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ABSTRACT 25 

Petrographic and geochemical data were acquired to evaluate models for the formation of 26 

hydrothermal dolomite breccias that host zinc-lead orebodies in the Rathdowney Trend of the 27 

Irish orefield and assess element mobility during hydrothermal alteration of carbonates. 28 

Macroscopic and microscopic textures indicate that the breccias largely formed by a 29 

pseudobrecciation process involving dissolution and replacement of precursor Waulsortian 30 

dolomite of diagenetic origin during subseafloor hydrothermal fluid flow. Geochemical 31 

analyses show that, compared with the Waulsortian dolomite precursor, breccia “clasts” and 32 

“matrix” contain respectively higher concentrations of Al, Ti and light rare earth elements 33 

which are linearly correlated, indicative of mass loss during hydrothermal interaction. Bulk 34 

rock mass loss estimates average 33% indicating extensive dissolution of carbonate although 35 

petrographic evidence and limited clast rotation or translation rule out the development of 36 

significant open space. This supports a mechanism of alteration whereby hydrothermal fluids, 37 

migrating along grain boundaries, microcracks and solution seams, drove dissolution and 38 

replacement of the surrounding host rock with partial collapse of the transient microporosity 39 

produced. Progressive interaction led to the gradual isolation of domains (“clasts”) 40 

surrounded by replacement dolomite (“matrix”). Massive sulfide mineralization formed 41 

subsequently by stratabound replacement of the dolomite pseudobreccia by hydrothermal 42 

fluids preferentially focused within the more permeable and possibly more reactive lithology. 43 

This process involved further volume loss (30% of the replaced rock). 44 

Quantitative mass transfer analysis indicates that during hydrothermal interaction, net 45 

loss of Na, P, Mn, Sr and sometimes Cu, and net gain in Li, K, Fe as well as the ore-46 

associated elements typically occurred. Marked fractionation of the REE is observed: Eu was 47 

added, implicating elevated temperature, acidic and reduced hydrothermal fluids; Ce was also 48 

added, possibly derived from remobilization of pre-sulfide oxide mineralization; the LREE 49 
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were typically immobile or partially removed; and the HREE were preferentially mobilized 50 

and transported beyond the scale of sampling. Thus, the HREE, together with Na, P, Mn, Sr 51 

and possibly Cu, may form a distal chemical anomaly at the base of the Waulsortian 52 

Limestone Formation. The net addition of Li, K and Be in dolomite breccia matrix samples, 53 

combined with their increase in concentration due to dolomite dissolution, produced a broad 54 

anomaly of these elements extending for at least 1.5 km from the centre of the Lisheen 55 

deposit. These various geochemical anomalies have potential utility in mineral exploration. 56 

A total volume loss of up to 68% at Lisheen is consistent with a marked thinning of the 57 

Waulsortian biomicrite facies above massive sulfide. The observed thickening of upper and 58 

supra-Waulsortian facies in the trough developed above this zone is interpreted to reflect infill 59 

of a seafloor depression up to ~90 m deep, developed in response to underlying hydrothermal 60 

dissolution. This model implies mineralization initiated during the latter stages of Waulsortian 61 

deposition in the late Courceyan/early Chadian at a depth of approximately 150 m below the 62 

seafloor. 63 

 64 

Keywords: hydrothermal; dolomite; subsidence; breccia; pseudobreccia; dissolution; 65 

mineralization; zinc; REE 66 

67 
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1. Introduction 68 

The generation of porosity in the Earth‟s crust is a prerequisite for the formation of ore 69 

and hydrocarbon resources. In carbonate rocks that host base metal ores, porosity may be 70 

generated via dolomitization and brecciation, driven by chemical interaction between 71 

hydrothermal fluids and their surroundings (Sangster, 1996). Such a scenario has also been 72 

proposed controversially for structurally controlled dolomite and associated leached limestone 73 

reservoirs that are major hydrocarbon producers in North America and worldwide (Davies 74 

and Smith, 2006). In epigenetic ore deposits, formed long after lithification of their host 75 

rocks, these processes commonly generate open cavities, reflected in the crustiform and 76 

banded textures of hydrothermal minerals that precipitate. In sedimentary-exhalative (Sedex) 77 

deposits, hydrothermal fluids interact with poorly lithified clastic sediments undergoing a 78 

normal burial diagenetic history, involving more subtle processes of replacement, volume 79 

change and compaction. The situation in which hydrothermal fluids interact with carbonates 80 

undergoing burial has not been extensively investigated. 81 

In this study we present a quantitative model for the formation of hydrothermal 82 

dolomite and associated breccias in two structurally and stratigraphically controlled ore 83 

deposits in Ireland that are believed to have formed largely during burial and diagenesis of 84 

their carbonate host rocks. Here, it has been possible to investigate in detail the interactions 85 

and mass transfer involved in the alteration and brecciation processes because the region has 86 

not been overprinted significantly by later events and the geology is well understood from 87 

mining and exploration drilling. We document significant mass loss and element mobility, 88 

including fractionation of the REE, and test the possibility that dissolution of subseafloor 89 

carbonates led to subsidence of the seafloor. The wider implications for the geological 90 

evolution of these deposits, for hydrothermal mobilization of the REE and for the formation 91 

of geochemical haloes around orebodies are considered.  92 
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 93 

2. Geology of study area 94 

The Irish Midlands Basin (Fig. 1) developed above the suture zone of the former Iapetus 95 

Ocean during extension of the southern Laurussian continental margin in the Lower 96 

Carboniferous, approximately 350 million years ago. Dominated by carbonates, the basin is 97 

notable because of widespread dolomitization (Hitzman et al., 1998) and the highest 98 

concentration of Zn mineralization in the Earth‟s crust (Singer, 1995). Mineralization was the 99 

product of a hydrothermal system that affected an enormous rock volume, estimated to be in 100 

excess of 130,000 km
3
 (Wilkinson et al., 2005a, 2009). There is consensus that this occurred 101 

during burial and diagenesis of the host rocks although the exact timing and depth at which 102 

this happened are controversial (e.g., Peace and Wallace, 2000; Wilkinson et al., 2005a). 103 

 104 

2.1 Stratigraphic and structural setting 105 

The Irish Zn-Pb deposits are hosted within a Lower Carboniferous marine transgressive 106 

sequence that conformably overlies clastic red beds (Old Red Sandstone; ORS) and a Lower 107 

Paleozoic basement of low metamorphic grade (Andrew, 1993; Hitzman and Beaty, 1996). 108 

This study focuses on the Lisheen (3.06 MT contained Zn; Fusciardi et al., 2003) and Galmoy 109 

(1.35 MT Zn; Lowther et al., 2003) ore deposits in the Rathdowney Trend of the southern 110 

Midlands Basin (Fig. 1) and builds on previous work that provides a good understanding of 111 

geological relationships (Doyle et al., 1992; Shearley et al., 1996; Hitzman et al., 2002; 112 

Fusciardi et al., 2003; Lowther et al., 2003; Wilkinson et al., 2005b). The deposits are hosted 113 

by coalesced mudmounds of the Waulsortian Limestone Formation (Fig. 2; Phillips and 114 

Sevastopulo, 1986) that were dolomitized pervasively during early, seawater-related 115 

diagenesis (Gregg et al., 2001; Wilkinson, 2003; referred to below as dol1). The upper parts of 116 
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the mounds typically contain argillaceous laminae (Hitzman et al., 2002), termed the Upper 117 

Wavy Laminated Member (UWLM) at Lisheen (Fig. 2). 118 

Control of sedimentation by growth faults immediately prior to and during Waulsortian 119 

deposition has been suggested by variations in thickness of sediment facies (Doyle et al., 120 

1992; Fusciardi et al., 2003), notably in the UWLM (Shearley et al., 1996). These faults form 121 

en echelon arrays (Fig. 1), inferred to be rooted in ENE-trending basement structures 122 

(Fusciardi et al., 2003), formed during Lower Carboniferous N-S to NNE-SSW transtension. 123 

Hydrothermal alteration, brecciation and mineralization are focused in the hanging walls of 124 

the faults, considered to be the principal hydrothermal conduits (Hitzman et al., 2002). 125 

 126 

2.2 Ore-hosting black dolomite matrix breccias 127 

Ores are hosted by what are generally described as “tabular breccia bodies”, typically 128 

<30 m thick (Fig. 3), that comprise millimeter to meter scale clasts of dol1 that vary from 129 

clast- to matrix-supported (Doyle et al., 1992; Shearley et al., 1996; Hitzman et al., 2002; 130 

Wilkinson et al., 2005b). Clast margins are commonly highly irregular and diffuse (Figs. 4A, 131 

B) and long axes are often weakly aligned subhorizontally (Fig. 4A) with limited evidence for 132 

rotation. The black matrix, which comprises 25-75% of the rock volume in well-developed 133 

breccia, consists of finely crystalline, planar-euhedral dolomite, dol2 (Figs. 4D, K-M). 134 

Typically, this has intergranular porosity of 5-20% (Figs. 4D, L; Wilkinson and Earls, 2000; 135 

Hitzman et al., 2002) although values of up to 40% have been reported (Shearley et al., 1995). 136 

Its black colour in hand specimen is principally due to its very fine grain size and 137 

microporosity (<1 to 15m pores), and also, in some instances, the presence of intergranular 138 

sulfides (Figs. 4M, N; Shearley et al., 1995). 139 

The tabular black dolomite matrix breccias envelop massive sulfides and extend up to 140 

500 m beyond and 10 m above mineralization (Fig. 3A; Shearley et al., 1996). They grade 141 
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upward and outward into several hundred meters of weakly developed “breccia” that typically 142 

displays a chickenwire-like texture of thin (<0.5-5 mm) irregular dolomite seams (Figs. 3, 4G; 143 

Hitzman et al., 2002). The nature of the lateral transition into unmodified rock and the typical 144 

lack of evidence for rotation or translation of fragments indicate that the breccias formed 145 

largely in situ. Petrographic observations show that the matrix dolomite developed along 146 

grain boundaries, solution seams and cracks, progressively replacing dol1 and partly infilling 147 

developing secondary porosity (Figs. 4A, B, L-N; Hitzman et al., 2002; Wilkinson et al., 148 

2005b). Thus, the bodies can be regarded primarily as pseudobreccias (Hitzman et al., 2002) 149 

formed largely by replacement of precursor diagenetic dolomite by new dolomite spreading 150 

outward from fluid microchannels, eventually leaving “islands” or pseudoclasts of unreplaced 151 

dolomite in a matrix of black hydrothermal dolomite. Some mechanical reorientation of clasts 152 

and fault-related brecciation are superimposed locally to produce rather complex, composite 153 

textures (Fig. 4C). Although much of the “breccia” texture may not in fact represent true rock 154 

fragmentation in the normal usage of the word, the lithology is referred to as “breccia”, the 155 

residual dol1 as “clasts” and the hydrothermal alteration product as “matrix” in the remainder 156 

of the paper, in line with the local usage. 157 

Evidence for a hydrothermal origin of the matrix dolomite comes from oxygen and 158 

strontium isotopes that show shifts towards hydrothermal signatures characterized by 159 

decreased 
18

O and more radiogenic Sr (Eyre, 1998; Lee, 2003; Wilkinson et al., 2005a). 160 

Limited fluid inclusion data from black dolomite samples from the Tynagh Basin (Fig. 1) 161 

suggest that it precipitated during mixing between hydrothermal fluids and low temperature 162 

brines at 220-150 °C (Wilkinson and Earls, 2000). Thus, a principally hydrothermal origin for 163 

the black dolomite matrix breccias at Lisheen and Galmoy is now widely accepted (Hitzman 164 

et al., 2002; Fusciardi et al., 2003; Wilkinson et al., 2005b). 165 
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This model for hydrothermal black dolomite development is essentially identical to that 166 

proposed for the Silvermines area (Kucha, 1989; Hitzman, 1995; Lee and Wilkinson, 2002). 167 

The only distinction is that in the Silvermines district, hydrothermal processes were 168 

superimposed on a different precursor lithology. Instead of Waulsortian regional dolomite 169 

(dol1), hydrothermal fluids interacted with Waulsortian facies that had not undergone early 170 

diagenetic dolomitization. Furthermore, the precursor lithology comprised thick, limestone 171 

breccia packages that are interpreted to represent synsedimentary debris flows (Boyce et al., 172 

1983; Taylor, 1984; Andrew, 1986; Somerville et al., 1992). This is based on several lines of 173 

evidence including their three-dimensional wedge-shaped geometry adjacent to faults, 174 

paleotopographic control (Taylor, 1984), internal erosion surfaces, polymict nature and cm-m 175 

scale grading, both vertically (Lee and Wilkinson, 2002) and laterally (Kucha, 1989). Oxygen 176 

isotope data (Lee, 2003) show that there is a progressive shift to lower 
18

O values from: (1) 177 

limestone breccias (clasts and matrix with marine signatures: 
18

O = 25.0±2.4 ‰, 2); to (2) 178 

partially dolomitised breccias with limestone clasts (marine calcite signature: 
18

O = 25.8±2.8 179 

‰, 2 and hydrothermally influenced matrix (
18

O = 23.3±2.0 ‰, 2); to (3) completely 180 

dolomitised breccias with hydrothermally influenced clasts (
18

O = 23.2±2.2 ‰, 2) and 181 

matrix (
18

O = 23.4±3.1 ‰, 2). The extent of dolomitization increases with proximity to 182 

faults, towards the base of the breccia unit, and is higher in the matrix than in the clasts in 183 

partially dolomitized examples (Lee and Wilkinson, 2002). These observations indicate that 184 

hydrothermal fluids principally flowed away from feeder faults through the pre-existing 185 

breccia matrix, along the base of the brecciated interval (Lee, 2003). As a consequence of this 186 

process, and in contrast to Lisheen and Galmoy, the observed breccia texture in the 187 

Silvermines district is principally due to the initial sedimentary fragmentation process, but 188 

with enhancement and modification of the texture by some mechanical reorientation of clasts, 189 

fault-related brecciation and dissolution of clast rims linked to the hydrothermal overprint. 190 
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 191 

2.3 White dolomite matrix breccias 192 

Broadly overlying the ore-hosting breccias and extending over approximately four times 193 

the area (Fusciardi et al., 2003) are irregular and discordant, clast-supported breccias and 194 

stockwork zones. Intersections in individual drillholes vary from <0.5 to >50 m and they 195 

occur commonly beneath, but rarely within the UWLM (Hitzman et al., 2002). They comprise 196 

angular to subrounded clasts of dol1 (1-100 mm) cemented by medium to coarsely crystalline 197 

white dolomite, dol3 (Fig. 4E). Geopetal micrite layers indicate clast rotation occurred during 198 

formation. The cement normally displays a unimodal planar-subhedral texture, with planar 199 

crystals tending to develop saddle-shaped faces in later stages of growth (Fig. 4F). Fluid 200 

inclusion and C, O and Sr isotope data show that white dolomite precipitated from 201 

hydrothermal fluids at temperatures of 260-140 °C (Eyre, 1998; Lee, 2003; Wilkinson, 2003). 202 

The contact between the two breccia types is often very sharp, occurring over a few 203 

centimeters (Fig. 4A), although alternating bands have been observed over a contact zone of 204 

up to 5 m (Redmond, 1997; This study). Unambiguous crosscutting relationships are 205 

relatively rare and inconsistent, with mutual incorporation of clasts (Hitzman et al., 2002; 206 

Wilkinson et al., 2005b) suggesting that the breccias were synchronous. 207 

 208 

3. Analytical methods 209 

3.1 Sampling 210 

The two main sampling transects comprised forty samples of ore-hosting black dolomite 211 

matrix breccia from two drillcore lines from the Lisheen and Galmoy mines (Fig. 1). These 212 

represent cross-sections through the Galmoy CW zone perpendicular to the inferred main 213 

hydrothermal feeder structure, the Central Fissure, and through the Lisheen Derryville zone, 214 

perpendicular to the Derryville Fault, considered to be the main conduit for hydrothermal 215 
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fluids for the Derryville orebody. The Galmoy CW transect extends ~350 m southwest and 216 

~200 m northeast of the Central Fissure, whilst the Lisheen Derryville transect extends ~1700 217 

m north of the Derryville Fault. Additional transects across the Derryville and Bog Zones at 218 

Lisheen and across the CW Zone and the G Zone at Galmoy were also investigated (58 219 

samples). A reference sample of hydrothermally unaltered but dolomitized Waulsortian was 220 

also collected from Urlingford (GR S237634), distal from any known mineralization. 221 

To minimize the effect of any vertical geochemical variation, all samples were 222 

collected from black dolomite matrix breccias immediately overlying massive sulfide 223 

mineralization at approximately the same stratigraphic horizon. Distal to the feeder zones, 224 

where massive sulfide is absent, samples were collected from the base of the breccia bodies. 225 

Sampling of unmineralized breccia was limited by the paucity of drill core available 226 

intersecting such zones. 227 

 228 

3.2 Petrography 229 

Transmitted light petrography was carried out using a Nikon Eclipse 600 microscope 230 

equipped with a Nikon Coolpix digital camera. Cathodoluminescence (CL) petrography was 231 

carried out using a Technosyn MkII cold cathode instrument, typically operating at 15 kV and 232 

200 A beam current. 233 

 234 

3.3 Geochemical analysis 235 

Whole rock reference samples (~1 kg) were jaw crushed and ground to a fine powder in 236 

an agate tema. Three splits of the powder were reserved for analysis. Carbonate breccia 237 

samples were micro drilled from each hand specimen using a dentist-type drill, with diamond-238 

tipped drill bits (<1 mm diameter), enabling breccia matrix to be sampled without 239 

contamination from clast material. From the primary Galmoy CW transect (Galmoy-1), 240 
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breccia clast material was also drilled from 10 samples. Samples were drilled in random order 241 

and the diamond drill bits were cleaned in ethanol in an ultrasonic bath between uses. 242 

10.00 mg of each powdered sample was weighed into PTFE test tubes. For the major 243 

and minor element ICP-AES analyses, a two-stage dissolution procedure was undertaken, 244 

splitting each sample into two solutions – „leachate‟ and „residue‟ – to separate carbonate and 245 

non-carbonate fractions. To each test tube, 1 ml 20% HNO3 was added and samples were 246 

heated for 1 hour at 60°C prior to addition of 9 ml of de-ionised water to yield 10 ml 2% 247 

HNO3. The samples were then centrifuged to remove any particulate material from 248 

suspension, and the supernatant was poured into clean test tubes. To the remaining particulate 249 

material, HF, HNO3 and HClO4 were added in the ratio of 3:2:1, before being heated for 3 250 

hours at 90°C and 3 hours at 140°C, eventually being evaporated to dryness and remobilized 251 

in 10 ml 2% HNO3. In addition to rock samples, three procedural blanks were prepared for 252 

both leachate and residue batches, as well as two certified carbonate reference materials, JLs-253 

1 and JDo-1 (Geological Survey of Japan), that were run in duplicate in both leachate and 254 

residue batches (eight analyses in total). 255 

Leachate and residual fractions of samples, certified reference materials, blanks and 256 

duplicates were analyzed using a Varian VISTA PRO ICP-AES at the Natural History 257 

Museum, London. Samples were presented for analysis in 2% HNO3 solution. The full suite 258 

of elements measured is as follows: Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, 259 

Mn, Mo, Na, Ni, P, Pb, S, Sr, Ti, V and Zn. Procedural blanks were evaluated (student t-test) 260 

and where element concentrations were significantly different from zero at the 95% 261 

confidence limit, they were subtracted from measured sample concentrations. Blank 262 

subtraction was necessary for Ca, Cd, Cr, K, Li, Mn, Na, Ni, S and Zn in the leachate analyses 263 

and for Al, As, Ba, Cu, Ni, Pb, S and Zn in the residue analyses. Blanks were generally <5% 264 

of the measured leachate concentrations with the exception of Cd, Cr, Cu and Li where 265 
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contamination from the reagents and digestion vessels was significant relative to the low 266 

natural concentrations of the samples. Blank contributions to the residue analyses were, on 267 

average, greater than 50% of measured concentrations for As, Ca, Cu, Ni and Pb so these 268 

results should be treated with caution. However, in most of these cases, blank-corrected 269 

concentrations fall below the detection limit. Furthermore, when trace element concentrations 270 

in both leachate and residual fractions were recombined to give whole rock concentrations, 271 

these values only formed a small fraction of the total so do not influence the conclusions 272 

reached. 273 

The total REE content of samples, carbonate standards, the additional standards W2 and 274 

AGV-1, blanks, duplicates and commercial stock standard solutions (Alfa Aesar/Johnson 275 

Matthey) were analyzed using a Varian ICP-MS housed at the Natural History Museum, 276 

London. Samples were presented for analysis in 2% HNO3 solution, diluted sufficiently to 277 

ensure a total dissolved solids content of less than 0.1%. Solutions were each spiked with 1 278 

ppb In and Rh to monitor any instrumental drift during the analytical run. Procedural blank 279 

contributions were negligible, with most of the REE below detection. Results for the four 280 

standards were mostly within 20% of certified values. Based on long-term repeat 281 

measurements analytical precision is considered to be ±5%. Full results are reported in the 282 

supplementary data file and a summary of average data from the six sample transects is given 283 

in Table 1. 284 

 285 

4. Black dolomite matrix breccia petrology and geochemistry 286 

4.1 Petrology 287 

Thin-section, CL and SEM analysis show that the breccia matrix consists predominantly 288 

of planar-euhedral or subhedral rhombs, mainly 20-200 microns in size (Figs. 4D, K-N), 289 

composed of variably ferroan, calcian dolomite. In some cases, more than one phase of matrix 290 
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alteration is suggested by the presence of dolomite with contrasting grain size and CL 291 

character (Figs.4M, N). The matrix dolomite is intergrown with minor K-mica (Fig. 4D), and 292 

locally replaced by pyrite and sphalerite (Figs. 4M-O). Trace galena and Cu-, As- and Ni-293 

bearing sulfides (< 10 μm grains) were observed in some of the drilled samples. Breccia clasts 294 

are composed of dol1 with trace amounts of clay and may be overprinted by pyrite. 295 

Cathodoluminescence images illustrate the diffuse nature of clast margins with partial 296 

replacement and overgrowth of clasts by zoned, bright orange-red luminescent, dolomite 297 

rhombs (Fig. 4L). Irregular cracks also cut breccia clasts, often following grain boundaries, 298 

and these are infilled by, or have haloes of, replacement matrix dolomite (Fig. 4N). This 299 

process appears to have reduced clast size progressively and increased the apparent 300 

matrix:clast ratio (Fig. 3B). In some cases, extensive replacement of clasts by hydrothermal 301 

dolomite (dol2) appears to have occurred (Fig. 4M). 302 

 303 

4.2 Geochemistry of matrix 304 

Geochemical analyses of drilled matrix samples confirm that calcian dolomite with a 305 

typical Ca/Mg molar ratio of 1.2 (consistent with previous microprobe analyses: Eyre, 1998) 306 

is the only major mineral phase present. Elevated Fe is due largely to the variable presence of 307 

pyrite (Fig. 4B, C), although approximately 0.5-1 wt% Fe can be attributed to substitution in 308 

dolomite based on the Fe intercept at zero sulfur in Fe-S correlations. Comparison of leachate 309 

and residue results (Fig. 5) shows a similar pattern for matrix samples from both Lisheen and 310 

Galmoy, with a broad division into elements largely (>60% of total in the wholerock) hosted 311 

by resistate phases (Al, Ba, Be, Cr, K, Li, Ti, V), those hosted largely (>80%) by acid soluble 312 

phases (As, Ca, Cd, Co, Fe, Mg, Mn, Na, Ni, P, Pb, S, Sr, Zn), and those showing variable 313 

behaviour (Ag, Cu, La, Mo). The results for Ag and Mo are not considered very robust 314 

because many analyses were below the detection limit. 315 
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Table 2 summarises the typical ranges in concentrations and the likely phases hosting 316 

the different elements in the breccia matrix samples. Dolomite is the overwhelmingly 317 

dominant host for Ca, Mg, Sr and Na, plus Mn and the REE. Minor metals such as As, Co and 318 

Ni are probably present in acid soluble trace sulfides and as lattice substitutions in pyrite 319 

(+Fe), sphalerite (+Zn, Cd), and galena (+Pb). Acid soluble trace apatite is likely to be the 320 

principal host for P (Hitzman et al., 2002, Fig. 13B) and the remainder of the REE. Of the 321 

“acid insoluble” elements, K, Li, Be, V and Al are likely to be mostly present in K-mica (Fig. 322 

4D); Cr and Ti are probably present in mica and/or trace detrital oxides; and Ba is likely to be 323 

in the form of barite, although substitution in apatite or dolomite is also possible. Ag and Cu 324 

(+Mo?), where significantly elevated, are most likely to be present in sulfosalts which are 325 

perhaps incompletely digested in the acid leachates. However, there is some evidence to 326 

suggest that Cu is also hosted by dolomite (see 5.5). 327 

 328 

4.3 Comparison of matrix and clast compositions 329 

With the exception of the dolomite-hosted components Ca, Mg, Mn, Na and Sr, the 330 

ten clast samples analyzed from the Galmoy-1 transect display markedly different 331 

compositions to the matrix material drilled out of the same drillcore samples (Fig. 6A). 332 

Arsenic is the most enriched element in the matrix relative to clasts, followed by the other 333 

sulfide-associated elements Cd, Co, Pb and Zn. Chromium and V are notably elevated in the 334 

matrix and probably occur with Al, Be, K, Li, and Ti in the mica that crystallizes (Fig. 4D). 335 

Chondrite-normalized REE patterns are generally very similar in both matrix and 336 

clasts (Fig. 7) and, like the Waulsortian dolomite reference, are comparable with normal 337 

marine limestones with moderate LREE enrichment, small negative Ce and Eu anomalies and 338 

weak concave, seawater-derived tetrad effects (Kawabe et al., 1998). In detail, the REE show 339 

a small systematic difference between matrix and clasts, with the matrix displaying, on 340 
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average, slightly higher LREE and slightly lower HREE concentrations (Fig. 6B). This 341 

implies that REE have been added and/or fractionated during hydrothermal interaction. 342 

However, it is not clear what this pattern means with respect to net gain or loss of the REE 343 

from the different sample types without considering the bulk mass changes that may have 344 

taken place (see 5.3).  345 

 346 

4.4 Spatial variations with respect to hydrothermal feeder zones 347 

 The Lisheen-1 and Galmoy-1 transects, both approximately perpendicular to inferred 348 

fluid conduits, provide an opportunity to investigate variations in matrix dolomite chemistry 349 

in relation to the foci of fluid infiltration. However, the observed concentration variations 350 

need to be interpreted cautiously given the evidence for significant mass changes that is 351 

discussed later (see 5.2, 5.3). 352 

In the Lisheen-1 samples, the total REE concentration fluctuates within a fairly narrow 353 

range (6-16 ppm) within the first 676 m that corresponds to hydrothermal dolomite 354 

immediately above the sulfide orebody. Outside this, there is a marked increase to 25 ppm 355 

then a decrease, suggesting the presence of a halo of enrichment around the fringes of the 356 

main ore zone (Fig. 8A). A similar pattern is also observed for Cu and Mn (Fig. 8B). Those 357 

elements that are most likely to be immobile (Al, Ti) are variable but show a systematic 358 

increase with distance that is mirrored by Co and K (Fig. 8C). The sulfide-associated elements 359 

are erratic (e.g., As; Fig. 8D), but with some of the highest values typically occurring close to 360 

the Derryville Fault. This mainly reflects the heterogeneous distribution of sulfides within 361 

individual breccia matrix samples as much as systematic changes in total sulfide content with 362 

spatial position. However, Ni, in the form of niccolite, is known to be concentrated proximal 363 

to the Derryville Fault as recorded by ore assay data (Fusciardi et al., 2003). Barium is also 364 
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generally high proximal to the feeder fault (Fig. 8D), suggesting higher barite content in this 365 

area, consistent with previous observations (Wilkinson et al., 2005b).  366 

 It is difficult to compare these trends directly with the Galmoy-1 transect because of the 367 

different geometry of the Galmoy CW zone, but a few general observations can be made. The 368 

total REE content of the black dolomite matrix is comparable with Lisheen, with most of the 369 

values fluctuating around 10 ppm. Weak anomalies are observed 61-91 m east of the Central 370 

Fissure and 91 m west (Fig. 9A) but an enrichment halo at the fringes of the orebody is not 371 

observed. By contrast, Mn shows a pronounced depletion immediately above massive sulfide 372 

and a clear enrichment halo on the fringe of the ore zone (Fig. 9B), but this is of lower 373 

magnitude than at Lisheen. The immobile elements are elevated in the dolomite immediately 374 

above the orebody and are low distally, at least as far as the sampling traverse extends. Also 375 

elevated in breccia matrix dolomite above the orebody are the ore-associated elements (As, 376 

Ba, Cd, Co, Cu, Ni, Pb and Zn) with Ni and Pb being most systematically zoned around the 377 

Central Fissure (Fig. 9). Nickel concentrations are therefore regarded as the best proximal 378 

indicator of the position of feeder zones in these deposits. Ca, Mg and Na have lowered 379 

concentrations in dolomite matrix samples from above ore, probably a closure effect as a 380 

result of the elevated sulfide contents of these samples. Sr appears to show a broad zonation, 381 

being uniformly low within the ore zone and increasing outward to at least 300 m beyond 382 

economic mineralization. In general, trace element contents are higher in the Galmoy 383 

dolomite matrix samples than those from Lisheen. 384 

 385 

5. Mass transfer analysis 386 

5.1 Summary of method 387 

Bulk mass changes and net element transfers during the transformation from intact, 388 

unaltered regional dolomite (dol1) to hydrothermal black dolomite matrix breccia (Fig. 3B) 389 
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were quantified separately for drilled clast and matrix samples using Gresens‟ method (e.g., 390 

Grant, 1986). This approach involves plotting element concentrations in an altered sample (or 391 

mean of a group of altered samples) against an unaltered reference precursor and identifies 392 

those elements that are immobile by their dispersion along a straight line that passes through 393 

the origin. These elements define the zero net change “isocon”, along which all elements that 394 

are neither gained nor lost during alteration will fall. The slope of this isocon defines the net 395 

mass change in the system: a slope greater than 1 indicates bulk mass loss (e.g., by net 396 

mineral dissolution) and a slope less than 1 indicates mass gain (e.g., by mineral precipitation 397 

in veins). Bulk mass change (M, in percent) is given by: 398 

 399 

 400 

 401 

where I is the concentration of an immobile element in sample i and the reference (unaltered) 402 

sample (ref) respectively. The net addition (or loss) of an element (E, in percent) relative to 403 

the reference sample is given by: 404 

 405 

 406 

 407 

where Ci and Cref are the concentrations of the element of interest in the altered and reference 408 

sample respectively. 409 

Waulsortian dol1 sampled ~7 km southeast of Lisheen was used as a representative 410 

unaltered precursor, based on its low mean Zn and S contents (61, 56 ppm respectively) and 411 

trace Pb values (<20 ppm by ICP-AES, 3 ppm by ICP-MS). No sulfides were observed in this 412 

sample during petrographic analysis. Average compositions of hydrothermal black dolomite 413 
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matrix samples from each of the Lisheen and Galmoy transects and from the suite of clast 414 

samples from Galmoy-1 were compared with this reference composition on isocon plots. 415 

Concentrations were linearly scaled to allow all elements to be clearly plotted on the same 416 

graphs. 417 

Aluminium, Ti and, to a lesser degree, the REE are correlated in breccia samples and 418 

increase systematically with alteration from dol1 to breccia clasts to breccia matrix (Fig. 10), 419 

consistent with (approximately) immobile behavior (Rollinson, 1993) during mass loss. 420 

Across the entire sample set, the Ti-Al exponential best fit line on a log-log plot has an 421 

exponent of 0.984 supporting this assumption. The strength of the correlation (r
2
 = 0.90) 422 

implies that the implicit assumption in the mass transfer analysis of a constant composition 423 

unaltered protolith for the altered samples is generally valid. However, consideration of the 424 

three analyses of the Waulsortian reference sample for Ti shows a considerable scatter away 425 

from the principal data trend, implying reference sample heterogeneity. Consequently, Al is 426 

considered a more reliable quantifier of mass change in the following analysis. 427 

 428 

5.2 Lisheen black dolomite matrix 429 

A typical isocon plot based on the average composition of altered samples from the 430 

Lisheen-1 transect (Fig. 1) relative to the unaltered precursor is shown in Figure 11A. This 431 

plot illustrates which elements have been added to or removed from the rock by hydrothermal 432 

fluids, taking into account bulk mass changes. The zero net change isocon is defined in this 433 

case by Al and the middle REE. The slope of the line is 2.2 indicating average mass loss 434 

across the transect of 55% during matrix formation. The Lisheen-2 transect, also across the 435 

Derryville zone, yields a similar mass loss estimate of 52%. If La is used as the immobile 436 

element, similar average matrix mass loss estimates are obtained (60-65%). The remaining 437 

elements fall into five broad groups: Zn, Pb and those associated with the precipitation of ore 438 
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sulfides plus Li and K show strong addition; Be, Fe, Cu, Ni, Ce and Eu show moderate 439 

addition; the remaining LREE are marginally added; P, Mn and the HREE show net removal; 440 

and Ca, Mg, Sr and Na show strong removal. This last group are essentially only present in 441 

dolomite and fall on the same isocon indicative of proportional loss during alteration, thus 442 

confirming that net dolomite dissolution is responsible for the bulk mass changes observed. 443 

The behavior in the Lisheen-2 transect is essentially identical to that in Lisheen-1 444 

except that there is less strong addition of the ore-associated elements. This reflects the 445 

influence on the average values of very high concentrations of these elements in samples 446 

proximal to the Derryville Fault in Lisheen-1 (Fig. 8). The Bog Zone matrix samples show 447 

slightly different behavior. In addition to the greater average matrix mass loss (~70%), the 448 

REE show greater mobility, with only Ce and Eu being immobile and the remaining REE 449 

showing increasing removal with increasing atomic mass. Fe shows net immobility in marked 450 

contrast to the Derryville Zone samples. 451 

 452 

5.3 Galmoy black dolomite matrix 453 

The general observations noted above also apply to the Galmoy transects, as illustrated 454 

by the isocon diagram for Galmoy-1 (Fig. 11B). A significant difference is the higher average 455 

matrix mass loss estimates, which range from 79% (Galmoy-1) to 85% (Galmoy-3). If La is 456 

used as the immobile element, estimates of 61-70% mass loss are obtained. The other major 457 

distinction is that although the REE show the same fractionation pattern as observed at 458 

Lisheen (depletion order: Ce, Eu < LREE < MREE < HREE), they are more strongly removed 459 

overall with even Ce and Eu showing net loss. This is assumed to reflect the greater mass loss 460 

(via net dolomite dissolution) and the hosting of a significant proportion of the REE by this 461 

dolomite as suggested earlier (see 4.2). The patterns for the other Galmoy datasets are very 462 

similar to Galmoy-1 indicating that comparable processes operated within the Galmoy system 463 
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as a whole and that these were somewhat different to Lisheen. The small Bog Zone orebody at 464 

Lisheen, located just 7 km southwest of the G Zone at Galmoy, is transitional between the two 465 

systems in terms of geochemical behavior. 466 

 467 

5.4 Comparison of matrix and clast mass changes and element transfers 468 

Calculated mass change values for paired matrix and clast sub-samples from the 469 

Galmoy-1 transect (Fig. 12) shows that clasts and matrix have undergone parallel patterns of 470 

mass loss with loss from the clasts averaging 42±24% (1) that of the matrix. This means that 471 

bulk breccia samples that have undergone relatively large mass loss overall have done so from 472 

both matrix and clast components. The lower degrees of mass loss in the clasts is consistent 473 

with textural observations of alteration being limited largely to clast rims with normally only 474 

partial penetration into the inner parts (Fig. 4L, N, O).  475 

In terms of net element gains and losses, clast material has perhaps surprisingly been 476 

enriched in the REE with greater addition of LREE over the HREE and anomalous addition of 477 

Ce and Eu (Fig. 13). The matrix has undergone net REE loss but the resulting REE pattern is 478 

parallel to that observed in the clasts, with the same relative gain (or more accurately less 479 

depletion) in Ce and Eu. This implies that the pattern is an imprint of the hydrothermal 480 

fluid(s) that added REE to the clast material and incorporated REE with the same abundance 481 

pattern in the hydrothermal dolomite precipitated in the matrix even though, overall, there is 482 

net dissolution of dolomite and loss of REE in this domain. The other dolomite-partitioning 483 

elements (Ca, Mg, Mn, Na, Sr) display net loss from both domains but are lost less from the 484 

clasts than the matrix, reflecting the lower degrees of mass loss recorded by the clasts. The 485 

ore-associated elements show net addition to both clasts and matrix with invariably greater 486 

enrichment in the matrix than the clasts. The greatest gains are for the principal sulfide-487 

forming elements S, Zn and Pb, together with Co, Cd, As and Ni. The enhanced enrichment 488 
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of these elements in the matrix reflects the observed preference for sulfide growth by 489 

replacement of the matrix dolomite rather than by replacement of the clasts (Figs. 4M-O) 490 

although this latter process also occurs, particularly for pyrite. 491 

 492 

5.5 Spatial variations in mass change and element transfers 493 

Although the majority of samples indicate bulk mass loss, a number show evidence of 494 

mass gain. These are primarily situated proximal to faults, in particular in Lisheen-2 which is 495 

parallel to the strike of a secondary fault zone (mine fault F-229) that appears to have fed 496 

fluids into the northern part of the Derryville orebody. Local mass gain can be explained by 497 

the presence of microveinlets and cement precipitated into dilatancy generated by fault 498 

movements. 499 

The Lisheen-1 transect enables mass changes to be evaluated as a function of position 500 

up to 1700 m from the Derryville Fault (Fig. 14). Irrespective of whether Al or La is used as 501 

the immobile element, the data show a general trend of increasing mass loss with distance. 502 

The data are more scattered, with greater deviation between Al and La estimates, in the first 503 

600 m (corresponding to samples immediately above the orebody), suggesting that one of the 504 

two elements – assumed to be La – is mobile in this region. 505 

By contrast, matrix (and clast) mass loss in the CW Zone at Galmoy is at a maximum 506 

in samples immediately overlying the orebody and decreases sharply at the margin of the ore 507 

zone (Fig. 11). This implies different hydrothermal conditions to Lisheen in this environment, 508 

as previously inferred from the higher bulk mass loss values and contrasting element behavior 509 

(see 5.3). 510 

Six net gain/loss pattern types can be identified in the data from the Lisheen-1 transect 511 

based on spatial plots (Fig. 15) and correlation analysis (Table 2). Type 1 (K, Li, Be) is a 512 

pattern of decreasing net addition with distance that appears to monitor decreasing 513 



 22 

hydrothermal mica precipitation away from the principal fluid conduit. For K and Li, values 514 

still imply significant addition (350%, 160% respectively) at the limit of sampling (Fig. 15A) 515 

suggesting that these elements may form a very broad halo around mineralized systems. 516 

The type 2 pattern (Ca, Mg, Sr, Na) illustrates the general loss of these elements 517 

throughout the profile and the increasing mass loss with distance (due to net dolomite 518 

dissolution) that is recorded in the bulk mass loss data (Fig. 14). There appear to be two steps 519 

in the transect data (Fig. 15B), potentially due to localized zones of decreased mass loss (or in 520 

one sample mass gain) related to faults. The first step probably reflects reduced mass loss 521 

proximal to the main Derryville Fault strand whereas the second, at around 475 m, appears to 522 

correlate with the position of the subsidiary fault zone bounding the northern part of the 523 

Derryville orebody noted earlier (see Fig. 1). 524 

The third pattern (Zn, Pb, Cd, Co) represents a high amplitude, spiky enrichment 525 

profile with maximum element gains proximal to the Derryville Fault and a general decrease 526 

with distance (Fig. 15C). Distal samples still show extremely high net additions of 10‟s (Cd, 527 

Co) to 100‟s (Zn, Pb) of times background. This pattern reflects the ore sulfide (sphalerite, 528 

galena) content of the matrix samples which in a broad sense follows the grade and thickness 529 

variation in the orebody, but is also strongly influenced by a “nugget effect” in the sampling 530 

process. It confirms the likelihood of substitution of Cd in sphalerite and suggests that Co 531 

may also occur in this way although a coincidental association via occurrence in sulfosalt 532 

inclusions within cogenetic galena (Wilkinson et al., 2005b) is also possible. 533 

The fourth pattern (Fe, As, S) is loosely comparable with the previous type but with 534 

distinct enrichment zones at three positions along the transect (57, 230, 605 m) and a decrease 535 

to near background in the distal samples. This is likely to reflect the partial decoupling of 536 

pyrite precipitation from other sulfides as recorded in mapped mineral distributions at Lisheen 537 

(Fusciardi et al., 2003). Arsenic strongly correlates with Fe and S suggesting it largely occurs 538 
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as a substitution in pyrite (mean 0.67 wt% at Lisheen; Wilkinson et al., 2005b). Nickel 539 

correlates equally well with pattern types 3 and 4 perhaps indicating occurrence as a 540 

substitution in sphalerite or in sulfosalts associated with galena, in addition to its substitution 541 

in pyrite (mean 0.14 wt% at Lisheen; Wilkinson et al., 2005b). 542 

The fifth pattern (Ba, P) shows a prominent enrichment near to the Derryville Fault 543 

and a smooth decrease outwards with much of the profile recording net depletion, including 544 

the most distal samples (up to about 80% loss of original content). The precipitation of 545 

hydrothermal barite, apatite and/or barian apatite could account for the proximal additions; net 546 

dissolution of diagenetic or detrital apatite and barite could explain the distal depletions 547 

although microprobe data from Lisheen suggest that about 40% of the P and 60% of the Ba 548 

(Eyre, 1998) could be hosted by dolomite. 549 

The last pattern (Mn) is probably a composite that reflects the fact that Mn is hosted 550 

by sulfides as well as dolomite (Table 2). The pattern displays a stepped form (Fig. 15F), very 551 

similar to type 2 (Fig. 15B), corresponding to variations in net dolomite precipitation or 552 

dissolution. However, superimposed on this is a prominent enrichment anomaly, centred 553 

around 900 m, that appears to represent a halo just beyond the limits of sulfide mineralization 554 

as noted in the raw concentration data. Interestingly, Cu shows an enrichment halo in the 555 

same position which is difficult to explain in terms of sulfide hosting of the metal. In fact, Cu 556 

shows net depletion across most of the profile and is strongly correlated with the dolomite-557 

hosted elements (Table 3), consistent with a primary residence in dolomite. Consequently, it 558 

appears to be behaving in the same way as Mn, forming a potentially useful targeting halo 559 

around economic sulfide accumulations. Total REE gains and losses mirror most closely 560 

those of Mn and Cu, with localized, possibly fault-related enrichments proximal to ore and a 561 

broad enriched halo beyond the limits of economic mineralization. 562 

 563 
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5.6 REE comparison between Lisheen and Galmoy 564 

The difference in size between the Lisheen and Galmoy deposits and their individual ore 565 

lenses in terms of contained metal allow a consideration of the relationship between trace 566 

element behaviour in breccia matrix samples and the extent of mineralization. The average net 567 

change REE data for each of the ore lenses studied show similar REE patterns but with the 568 

Derryville transects at Lisheen showing net enrichment apart from the HREE, the small Bog 569 

Zone showing net loss of REE (apart from Eu) and the zones at Galmoy showing even more 570 

depleted patterns (Fig. 16). This shows that net REE addition tends to be greater in samples 571 

associated with the larger orebodies, probably reflecting both greater fluid flux and greater 572 

amounts of hydrothermal dolomite precipitation. The REE net enrichment/depletion patterns 573 

are similar, suggesting comparable fractionation processes. 574 

 575 

6. Discussion 576 

6.1 Mass loss and syn-sedimentary subsidence 577 

The significant mass losses determined for the black dolomite matrix breccia zones 578 

appear robust despite the initial simplifying assumptions. These mass losses imply significant 579 

volume loss also accompanied hydrothermal dolomitization. The subsequent replacement of 580 

hydrothermal dolomite by sulfides is likely to have led to further volume loss. We therefore 581 

make an attempt to quantify this volume loss and assess its impact on the geological evolution 582 

of the two deposits. 583 

Given that precursor and altered material in the hydrothermal dolomitization step both 584 

predominantly comprise dolomite, the calculated mass losses are approximately equivalent to 585 

volume losses. Assuming a typical clast:matrix volumetric proportion of 50:50 (Shearley et 586 

al., 1996) and an average clast:matrix mass loss ratio of 0.42 (see 5.4), average bulk volume 587 

losses for the tabular breccia intervals at Lisheen and Galmoy are 37-50% and 56-60% 588 
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respectively. These values may be overestimated by up to ~10% given the observation of 589 

porosity development associated with matrix formation (e.g., Fig. 4L). 590 

Textural evidence shows that the black dolomite matrix breccia bodies were replaced 591 

by massive sulfide, normally towards their base (e.g., Hitzman et al., 2002; Wilkinson et al., 592 

2005b). Carbon and oxygen isotope data indicate that the rock is the dominant reservoir for C 593 

and O in this system (e.g., Wilkinson, 2003) and is therefore likely to act as the pH buffer, 594 

rather than imported carbonate ions in the hydrothermal fluid. Consequently, and consistent 595 

with textural observations, we assume dissolution of carbonate is the principal mechanism for 596 

consuming H
+
 generated by sulfide precipitation: 597 

 598 

2Me
2+

 + 2H2S + CaMg(CO3)2     2MeS + 2H2O + 2CO2 + Ca
2+

 + Mg
2+

  599 

(Fluid 1)      (Fluid 2)    (Waulsortian dolomite)                (massive sulfide)                (material removed in solution) 600 

 601 

where Me represents the ore metal (Zn or Pb). For sphalerite, the principal sulfide, for each 602 

two moles of sphalerite precipitated, one mole of dolomite is dissolved. Given that two moles 603 

of sphalerite occupy 48 cm
3
 and one mole of dolomite occupies 68 cm

3
, this sulfide 604 

replacement reaction would result in a volume reduction of ~30%. A similar volume change 605 

would result for replacement by pyrite, the second most abundant sulfide in the ore zones. 606 

Using the estimated total volume changes based on individual samples across the 607 

Lisheen-1 transect where the best drilling and sampling control exists, we have restored the 608 

section to its pre-alteration, pre-mineralization geometry (Fig. 17). This shows that, where 609 

constrained, the base of the UWLM is restored to an approximately horizontal position, 610 

implying that the thickening of this unit in the hangingwall of the Derryville Fault Zone can 611 

be accounted for by the dissolution of the underlying Waulsortian and creation of a syn-612 

depositional depression. This model provides a potentially better explanation for the geometry 613 

of the UWLM, with its maximum thickness some distance into the hangingwall, than its 614 
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previous interpretation as a syn-sedimentary hangingwall sag in which maximum 615 

displacement would be expected adjacent to the fault zone. 616 

 617 

6.2 Timing of hydrothermal activity 618 

The timing of mineralization in the Irish orefield is controversial, with geological 619 

interpretations ranging from synchronous with host rock deposition (Courceyan, ~355 Ma) to 620 

perhaps 15 million years later. Paleomagnetic ages have suggested post-Variscan timing for 621 

the deposits of the Rathdowney Trend (e.g., Pannalal et al., 2008) but these contradict field 622 

relationships that show the orebodies have been deformed by Variscan thrusting (Fusciardi et 623 

al., 2003). The only direct geochronological age on sulfides in this area provides a ~340 Ma 624 

constraint for pyrite from the Bog Zone at Lisheen (Creaser et al., 2009). Estimates of depths 625 

of mineralization range from within a few meters to hundreds of meters beneath the 626 

paleoseafloor (e.g., Wilkinson et al., 2003; 2005a,b) to >800 m (e.g., Reed and Wallace, 627 

2001). 628 

The interpretation that extensive dissolution led to seafloor subsidence and the 629 

development of accommodation space into which the UWLM and possibly overlying 630 

Crosspatrick Formation (Fig. 2) were preferentially deposited (Fig. 18A) implies that 631 

hydrothermal dolomitization began at least as early as the UWLM in the late Courceyan-early 632 

Chadian, around 346 Ma (Davydov et al., 2010). This timing corresponds to the onset of 633 

tectonic dismemberment of the Courceyan sag basin (Hitzman and Beaty, 1996) and is within 634 

error of the pyrite Re-Os age reported by Creaser et al. (2009). 635 

Assuming that the Waulsortian was cemented early (Lees and Miller, 1985) and has not 636 

significantly compacted since that time, mineralization near the base of the Waulsortian 637 

would have been forming at around 150 m below the seafloor. The seafloor depression 638 
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produced by hydrothermal dissolution could have been up to 90 m deep, depending on the 639 

relative rates of dissolution and sedimentation into the overlying trough.  640 

 641 

6.3 Geological model 642 

Based on our observations and previous work (e.g., Kucha, 1989; Hitzman et al., 1992; 643 

Shearley et al., 1995; Hitzman et al., 2002), we conclude that formation of the black dolomite 644 

matrix breccias in the Irish Waulsortian-hosted ore deposits involved extensive dissolution of 645 

the original carbonate coupled with partial replacement by hydrothermal dolomite. This 646 

produced the chemically modified breccia “matrix” that is characterized by elevated 647 

concentrations of immobile elements and large net additions of ore-associated elements (Zn, 648 

Pb, S, Cd, Fe, As, Ni, Co), and those hosted in additional alteration phases (K, Li, Be, V, Ba, 649 

P). The “clasts” are principally residual islands in these pseudobreccias that underwent 650 

physical reorientation in zones of intense alteration and/or tectonism (Fig. 4C). They were 651 

also partially dissolved around their margins and along cracks or grain boundaries in their 652 

interiors as indicated by CL images (Figs. 4L-N). In general, the clasts were modified 653 

chemically in a similar way to the matrix but to a lesser degree, reinforcing the idea that they 654 

are more a product of alteration intensity than physical fragmentation. The mostly brighter CL 655 

character of the reprecipitated matrix dolomite relative to the clasts (Figs. 4L-O) is unlikely to 656 

be due to increased Mn content (preferentially lost from matrix samples and similar or lower 657 

concentrations in matrix dolomite grains determined by microprobe; Eyre, 1998), or 658 

decreased Fe content (similar Fe content in matrix and clast dolomite determined by 659 

microprobe; Eyre, 1998). It is possible that the primary CL activator is Eu (Habermann et al., 660 

1996) in which case more brightly luminescent matrix dolomite might be expected proximal 661 

to faults and associated with larger orebodies where the Eu enrichment appears to be greater 662 

(see 5.5, 5.6). 663 
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The general lack of open-space textures implies that dissolution did not typically 664 

produce cavities but that grain boundary dissolution was accompanied by vertical porosity 665 

collapse in a quasi-plastic manner. This is interpreted to have led to progressive subsidence of 666 

the overlying Waulsortian and can account for the broad halo of white dolomite cemented 667 

breccia that occurs above the black dolomite matrix breccias (Fig. 18A). The generation of 668 

intergranular porosity in the black dolomite matrix (e.g Fig. 4L) is a key control of ongoing 669 

fluid flow within the developing black dolomite matrix breccia lithology because the 670 

surrounding units (argillaceous bioclastic limestones below and marine cemented Waulsortian 671 

above) would have been relatively impermeable. The next stage of matrix replacement by 672 

sulfides was likely controlled by the fact that fluid flow was focused in the matrix domain, but 673 

perhaps also due to relative instability of the non-stoichiometric (calcian) matrix dolomite.  674 

The volume loss inferred for the sulfide replacement stage would have continued to 675 

regenerate microporosity to allow replacement to go essentially to completion in zones of 676 

high fluid flux proximal to feeder faults. In these areas it is probable that hydrothermal and 677 

chemical conditions and flow rates fluctuated significantly through time, as suggested by the 678 

multistage dolomite cements revealed by CL imaging in some black dolomite matrix samples 679 

(e.g., Figs 4K, M, N). 680 

Black dolomite alteration and mineralization are believed to have occurred during 681 

mixing of two solutions: a moderate temperature hydrothermal fluid derived from depth and a 682 

connate brine, contained within the Carboniferous sedimentary sequence (Wilkinson and 683 

Earls, 2000; Everett et al., 2001; Banks et al., 2002; Wilkinson et al., 2005a,b). The 684 

hydrothermal fluids were derived from partially evaporated seawater that was extensively 685 

modified (loss of Na, Mg; gain in Ba, ore metals) by crustal circulation (Everett et al., 1999; 686 

Wilkinson et al., 2005a). The Mg required to form hydrothermal dolomite was likely sourced 687 

from pre-existing diagenetic dolomite and derived directly from the Mg-rich bittern brines 688 
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with which the hydrothermal fluids mixed (e.g., Everett et al., 2001). Although the weight of 689 

evidence supports a Lower Paleozoic source region for the hydrothermal fluids (Everett et al., 690 

1999; Wilkinson et al., 2005a), the ORS has also been proposed as a possible aquifer 691 

(Hitzman and Beaty, 1996). However, the Eu anomaly and the addition of Ba and Mn during 692 

alteration identified in this study, coupled with high measured Ba content of the ore fluids 693 

(Wilkinson et al., 2009), favour a reduced fluid which is inconsistent with derivation from an 694 

oxidized aquifer like the ORS. 695 

Metal and mineralogical zoning patterns (Doyle et al., 1992; Shearley et al., 1996; 696 

Hitzman et al., 2002; Fusciardi et al., 2003; Lowther et al., 2003; Wilkinson et al., 2005b) 697 

indicate that hydrothermal fluid flow was focused by the major normal fault zones, although 698 

subsidiary faults have also been identified as important at Lisheen (Fusciardi et al., 2003). 699 

This is supported by many of the net element transfer patterns documented in this study (Figs. 700 

14, 15), with the main anomalies being associated with the principal faults, but with 701 

secondary faults playing an additional role. The Ba addition proximal to the feeder faults is 702 

best explained by rapid deposition of barite at the point of mixing of hydrothermal fluids with 703 

sulfate bearing, connate brines (Fig. 18A). The similar pattern displayed by P suggests that 704 

hydrothermal apatite may also be precipitated in this proximal position by the same 705 

mechanism (PO4
3-

 transported in connate brine?), perhaps accounting for the high REE 706 

additions in this area. Manganese is clearly added by hydrothermal fluids, showing strong net 707 

enrichment proximal to the Derryville Fault at Lisheen (Fig. 15F), but is also dispersed 708 

outward with Cu to produce an enrichment halo on the fringes of the economic ore zone (Figs. 709 

14F, 17A). 710 

The increase in mass loss with distance documented at Lisheen may seem counter-711 

intuitive but can be accounted for by the retrograde solubility of carbonate with temperature. 712 

An analogous process has been proposed for the leached limestone associated with 713 
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hydrothermal dolomite hydrocarbon reservoirs (Davies, 2004; Fig. 18B). Metal zoning in the 714 

ores (Ni, Cu, Pb proximal; Zn, Fe distal) principally reflects decreasing temperature outwards 715 

as might be expected for fluids migrating laterally, away from the feeder faults, along the base 716 

of the Waulsortian. This cooling could explain the enhanced dissolution relative to 717 

precipitation on the fringes of the system, with the lower mass losses (or even mass gains) 718 

closer to the faults reflecting the increased precipitation of secondary (hydrothermal) dolomite 719 

in these areas. 720 

The Galmoy CW Zone appears to contradict this interpretation because it displays 721 

maximum dissolution proximal to the ore zone. However, it is an anomalous orebody having 722 

no “parental” normal fault, being localized instead by fluids migrating up the Central Fissure 723 

fracture zone. It can be explained if it is regarded as a distal orebody that sits above a 724 

principal feeder fault zone at depth (the equivalent of the G-fault; see Fig. 1) and therefore 725 

formed at lower temperatures where greater degrees of carbonate dissolution could take place. 726 

This is supported by fluid inclusion data which suggest that maximum temperatures at 727 

Galmoy were 50°C lower than at Lisheen (Wilkinson, 2010). 728 

 729 

6.4 Implications for breccia-hosted mineralization in Ireland  730 

Breccias are commonly spatially associated with mineralization in the Irish orefield but 731 

the morphology, textures and inferred mode of origin of these vary significantly. The 732 

principal Waulsortian-hosted breccia types, summarized by Wilkinson and Lee (2003), are: 733 

(1) large-scale (up to 200 m thick), stratiform polymict breccias; (2) intermediate scale (up to 734 

50 m thick), largely monomict, stratiform breccias, such as described here from Lisheen and 735 

Galmoy; (3) small-scale (<2 m thick), steep fissure-hosted, monomict breccias; (4) 736 

crosscutting white dolomite cemented breccias, also described here from Lisheen and 737 

Galmoy; and (5) small (<300 m diameter), pipelike or domal to tabular, stratabound polymict 738 
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breccia bodies that extend from beneath the Waulsortian into overlying Chadian or even 739 

Arundian sediments (Fig. 2). 740 

Type 1 breccias are interpreted by most authors to represent debris flow deposits (Lees 741 

and Miller, 1985; Kucha, 1989; Somerville et al., 1992) that, at Silvermines, were the focus of 742 

subsequent hydrothermal alteration and mineralization (Kucha, 1989; Lee and Wilkinson, 743 

2002). Type 2 breccias are those discussed here, where the same dolomitization and 744 

mineralization processes observed at Silvermines were superimposed on a previously largely 745 

unbrecciated but diagenetically dolomitized Waulsortian protolith. These two Waulsortian 746 

breccia classes are the only types to host economic mineralization and their modes of origin 747 

are rationalized here within a consistent ore genetic model. It is considered probable that the 748 

“dark mosaic breccias” described at Navan by Peace et al. (2003) also formed in this manner. 749 

The remaining breccia types do not host economic accumulations of sulfides although 750 

the type 5 collapse breccias, characteristic of the Kildare district of Ireland, have been 751 

extensively explored. These systems are widely regarded as Mississippi Valley-type deposits 752 

that represent one end-member of the styles of mineralization in Ireland (Hitzman and Large, 753 

1986; Wilkinson, 2003), which are now known to have formed at much lower temperatures 754 

than the economic orebodies (Wilkinson, 2010). Small-scale (<10 m) crosscutting breccias 755 

inferred to have formed in dissolution cavities are also described from some of the ore 756 

deposits, particularly Navan (Peace et al., 2003), but it is not thought that large cavities were 757 

present prior to mineralization, with dissolution occurring largely synchronously with 758 

precipitation of sulfides and gangue minerals (e.g., Anderson et al., 1998). Thus, across the 759 

orefield as a whole, a range of processes appear to have operated during hydrothermal fluid 760 

interaction with the carbonate hostrocks but with replacement, pseudobrecciation and 761 

“hydrothermal compaction” dominant over open cavity development. Where significant 762 

cavities did form with clear evidence for vertical collapse (as in the Kildare district), they 763 
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appear to represent late, low temperature events that did not produce economic 764 

mineralization. 765 

 766 

6.5 Implications for REE mobility during hydrothermal alteration of carbonates  767 

 In this study we have documented evidence of REE fractionation, in particular: (1) 768 

development of Eu anomalies and preferential enrichment in LREE proximal to feeder faults; 769 

(2) development of Ce anomalies; and (3) mobilization of HREE during hydrothermal 770 

dolomitization over large distances, beyond the scale of sampling. 771 

Enrichment in LREE and anomalies in Eu are common features of high temperature 772 

(>200°C), reduced, acidic fluids, where chloride complexing is dominant, such as those 773 

vented at mid-ocean ridges (e.g., Douville et al., 1999). This is because sorption processes 774 

dominate hydrothermal interactions in acidic fluids, resulting in progressive enrichment in the 775 

LREE due to their larger ionic radius and correspondingly lower sorption coefficients (Bau, 776 

1991). Europium is preferentially mobilized in reduced fluids, particularly at high 777 

temperatures, because it exists in the Eu
2+

 oxidation state. Here, these features are consistent 778 

with the infiltration of moderate temperature, mildly acidic hydrothermal fluids from a 779 

reduced (greywacke-shale) source region (Boyce et al., 1983; Everett et al., 1999; Wilkinson 780 

et al., 2005a; Wilkinson, 2010). Ore fluid temperatures above 200-250°C are consistent with 781 

fluid inclusion data for the deposits, supporting the conclusion that fluid inclusions have not 782 

been systematically stretched by post-ore heating (Wilkinson, 2010), contrary to the 783 

suggestion of some authors (e.g., Reed and Wallace, 2001). 784 

The anomalous Ce addition is unusual and, on the face of it, contradictory, being 785 

inconsistent with the reduced hydrothermal fluids that may generate positive Eu anomalies. 786 

We suggest that the most likely control is remobilization from early Fe-Mn oxide 787 

mineralization that predates sulfides in many of the Irish deposits including Lisheen 788 
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(Hitzman, 1995; Hitzman et al., 2002). Cerium is likely to be enriched in this material by co-789 

precipitation with oxyhydroxides (Elderfield et al., 1981) and the signature is inferred to be 790 

preserved and redistributed during reduction/replacement of these oxides by sulfides. 791 

Because the REE content of alteration fluids is extremely low, significant REE mobility 792 

is only considered viable in hydrothermal systems when water/rock ratios are very high 793 

(>>10
2
 - 10

3
; Bau, 1991) or infiltration metasomatism is significant. Typically, the effect of 794 

hydrothermal interaction on crustal rocks cannot be recognized in chondrite-normalized REE 795 

patterns. In the present case, modification of the REE patterns is readily apparent (on linearly-796 

scaled plots), partly in the overall REE enrichment that is controlled by mass loss, but also in 797 

the relative enrichment of the LREE / depletion of the HREE (Fig. 7). This implies that the 798 

Irish alteration systems reflect relatively strong metasomatism as might also be inferred from 799 

the high net gains observed in a range of trace metals. 800 

The preferential mobilization of the HREE is predicted in alkaline or near neutral fluids 801 

where (CO3)
2-

 is important because of the increased importance of fluid complexation in REE 802 

behavior under such conditions and the higher association constants for HREE-carbonate 803 

complexes such as (HREE
3+

CO3)
+
 or (HREE

3+
(CO3)2)

-
 (Bau, 1991). In the present case, 804 

neutralization and increase in dissolved carbonate as the hydrothermal fluids migrated away 805 

from the feeder faults and mixed with connate brines in equilibrium with the dolomite host 806 

rock can account for the HREE behavior observed. Indeed, similar behavior might be 807 

anticipated in any carbonate-hosted hydrothermal system distal to the main fluid conduits. 808 

The type of HREE-enriched fluid generated in the Irish systems could be something like the 809 

slightly alkaline (pH 7.3) medium-temperature (130°C) fluids observed in geothermal wells 810 

drilled into the felsic basement of Bulgaria (Michard and Albarede, 1986). 811 

 812 

7. Concluding remarks 813 
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Understanding hydrothermal dolomitization, brecciation and associated volume and 814 

porosity changes within rifted or extending continental margins is important in exploration for 815 

Zn-Pb mineralization and hydrocarbons. However, knowledge of flow paths and sources of 816 

fluids and Mg is limited (Davies and Smith, 2006). In Ireland, hydrothermal dolomite is 817 

invariably associated with mineralization and is a primary exploration indicator. Magnesium 818 

for hydrothermal dolomite was likely sourced from recrystallization of pre-existing diagenetic 819 

dolomite (as at Lisheen and Galmoy) and derived directly from Mg- and Br-rich connate 820 

brines with which the hydrothermal fluids mixed, such as at Silvermines (e.g., Everett et al., 821 

2001). Modeling studies have shown that fluid mixing – even between carbonate-saturated 822 

solutions – can result in carbonate undersaturation and extensive carbonate dissolution 823 

(Corbella et al., 2003) and this process will be significantly enhanced in mineralizing systems 824 

when metalliferous and sulfide-rich solutions are brought together and generate acidity 825 

through sulfide precipitation. 826 

We suggest that infiltration of basement-derived fluids into carbonates along active rift 827 

faults on extended continental margins could promote significant dissolution and 828 

hydrothermal dolomitization, particularly in zones where climatic and paleogeographic 829 

conditions favored extensive seawater evaporation. The porosity development accompanying 830 

hydrothermal dolomitization, particularly when coupled with large-scale dissolution, can 831 

produce highly favorable traps for economic resources. The generation of Eu anomalies by 832 

the infiltration of reduced hydrothermal fluids may provide a signature indicative of the 833 

process. Fractionation of the REE and dispersion of the HREE, together with Na, Mn and Sr 834 

and possibly also Cu, Ba and P during dolomitization could produce a useful distal fingerprint 835 

of such alteration zones. 836 

The association between hydrothermal dolomite, fault zones and sag structures (Fig. 837 

18B, C, D) has facilitated hydrocarbon exploration using 2D and 3D seismic techniques (e.g., 838 
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Smith, 2006). Sag development has been attributed mostly to structural causes, but cave 839 

collapse (e.g., McDonnell et al., 2007), evaporite dissolution or volume loss during 840 

dolomitization have also been proposed (Davies and Smith, 2006). However, subsidence due 841 

to hydrothermal dissolution of carbonates is an alternative that we suggest can be significant. 842 

The possibility of subsidence caused by volume loss alteration in other shallow (<500 m) 843 

carbonate systems has not been reported previously; its recognition in mineralized terrains 844 

could provide a potential tool for mineral exploration under cover. 845 

 846 

847 
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FIGURE CAPTIONS 1021 

 1022 

Figure 1. Geological setting 1023 

Simplified geological map of Ireland showing locations of main ore deposits. Insets show 1024 

orebody distribution and structural controls at the Lisheen and Galmoy Mines, and the 1025 

locations of the sampling traverses in this study (numbered). 1026 

 1027 

Figure 2. Stratigraphy of host rocks 1028 

Simplified stratigraphy of Lisheen-Galmoy area showing major units and the locations of 1029 

breccia types including white dolomite matrix breccia (WDMB) and mineralization (black) 1030 

located at the base of the black dolomite matrix breccia. Stratigraphic thicknesses from 1031 

Fusciardi et al. (2003). 1032 

 1033 

Figure 3. Geological relationships and morphology of black dolomite matrix breccias 1034 

A. Schematic cross-section illustrating localization of black dolomite matrix breccia 1035 

development at the base of the dolomitized Waulsortian Limestone Formation, above 1036 

relatively impermeable argillaceous limestones, in the hanging wall of a normal fault. B. 1037 

Illustrative sketch, based on a compilation of real drawings, showing breccia fabric and nature 1038 

of transition from essentially intact rock (1) to well-developed (pseudo)breccia (2) composed 1039 

of Waulsortian dolomite “clasts” (grey) surrounded by hydrothermal dolomite “matrix” 1040 

(black). Note that the lateral transition at the margin of the breccia typically occurs over 1041 

hundreds of meters rather than on the scale implied here, although local transitions between 1042 

textural end members can occur in individual samples over a few centimeters. 1043 

 1044 

Figure 4. Petrology of breccias 1045 
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A. Contact between unmineralized white (dol3) and black (dol2) dolomite matrix breccia 1046 

types. Clasts are composed of regional diagenetic dolomite, dol1. Note highly irregular clast 1047 

margins and weak alignment. Galmoy, unknown drillhole. B. Typical black dolomite matrix 1048 

breccia with angular to subrounded clasts. Note hairline fractures penetrating clasts that 1049 

contain black dolomite and are sometimes overgrown by pyrite clots (py). Pyrite also occurs 1050 

in the breccia matrix. Galmoy, sample MG18-87.5 m (drillhole-depth).  C. Unusually well-1051 

developed black dolomite breccia showing angular and cuspate, corroded clast margins. Pyrite 1052 

clots occur on clast margins and in the matrix. Jigsaw-fit texture is present towards the top 1053 

and rotation of clasts is evident. Lisheen, sample LK262-129.8 m. D. Secondary electron 1054 

SEM image showing black dolomite breccia matrix with euhedral dolomite rhombs (dol2), 1055 

partly coated in platy K-mica (m), and intergranular porosity. Sample NX7-3-1091‟, Cooleen 1056 

Zone, Silvermines (from Lee, 2003). E. Typical white dolomite (dol3) matrix breccia. Arrows 1057 

indicate clast way-up and point at geopetal micrite fills of disrupted stromatactis cavities. 1058 

Lisheen, sample LK121-146.8 m. F. Cathodoluminescence image of white dolomite cement 1059 

that grew into a vug showing strong compositional zoning and saddle morphology in later 1060 

growth stages. Lisheen, sample LK121-165.2 m. G. Weakly mineralized black dolomite 1061 

matrix breccia with pale brown sphalerite (sp) that has preferentially replaced chickenwire-1062 

textured dolomite matrix (dol2). Dol2 also occurs in hairline cracks in clasts. Lisheen, sample 1063 

LK121-189.3 m. H. Intensely mineralized black dolomite matrix breccia, almost completely 1064 

replaced by sphalerite, galena and pyrite, from just 3.5 m below the previous sample. A ghost 1065 

breccia texture is preserved. Lisheen, sample LK121-192.8 m. I. Hand sample of massive 1066 

sulfide comprising fine grained grey sphalerite that has replaced dol1 clasts and late, coarse-1067 

grained honeyblende sphalerite and galena occurring in what would have been breccia matrix. 1068 

Galmoy, underground sample CW10, CW Zone. J. Cathodoluminescence image of colloform 1069 

sphalerite (sp) displaying yellow-brown and blue luminescence, and complex sector and 1070 
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oscillatory zoning. Sphalerite has replaced breccia matrix dolomite, dol2. Galmoy, sample 1071 

GY355-95 m. K. Paired plane polarized light (left) and CL (right) images showing unusually 1072 

coarse-grained and complexly zoned black dolomite texture. Late bright orange-red 1073 

luminescent dolomite infills residual porosity. Lisheen, sample LK121-180.5 m. L. Images of 1074 

typical black dolomite breccia. CL image shows brightly luminescent, zoned euhedral 1075 

dolomite in porous matrix, that has overgrown and partly replaced dull red luminescent clasts 1076 

of dol1 with rounded, diffuse margins. Small, bright red hydrothermal dolomite crystals also 1077 

occur in clast interiors. Galmoy, sample MG63-97.2 m. M. Black dolomite breccia showing 1078 

complex matrix development. Coarser crystals are transparent in plane polarized light and 1079 

show dull zonation in CL. A later, finer-grained, brightly luminescent component has partly 1080 

replaced the earlier rhombs and has itself been overprinted by pyrite (black grains in CL 1081 

image). The large clast of dol1 appears to have been extensively replaced by the bright red 1082 

dolomite phase. Galmoy, sample MG99-100.6 m. N. Black dolomite breccia showing dully-1083 

luminescent clast of dol1 in matrix of bright and duller luminescent dol2. Note cracks 1084 

containing brightly luminescent hydrothermal dolomite cutting the clast. A fine-grained 1085 

sulfide replacement front is preserved in the upper-left corner, with replacement seen to 1086 

progress along irregular seams through the matrix. Galmoy, sample MG63-97.2 m. O. Fine-1087 

grained pyrite (py) and coarse-grained sphalerite (sp), showing dull brown and yellow-green 1088 

luminescence, have replaced black dolomite breccia matrix. Dull red luminescent dol1 clasts 1089 

are cut in place by hairline fractures containing hydrothermal dolomite. Galmoy, underground 1090 

sample CW3, CW Zone. 1091 

 1092 

Figure 5. Comparison of leachate and residue geochemistry 1093 

Average proportion of elements in leachate and residue fractions in analyses of black 1094 

dolomite matrix samples from A. Lisheen; and B. Galmoy. 1095 
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 1096 

Figure 6. Comparison of breccia clast and matrix geochemistry 1097 

Ratio of average element concentrations in matrix and clast subsamples from black dolomite 1098 

matrix breccia samples from the Galmoy-1 transect. A. Major, minor and trace elements; B. 1099 

Rare earth elements. Sample w8 excluded because of anomalously high ratios. 1100 

 1101 

Figure 7. Chondrite-normalized REE compositional ranges for breccia clasts and matrix 1102 

Comparison of clast and matrix chondrite-normalized REE patterns with Waulsortian 1103 

dolomite reference. Both sample types are enriched in REE, with matrix material generally 1104 

more enriched than clasts. The same seawater-derived qualitative pattern of LREE enrichment 1105 

and negative Ce and Eu anomalies is preserved during alteration. 1106 

 1107 

Figure 8. Spatial variations in black dolomite matrix geochemistry at Lisheen 1108 

Examples of element concentration variations in black dolomite matrix as a function of 1109 

distance from the principal feeder fault (Derryville Fault), Lisheen-1 transect. Three samples 1110 

from the footwall of the main fault strand are plotted at zero as grey filled circles for 1111 

reference. 1112 

 1113 

Figure 9. Spatial variations in black dolomite matrix geochemistry at Galmoy  1114 

Examples of element concentration variations in black dolomite matrix as a function of 1115 

distance from the inferred feeder structure for the CW Zone at Galmoy (Central Fissure), 1116 

Galmoy-1 transect. 1117 

 1118 

Figure 10. Plot of Ti vs. Al in breccia samples 1119 
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Bivariate plot illustrating covariance of Ti and Al in all breccia samples analyzed. The good 1120 

correlation, combined with the general pattern of increasing concentrations of Ti and Al with 1121 

degree of alteration (unaltered precursor → breccia clasts → breccia matrix), is consistent 1122 

with approximately immobile behavior during alteration. A few samples, particularly from 1123 

near the principal feeder faults at Lisheen, show apparent mass gain, possibly due to the 1124 

presence of microveinlets not visible in hand sample (e.g., Wilkinson and Earls, 2000). The 1125 

symbol areas are scaled to the total REE content, indicating the broad increase in REE 1126 

concentration that accompanied mass loss. 1127 

  1128 

Figure 11. Isocon plots for Lisheen and Galmoy transects 1129 

A. “Isocon” plot for Lisheen-1 transect comparing mean element concentrations in 1130 

hydrothermally dolomitized rock (22 black dolomite matrix samples) with unaltered precursor 1131 

Waulsortian dolomite. The isocon representing no net gain or loss of elements is based on the 1132 

assumption of immobility of Al and the LREE (light grey circles), with the exception of Ce 1133 

and Eu which show slight net gain. The slope of the zero net change isocon of 2.2 1134 

corresponds to an average bulk mass loss in the matrix across the transect of approximately 1135 

55%. The MREE (dark grey circles) and HREE (black circles) have been fractionated during 1136 

hydrothermal alteration, with a mass-dependent net removal pattern, indicating that these 1137 

elements are mobilized in this environment. Mn and P show net removal. The dot-dash line 1138 

represents the proportional removal of carbonate-hosted components that has produced the 1139 

bulk mass loss. Error bars represent ±5% analytical uncertainty. B. “Isocon” plot for Galmoy-1140 

1 transect comparing mean element concentrations in hydrothermally dolomitized rock (16 1141 

black dolomite matrix samples) with unaltered precursor Waulsortian dolomite. The slope of 1142 

the zero net change isocon of 4.7 corresponds to an average bulk mass loss in the matrix 1143 

across the transect of approximately 79%. Broadly similar element behavior is observed to the 1144 
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Lisheen-1 transect but with a greater degree of loss of the REE linked to the higher total mass 1145 

loss inferred. 1146 

 1147 

Figure 12. Comparison of mass loss between clasts and matrix 1148 

Comparison of estimated mass loss values from matrix and clast portions of the same 1149 

samples, Galmoy-1 transect. Uncertainties in mass loss estimates for matrix samples are 1150 

derived from combined analytical errors in Al determinations in the sample and the reference 1151 

material. Parallel patterns of mass loss for clasts and matrix are observed, consistent with 1152 

locally variable bulk dissolution that affected both clasts and matrix in a given sample (clasts 1153 

always less than matrix) and/or variability in initial Al concentrations between individual 1154 

samples (where both clasts and matrix in a given sample had initially similar Al 1155 

concentrations). Given the rather systematic spatial variation in calculated mass loss about the 1156 

main hydrothermal fluid conduit, the “Central Fissure” in the Galmoy CW orebody (Lowther 1157 

et al., 2003), the latter explanation is considered unlikely. 1158 

 1159 

Figure 13. Comparison of net change in REE between clasts and matrix 1160 

Calculated net gains / losses in REE (percentage of initial content) in clast and matrix material 1161 

from Galmoy-1 transect, based on Al immobility. Clast material shows net REE gain and 1162 

matrix material shows net REE loss. Relative enrichment in LREE, particularly Ce and Eu, is 1163 

observed in both domains. 1164 

 1165 

Figure 14. Mass change with distance from feeder fault, Derryville Zone, Lisheen 1166 

Calculated mass loss in matrix samples with distance from the Derryville Fault, Lisheen-1 1167 

transect, based on both Al and La immobility. Uncertainties in mass loss estimates are derived 1168 

from combined analytical errors in Al or La determinations in the samples and the reference 1169 
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material. Excluding the footwall samples (plotted at 0 m) a general trend of increasing mass 1170 

loss with distance is observed. 1171 

 1172 

Figure 15. Net element changes with distance from feeder fault, Lisheen 1173 

Calculated net gains / losses in elements (percentage of initial content) as a function of 1174 

distance from the Derryville Fault, Lisheen-1 transect. Thick vertical dashed lines indicate 1175 

position of important faults. 1176 

 1177 

Figure 16. Comparison in net changes in REE between different ore zones 1178 

Calculated average net gains / losses in REE (percentage of initial content) as a function of 1179 

sampling location. Derryville zone samples from Lisheen have the highest net LREE addition 1180 

/ least HREE loss; samples from Galmoy are depleted. All sample suites give similar average 1181 

patterns indicative of preferential retention of LREE over the HREE in matrix dolomite and 1182 

positive anomalies for Ce and Eu, interpreted to reflect addition from hydrothermal fluids. 1183 

 1184 

Figure 17. Restoration of Lisheen cross-section to pre-hydrothermal alteration geometry 1185 

A. Current geometry of the Derryville Zone, Lisheen, based on mine section 220830 East, 1186 

close to Lisheen-1 transect (Fig. 1). B. Restoration of the base of the UWLM to its pre-1187 

mineralization position, correcting for the ~30% volume loss within the breccia interval 1188 

inferred during replacement by massive sulfide. The dashed line shows the original position 1189 

of the base of the UWLM. C. Restoration of the base of the UWLM to its pre-alteration 1190 

position correcting for the volume loss during hydrothermal dolomitization and breccia 1191 

development, based on data from individual samples along the line of section (as shown in 1192 

A). The lower dashed line shows the original position of the base of the UWLM. No 1193 

compaction of an early-lithified Waulsortian and a simple vertical collapse of secondary 1194 
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porosity are assumed. An uncertainty of ±10% in the volume correction is shown by the 1195 

dashed lines above and below the UWLM lower surface. The pronounced thinning of the 1196 

Waulsortian and correlated thickening of the UWLM above the main ore and breccia zone 1197 

observed in the present day section (A) are removed in the restoration process, consistent with 1198 

approximately constant Waulsortian thickness prior to hydrothermal activity.  1199 

 1200 

Figure 18. Models for sag development and element dispersion during hydrothermal 1201 

dolomitization and brecciation 1202 

A. Irish Midlands. Hydrothermal fluids, derived from a siliciclastic basement-equilibrated 1203 

reservoir, migrated buoyantly up active faults and spread laterally at the base of the 1204 

Waulsortian. Carbonate dissolution occurred first along grain boundary fractures and solution 1205 

seams, with the formation of replacement halos resulting in the generation of pseudobreccia 1206 

texture without significant clast translation or open space development. Replacement dolomite 1207 

in black dolomite matrix breccia is enriched in Ce, Eu and Fe (Figs. 11, 16), reflecting mildy 1208 

reducing fluids derived from the greywacke-shale Lower Paleozoic basement. Progressive 1209 

mass removal and synchronous collapse of secondary porosity resulted in subsidence and 1210 

brecciation of the mostly lithified overlying rock mass, producing permeability infilled by 1211 

white dolomite cement (white dolomite matrix breccia). Sulfide replacement of the black 1212 

dolomite matrix breccia followed. Overlying sediments were deposited in accommodation 1213 

space created by seafloor subsidence above the dissolution zone. The mass removed could 1214 

have been cycled to the ocean floor if low temperature venting of “exhaust” fluids occurred, 1215 

or reprecipitated in distal porosity. Net enrichment patterns of different elements within 1216 

hydrothermal black dolomite are illustrated qualitatively. Net transport of Na, P, Mn, Sr and 1217 

HREE out of the deposit environment could have formed an enrichment halo at the base of 1218 

the Waulsortian Limestone Formation beyond the limits of sampling, providing a potentially 1219 
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useful exploration tool. Key as for Fig. 17. B. Similar model for Middle Devonian Slave Point 1220 

hydrocarbon reservoir, NE British Columbia (modified from Davies, 2004). Note leached 1221 

limestone on fringes of hydrothermal dolomite that is interpreted to reflect partial dissolution 1222 

by cooling hydrothermal fluids. C. Map view of the Lisheen deposit, Ireland, showing extent 1223 

of hydrothermal dolomite, structural control, and location of sag features. D. Similar fault 1224 

control, sag development and extent of hydrothermal dolomite in the Ladyfern gas field, NE 1225 

British Columbia (modified from Davies and Smith, 2006). 1226 
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Table 1. Average composition of dolomite breccia matrix and clast samples from each transect at the Lisheen and Galmoy deposits (ppm). 

 

Transect  La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE
Galmoy-1 (matrix) 2.3612 4.4074 0.7084 3.0881 0.6938 0.1559 0.7626 0.1080 0.6661 0.1298 0.3961 0.0482 0.2987 0.0457 13.870 

Galmoy-1 (clasts) 2.4121 4.1948 0.6332 2.6409 0.5965 0.1375 0.6843 0.1067 0.6982 0.1418 0.4385 0.0566 0.3473 0.0534 13.142 

Galmoy-2 (matrix) 2.8500 5.2788 0.8017 3.2713 0.6535 0.1477 0.7756 0.1100 0.6571 0.1336 0.3786 0.0471 0.3226 0.0448 15.473 

Galmoy-3 (matrix) 3.0945 5.8515 0.9249 3.8603 0.7856 0.1824 0.9504 0.1367 0.8260 0.1669 0.4700 0.0574 0.3925 0.0543 17.753 

Lisheen-1 (matrix) 2.6651 4.0773 0.6461 2.6043 0.5332 0.1293 0.6205 0.0921 0.5672 0.1185 0.3363 0.0409 0.2764 0.0384 12.746 

Lisheen-2 (matrix) 2.4810 3.8064 0.6263 2.5644 0.5315 0.1262 0.6313 0.0950 0.5916 0.1245 0.3566 0.0441 0.2958 0.0412 12.316 

Lisheen-3 (matrix) 2.3336 4.1342 0.6991 2.9427 0.6142 0.1550 0.7434 0.1093 0.6558 0.1319 0.3616 0.0414 0.2860 0.0390 13.247 

Regional dolomite 0.9440 1.2320 0.2280 1.0100 0.2200 0.0420 0.2720 0.0390 0.2850 0.0590 0.1990 0.0240 0.1510 0.0240 4.730 

LOD 0.0004 0.0004 0.0002 0.001 0.0004 0.0001 0.0004 0.0001 0.0003 0.0001 0.0002 0.00004 0.0002 0.00004  

                

 Ag Al As Ba Be Ca Cd Co Cr Cu Fe K Li   
Galmoy-1 (matrix) <1 14937 1890

a
 364

a
 0.6

a
 196763 41.9V 247

a
 17.1

a
 50.3 57731 3336 2.0

a
   

Galmoy-1 (clasts) <1 5370 33
a
 107 0.1

a
 253170 3.8

a
 26.4

a
 1.7

a
 15.8 14910 820 <0.5   

Galmoy-2 (matrix) 1.2
a
 16942 455 231 0.7

a
 201811 40.6

a
 126 27.5 18.3 23811 6849 5.2   

Galmoy-3 (matrix) <1 21490 769 128 0.9 182067 13.3
a
 151 33.6 15.6 24759 8198 9.4   

Lisheen-1 (matrix) 2.4
a
 7078 168 536 0.3

a
 226411 17.0

a
 20.6 35.4 90.8 21768 2823 4.4   

Lisheen-2 (matrix) 0.5
a
 6702 80

a
 52

a
 0.3

a
 230717 8.0

a
 11.1 23.9 7.3 15546 2751 5.9   

Lisheen-3 (matrix) 1.5
a
 10800 195 81

a
 0.2

a
 200205 28.1

a
 94.4 35.9 13.0 19482 4300 4.4   

Regional dolomite <1 3197 13 25 <0.1 276797 <0.5 <1 169
a
 22.3 5361 265 <0.5   

LOD 1 30 10 5 0.1 50 0.5 1 1 1 50 50 0.5   

                

 Mg Mn Mo Na Ni P Pb S Sr Ti V Zn    
Galmoy-1 (matrix) 98035 595 5.6

a
 1603 672 375 647

a
 52540 112 980 12.6

a
 46648    

Galmoy-1 (clasts) 128538 829 <5 2055 213 57
a
 54.5

a
 6936 95 169 <2 4310    

Galmoy-2 (matrix) 92380 362 4.8
a
 1671 231 459 704 17581 104 1134 22.0

a
 21962    

Galmoy-3 (matrix) 94739 349 <5 1464
a
 251 371 313 17799 76 1312 23.4 15926    

Lisheen-1 (matrix) 111013 398 46
a
 1779 87 418 1288

a
 16540 105 437 30.1 11445    

Lisheen-2 (matrix) 113169 474 50
a
 1860 83 358 573

a
 9645 113 395 20.8

a
 4120    

Lisheen-3 (matrix) 104878 524 52
a
 1555 263 558 1418

a
 17243 79 637 29.0 55828    

Regional dolomite 128483 210 <5 2303 28 349 3.0
b
 56

a
 127 180 <2 61    

LOD 10 5 5 50 2 20 20 10 5 2.5 2 1    
a
 Average includes half detection limit value in calculation where some results were below detection (LOD). 

b
 Determined by ICP-MS. 
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Table 2. Concentration range and likely mineral hosts for elements determined in dolomite 

breccia samples. 

 

Element Concentration range (ppm) Likely host phase(s) 
a 

Ag <1 – 22.5 sulfosalts, sphalerite, galena 
Al 310 – 98020 muscovite, illite? 
As <10 – 12960 arsenopyrite, pyrite, niccolite 
Ba <5 – 10990 barite, muscovite, apatite 
Be <0.1 – 3.4 muscovite 
Ca 11000 – 295800 dolomite 
Cd <0.5 – 420.5 sphalerite 
Co <1 – 929 sulfosalts, pyrite, sphalerite 
Cr <1 – 158 muscovite, chromite? 
Cu <1 – 1322 dolomite, sulfosalts, pyrargyrite? 
Fe 5100 – 250030 pyrite, dolomite, sphalerite 
K 125 – 40100 muscovite, illite? 
La <0.5 – 19 dolomite, apatite 
Li <0.5 – 51 muscovite 

Mg 13495 – 129510 dolomite 
Mn 35 – 1612.5 dolomite, pyrite, sphalerite 
Mo <5 – 835 sulfide? 
Na <50 – 2425 dolomite 
Ni 11 – 2418 niccolite, pyrite, sphalerite? 
P <20 – 1700 apatite, dolomite 
Pb <20 – 11870 galena, sulfosalts 
S 245 – 217095 sphalerite, galena, pyrite 
Sr 38 – 260 dolomite, muscovite 
Ti 19 – 6210 muscovite, rutile? 
V <2 – 171 muscovite, apatite 
Zn 14 – 257360 sphalerite 

a 
Based on known mineralogy of deposits, interelement correlations and whether the element reports to the 

leachate or residue fraction. 
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Table 3. Correlation matrix for calculated net additions and losses of elements in breccia matrix samples from the Lisheen-1 transect. 

 

  As Ba Be Ca Cd Co Cr Cu Fe K La Li Mg Mn Mo Na Ni P Pb S Sr Ti V Zn 

As 1.000                        

Ba 0.278 1.000                       

Be 0.112 0.241 1.000                      

Ca 0.696 0.318 0.549 1.000                     

Cd 0.848 0.196 0.026 0.349 1.000                    

Co 0.667 0.178 0.154 0.301 0.867 1.000                   

Cr 0.130 0.418 0.040 0.478 0.038 0.069 1.000                  

Cu 0.089 0.046 -0.039 0.078 0.195 0.172 0.053 1.000                 

Fe 0.845 0.197 0.158 0.810 0.467 0.331 0.196 0.083 1.000                

K 0.514 0.344 0.525 0.683 0.433 0.547 0.209 -0.159 0.354 1.000               

La 0.160 0.704 0.071 -0.037 -0.065 0.144 0.178 0.544 -0.100 0.303 1.000              

Li 0.526 0.349 0.603 0.874 0.138 0.099 0.230 0.064 0.733 0.591 -0.085 1.000             

Mg 0.701 0.305 0.502 0.997 0.361 0.288 0.492 0.100 0.811 0.653 -0.083 0.853 1.000            

Mn 0.296 0.158 0.128 0.697 -0.019 -0.004 0.518 0.075 0.512 0.469 0.163 0.654 0.673 1.000           

Mo 0.499 0.270 -0.327 0.257 0.342 0.222 0.640 0.658 0.722 -0.321 0.987 0.237 0.321 -0.077 1.000          

Na 0.677 0.315 0.514 0.998 0.324 0.266 0.509 0.071 0.803 0.660 -0.067 0.869 0.997 0.715 0.273 1.000         

Ni 0.840 0.410 0.024 0.629 0.858 0.792 0.424 0.226 0.611 0.532 0.353 0.396 0.643 0.269 0.556 0.621 1.000        

P 0.838 0.601 0.265 0.727 0.626 0.416 0.176 0.026 0.708 0.614 0.749 0.679 0.730 0.371 0.467 0.717 0.738 1.000       

Pb 0.638 0.147 -0.009 0.119 0.931 0.901 -0.011 0.218 0.206 0.335 -0.287 -0.083 0.132 -0.246 0.360 0.094 0.791 0.416 1.000      

S 0.912 0.184 0.037 0.721 0.613 0.456 0.102 0.092 0.976 0.331 -0.186 0.633 0.724 0.372 0.735 0.708 0.678 0.724 0.378 1.000     

Sr 0.680 0.343 0.569 0.921 0.300 0.285 0.351 -0.089 0.821 0.699 0.092 0.908 0.894 0.737 0.000 0.916 0.530 0.708 0.050 0.742 1.000    

Ti -0.078 0.669 0.164 -0.264 0.010 -0.005 -0.123 0.094 -0.192 -0.090 0.613 -0.109 -0.278 -0.340 0.145 -0.272 -0.031 0.148 0.087 -0.136 -0.159 1.000   

V 0.492 0.383 0.081 0.052 0.674 0.654 -0.086 0.489 0.250 0.041 0.729 -0.047 0.066 -0.352 0.689 0.022 0.601 0.369 0.758 0.383 -0.033 0.401 1.000  

Zn 0.730 0.186 -0.012 0.226 0.967 0.919 0.018 0.181 0.324 0.419 -0.161 0.019 0.234 -0.131 0.326 0.199 0.826 0.505 0.985 0.486 0.179 0.064 0.718 1.000 

Highly significant correlations are highlighted in black cells; all other significant correlations at the 99% confidence limit (r > 0.575) are shaded in grey. Analysis excludes 

three “footwall” samples from within the Derryville Fault Zone. 
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