steep dipping
quartz veins up to 10 cm in width

intensive iron hydroxide staining
(altered sulfides); tailing material
with predominant chalcopyrite
and euhedral arsenopyrite (vein
and sediment hosted), minor
tetrahedrite (Fig. 7d)

sweeping (Trouw et al. 2009) undulous
extinction, the crystals at the rim are
mainly dominated by patchy undulous
extinction, within the vein is an NNW-SSE
striking micro-fault (Variscan
deformation)

Crookhaven

51.469561 (°N)
-9.711099 (°E)

Greenish-grey mica-
rich sandstone to
grey phyllitic slate
and pale white to
greenish-grey
siltstone
(Castlehaven
Formation; GSI
2016), herringbone
cross stratification

NE-SW striking extensional faults (Fig.
8a); parallel aligned quartz veins (NE-
SW) up to 30 m long and up to 50 cm
wide; several quartz veins together
form lodes of over 400 m length (Fig.
8a); veins (V) have a steep to nearly
vertical dip with a mean strike of 075°
(N = 680); splaying horsetail veinlets
indicate sinistral extensional movement
(Fig. 8b)

Host rock cleavage (S1) NE-SW
striking, and steeply dipping; NE-
SW striking series of tight folds
with 20 to 30 m wavelengths (Fig.
8a); the interlimb angle and the
wavelength of the folds increases
to the south; minor to intensive
folding and cleavage (S1)
formation of pre-Variscan quartz
veins (Fig. 8c)

Quartz with aggregates of
chlorite, chalcopyrite (vein and
sediment hosted, Fig. 8d),
siderite and barite, iron
hydroxide (goethite) and
malachite staining (Fig. 8d), small
amounts of bornite, chalcocite
and covellite (Fig. 8e)

Quartz vein with microfractures and
cataclasticly fractured bornite (Fig. 8e);
elongate blocky quartz with tectonic
stylolites (Fig. 8f); fibrous quartz-siderite
bands with deformation kinks of up to 90
degrees (crack-seal event, Fig. 8g)

Ballycummisk

51.533050 (°N)
-9.476797 (°E)

Beige, silty
sandstone
(Castlehaven
Formation and Toe
Head Formation;
GSI 2016)

Two ENE-WSW striking faults merge to
one NE-SW oriented fault in the West
(poor outcrop, blue dashed lines Fig. 9a;
identification with historic mining maps
from GSI Jetstream 2019 and Bing™
Satellite Maps 2016-2019 and Google
Maps 2016-2019); NNW-SSE parallel
striking faults (possibly pre-Variscan,
Fig. 9a)

NE-SW striking fault crosscuts the
pre-Variscan NE-SW striking
structures (poor outcrop,
possibly syn-Variscan, Fig. 9a;
identification with historic
mining maps from GSI Jetstream
2019 and Bing™ Satellite Maps
2016-2019 and Google Maps
2016-2019); reactivation of pre-
Variscan faults; slightly folding of
NNW-SSE faults

Recent tailings samples as well as
historic molybdenite sample
(BM.1964,R230) collected by Sir
Arthur Russell in 1907 from the
Ballycummisk Mine dumps
directly located next to the
collapsed mine shafts: Quartz
veins with aggregates of
chalcopyrite and tetrahedrite,
white to red barite, specular
hematite, chlorite encrustations,
molybdenite aggregates and
disseminated radial crystals (Figs
9b, 9¢, 9d, 9e); molybdenite and
chalcopyrite are syngenetically
intergrown (Fig. 9¢c)

Recent tailings samples as well as historic
molybdenite sample (BM.1964,R230)
collected by Sir Arthur Russell in 1907
from the Ballycummisk Mine dumps
directly located next to the collapsed
mine shafts: Folded quartz-barite-
hematite veins in pale yellow altered
mudstone - partially deformed specular
hematite (Fig. 9b); stylolites (weak
cleavage) within quartz veins and
molybdenite as residuum mineral along
the stylolites (Fig. 9d + 9e); folded
mineralized quartz vein (pre-deformation,
Fig. 9f) crosscut by cleavage parallel
barite-quartz-hematite-chalcopyrite vein
(syn-/post-deformation)

Table 2. Detailed geological features of selected localities in SW Ireland.
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Sample Re 187Re 1870s Model age

Sample wt (g) (ppm) +20 (ppm) +20 (ppb) +20 (Ma)* +20t  +20t  +208
BM.1964,R230 0.020 70.7 0.3 44 4 0.2 231.3 0.7 311.8 0.2 1.3 1.6
JL_ BC 525 0.022 113.5 0.4 71.3 0.3 375.9 1.2 315.5 0.2 1.3 1.6

All data blank corrected (Re — 1.9 pg, Os — 0.8 pg with an 870s/'880s of 0.201 + 0.03)

*Model age calculated using the decay constant '8’Re = 1.666 x 10-'" a-! (Smoliar et al. 1996; Selby et al. 2007)
funcertainty including only mass spectrometry uncertainty

tuncertainty including all sources of analytical uncertainty

Suncertainty including all sources of analytical uncertainty plus decay constant

Table 3. Re-Os isotope data for the molybdenite samples BM.1964,R230 and JL_BC_525 (Fig. 9c) from Ballycummisk Mine (Fig. 3
+ 9a; App. Table A1).
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table

Click here to access/download;table;Table_1_Peninsula_Scale_Structures.docx =

Area (Large-Scale)

Pre-Variscan (extensional) Structures

Syn-Variscan (compressional) Structures

Beara Peninsula (Fig. 1. 2a and 3)

E-W striking faults and fault systems (negative topographic features -
photolineaments on satellite imaging data, Bing™ Satellite Maps
2016-2019); weathered trenches of ca. 3 to 40 m width and up to 8.4
km length; the mean strike direction of the faults is 089° (N = 301);
the faults form narrow elongate bays along the coastline; some faults
are associated with large (up to several hundred metres) E-W striking
quartz veins > historically mined copper lodes (Geological Survey
Ireland Jetstream 2019; Fig. 3, e.g. Allihies and north coast of Beara
Peninsula); N-S striking faults (up to 4.3 km length) are generally not
associated with quartz veins

Kilometre-scale ENE-WSW to E-W striking compressional first order
folds and several hundreds of meters second order folds (Geological
Survey Ireland 2016); the Beara Peninsula is formed by a large
anticline; ENE-WSW striking reverse faults (Geological Survey Ireland
2016); pre-Variscan N-S faults are folded by syn-Variscan ENE-WSW to
E-W striking compressional folds and show stronger folding than pre-
Variscan E-W faults (nearly perpendicular to Variscan stress)

Sheep’s Head Peninsula (Fig. 1, 2a, and 3)

E-W faults with a max. length of 4.7 km and mean strike of 089 (N =
63); E-W faults are associated with historically mined, mineralized
quartz veins (Fig. 3, e.g. Gortavallig and Killeen North); N-S to NNE-
SSW striking faults have a maximum length of up to 5 kilometres and
are not associated with quartz veins

Kilometre-scale ENE-WSW to SW-NE striking compressional first order
folds and several hundreds of meters second order folds (Geological
Survey Ireland 2016); Sheep’s Head Peninsula is formed by an
anticline (first order fold); SW-NE and ENE-WSW striking
compressional reverse folds (Geological Survey Ireland 2016); folded
N-S to NNE-SSW striking pre-Variscan folds

Mizen Peninsula (Fig. 1, 2a, and 3)

E-W striking faults in the north-eastern part of Mizen Peninsula with
max. 4.3 km length and a mean strike of 090° (N = 98); ENE-WSW
striking faults in the southern part of Mizen Peninsula with a
maximum length of 7 km and a mean strike of 082° (N = 115); the
ENE-WSW faults can be followed offshore (Geological Survey Ireland
Infomar 2017); E-W and ENE-WSW striking faults are sometimes
associated with historic copper lodes (Fig. 3, e.g. Dhurode Mine and
Crookhaven Mines); N-S striking faults have a maximum length of 6.6
km and are generally not associated with mineralized quartz veins

Kilometre-scale ENE-WSW to SW-NE striking compressional first order
folds and several hundreds of meters second order folds (Geological
Survey Ireland 2016); Mizen Peninsula is formed by two anticlines and
one syncline (first order fold); SW-NE striking compressional reverse
folds (Geological Survey Ireland 2016); folded N-S striking pre-
Variscan folds

Table 1. Large-scale (Peninsulas) structural pre-Variscan and syn-Variscan features in SW Ireland.
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Location Coordinates Lithology Pre-Variscan Structures Syn-Variscan Structures Mineralization Microstructures
(GCS_WGS_1984)
Baurearagh 51.781766 (°N) Mica-rich, beige to E-W to ENE-WSW striking fault, dipping Host rock cleavage (S1) NE-SW to Quartz with chlorite, minor Pre-Variscan veins:
-9.650353 (°E) reddish-brown 57° to south (Figs 4a + 4b); quartz veins ENE-WSW, nearly vertical dip specular hematite in pre-Variscan | Elongate blocky quartz; hematite is folded
sandstones (Caha up to 40 metres length and 1.5 m in (Fig. 4a); quartz veins (Fig. 4e) — deformation twinning (Fig. 4e);
Mountain width (mean strike: 085°, N = 457); SW to NE striking folds (Figs 4a + stylolites with goethite alignment (Fig. 4f)
Formation; hydrofractures with stockwork veining 4b); en echelon quartz veins (Fig. Syn-Variscan veins:
Geological Survey (Fig. 4c); host rock clasts in veins (Fig. 4d); reactivated normal faults Elongate blocky to stretched elongate
Ireland, GSI 2016) 4c) (Fig. 4b); slickenlines on E-W blocky quartz
with individual beds striking extensional quartz veins
up to 1 m thickness indicate N-W directed
compressional movement;
stylolites in quartz veins as weak
form of cleavage (4f); minor
faulting of pre-Variscan quartz
veins
Caha Pass 51.785218 (°N) Purple siltstone E-W striking faults with associated Host rock cleavage (S1) E-W to Quartz with major chlorite, minor | Quartz vein with chlorite crosscut by later
-9.590671 (°E) with ripple marks to | quartz veins with a maximum length of NE-SW, steep dip (Fig. 5a); WSW- | iron hydroxides, very little quartz vein generation with elongate
greenish grey to 37 metres and a width of upto 1 m ENE striking folds faulted by NE- malachite stretched quartz crystals (syn-Variscan);
beige siltstone (mean strike 089°, N = 48, Fig. 5a); SW striking reverse fault (Fig. 5a); both generations show stylolites
(Slaheny Sandstone massive quartz with occasional vugs pre-Variscan veinlets are folded
Formation; GSI with euhedral quartz crystals; and cleaved; stylolites (weak
2016) stockwork veining; brecciated host rock | cleavage) in quartz veins (V) (Fig.
clasts 5b)
Gortavallig Gortavallig: Cross-bedded beige E-W to ENE-WSW striking faults (Fig. Host rock cleavage (S1) with a Quartz with iron hydroxides Chalcopyrite occurs in quartz veins as well
and Killeen 51.575887 (°N) sandstone to grey- 6a); mineralized and partly mineralized general NE-SW strike and a steep | (goethite, Fig. 6¢), chalcopyrite, as disseminated in slates next to the veins
North -9.784587 (°E) beige sandstone E-W trending (087°, N = 38) quartz veins | to vertical dip (Fig. 6a); NE-SW euhedral arsenopyrite (Fig. 6d), (Fig. 6g); the euhedral arsenopyrite is
Killeen North: and mica-rich up to 1.5 m width and over 35 m length; | striking folds (Fig. 6a + 6b); semi aggregates of pyrite (Fig. 6e), cataclasticly deformed (Variscan
51.597905 (°N) siltstone to grey massive veins with occasional vugs of brittle shear zones with en very little galena and tetrahedrite | compression, Fig. 6d); a sample from
-9.727637 (°E) sandy slates (Toe euhedral quartz crystals (up to 2 cm) echelon quartz veining along the (Figs 6e + 6f) Killeen North (Fig. 3) shows a
Head Formation; fold limbs (Fig. 6b); faulting and conglomerate with a chalcopyritized
GSI 2016) complete cut off extensional (permineralized in chalcopyrite) plant
veins (V), (Figs 6a + 6¢) by reverse fossil (Fig. 6h)
faults (Fig. 6b);
minor folding and cleavage of
pre-Variscan quartz veins (Fig. 6¢)
Dhurode 51.516135 (°N) Brownish red to E-W to WNW-ESE and ENE-WSW Host rock cleavage (S1) has a NE- Fibrous quartz veins with minor Sample (Fig. 7c): E-W striking quartz vein

-9.757177 (°E)

grey, cross-bedded
silty sandstone and
sandy siltstone (Toe
Head Formation,
GSI2016); grey to
beige silty
mudstone (Old
Head Sandstone

striking faults (Fig. 7a); E-W striking
quartz veins (V) up to 30 cm wide

SW strike and a steep to nearly
vertical dip (Fig. 7a); WSW-ENE
striking folds; the limbs of the
anticline are cut by WSW-ENE
striking reverse faults forming a
triangle zone (Fig. 7a + 7b); NW-
SE striking and steep dipping
quartz veins up to 10 cm in width

siderite, elongate blocky quartz
(Fig. 7c) and quartz vugs with
euhedral crystals, locally
intensive iron hydroxide staining
(altered sulfides); tailing material
with predominant chalcopyrite
and euhedral arsenopyrite (vein

with elongate blocky crystals (< 7 mm)
with an NE-SW c-axis orientation, the
crystals in the vein centre show a
sweeping (Trouw et al. 2009) undulous
extinction, the crystals at the rim are
mainly dominated by patchy undulous
extinction, within the vein is an NNW-SSE
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Formation; GSI
2016)

and sediment hosted), minor
tetrahedrite (Fig. 7d)

striking micro-fault (Variscan
deformation)

Crookhaven

51.469561 (°N)
-9.711099 (°E)

Greenish-grey mica-
rich sandstone to
grey phyllitic slate
and pale white to
greenish-grey
siltstone
(Castlehaven
Formation; GSI
2016), herringbone
cross stratification

NE-SW striking extensional faults (Fig.
8a); parallel aligned quartz veins (NE-
SW) up to 30 m long and up to 50 cm
wide; several quartz veins together
form lodes of over 400 m length (Fig.
8a); veins (V) have a steep to nearly
vertical dip with a mean strike of 075°
(N = 680); splaying horsetail veinlets
indicate sinistral extensional movement
(Fig. 8b)

Host rock cleavage (S1) NE-SW
striking, and steeply dipping; NE-
SW striking series of tight folds
with 20 to 30 m wavelengths (Fig.
8a); the interlimb angle and the
wavelength of the folds increases
to the south; minor to intensive
folding and cleavage (S1)
formation of pre-Variscan quartz
veins (Fig. 8c)

Quartz with aggregates of
chlorite, chalcopyrite (vein and
sediment hosted, Fig. 8d),
siderite and barite, iron
hydroxide (goethite) and
malachite staining (Fig. 8d), small
amounts of bornite, chalcocite
and covellite (Fig. 8e)

Quartz vein with microfractures and
cataclasticly fractured bornite (Fig. 8e);
elongate blocky quartz with tectonic
stylolites (Fig. 8f); fibrous quartz-siderite
bands with deformation kinks of up to 90
degrees (crack-seal event, Fig. 8g)

Ballycummisk

51.533050 (°N)
-9.476797 (°E)

Beige, silty
sandstone
(Castlehaven
Formation and Toe
Head Formation;
GSI 2016)

Two ENE-WSW striking faults merge to
one NE-SW oriented fault in the West
(poor outcrop, blue dashed lines Fig. 9a;
identification with historic mining maps
from GSI Jetstream 2019 and Bing™
Satellite Maps 2016-2019 and Google
Maps 2016-2019); NNW-SSE parallel
striking faults (possibly pre-Variscan,
Fig. 9a)

NE-SW striking fault crosscuts the
pre-Variscan NE-SW striking
structures (poor outcrop,
possibly syn-Variscan, Fig. 9a;
identification with historic
mining maps from GSI Jetstream
2019 and Bing™ Satellite Maps
2016-2019 and Google Maps
2016-2019); reactivation of pre-
Variscan faults; slightly folding of
NNW-SSE faults

Recent tailings samples as well as
historic molybdenite sample
(BM.1964,R230) collected by Sir
Arthur Russell in 1907 from the
Ballycummisk Mine dumps
directly located next to the
collapsed mine shafts: Quartz
veins with aggregates of
chalcopyrite and tetrahedrite,
white to red barite, specular
hematite, chlorite encrustations,
molybdenite aggregates and
disseminated radial crystals (Figs
9b, 9¢, 9d, 9e); molybdenite and
chalcopyrite are syngenetically
intergrown (Fig. 9c)

Recent tailings samples as well as historic
molybdenite sample (BM.1964,R230)
collected by Sir Arthur Russell in 1907
from the Ballycummisk Mine dumps
directly located next to the collapsed
mine shafts: Folded quartz-barite-
hematite veins in pale yellow altered
mudstone - partially deformed specular
hematite (Fig. 9b); stylolites (weak
cleavage) within quartz veins and
molybdenite as residuum mineral along
the stylolites (Fig. 9d + 9e); folded
mineralized quartz vein (pre-deformation,
Fig. 9f) crosscut by cleavage parallel
barite-quartz-hematite-chalcopyrite vein
(syn-/post-deformation)

Table 2. Detailed geological features of selected localities in SW Ireland.




table Click here to access/download;table;Table_3_Re_Os_Geochronology.docx =

Sample Re 187Re 1870s Model age
Sample wt (g) (ppm) +20 (ppm) +20 (ppb) +20 (Ma)* +207  +20t  +208
BM.1964,R230 0.020 70.7 0.3 44 4 0.2 231.3 0.7 311.8 0.2 1.3 1.6
JL_BC 525 0.022 113.5 0.4 71.3 0.3 375.9 1.2 315.5 0.2 1.3 1.6

All data blank corrected (Re — 1.9 pg, Os — 0.8 pg with an 870Qs/'880s of 0.201 £ 0.03)

*Model age calculated using the decay constant '8’Re = 1.666 x 10-'" a! (Smoliar et al. 1996; Selby et al. 2007)
funcertainty including only mass spectrometry uncertainty

tuncertainty including all sources of analytical uncertainty

Suncertainty including all sources of analytical uncertainty plus decay constant

Table 3. Re-Os isotope data for the molybdenite samples BM.1964,R230 and JL_BC 525 (Fig. 9c) from Ballycummisk Mine (Fig. 3 +
9a; App. Table A1).
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