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Abstract:  The Limerick Igneous Suite (LIS) in SW Ireland consists of  massive flows, hypabyssal intrusions, 
tuffs, agglomerates, and diatremes and is spatially associated with multiple base metal prospects, deposits, and 
historic mines in the Limerick Syncline. The LIS is subdivided into two igneous units: 1) the Knockroe, which 
is dominantly alkaline basalt to trachyandesite in composition, and 2) the Knockseefin, which forms a range of 
alkaline basalt to basanite compositions. Recent drilling has uncovered new, olivine-bearing porphyritic basalts 
that correspond to the Knockroe unit and may represent the highest degree of partial melting in the LIS. A new 
sulphide Re–Os isochron from the Ballywire prospect yielded an age of 340.9 ± 2.4 Ma and represents the first 
known mineralization age in the Limerick Syncline, which is contemporaneous with LIS emplacement. How-
ever, the 187Os/188Os of 0.48 is indicative of base metal derivation from crustal rocks akin to Palaeozoic base-
ment as opposed to an igneous or mafic source. The LIS was not likely a source of metals, but the coeval 
emplacement between the LIS and mineralization in the Limerick Syncline suggests the LIS may have been a 
source of hydrothermalism in the region. Yet the intrusions themselves were emplaced in fault networks, hin-
dering rather than enhancing hydrothermal fluid flow. 
 
Keywords:  Re–Os dating, base metals, Limerick Igneous Suite, basalt, basanite, Ballywire age dating. 

Introduction 

The Irish Orefield contains a number of significant base metal 
deposits hosted in Carboniferous limestones. The deposits 
formed from deeply circulating, moderate temperature brines 
that transported metals along deep-seated, basin-wide faults 
(Hitzman & Beaty, 1996; Hitzman et al., 2002; Wilkinson et 
al., 2005a, 2005b; Ashton et al., this volume). Most of the 
known Irish-type deposits are not typically associated with sig-
nificant igneous activity. However, in the Limerick Syncline 
(Co. Limerick, Ireland) multiple base metal deposits and pro-
spects occur spatially with a variety of mafic igneous units, 
which comprise the Limerick Igneous Suite (LIS). Determin-
ing the influence of igneous activity on base metal mineraliza-
tion is crucial in refining both local and regional models for 
Irish-type mineralization. 

The LIS is composed of two geochemically distinct, but 

relatively continuous, units: the Knockroe and Knockseefin ig-
neous units (Strogen, 1983;1988; Elliott et al., 2015; Slezak et 
al., 2023). These units intrude the lower Carboniferous sedi-
mentary package, which fills the Limerick Syncline and is the 
typical host for base metal deposits. Biostratigraphy constrains 
these igneous units to the Viséan (347 – 331 Ma; Somerville et 
al.; 1992) with more recent U–Pb dates on igneous apatite 
showing the igneous units were emplaced c. 353 ± 6 Ma 
(Slezak et al., 2023). Slezak et al. (2023) also calculated alter-
ation ages of the igneous rocks using Rb–Sr bulk rock isotope 
data, which correlate to the older U–Pb, and younger biostrat-
igraphic dates. These ages broadly agree with pyrite Re‒Os 
ages of 347 ± 3 Ma and 334 ± 6 Ma from Lisheen and Silver-
mines, respectively, (Hnatyshin et al., 2015) as well as a recent 
331 ± 6 Ma U–Pb date from hydrothermal apatite in hydrother-
mal dolostone at Silvermines (Vafeas et al., 2023).  

Previous workers (McCusker & Reed, 2013; Elliot et al., 2019) 
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have suggested the LIS facilitated mineralization by creating 
fracture networks and fluid pathways during emplacement in 
lieu of the major basin-bounding faults typically associated 
with Irish-type deposits (Hitzman & Beaty, 1996). In addition, 
several studies (e.g., Kerr, 2013 and Elliot et al., 2019) re-
ported δ34S isotope values ranging from -42 ‰ to +13 ‰, sug-
gesting a mixed affinity between biogenically reduced sulphate 
and potential igneous sulphur sources, attributing the more 
positive δ34S values with igneous reservoirs (Sakai et al., 1984; 
Seal, 2006).  

However, most Irish-type deposits display a wide range of δ34S 
values (e.g., Wilkinson & Hitzman, 2015), suggesting that the 
sulphur isotopic data in the Limerick deposits is not indicative 
of a purely igneous source. In this study, we review the LIS, 
provide new geochemical data on recently discovered olivine-
bearing units in addition to extrusive units, and present a new 
Re‒Os isochron from the Ballywire prospect (see Fig. 2 for lo-
cation), which establishes the first base metal mineralization 
age in the Limerick Syncline. 

Furthermore, we assess isotope sources using  Os isotopes 
from this study and Nd and Sr isotopes (from Slezak et al., 
2023; Cordiero et al., 2023) to evaluate whether the LIS could 
have been a metal source. The crustal Os ratios compared to 
the mantle-like Nd and Sr ratios indicate that rather than being 
a source of base metals, the LIS was  not a source of base met-
als but rather likely a heat source that facilitated hydrothermal 
fluid circulation.  

Geologic Background 

Limerick Igneous Suite rocks crop out in and around the Lim-
erick Syncline, a subbasin along the multi-kilometre wide 

Iapetus Suture Zone (ISZ; Figs. 1 and 2). Most Irish-type base 
metal deposits and prospects occur along the ISZ (Fig. 1), 
which joins together Ganderia-Avalonia in the southeast and 
Laurentia in the northwest of Ireland (Vaughan & Johnston, 
1992; Chew & Stillman, 2009; McConnell et al., 2021; Ashton 
et al, this volume).  

Limerick Syncline stratigraphy 

The Limerick Syncline comprises a transgressive succession 
of Tournasian to Viséan (i.e., early to late Mississippian) lime-
stones and alkaline basaltic igneous units (Fig. 2) that sit con 
formably atop or intrude the sub-aerial, siliciclastic units of the 
Devonian Old Red Sandstone (Graham, 2009; Sevastopulo & 
Wyse-Jackson, 2009). Above the Old Red Sandstone lies the 
Lower Limestone Shale Formation, which records a shift from 
sub-aerial to marine conditions and comprises interbedded 
sandstones, shales and calcarenites showing an upward in-
crease in bioclastic and carbonate content, reflecting establish-
ment of progressively more open marine conditions. The over-
lying Ballysteen Formation is a package of argillaceous 
bioclastic limestones and biosparites rich in crinoid debris that 
record an overall deepening upward trend with the upper-most 
portions deposited below storm wave base (Sevastopulo & 
Wyse-Jackson, 2009). In the Limerick Syncline, the Ballysteen 
Group is succeeded by the Waulsortian Limestone Formation, 
which is dominated by pale grey, stromatactis-bearing mi-
crites/biomicrites that likely were deposited as biogenic mud-
mounds below storm wave base but within the photic zone 
(Strogen & Somerville, 1984; Strogen, 1988; Devuyst & Lees, 
2001). The Lough Gur Formation sits atop the Waulsortian 
Limestone Formation (Fig. 2) and is composed of fossiliferous, 
crinoid-rich wackestones and packestones with zones of abun-
dant chert (Strogen, 1988; Somerville et al., 1992). The unit is 
generally lithologically and sedimentologically similar to 
limestones within the Ballysteen Formation. The Knockroe ig-
neous unit comprises an alkaline basaltic suite that has an in-
tercalated basal contact (often erosive) with the Lough Gur 
Formation (Fig. 2). The Herbertstown Limestone Formation 
interfingers with the Knockroe rocks below and the 
Knockseefin igneous unit above. It consists mostly of beige to 
pale blue oolitic grainstones, packestones, and micrites with 
solitary corals deposited in a shallow water environment (Stro-
gen, 1988; Somerville et al., 1992). The overlying Knockseefin 
igneous unit is comprised of alkaline basaltic to basanitic 
rocks. However, in some areas in the central portion of the 
Limerick Syncline (see Fig. 2), the Knockroe directly transi-
tions to Knockseefin rocks over a 10m interval of volcaniclas-
tic material. The Dromkeen Limestone Formation is the upper-
most carbonate unit preserved in the area (Fig. 2) and is 
comprised of shallow water, fine-grained grainstones that con-
tain several palaeosol horizons indicating a shallow deposi-
tional environment and either sea level changes or tectonic up-
lift (Somerville et al., 2011). The sedimentary succession was 
then partially eroded and is capped by an unconformity over-
lain by Namurian siliciclastic shales, silts, and sands of the 
Longstone Formation (Strogen, 1988).  

Limerick Igneous Suite (LIS) 

The LIS is made up of two igneous units:  1) the Knockroe and, 
2)   the Knockseefin  (see Figure 2).   The   Knockroe  unit  is   

Figure 1: Overview of major Irish-type deposit locations 
in relation to the full potential extent of Iapetus Suture 
Zone (ISZ) as depicted from Ashton et al. (this volume). 

 

Syncline 
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dominated by alkaline basaltic to trachytic composition vol-
canic rocks comprised of a series of early basaltic maar-di-
atremes and volcanic tuffs, the eruption of which were fol-
lowed by emplacement of hypabyssal intrusions, submarine 
flows, agglomerates, igneous breccias, tuffs, and volcaniclastic 
units (Strogen, 1983; 1988; Elliott et al., 2015). These rocks 
are occasionally interbedded with limestones and shale. They 
are also occasionally crosscut by slightly later, but chemically 
similar porphyritic alkaline basalt dykes (Slezak et al., 2023).   

Knockroe unit 

Diatremes 

The diatremes are heterolithic and often light grey-green to 
light beige in colour, though these rocks readily oxidise on ex-
posure to the atmosphere taking on a rust-colour in many ex-
amples. The diatremes consist of clasts of vesicular basalt, ag-
glomerates, tuffs, and xenoliths of dominantly carbonate wall 
rock set in a fine-grained, ashy matrix (Fig. 3a). The xenoliths 
are predominantly Waulsortian Limestone (Fig. 3a) but in 
some bodies clasts of underlying units including Old Red 
Sandstone and basement rocks are found. Basement xenoliths 
include amphibolite-grade metasedimentary rocks, mafic gran-
ulite, and tonalitic orthogneiss (van den Berg et al., 2005; 
O’Rourke, 2013). Clasts are variable in size and have been de-
scribed by Elliott et al. (2015), who established eight lithofa-
cies and five lithofacies associations for the diatremes. Strong 
clay, chlorite, and carbonate alteration is ubiquitous in the di-
atremes, but some fresher basalt clasts are occasionally present 
(Fig. 3a). They may also contain minor to moderate amounts 
of generally disseminated pyrite.  

Lava flows and intrusive units 

The Knockroe unit contains massive seafloor flows consisting 
of dark grey to green blue and greyish green to maroon-col-
oured rocks with aphanitic to porphyritic textures (Fig. 3b). 
Some flows exhibit as a flow top crackle to jigsaw breccia in a 
carbonate matrix. The Knockroe unit also contains relatively 
abundant igneous breccias containing basaltic clasts in a basal-
tic matrix (Fig. 3b).  Knockroe intrusive units are typically 
hypabyssal intrusions as dikes and less commonly sills.  

For the units found in the centre of the Limerick Syncline (Fig. 
2), plagioclase is the most common mineral in these units and 
occurs as euhedral laths that dominate the phenocrystic and 
matrix phases (Fig. 3b and Fig. 4a). Minor amounts of  potas-
sium feldspar are also present as rare anhedral phenocrysts and 
more often mantling plagioclase crystals in the matrix (Slezak 
et al., 2023). Clinopyroxene, likely augite and commonly al-
tered, is less abundant than plagioclase. It is typically euhedral, 
phenocrystic, and may be zoned and/or contain inclusions of 
magnetite. Magnetite is present mainly in the matrix as small, 
anhedral to subhedral crystals (Fig. 4a), though it can present 
as larger phenocrysts. Apatite is present in trace amounts as 
small, ovoid crystals (Slezak et al., 2023). Subhedral, rounded 
phenocrysts of olivine may have been present in many sam-
ples. Where present, it has generally been altered to magnet-
ite/haematite, calcite, chlorite, and rare serpentinite (Fig. 4b).  

Recently, relatively fresh, porphyritic olivine basalts (Fig. 3c) 
have been found in Group Eleven drillhole GC-2654-1, near 

Ballywire, Co. Tipperary (Fig. 2), which are geochemically 
similar  the Knockroe units (see below). This subset of the 
Knockroe units contains higher abundances (~15-20 %) of sub-
hedral to euhedral phenocrystic olivine (up to 2300μm) with 
larger grains displaying serpentinized rims and smaller grains 
being wholly replaced (Fig. 4c). Clinopyroxene is also pheno-
crystic, up to 3400 μm in size, often twinned and/or zoned (Fig. 
4b), and more abundant (~30%) compared to the Knockroe 
units reported by Slezak et al. (2023). Plagioclase is zoned and 
present as both a phenocrystic phase (up to 1500 μm) and the 
predominant matrix phase (~100 – 200 μm). Magnetite is also 
present as smaller (20 - 100 μm), subhedral crystals in the ma-
trix and mantling clinopyroxene. 

Knockroe intrusive units are ubiquitously, but variably altered 
(Fig. 3b,c). Alteration minerals include chlorite, prehnite, ti-
tanite, magnetite, and calcite (Fig. 4b). Chlorite and calcite are 
patchily pervasive throughout the units. In many instances 
magnetite is altered to haematite (Fig. 4d).  

Porphyritic dykes 

Knockroe porphyritic dykes crosscut Knockroe diatremes, 
tuffs, lava flows, and hypabyssal intrusions and are composed 
mainly of plagioclase with lesser amounts of magnetite, minor 
apatite, and rare clinopyroxene. Plagioclase occurs both as 
large, subhedral to euhedral phenocrysts and as small, laths 
that make up most of the matrix. Magnetite is present in the 
matrix as anhedral to euhedral grains. Apatite is present as sub-
hedral to euhedral lath-like crystals and larger ovoids. Clino-
pyroxene is rare in these units, but when present it is small and 
subhedral. These units are often altered to clay minerals and 
some show pyrite mineralization along their margins  (Slezak 
et al., 2023). 

Tuffs and agglomerates 

The Knockroe unit contains abundant ash and lapilli tuffs, 
commonly displaying grading, as well as more massive ag-
glomerates (Fig. 3b). The lapilli tuffs and agglomerates consist 
of angular to sub-angular clasts ranging in size from 200μm up 
to 1cm in diameter (Fig. 4e). Space between clasts is filled by 
finer ash and/or calcite (Fig. 4d,e); ash is dominantly altered to 
clay-rich material. Many of the clasts comprise basaltic mate-
rial, which may display remnant feldspar phenocrysts (Fig. 
4d,e) but are generally almost entirely altered to carbonate and 
fine-grained white phyllosilicate minerals, chlorite, and clay. 
Remnant magnetite is ubiquitously oxidised to haematite (Fig. 
4d).   

Knockseefin units 

Intrusions and flows 

The Knockseefin unit contains igneous rocks that are alkaline 
basaltic to basanitic in composition (Slezak et al., 2023). The 
rocks  represent  hypabyssal  intrusions,  lava flows,  and tuffs  
(Strogen, 1983). They are dark blue-grey and weakly porphy-
ritic, but overall, relatively fine-grained (Fig. 3d). The rocks 
contain significant clinopyroxene (Fig. 4f), which typically oc-
curs as euhedral phenocrysts and along with plagioclase com-
prise the groundmass, with both minerals presenting as subhe-
dral to euhedral laths (Fig. 4f).  Indeterminate mafic minerals 
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Figure 3: a) Core from 
drill hole 2638-28 showing 
grey-green chlorite-clay 
altered diatreme material 
with dark grey basalt and 
light grey Waulsortian 
clasts. 

 b) Knockroe ash tuffs, ag-
glomerate, and weakly 
porphyritic hypabyssal in-
trusion from drill hole 
2531-1.  

c) Porphyritic olivine-
bearing basalt from drill 
hole 2654-1.  

d) Core from drill hole 
2531-1 illustrating the 
Knockseefin haematite and 
chlorite-clay altered ash 
tuffs, lapilli tuffs, likely 
flow top breccias, and mas-
sive flow material. 
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Figure 4:   a) Cross polarised (XPL) image of plagioclase laths and zoned plagioclase crystal in magnetite-plagioclase matrix 
from the Knockroe in sample 2531-1-901. b) Plan polarised (PPL) image of zoned clinopyroxene with olivine phenocryst 
altered to serpentinite and patchy pervasive chlorite alteration from sample 2654-1-123. c) XPL image of sample 2654-1-128 
with fractured olivine phenocryst in a plagioclase matrix. d) Reflected light image of oriented plagioclase crystals adjacent 
to a basalt clast extensively altered to hematite from 2529-491-297. e) PPL image of fine-grained basalt clast altered to 
hematite with plagioclase phenocrysts from lapilli tuff in sample 2529-491-297. f) XPL image of seriate to weakly porphyritic 
clinopyroxene in magnetite and plagioclase matrix in Knockseefin sample 2531-1-487. Cal = calcite, Chl = chlorite, Cpx = 
clinopyroxene, Hem = haematite, Mag = magnetite, Ol = olivine, Pl = plagioclase, Srp = serpentinite 
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 (e.g., olivine or orthopyroxene) are occasionally present as 
large phenocrysts or mineral clots that are altered to serpentin-
ite and iddingsite. Magnetite occurs in the groundmass as small 
anhedral to subhedral crystals (Fig. 4f). As with the Knockroe 
units, chlorite, calcite, titanite and prehnite as well as minor 
serpentinite make up the alteration assemblage.  

Tuffs and agglomerates 

Extrusive rocks in the Knockseefin unit present as ash and la-
pilli tuffs in addition to courser agglomerate units (Fig. 3d). 
The units’ thickness and colour as well as grain size and angu-
larity are the same range as the extrusive Knockroe units, mak-
ing them difficult to distinguish without additional information 
(e.g., geochemical, geochronological, stratigraphic context, 
etc.) 

Methods 

Samples collected for this study were dominantly from dia-
mond drill core and were selected to represent the least altered 
flow/intrusive rock types as well as the extrusive units. Sam-
ples were prepared as polished thin sections and examined us-
ing a Nikon Eclipse LV100NPol optical microscope at the Sci-
ence Foundation Ireland Centre for Research in Applied 
Geoscience (iCRAG) at University College Dublin (UCD) in 
Ireland.  

Whole rock major and trace element geochemistry 

Samples were cut, cleaned, examined for contaminants (e.g., 
xenoliths) at UCD and sent to ALS Minerals in Loughrea, Co. 
Galway, Ireland for whole rock major and trace element geo-
chemistry. The samples were analysed according to the meth-
ods in Slezak et al., (2023) and data can be found in Appendix 
A.  

Eleven samples were taken from drill hole TC-2531-1 (Appen-
dix A). Sampling began at the base of the Knockroe (near the 
Lough Gur Formation), continued across the transition from 
Knockroe to Knockseefin units and finished in the upper sec-
tions of least altered Knockseefin intrusive material. Addition-
ally, 3 samples from drill hole G11-2564-1 near Ballywire, Co. 
Tipperary were sampled as these samples are representative of 
rare, olivine-bearing Knockroe intrusive units. Lastly, 4 tuffs 
and 1 diatreme from GC-2529-491 and TC-2638-28, respec-
tively, were sampled and analysed.  

Re-Os Sampling and analytical procedures 

To determine the timing of base metal mineralization in the 
Limerick Syncline, we obtained fresh, unaltered sulfides from 
Group Eleven’s G11-468-01 Ballywire drillhole at depths of 
299.6m and 315.0m (Fig. 5a, b). Sample 468-01-299.6 is com-
prised of pyrite and minor sphalerite replacing host carbonate, 

Figure 5: . a) Sample 468-01-299.6 containing sulphides replacing host carbonates. b) Sample 468-01-315 containing mas-
sive pyrite, sphalerite, and galena. c) Combined isochron of samples 448-01-299.6 and 468-01-315. d) A zoomed in view of 
(c) on sample 468-01-315 to better illustrate isochron data fit. 
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whereas sample 468-01-315 contains massive pyrite, sphaler-
ite, and galena. All samples were crushed to a size 74-210μm 
using metal-free equipment to prevent metallic contamination 
and then rinsed with ethanol. Sulphide minerals were extracted 
from the crushed material via heavy liquid separation using 
methylene iodide (ρ = 3.32 g/cm3). The sulphides were then 
divided into different mineral separates with different mag-
netic susceptibilities using a Frantz isodynamic separator.  

Chemical purification of prepared mineral separates was un-
dertaken at Trinity College Dublin’s Clean Geochemistry La-
boratory following the isotope dilution procedure of Hnatyshin 
et al. (2016). Isotopic measurements were analysed at the Na-
tional Centre for Isotope Geochemistry (NCIG) at UCD. All 
Os isotopic measurements were carried out using negative 
thermal ionisation mass spectrometry (N-TIMS) on a Thermo-
Scientific Triton using the conditions specified in Hnatyshin et 
al. (2016). Rhenium isotopic analysis at UCD were carried out 
using N-TIMS using the procedures of Hnatyshin et al. (2016) 
or on a Neptune Multi-Collector Inductively Coupled Plasma 
Mass Spectrometer (MC-ICP-MS) outfitted with 1013 Ω am-
plifiers. Samples were prepared for solution MC-ICP-MS anal-
ysis in ~1 M HNO3 and doped with a standard W solution to 
be used for mass bias corrections (Poirier & Doucelance, 2009; 
Dellinger et al., 2020). Analysis consisted of utilising a stand-
ard bracketing procedure (standard – sample – standard) with 
the simultaneous measurement of 184W/186W and 185Re/187Re 
for online mass bias correction (Miller et al., 2009; Dellinger 
et al., 2020) and then reduced using an in-house data reduction 
spreadsheet. Ages were calculated using IsoplotR (Vermeesch, 
2018) using a Re decay constant of 1.666 x 10-11 ± 5.165 x 10-

14 yr-1 (Smoliar et al., 1996). Data is presented in Table 1. 

Results 

LIS geochemistry 

The least altered olivine-bearing units from G11-2564-01 plot 
in the centre of the alkaline basalt field (Fig. 6; Winchester & 
Floyd, 1977).The additional samples from TC-2531-1, as well 
as one tuff and the single diatreme sample fall mainly within 

the alkaline basalt field, whereas other tuff samples fall into the 
trachyandesite and trachyte fields (Fig. 6). The sample plots 
follow the two trends (a and b) presented in Slezak et al (2023). 
Trend a shows a general evolution by all rock types, but is es-
pecially pronounced in the extrusive units, towards more 
evolved compositions (e.g. trachyte). Trend b is comprised 
only of samples from TC-2531-1 and shows a change from al-
kaline basalts to basanites (Fig. 6).   

The MgO and Al2O3 contents for the Knockroe units typically 
range from 2 to 7 wt% and ~13 to ~17 wt%, respectively (Fig. 
7a). Compared to the Knockroe, the Knockseefin MgO con-
tents are higher, ranging from 6.5 wt% up to 11 wt% MgO, and 
the Al2O3 values lower (9 to 12 wt% Al2O3). Two porphyritic 
olivine-bearing Knockroe samples (orange in Fig. 7) have 
MgO values similar to the Knockseefin units (Fig. 7a), but their 
Al2O3 amounts are closer to those observed in the Knockroe.  
All samples have similar TiO2 contents (~2.5 to ~4 wt%; Fig. 
7b), which is typical of the LIS (Slezak et al., 2023).  

For the most part, rocks from the least altered portions of the 
Knockroe unit have lower Ni contents (e.g., <75 ppm) than 
those of the Knockseefin unit. The olivine-bearing units are an 
exception, having Ni contents from 93 to 180 ppm (Fig. 7c and 
Fig. 8a). These higher values are more in line with the 
Knockseefin units, which typically have Ni values >145 ppm 
(Fig. 7c and Fig. 8a; Slezak et al., 2023). One Knockseefin 
sample (TC-2531-1-715) has anomalously low Ni values. The 
basal Knockroe units typically also have lower Cr in addition 
to Ni compared to the Knockseefin units higher in the igneous 
sequence (Fig. 8b). However, Cu and Co contents for both 
units are variable and not nearly as well constrained to a par-
ticular unit type (Fig. 8c,d). 

The normalised REY (REE+Y) diagram (Fig. 9a) shows the 
least altered Knockroe and Knockseefin units from TC-2531-
1 as well as the olivine-bearing samples display patterns simi-
lar to Oceanic Island Basalts (‘OIB’) (Sun & McDonough, 
1989) with downward sloping patterns, minimal distinctives 
tetrad shapes (e.g., Masuda et al., 1987), and a very slight neg-
ative Y anomaly. The olivine-bearing Knockroe samples have 

 
Table 1:  The blank correction used for samples "a" were 4.85 ± 2.26 pg Re and 0.086 ± 0.029 pg Os with a 187Os/188Os = 

0.51 ± 0.23 (n = 7). The blank correction used for samples "b" were 3.96 ± 2.04 pg Re and 0.101 ± 0.018 pg Os with a 
187Os/188Os = 0.42 ± 0.12 (n = 6). 
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slightly lower normalised REY values compared to OIB, but 
the overall patterns compared to the other LIS units are nearly 
identical (Fig. 9a). The patterns for the tuff and diatreme sam-
ples are more variable than the intrusive units, likely due to 
their variable alteration (Fig. 9b). Though most extrusive sam-
ples are similar to their intrusive counterparts, one trachytic 
tuff sample shows a distinct negative Eu anomaly (Fig. 9b).  

Re–Os ages 

A compilation of the Re–Os data is provided in Table 1. A total 
of 7 datapoints comprised of pyrite, sphalerite, and galena min-
eral separates from sample 468-01-315 (Fig. 5b) were analysed 
and contained between 0.3-1.7 ppb Re and 15-51 ppt Os. An-
other 5 datapoints from pyrite and sphalerite mineral separates 
from sample 468-01-299.6 (Fig. 5a) contained 8-20 ppb Re and 
50-102 ppt Os. A model 1 isochron age of 340.9 ± 2.4 Ma 
(MSWD = 7.8) with an initial 187Os/188Os of 0.48 ± 0.02 (Fig. 
5c,d) is created by combining these 12 datapoints. 

Discussion 

Porphyritic, olivine-bearing basalt origins 

The least altered intrusive and flow units of the Knockroe units 
are mainly alkaline basalt evolving towards trachyandesites 
(Trend a; Fig. 6) whereas the Knockseefin units are alkaline 
basalts and basanites (Trend b; Fig. 6). Slezak et al. (2023) 
showed that the Knockroe and Knockseefin units are genet-
ically related based on their similar normalised trace element 
plots, similar Nd isotope ratios, and nearly identical Sr isotope 
ratios. Furthermore, the change in rock type from alkaline bas-
alt to basanite is likely a function of the degree of partial melt-
ing (Fig. 7d) as units with higher Zr/Nb and lower Ce/Y are 
indicative of magmas that have undergone higher degrees of 
partial melting (Kay & Gast, 1973; Smedley, 1988). Trace el-
ement contents of Ni and Cr (Fig. 7c and Fig. 8a,b) are gener-
ally higher in the Knockseefin units than in the Knockroe units, 
but deviations from this (Fig. 8a,b) suggest that the change 
from Knockseefin to Knockroe, and consequently shift from 

Figure 6:  Trace element diagramme for volcanic rocks (from Winchester & Floyd, 1977). Note trends a and b from Slezak et 
al. (2023) have been extended to include the porphyritic olivine samples. 
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alkaline basalt to basanite, may not have been an abrupt 
change. Rather, there was likely a sporadic change with low 
degrees of partial melting becoming more common resulting 
in the shift from alkaline basalt to basanite observed in Trend 
b (Fig. 6).  

Although olivine is rarely observed in the LIS, this study 
demonstrates that porphyritic, olivine-bearing basalts near the 
Ballywire deposit (Fig. 2) plot in the alkaline basalt field at a 
vergence between Trends a and b (Fig. 6). These units are 
slightly less enriched in trace elements (e.g., REE) compared 
to other Knockroe and Knockseefin units; however, their pat-
terns are nearly identical to the LIS units, which also strongly 
correspond to OIB trace element signatures (Fig. 9). Based on 
their trace element patterns and potential to represent the high-
est degree of partial melting (Fig. 7d) relative to the other 

Knockroe and Knockseefin units, these olivine-bearing basalts 
may represent an early phase of alkaline basalts in LIS.  

Volcanic unit connections 

The ash and lapilli tuffs and agglomerates in the Limerick Syn-
cline are interbedded with the flows and hypabyssal intrusions 
(Fig. 3) with the diatremes having a complex cross cutting re-
lationship with the other units (Elliott et al., 2015). The tuffs 
have similar, albeit more varied trace element patterns com-
pared to the least altered units (Fig. 8; Slezak et al., 2023), and 
two tuffs and the diatreme sample plot within the same fields 
(see Fig. 6) as the massive flow and hypabyssal intrusive units 
from the Knockroe, suggesting a common source for both in-
trusive and extrusive units.  

Figure 7:   X-Y diagrammes for major and trace elements for the tuffs, diatreme, olivine-bearing basalt samples as well as 
least altered Knockroe and Knockseefin intrusive units. 
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However, the tuffs in both areas exhibit larger negative Eu 
anomalies than the intrusive LIS units from this study (Fig. 8) 
as well as some of the units discussed in Slezak et al. (2023). 
In addition, Koch (2021) demonstrated that apatite derived 
from volcanic tuffs found near base metal deposits in the 
Rathdowney Trend evolved along a similar, but more exten-
sive trend compared to the igneous apatite from Slezak et al. 
(2023), suggesting that some of these volcanic apatite may 
have been derived from more evolved units. Bulk rock geo-
chemistry from the extrusive units also suggests that some of 
the extrusive units may be slightly more evolved, plotting to-
wards the trachyandesite and trachyte fields (Fig. 6). However, 
these extrusive units tend to be significantly altered and it is 

important to note that Slezak et al. (2023) demonstrated that Ti 
mobility related to magnetite alteration and decomposition is 
likely responsible for at least some of the most evolved igneous 
data previously reported in the LIS (see Strogen, 1988 and El-
liot et al., 2015).  

Ages and links to mineralization 

Within the Limerick Syncline there is a clear spatial correlation 
between base metal mineralization and the presence of igneous 
material (e.g., McCusker & Reed, 2013; Kerr, 2015; Elliott et 
al., 2019; Slezak et al., 2023); however, a temporal and ulti-
mately genetic relationship is less clear. The major igneous 

Figure 8:  Downhole plots of  the trace elements Ni, Cr, Co, and Cu for TC-2531-1. Note the authors identified the change 
from Knockseefin to Knockroe based on visual and geochemical data. The transition consists of a volcaniclastic unit that 

separates the two units. 
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activity in the LIS is directly constrained from apatite extracted 
from the intrusive Knockroe alkaline basalts and trachytic 
dykes, which have magmatic ages of 353 ± 6 Ma and 349 ± 5 
Ma, respectively (Slezak et al., 2023). These geochemical ages 
move the Knockroe units into the lower Viséan/Upper Tour-
naisian, which is older than previous biostratigraphy work 
would suggest (e.g., Somerville et al., 1992). Ages for the 
Knockseefin were not able to be determined. Presently, bio-
stratigraphy places the Knockseefin unit emplacement from 
~341 to 333 Ma (i.e., Arundian to Late Asbian; Somerville et 

al., 1992) with a median age of ~337 Ma assumed for isotopic 
analyses (e.g. Slezak et al., 2023).  

The timing of base-metal mineralization along the Iapetus Su-
ture Zone (ISZ) is constrained by sulphide Re–Os ages of 
346.6 ± 3.0 Ma and 334.0 ± 6.1 Ma for the Lisheen Mine and 
Silvermines deposit, respectively (Hnatyshin et al., 2015). The 
Silvermines age was further corroborated by a hydrothermal 
apatite U–Pb age of 331.0 ± 5.6 Ma (Vafeas et al., 2023). The 
340.9 ± 2.4 Ma date produced from this study (Fig. 5c, d) for 

 
Figure 9:  Primitive mantle-normalised trace element diagramme (Sun & McDonough, 1989) for a) least altered Knockroe 

and Knockseefin flows/hypabyssal intrusions as well as the olivine-bearing basalts, and b) diatreme and tuff samples. 
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the Ballywire prospect (Fig. 2) represents the first date for car-
bonate-hosted base metal mineralization closely associated 
with igneous bodies in Ireland and broadly aligns with previ-
ously reported ages from Hnatyshin et al. (2015). The Bally-
wire age is younger than that of the Knockroe intrusive units 
but is within the biostratigraphic age range of the Knockseefin 
and overlaps in age with several regional tuff ages (Koch, 
2021). 

Despite the contemporaneous emplacement of the LIS and 
base metal mineralization, we propose that the igneous activity 
from the LIS was not the source for the metals in Irish-type 
deposits based on several geochemical arguments. The precise 
value for the initial 187Os/188Os from Ballywire (0.48 ± 0.02) 
reflects the potential source of Os in the fluids that resulted in 
mineralization. Mantle derived sources will be ~0.13 (Meisel 
et al., 2001), whereas crustal sources are expected to be much 
higher. The Ballywire 187Os/188Os of 0.48 ± 0.02 is nearly iden-
tical to the much younger (334.0 ± 6.1 Ma) Silvermines deposit 
which has a value of 0.45 ± 0.01, suggesting a very similar 
source for Os. Hnatyshin et al. (2015) calculated that the most 
likely source of Os based on the observed initial 187Os/188Os 
from Lisheen and Silvermines was the early Palaeozoic base-
ment rather than an igneous source. By extension, even though 
the Ballywire mineralization is closely spatially associated 
with the Knockroe igneous units, there is no indication the Os 
is sourced from anything other than basement rock, or poten-
tially another crustal source.  

Slezak et al. (2023) showed that the LIS has a slightly en-
riched, but clearly mantle source based on Sr and Nd isotope 
values (e.g., 87Sr/86Sr(t) = 0.70301 – 0.70454 and 143Nd/144Nd(t) 
= 0.512457 – 0.512493 for the least altered Knockroe units). 
Furthermore, Slezak et al. (2023) conducted isotope mixing 
models and were unable to reconcile the positive εNd isotope 

values (e.g., εNd(t) = +4.15 to +4.55 for the Knockseefin units) 
compared to the negative, crustal εNd values (e.g. εNd(t) = -8.4 
to -12.2) reported for Irish-type deposit ore fluid proxies in 
Walshaw et al. (2006). Moreover, recent work by Cordeiro et 
al. (2023) showed that Sr and Nd isotopes from the Gortdrum 
Mine had negative εNd values (e.g., εNd(t) = -5.56 to -7.44) and 
high Sr ratios (e.g., 87Sr/86Sr(t) = 0.07076 – 0.71150) in line 
with crustal sources including the Waulsortian limestones, Old 
Red Sandstone, and other Silurian sedimentary rocks, further 
suggesting a significant crustal component to the base metal 
mineralization in the Limerick Syncline.  

Genetic Model 

Though the LIS may not be a base-metal source, δ34S values 
would allow some igneous component (Hitzman & Beaty, 
1996; Wilkinson et al., 2005a,b). Additionally, He isotope 
studies from Davidheiser-Kroll et al. (2014) showed that the 
ore fluids from Silvermines, Galmoy, and Lisheen had slightly 
elevated 3He/4He values of 0.15–0.2 Ra, suggesting a small 
amount of mantle input. We suggest the heat generated by LIS 
activity itself, and potentially any increased mantle heat flux 
that led to partial mantle melting and the LIS emplacement, 
may have been a driver for hydrothermalism (Fig. 10), which 
ultimately helped facilitate base-metal emplacement in SW 
Ireland. 

McCusker & Reed (2013) noted a distinct lack of feeder faults 
in the Limerick Syncline to facilitate fluid mobility. Blaney 
and Coffey (this volume) present evidence that sulphide min-
eralization crosscut and overprinted LIS igneous material, not 
only suggesting that sulphides mineralization was likely post-
igneous emplacement but also that the igneous material was 
hindering rather facilitating mineralization. Given the ubiquity 
of alteration present in the LIS (see Slezak et al., 2023), the 

Figure 10: Genetic model illustrating increased mantle heat and heat from LIS emplacement as a potential driver for hydro-
thermalism along the ISZ. Note that mineral deposits/occurrences are not likely to occur in the same locations as igneous 

material. 
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disparity in mineralization styles in the Limerick Syncline, and 
lack of identifiable feeder faults (McCusker & Reed, 2013), it 
is likely that some of the LIS units likely acted as hydrothermal 
aquitards, blocking fluid pathways (i.e., faults), and causing 
wider dispersal of base-metal fluids throughout the basin (Fig. 
10).  

Prior to partial melting from the mantle, the LIS units likely 
would have moved through the crust via deep-seated faults re-
lated to extension along the ISZ (Murphy et al., 2011; Kroner 
& Romer, 2013; Smit et al., 2018). As they reached near-sur-
face levels, they would have interacted with seawater, causing 
diatreme like eruptions followed by emplacement of hypa-
byssal intrusions and flows in the shallow subsurface and along 
the ocean floor, respectively. Continued emplacement would 
have then occurred along subordinate fault networks, leading 
dyke emplacement, such as those found near the historic Oola 
copper mine (Fig. 1; Steed, 1975) and hindering hydrothermal 
fluid migration. As magmatism progressed, the LIS activity 
became volcanic, causing submarine and subaerial eruptions, 
potentially similar to Surtseyan volcanism (Vestmannaeyjar, 
Iceland) (Schipper et al., 2015 and references therein).  

Conclusions 

• The LIS is composed of a variety of units, with the 
extrusive tuffs, agglomerates, and diatremes being 
geochemically akin to their intrusive counterparts. 

• The recently described porphyritic olivine basalt is 
geochemically similar to the least altered Knockroe 
units and may represent the highest degree of partial 
melting within the LIS. 

• The sulphide age of 340.9 ± 2.4 Ma from the Bally-
wire prospect represents the first known mineraliza-
tion age in the Limerick Syncline.  

• The 187Os/188Os of 0.48 ± 0.02 is indicative of crustal 
sources for base metals, suggesting the LIS is not the 
source of metals in the Limerick Syncline 

• The heat generated by LIS emplacement potentially 
facilitated hydrothermalism, but the LIS units may 
have acted as aquitards, dispersing mineralizing flu-
ids rather than concentrating them. 
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