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ABSTRACT 24 

 25 

The genesis of hydrothermal ore deposits is of crucial economic importance. This study 26 

investigates the extent, causes and consequences of zinc and iron isotope fractionation in a 27 

large hydrothermal system at the world-class Navan Zn-Pb orebody, Ireland. Large 28 

variations in Zn, Fe and S isotope compositions have been measured in microdrilled 29 

sphalerite (ZnS) at the millimetre scale. δ66Zn and δ56Fe display a well-defined positive 30 

correlation and both also correlate with δ34S. These relationships represent the combined 31 

effects of kinetic Zn and Fe isotope fractionation during sphalerite precipitation, and S 32 

isotope variation through mixing of hot, metal-rich hydrothermal fluids and cool, 33 

bacteriogenic sulfide-bearing brines. Combined with S isotope data, δ56Fe and δ66Zn data 34 

on mine concentrates confirm that hydrothermal sulfide is a minor component of the overall 35 

deposit signature. Our data suggest that incoming pulses of metal-rich hydrothermal fluid 36 

triggered sulfide mineralisation, and that rapid precipitation of sphalerite from 37 

hydrothermal fluids will lead to strong kinetic fractionation of Zn and Fe isotopes at very 38 

short time and length scales, thereby limiting the use of Fe and Zn isotopes as exploration 39 

tools within deposits, but revealing the possibility of detecting new deposits from 40 

isotopically heavy Zn-Fe geochemical halos. 41 

42 
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1. INTRODUCTION 43 

 44 

Elucidation of fluid pathways, sulfide precipitation environments and the quantification of 45 

sulfide crystallization are important, but often poorly known, factors in mineral exploration 46 

that is increasingly directed to more deeply buried targets. The extent and causes of isotope 47 

fractionation of transition metals in low to medium temperature hydrothermal systems 48 

show potential for mineral exploration (Kelley et al., 2009). Studies of Zn isotopes in 49 

hydrothermal environments suggest the incorporation of light isotopes in sulfides in 50 

deeper/hotter parts of the hydrothermal system; kinetic Raleigh isotope fractionation has 51 

been inferred to account for the evolution from light to heavy Zn isotopic composition, i.e. 52 

residual fluid and late precipitates should have heavy Zn (Wilkinson et al., 2005a; Mason et 53 

al., 2005; John et al., 2008; Sivry et al., 2008; Kelley et al., 2009; Dekov et al., 2010). In 54 

most studies, the databases are limited in terms of their sample coverage, mass balance and 55 

their ability to quantify relative fractionations.  56 

     Fe isotopes may be significantly fractionated by redox processes (e.g. Dauphas and 57 

Rouxel, 2006, and references therein), yielding a greater range in Fe isotopic composition 58 

in natural environments (up to 5‰), compared to Zn (<0.5‰ in most cases) for which 59 

redox processes are unimportant, as Zn has only one common oxidation state, Zn2+. Abiotic 60 

kinetic Fe isotope fractionation has been demonstrated in a range of hydrothermal settings 61 

and sedimentary environments (Rouxel et al., 2003; 2004; Matthews et al., 2004; Markl et 62 

al., 2006; Busigny and Dauphas, 2007; Dekov et al., 2010). Studies of the effects of sulfide 63 

precipitation on Fe isotopic systems are largely restricted to Fe and Fe-Cu sulfides (e.g., 64 

Rouxel et al., 2003; 2004; Butler et al., 2005; Guilbaud et al., 2010; 2011). Sulfides formed 65 

at low to medium hydrothermal temperatures (100-320ºC) at the seafloor contain 66 

isotopically light Fe (Rouxel et al., 2003; 2004). However, there remain few metal stable 67 
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isotopic data from low to medium temperature ore systems, especially for economic 68 

sulfides in large economic deposits. Furthermore the potential value of combined Zn-Fe 69 

isotopic data, on which our study focuses, has not previously been explored. 70 

This study examines the world-class Navan Zn-Pb ore deposit (Fig. 1) to elucidate 71 

spatial and temporal variations of Zn and Fe isotopes within a large hydrothermal system. 72 

These data are coupled with new data on S isotopes, whose behavior in Irish-type ore 73 

systems is already well established (e.g. Fallick et al., 2001). Navan comprises stratabound 74 

sphalerite-galena-Fe sulfide lenses precipitated primarily via carbonate replacement, with 75 

subordinate open space filling, during normal faulting (Ashton et al., 2003). By taking 76 

samples of layered sphalerite, bulk Zn concentrates (Fallick et al., 2001) and potential 77 

source rocks (Walshaw et al., 2006), we are able to examine processes of metal isotopic 78 

fractionation ranging from millimeter to kilometer scales. Layered textures are common in 79 

sphalerite across a range of ore deposit styles (Barrie et al., 2009a, and references therein) 80 

and where colloform in nature (Roedder 1968) faithfully record ore crystallization at a fine 81 

scale. Bulk concentrates, representing several thousand tonnes of ore, offer insight into the 82 

behavior of the large-scale ore system, and constrain mass balance. 83 

 84 

2. GEOLOGY OF THE NAVAN ORE DEPOSIT 85 

 86 

Ireland is host to several significant carbonate-hosted, base metal ore deposits which 87 

together currently represent the greatest concentration of Zn, per square kilometer, on Earth 88 

(Singer, 1995). The Navan ore deposit (Fig. 1) is the largest of these Irish-type base metal 89 

deposits, a deposit class commonly considered to be part of a larger group of carbonate-90 

hosted base metal deposits that has affinities to both Mississippi Valley-type (MVT) (Leach 91 

and Sangster, 1993) and SEDEX deposits (Blakeman et al., 2002). In almost continuous 92 
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production since 1977, and currently the largest zinc producer in Europe, the ore already 93 

extracted at Navan plus reserves together amount to more than 105 million tonnes at an 94 

average grade of ~8.3 % zinc and ~2.1% lead (Ashton et al., 1986, 2003). Improved 95 

understanding of the Navan ore deposit is the key to understanding Irish-type ore deposits 96 

and hence will support mineral exploration strategies.  97 

 98 

In the Navan area, Lower Carboniferous sedimentary rocks lie unconformably on 99 

deformed Lower Palaeozoic rocks of the Longford-Down Inlier. The NE-trending 100 

Ordovician succession includes sedimentary and basic to intermediate volcanic rocks and is 101 

enclosed to the NW and SE by Silurian greywackes, sandstones, siltstones and mudrocks 102 

(Vaughan, 1991). Faunal, structural, isotopic and geophysical evidence suggest that the 103 

Lower Palaeozoic rocks lie just above the northward-dipping Iapetus Suture (Phillips, 104 

2001). A Precambrian gneissic basement at 3-4 km depth has been proposed on geophysical 105 

evidence (Williams and Brown, 1986), but there are no exposures of Precambrian rocks. 106 

 107 

The Lower Carboniferous succession (Philcox, 1984; Strogen et al., 1996) has been 108 

ascribed to a northerly marine transgression. The Courceyan Navan Group comprises thin 109 

red beds which pass upwards into a varied sequence of locally dolomitised, shallow marine 110 

carbonates, with lesser amounts of sandstone and shale (Anderson et al., 1998). The ore 111 

deposit is hosted primarily in the Pale Beds which dominate the Courceyan sequence in the 112 

mine, and which comprise pale to medium grey micrites, oolitic and bioclastic calcarenites, 113 

dolomite, calcareous sandstones and minor shale-silt layers. The main orebody at Navan 114 

consists of a stacked series of stratabound lenses divided into several zones by major NE to 115 

ENE-trending faults (Anderson et al., 1998; Ashton et al., 2003). The Pale Beds are 116 

overlain successively by the Courceyan Shaley Pales, which also contain economic 117 
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mineralisation, and the Courceyan to Chadian Argillaceous Bioclastic Limestones and 118 

Waulsortian Limestones, which do not contain significant ore at Navan, but do so 119 

elsewhere in Ireland (Hitzman, 1995). Mineralisation is spatially and temporally associated 120 

with Courceyan to Chadian extensional faulting, though the exact relationship between 121 

faulting and mineralisation remains contentious, as does the timing of ore deposition (e.g. 122 

Anderson et al., 1998; Peace and Wallace, 2000; Blakeman et al., 2002; Symons et al., 123 

2002).  124 

 125 

The economic minerals of the Navan deposit comprise sphalerite and galena; gangue 126 

minerals include pyrite, marcasite, barite, calcite and dolomite. Broadly, the main ore stage 127 

generally consists of massive and banded sphalerite, commonly accompanied by galena and 128 

iron sulphides, with calcite and sometimes dolomite both pre- and post-dating ore 129 

(Hitzman, 1995; Braithwaite and Rizzi, 1997). Textures of the main ore stage minerals 130 

predominantly result from carbonate replacement, but laminated ores filling open cavities 131 

and fractures are also common (Ashton et al., 1986, 2003; Anderson et al., 1998). 132 

 133 

Published fluid inclusion data indicate fluids with homogenisation temperatures (Th) 134 

ranging from 75 – 170 ºC and salinities of 6 – 18 wt. % NaCl equiv. (Wilkinson 2010). 135 

Sulfur in the Navan ore deposit, as with other Irish-type economic deposits, has a dual 136 

source resulting from mixing of a deep, relatively hot hydrothermal fluid and a shallow, 137 

relatively cool surface brine, bearing two distinct S sources (Boyce et al., 1983; Anderson 138 

et al. 1998; Fallick et al. 2001; Wilkinson et al., 2005b). At Navan, the hydrothermal end-139 

member is characterised by δ34S values clustering around +10 ± 10‰, which is isotopically 140 

consistent with the dominant range of δ34S in diagenetic pyrite in Lower Palaeozoic rocks 141 

regionally (Anderson et al. 1989; Fallick et al. 2001; Blakeman et al. 2002). The shallow 142 
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brine is an evaporated seawater, dominated by isotopically light bacteriogenic sulfide, 143 

derived from the open-system (with respect to sulfate) bacterial reduction of Lower 144 

Carboniferous seawater sulfate, with δ34S typically around -15 ±10‰ during ore deposition. 145 

(Anderson et al., 1998; Fallick et al, 2001; Blakeman et al., 2002). Compared with the 146 

bacteriogenic sulfide, basement-derived hydrothermal sulfide is volumetrically minor 147 

(<10% total ore sulfide; Fallick et al. 2001), a continuous source of bacteriogenic sulfide 148 

being essential for the development of the giant ore deposit at Navan (Anderson et al. 1998; 149 

Fallick et al. 2001). Ore precipitation is known to have occurred where the two fluids met. 150 

Blakeman et al. (2002) showed that extensional faults, active during and after deposition of 151 

the Pale Beds, acted as conduits for the hydrothermal fluids, characterised by positive δ34S 152 

values and relatively coarse sulfide textures. They also showed that bacteriogenic sulfide 153 

dominated outwith 3m of the footwall of these faults. 154 

Pb isotope analysis of Navan galena, and other Irish-type deposit sulfides, provides 155 

strong evidence of derivation of the Pb, and presumably Zn and Fe, from local underlying 156 

Silurian and Ordovician sedimentary and volcanic rocks (LeHuray et al., 1987; Mills et al. 157 

1987; Dixon et al., 1990). Furthermore, leaching experiments of typical Lower Palaeozoic 158 

lithologies also indicate release of Pb, Zn and Fe in ratios similar to those found within the 159 

overlying ore deposits (Bischoff et al., 1981). Thus, there is compelling evidence that the 160 

hydrothermal fluid carried all the metals, and some sulfide, with the latter having a distinct 161 

34S-enriched character, compared to the surface fluid. By contrast, whilst the surface fluid 162 

carried what was to be the critical bacteriogenic sulfide source, there is little evidence that 163 

this fluid, buffered overwhelmingly by carbonates, with minor clastics, carried any Zn, Pb 164 

or Fe (Walshaw et al., 2006). Thus, whilst a two component mixing model is essential to 165 

understand S isotope variations, it is not justified to account for any Zn, Pb or Fe isotope 166 

variations in the deposits.  167 
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 168 

3. SAMPLES 169 

 170 

Five representative drill-core samples (21643B, 21642E, 21642C, 21644A and NO1663-171 

NV3, hereafter named D1, D2, D3, D4 and D5, respectively; Fig. 2) were collected from 172 

the north-east of the deposit in the 5-lens, the stratigraphically lowest and largest ore lens 173 

(Fig. 2; Blakeman et al., 2002; Ashton et al., 2003). Sample details can be found in the 174 

Appendix. 175 

Although mineralogy at Navan is relatively simple, paragenesis is complex (Fig. 2). 176 

Common textures include: 1) well-defined, sometimes colloform, layers of sphalerite (Fig. 177 

3a); 2) widespread skeletal/dendritic galena (Fig. 3a) and 3) various combinations of 178 

individual sulfide grains and textures with a chaotic, clastic arrangement (Fig. 2). Details of 179 

the layered sphalerite textures are illustrated in Fig. 3, along with inferred growth 180 

directions. Sphalerite in samples D3 and D4 has very similar individual layer thickness 181 

(>0.3 mm), moderate variation in colour and occurrence of resorbed galena within the 182 

layered zones (Fig. 3a, c). In contrast, sample D1 is characterised by extremely fine 183 

layering (mean = 0.2 mm, but often <0.1 mm; Fig. 2a), greater colour contrasts and the 184 

absence of galena. The texture in sample D2 differs from the other three as it consists of a 185 

sequence of thick layers of more granular, fine-grained sphalerite intergrown with barite 186 

(Fig. 2b). 187 

Sample D5 (Fig. 2e) was also investigated, since a bacteriogenic sulfur signature was 188 

determined in sphalerite from this sample (minimum δ34S of -15.5‰; Barrie et al., 2009b). 189 

The texture in D5 closely resembles that of sample D2, with layering instead of fine 190 

rhythmic banding, the absence of galena associated with sphalerite, and the widespread 191 

occurrence of barite finely intergrown with sphalerite. 192 
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 193 

Four mine concentrates from the U-Lens and 1-Lens at Navan were also analysed for 194 

their Zn, Fe and S isotopic compositions. In addition, six basement samples from the 195 

U9555 core drilled beneath the Navan orebody on the footwall of the B-fault (Fig. 2) were 196 

analysed. These basement samples span a range of mineral and chemical compositions, 197 

including felsic tuff, agglomerate, volcanogenic sediment, altered shist and mudstones.  198 

 199 

One previous significant study has been published on Zn isotopes in the Irish orefield, 200 

that of Wilkinson et al. (2005a), which was essentially a pathfinder study, and one of the 201 

first ever papers publishing ore deposit Zn isotope data. One sample was from Navan, and 202 

was specified as being from the orebody, the remaining samples being a variety of 203 

sphalerites from Lower Palaeozoic hosted veins, other producing ore deposits and 204 

prospects. In contrast, our study focuses fully on the Navan deposit, which is at least 5 205 

times larger than any Irish-type deposit discovered to date. We also provide a view from a 206 

variety of well characterised scales, from both bulk mine concentrates and sub-millimetre 207 

textures. 208 

 209 

4. ANALYTICAL PRODECURE 210 

 211 
4.1.  Microsampling 212 

 213 

Sampling of individual sphalerite layers for Zn and Fe isotope analysis has been carried out 214 

using a New Wave computer-controlled micromill, at a spatial resolution of 100-300 µm. 215 

The zone for microdrilling was targeted on the basis of both adequate textural features 216 

(including minimal amount of barite inclusions) and, in some cases, the reported δ34S 217 
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results (sample D5; Barrie et al., 2009b). Care was taken to sample individual sphalerite 218 

bands that were visually free of other minerals. An example is shown in Fig. 4 on sample 219 

D1. Minute crystals of barite could not be avoided during microsampling of samples D2 220 

and D5. These were not removed by chemical treatment, to avoid increasing the Fe blank. 221 

However, petrographic observations suggest that barite represents a minor proportion of the 222 

sulfide fraction analysed in both samples (<10%). 10% barite would have negligible effect 223 

on Zn, Fe and Pb isotope ratios. 224 

 225 

4.2. Chemistry 226 

 227 

Prior to Zn, Fe and Pb isotopic analysis, sphalerite micro-samples were chemically purified 228 

on small columns containing 1 mil of pre-cleaned 200-400 mesh AG1-X8 anion-exchange 229 

resin, using a protocol adapted from Yamakawa et al. (2009) and Dauphas et al. (2009a). 230 

The digestion and chemical separation procedure used is detailed in Table 1. The same 231 

method was applied for both sulfide and whole-rock samples. We found that another 232 

purification step, which would have added some additional blank (especially critical for Fe 233 

isotopic analyses; see below) was not necessary to obtain reliable isotopic data with 234 

acceptable uncertainties. Full recovery of Zn and Fe was determined semi-quantitatively by 235 

comparing voltages between unprocessed and processed standard materials, and found to be 236 

complete (100 ± 2%). 237 

 238 

4.3. Mass spectrometric measurements 239 

 240 

Zn, Fe and Pb isotopic measurements were carried out using a Thermo-Scientific Neptune 241 

MC-ICP-MS instrument, while S isotopic measurements were carried out by in-situ laser 242 
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ablation attached to a gas extraction line and a VG SIRA II isotope ratio gas mass 243 

spectrometer. Details of the methods are described below. 244 

 245 

4.3.1. Zn isotopic analyses 246 

 247 

A stable introduction system (SIS) consisting of double-pass Scott spray chamber with a 248 

self-aspirating concentric PFA nebulizer was used for Zn, Fe and Pb isotopic 249 

measurements. The low-resolution entrance slit was used in this study for Zn and Pb 250 

isotopic analyses. As both Cu-doping and standard-bracketing methods were tested as 251 

alternatives for optimum isotopic measurements (see below), the Faraday cups were aligned 252 

to measure 64Zn (L2), 66Zn (centre), 67Zn (H1), 68Zn (H2), 70Zn (H4), 63Cu (L3) and 65Cu 253 

(L1) isotopes. One measurement consisted of 80 integrations of 4.2 s, comprising four 254 

blocks of 20 cycles each. On-peak baseline was performed before each block, and peak 255 

centring on 64Zn was carried out at the start of the sample isotopic measurement. Standards 256 

and samples were measured in solution in ultra-pure 0.34M HNO3. Ultra-pure c. 0.5M 257 

HNO3 was aspirated between each measurement for at least 1 minute. Ni skimmer and 258 

sample cones were used for both sample and standard measurements. 259 

 260 

Zn isotopic ratios are expressed in standard delta notation in per mil units relative to the 261 

average value of the respective bracketing standards, as follows: 262 

 263 

δ66Zn IMC = [(66Zn / 64Zn)sample / (66Zn / 64Zn)IMC – 1] * 1000 264 

 265 

The Johnson Matthey Purotronic Zn metal (batch 12053; reference IMC Zn) was used 266 

both as in-house standard bracket and normalising standard. The widely used ‘Lyon’ Zn 267 
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standard JMC 3-0749L was not available at the time of analyses due to its exhaustion. 268 

Currently, no data exist on the isotopic difference between standards IMC 12053 and JMC 269 

3-0749L. Mason et al. (2005) reported 0.09‰ isotopic differences between Purotronic IMC 270 

27040 Zn (i.e. same metal wire but different batch number to our in-house standard) and 271 

JMC 3-0749L Zn. A similar fractionation factor is expected between IMC 12053 Zn and 272 

JMC 3-0749L Zn. Despite not being negligible, this would not affect the total range of 273 

δ66Zn displayed by our data (0.55‰), though individual analyses may be shifted by c. 0.1‰ 274 

towards heavier Zn if normalised to the Lyon JMC Zn standard. However, the similar Zn 275 

isotopic range between our data and those reported in Wilkinson et al. (2005a), as well as 276 

acceptable values for the SRM 682 standard (see below), both suggest a very small to 277 

negligible effect. Our Zn isotope data can thus be directly compared with existing Zn 278 

isotope data reported from the Irish orefield (Wilkinson et al., 2005a). 279 

 280 

A method of sample-standard bracketing was adopted (e.g. Bermin et al., 2006), with 281 

particular care in matching intensities between sample and standard. On average, three 282 

sample analyses were carried out, each being bracketed by two standard analyses. Cu 283 

doping coupled with standard-bracketing was also tested as an alternative for mass bias 284 

correction (Stenberg et al., 2004; Chen et al., 2009), but did not offer substantial 285 

improvements on data quality and time of analyses compared to the normal standard 286 

bracketing method. The extent of instrumental mass bias for Zn (assessed using repeated 287 

measurements of IMC Zn standard) in our Neptune instrument is indistinguishable from 288 

that theoretically predicted (Fig. 5). 289 

Sample analyses were carried out at least twice (up to four times in some cases, see 290 

Table 2) in separate analytical sections. The reported results are an average of these repeats 291 

(average uncertainty of 0.03‰, SD). Sample uncertainties were also independently assessed 292 
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using the pooled standard deviation (as defined in John et al., 2007) on samples analysed a 293 

number of times (samples drilled from D1; see Table 2). The resulting uncertainty (± 294 

0.07‰) is comparable to the instrumental reproducibility based on multiple analyses of 295 

standard IMC Zn (± 0.03‰; n = 120), and compares with uncertainties for both standard 296 

and sample analyses (± 0.04‰; see above). 297 

 298 

The robustness of our method was assessed by repeating the entire procedure (including 299 

microdrilling, dissolution, chromatographic separation and spectrometry) on two sphalerite 300 

samples (D4-drill 6 and D3-drill 6; Table 2) drilled along the same growth bands. More 301 

sphalerite was drilled in both cases (at least twice as much) to also assess the validity of our 302 

blank correction for Fe (see below). For δ66Zn, identical results were obtained in the two 303 

cases (Table 2), giving us confidence in the reliability of our method, which can be applied 304 

to a variety of sample material. In all cases, the blank contributed less than 0.01% of the 305 

total sample signal and is thus insignificant, and, unlike Fe, does not require any blank 306 

correction procedure. 307 

 308 

δ66Zn (delta notation relative to IMC Zn) for synthetic standard SRM 682 and MASS-1 309 

sulfide standard (Wilson et al., 2002) are 2.51 ± 0.03‰ (SD, n = 6) and 0.02 ± 0.06‰ (SD, 310 

n = 4), respectively. Our value for standard SRM 682 is within error of that reported in 311 

John et al. (2007) (2.45 ± 0.05‰). The δ66Zn value for MASS-1, which was digested 312 

following a procedure adapted from Wilson et al. (2002) using a combination of 313 

concentrated HF, HNO3, aqua regia and 6M HCl, is the first published analysis for this 314 

sulfide standard. One Zn isotopic analysis was obtained for standard NOD-P1 (0.63 ± 315 

0.07‰, SD) using substantially more material than for Fe, which is a major chemical 316 

constituent of this standard (8.3%) compared to Zn (1600 ppm). Our δ66Zn value is within 317 
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error of that reported in Chapman et al. (2006) (0.78 ± 0.09‰). This result supports our Fe 318 

isotopic data for this standard, for which a δ56Fe difference of more than 0.2‰ between the 319 

published value of Dideriksen et al. (2006) and our results was obtained (see below). 320 

 321 

4.3.2. Fe isotopic analyses 322 

 323 

Fe isotopic analyses were carried out at medium resolution, which allowed the 324 

identification of a plateau free of argide interferences (Weyer and Schwieters, 2003; 325 

Schoenberg and von Blanckenburg, 2005). The Faraday cups were aligned to measure 53Cr 326 

(L4), 54Fe (L1), 56Fe (centre), 57Fe (H1), 58Fe (H2), and 60Ni (H4) isotopes. One 327 

measurement consisted of one block of 30 cycles of 8.2 s each. The ion intensity of 53Cr 328 

was measured to monitor possible interferences of 54Cr on 54Fe (Dauphas et al., 2009a). The 329 

54Cr correction procedure assumed a natural isotopic abundance for Cr. The calculated 330 

contribution of 54Cr is <0.01% of the total 54Fe, which is negligible and requires no 331 

correction. Ni skimmer and sample cones were used for both sample and standard 332 

measurements. X-skimmer cones were also tested towards the end of this study, which 333 

increased substantially (up to four times) the 56Fe sensitivity compared to the normal Ni 334 

skimmer cones. This allowed us to repeat some Fe isotopic analyses (samples drilled from 335 

21644A), though we note that very careful tuning was necessary to obtain reasonable errors 336 

for individual analyses, which were thus more time consuming. 337 

 338 

Fe isotopic ratios are expressed in standard delta notation in per mil units relative to the 339 

average value of the respective bracketing standards, as follows: 340 

 341 

δ 56Fe = [(56Fe / 54Fe)sample / (56Fe / 54Fe)IRMM14 – 1] * 1000 342 
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 343 

As recommended by Dauphas et al. (2009a), a method of sample-standard bracketing 344 

was adopted for Fe isotopic analyses, with particular care taken in matching standard and 345 

sample intensities (Fe intensities matched within less than 5% in all measurements). On 346 

average, five sample analyses were carried out, each being bracketed by two standard 347 

analyses. Following published Fe isotopic studies, the metal standard IRMM-14 was used 348 

as the bracketing standard. Repeated measurements of this standard indicate that the 349 

instrumental mass bias follows the mass dependent isotopic fractionation (δ56Fe ~ 0.67 x 350 

δ57Fe) predicted by theory (Fig. 5). The wide spread of log 57/54 Fe and log 56/54 Fe ratios 351 

for the same standard (Fig. 5) reflect different instrumental mass bias observed across 352 

multiple days and analytical sessions, but the slope in all cases follows mass dependent 353 

fractionation. 354 

 355 

Generally, the uncertainty for individual δ56Fe sample analyses is marginally worse 356 

than for Zn, which is likely to be related to some mass bias instability due to the presence 357 

of matrix elements eluted with Fe. Another column purification step could have been used 358 

(Dauphas et al., 2009a; Yamakawa et al., 2009), but this has deliberately been omitted to 359 

minimize the blank, especially for samples containing as little as 5-10 µg Fe. The possible 360 

influence of matrix element on the accuracy of Fe isotopic data has been tested in 361 

Schoenberg and von Blanckenburg (2006) and Dauphas et al. (2009a) using Fe solution 362 

doped with various metals. Both studies indicate that the presence of residual matrix 363 

elements after chemistry does not have an impact on the accuracy of the Fe isotopic data, as 364 

long as their concentration are kept at a low level (element/Fe < 2; Dauphas et al., 2009a). 365 

We have systematically checked for the presence of residual matrix elements, and we found 366 

that these account for less than 5-10% of the total amount of Fe present for analysis. 367 
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Following our purification procedure, we found that most of the matrix elements in 368 

sphalerite samples were eliminated after repeated washing with 6M HCl prior to elution of 369 

Fe using 0.4M HCl. A minimum of 2.5 mils of sample solution was necessary for a single 370 

measurement; when a limited amount of Fe was available, only one analysis was carried 371 

out (Table 1). In any case, the reported errors (after replicate analyses) are in the range of 372 

those reported elsewhere. The large error obtained in some cases (up to 0.3‰; Table 2) is 373 

nevertheless small relative to the large range of δ56Fe obtained in this study. 374 

 375 

The Fe blank contribution (average of 300 mV), which includes sample digestion, 376 

chemistry and mass spectrometric procedures, generally accounts for between 2% and 5% 377 

of the sample signal, and less than 1-2% where larger samples (> 10 µg Fe) were processed. 378 

A blank contribution of >2% (maximum of 5.9%; Table 2), despite extensive cleaning of 379 

the resin, relates to very small sample sizes for a relatively low Fe content in sphalerite (< 380 

0.5 wt%; Gagnevin and Menuge, unpublished data). Measurement of the isotopic 381 

composition of the blank was thus attempted in two instances. Despite not being accurate 382 

(only two blocks of data were obtained in each case using 1 ml of solution), a highly 383 

fractionated Fe isotopic composition was systematically obtained (δ56Fe = -7.4 ± 0.7‰ and 384 

–9.7 ± 0.4‰, average of –8.6‰). A blank correction was thus applied (Table 2) to all δ56Fe 385 

sample analyses using this mean, highly fractionated δ56Fe blank value of –8.6‰. This 386 

blank correction results in an average decrease of about 0.2‰ (± 0.14‰) from the 387 

measured δ56Fe value. This blank correction can be considered reasonably accurate, since 388 

larger microdrilled samples (D4-drill 6 and D3-drill 6) yielded identical values to smaller 389 

samples of the same material where a more substantial blank correction was applied (Table 390 

2). Consequently, the blank correction is not considered in the overall uncertainty of 391 

individual Fe isotopic measurements, as reported in Fig. 6 and Table 2. Similar δ56Fe values 392 
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in replicates with contrasted amounts of Fe imply that full Fe recovery was achieved during 393 

chromatographic separation. Finally, we note that the extent of isotopic variation before and 394 

after the blank correction is within the range of the instrumental reproducibility assessed 395 

from repeated analyses of IRMM-14 standard (0.14‰; n = 180) in more than half of the 396 

cases, further emphasizing that this correction does not have a significant impact on the 397 

final, blank-corrected values. The correlation between δ56Fe and δ66Zn (see Fig. 6) can thus 398 

be considered as valid and reasonably accurate. 399 

 400 

When sufficient solution was available (in eleven cases), samples were run twice in 401 

separate analytical sessions. In such cases, the reported results are an average of these 402 

repeats. When Fe isotopic analyses were carried out only once (due to a limited amount of 403 

available solution), the reported uncertainty corresponds to the pooled standard deviation 404 

from the eight replicate analyses (± 0.13‰). We note that this uncertainty is similar to the 405 

external instrumental reproducibility based on multiple analyses of standard IRMM-14 over 406 

a period of eight months (± 0.14‰; n = 180). 407 

 408 

δ56Fe (delta notation relative to IRMM-14 standard) for the basalt standard BCR-2 and 409 

Mn-nodule standard NOD-P1 are 0.03 ± 0.07‰ (SD, n = 8) and -0.67 ± 0.02‰ (SD, n = 7), 410 

respectively. Our δ56Fe average value for BCR-2 is within the 0.02-0.05‰ range of 411 

published values (Dauphas et al., 2004; 2007; 2009a; Dideriksen et al., 2006). However, 412 

our δ56Fe value for the NOD-P1 standard is significantly lighter than previously reported 413 

(δ56Fe  = -0.4‰; Dideriksen et al., 2006). We suggest that this discrepancy may be related 414 

to a different digestion method for this Mn-nodule standard. Our digestion procedure 415 

involves a combination of HCl, HNO3 and HF, leaving no observed undigested residue. 416 

This contrasts with the Dideriksen et al. (2006) study where only 6M HCl was used for 417 
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standard digestion, with reportedly incomplete digestion, which may have led to a different 418 

result through incomplete release of Fe. We thus consider the value reported in Dideriken et 419 

al. (2006) as being less reliable. 420 

 421 

4.3.3. Pb isotopic analyses 422 

 423 

A method of standard backeting coupled with Tl-doping on standard SRM981 was adopted 424 

for Pb isotopic analyses. The final Pb isotopic ratios are the result of six sample analyses 425 

and four standard analyses; mass bias was corrected following the exponential law (White 426 

et al., 2000). The average 206Pb/204Pb value for standard SRM981 (16.929 ± 0.004; SD, n = 427 

20) is well within the accepted range for both TIMS and MC-ICPMS measurements (see 428 

compilation on GeoReM; Jochum et al., 2005). Linear mass bias behaviour was assumed 429 

between each bracketing standard analysis. 430 

 431 

4.3.4. S isotopic analyses 432 

 433 

In-situ sulfur isotopic analyses were carried out using a Spectron Lasers 902Q CW Nd-434 

YAG laser attached to a gas extraction line and a VG SIRA II gas mass spectrometer, using 435 

the method described in Wagner et al (2002). Zn-Fe-Pb and S isotopic analyses were 436 

performed on separate thin-section material. The correlation between these analyses (as 437 

illustrated in Figs 6 and 7) was achieved on petrographic grounds (mainly on colour) and/or 438 

by measuring the distance in relation to the layered-structure between the laser and 439 

microdrilled trenches. Barite contamination was not noted during laser S analyses, and due 440 

to the translucence of barite in the wavelength of the Nd-YAG laser, combustion of this 441 

mineral is unlikely (Alonso-Azcárate et al., 1999); such contamination would result in 442 
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higher δ34S results since Navan barite typically has a δ34S >20‰ (Anderson et al, 1998). 443 

However, the persistently light δ34S signature of sphalerite in the two samples with 444 

microscopically detectable barite suggests negligible contribution of barite to the sulfur 445 

budget. There would also be a relatively limited contribution of S from any minor sulfate 446 

molecules compared to the abundant sulfides. Nevertheless, these data can be regarded as 447 

maximum values for the sphalerite analysed. 448 

 449 

RESULTS 450 

 451 

Our sphalerite data (Table 2) show a large and statistically highly significant correlation of 452 

δ66Zn and δ56Fe (R2 = 0.78; Fig. 6a). A total isotopic range of 0.55‰ and 2‰ has been 453 

measured for δ66Zn and δ56Fe, respectively, in sphalerite microsamples (Fig. 6a). 454 

Significantly, the range of δ66Zn (0.33‰) and δ56Fe (0.95‰) across 3 mm of sphalerite 455 

colloform texture growth banding (sample D1; Fig. 6b) is large compared to the range 456 

exhibited by most terrestrial igneous rocks (+0.2 to +0.3‰ for δ66Zn and –0.3 to +0.5 for 457 

δ56Fe; Wilkinson et al., 2005a; Schoenberg and von Blanckenburg, 2006; Dauphas et al., 458 

2009b). In this sample, both δ66Zn and δ56Fe evolve from lighter to heavier isotopic values 459 

with sphalerite growth (Fig. 6b). 460 

 461 

In-situ S isotopic analyses of sphalerite display a substantial range, from δ34S = -13.2‰ 462 

(sample D5) to +14.6‰ (sample D4) (total of 28‰; Fig. 7). δ34S variations between 463 

successive sphalerite layers also display substantial variability (Table 2). In the case of 464 

sphalerite D1, the increase in δ56Fe and δ66Zn is mimicked by a modest decrease in δ34S 465 

(from -6.2‰ to -8.8‰; Fig. 6b). 466 

 467 
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5. DISCUSSION 468 

 469 

6.1. Evidence for Fe and Zn kinetic isotope fractionation 470 

 471 

Several processes may be considered to account for the correlation between δ66Zn and 472 

δ56Fe, including: 1) variations in redox conditions, 2) mixing between fluids (Wilkinson et 473 

al., 2005a), potentially derived from several basement components, or 3) kinetic 474 

fractionation either during sphalerite precipitation (Wilkinson et al., 2005a; John et al., 475 

2008; Kelley et al., 2009) or high temperature fluid-rock reaction. Redox processes are 476 

unlikely to have been important during Fe precipitation in sphalerite in the Navan ore 477 

deposit. Iron has two oxidation states and undergoes extensive redox cycling (Beard et al., 478 

2003; Johnson et al., 2008) whereas Zn does not, and redox processes are therefore 479 

expected to fractionate the isotopes of Fe differently to those of Zn, thus ruling out 480 

hypothesis 1. Moreover, Fe(III) is readily reduced to Fe(II) in the presence of sulfide 481 

(Rickard and Morse, 2005). Given the formation environment of much of the ore at Navan, 482 

it seems unlikely that extensive redox cycling of Fe would be developed. Fluid mixing 483 

(hypothesis 2), is highly unlikely to account for such large variations in δ66Zn and δ56Fe 484 

given the homogenous 206Pb/204Pb signature in sphalerite (mean 206Pb/204Pb = 18.197 ± 485 

0.003, Table 2; statistically indistinguishable from the Pb isotope composition of Pb 486 

concentrates at Navan: 18.19 ± 0.03; Fallick et al. 2001), as well as the homogenous δ56Fe 487 

signature measured in both Zn concentrates and basement rocks. Perhaps more significant, 488 

is the fact that the surface reservoir would be highly unlikely to be the dominant reservoir 489 

in the case of the metals, and, if present, has been predicted to be isotopically heavy (δ66Zn 490 

>0.5‰ Wilkinson et al 2005a). Both our data at Navan and Wilkinson et al. (2005a) have 491 

established that basement derived Zn has a δ66Zn value of around -0.05 to 0.2‰. Any 492 
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minor carbonate-hosted Zn component mixing would increase δ66Zn values beyond this 493 

range (Wilkinson et al, 2005a). From Fig. 6, this is certainly not the case. Indeed, the bulk 494 

of the ore (represented by the Zn concentrates) has δ66Zn indistinguishable from the 495 

basement values. Some variation in δ66Zn may, however, be explained by source 496 

heterogeneity (see below). 497 

 498 

We propose that the ranges of Zn and Fe isotope signatures reported in this study are 499 

caused primarily by kinetic isotopic fractionation. This fractionation may have occurred 500 

during high temperature fluid-rock reaction and primary leaching of metals from the source 501 

rocks, but we consider this hypothesis unlikely for a number of reasons. Firstly, the range 502 

of Zn, and more so Fe, isotope compositions is much greater in the sphalerite samples than 503 

in the potential source rocks (Fig. 6a). Secondly, any such inheritance will have been 504 

greatly reduced by mixing of fluids from different source rocks prior to sphalerite 505 

crystallization. This is demonstrated by the lack of Pb isotope variation in sphalerite, 506 

contrasting with the inevitably large range in such ratios, at the time of mineralization, 507 

amongst the diverse Lower Palaeozoic volcanic and sedimentary source rocks. Indeed the 508 

remarkable homogeneity of Pb isotope signatures within a given Irish deposit is well 509 

established (Dixon et al., 1990; Everett et al., 2003), and especially so for Navan (Fallick et 510 

al, 2001). For these reasons it is unlikely that the incoming metal-bearing fluids varied by 511 

more than 0.2‰ in δ66Zn. 512 

 513 

Therefore, we propose that kinetic fractionation occurred as a result of rapid sphalerite 514 

precipitation at the site of mineral precipitation in the throat of the ore system, resulting in 515 

light δ66Zn and δ56Fe. This is in agreement with experimental studies of Zn isotope 516 

fractionation (Archer et al. 2004), which demonstrate a fractionation of ~0.36‰ in δ66Zn 517 
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when ZnS is precipitated rapidly from solution by addition of sulfide, in line with the 518 

maximum 0.55‰ fractionation obtained in our study. Also consistent is the inference that 519 

Zn isotope fractionation is intimately associated with changes in temperature at the site of 520 

precipitation (John et al., 2008). In the case of Fe, the lack of experimental data on the 521 

extent of Fe isotope fractionation in sphalerite crystallized in low temperature environments 522 

makes this model more speculative. However, precipitation experiments on Fe sulfides 523 

suggest that, in the absence of redox processes, crystallised Fe is isotopically lighter than 524 

coexisting aqueous Fe(II) solution and tends to isotopically re-equilibrate with time to 525 

heavier compositions (Butler et al., 2005; Guilbaud et al., 2010), in line with our proposed 526 

interpretation. Therefore, experimental data predominantly supports this model of kinetic 527 

fractionation during precipitation (Archer et al., 2004; Butler et al., 2005; Guilbaud et al., 528 

2010). However, these experiments were performed at low temperatures (< 40°C) and in 529 

the case of Fe, involving minerals (e.g. mackinawite), which would not be stable at the 530 

temperature conditions prevalent during ore deposition at Navan. Moreover, the extent of 531 

fractionation reported in these experiments on Fe did not exceed 1‰, which contrasts with 532 

the 2‰ total δ56Fe variation reported in our study. Notwithstanding these differences, we 533 

propose that 54Fe may be preferentially kinetically fractionated into sphalerite in ore-534 

forming, low to medium temperature, hydrothermal systems, but we acknowledge that 535 

further experimentation in this area is necessary to fully validate this hypothesis.  536 

Kinetic isotopic fractionation has been suggested to account for Zn isotopic variability 537 

in the Irish ore field (Wilkinson et al., 2005a), but this model was based on reconnaissance 538 

samples with limited intra-deposit analyses. Kinetic fractionation was also suggested to 539 

explain variations in δ66Zn between orebodies of the Red Dog district, Alaska (Kelley et al., 540 

2009), based upon several deposits within the district as well as bulk sphalerite separates. 541 

Our study investigates layered sphalerite growth bands at the hand specimen scale from a 542 
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single deposit, and used several isotopic systems, set against a framework of knowledge of 543 

the bulk system and putative sources, thus providing the most robust evidence to date for 544 

kinetic isotopic fractionation during sphalerite precipitation. Rather than being of closed 545 

system, Rayleigh-type (Wilkinson et al., 2005a; Kelley et al., 2009), the fractionation 546 

recorded in Navan is more likely to be associated with various precipitation regimes during 547 

mineral formation involving different surface reactions and diffusional mechanisms (e.g., 548 

DePaolo, 2011), possibly in response to different fluid mixing rates in a system open to 549 

repeated fluid influx. Large variations in δ66Zn and δ56Fe observed within only a few 550 

millimetres of sphalerite growth (Fig. 6b), with no obvious textural discontinuity (see Fig. 551 

3b) and without significant variations in δ34S (see below), indicate that the fractionation 552 

process is likely to have occurred at very short length and time scales, in line with 553 

experimental data (Butler et al., 2005; Archer et al., 2004).  554 

Black et al. (2011) noted the need to investigate the magnitude of isotopic fractionation 555 

between structures where zinc is directly bound to sulfur, such as aqueous 556 

bisulfide complexes, and ZnS minerals. Our data directly contribute to this on-going effort. 557 

The fact that more than half of our isotopic data on sphalerite extend to lighter δ66Zn and 558 

δ56Fe values than the Zn concentrates, considered as equivalent to the bulk mineralising 559 

fluid, indicate that most of Zn and Fe fractionation is linked to the sphalerite precipitation 560 

process, and that any other type of fractionation (i.e. between species dissolved in the ore 561 

fluid; Matthews et al., 2001; Hill and Schauble, 2008; Black et al., 2011; Fujii et al., 2011) 562 

will likely be subordinate in magnitude. 563 

 564 

6.2. Bearing of S isotopic data on fractionation processes 565 

 566 
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It is well documented that Irish-type ores were deposited by mixing of a deep-seated, 567 

basement-derived hydrothermal fluid with cool surface brines derived from seawater 568 

evaporation (Banks et al., 2002). The surface brine contained abundant bacteriogenic H2S, 569 

with lighter sulfur (δ34S<-5‰) and the hydrothermal fluid delivered a subordinate (~10%) 570 

amount of heavier sulfur (δ34S generally >0‰) (Anderson et al., 1998; Wilkinson et al., 571 

2005b; Blakeman et al., 2002; Barrie et al., 2009a). In this study, sphalerite dominated by 572 

the hydrothermal S isotope signature is exclusively related to light δ66Zn (< -0.15‰; Fig. 573 

7), with δ56Fe lighter than -1.2‰ (Table 2). This strongly suggests that light Fe and Zn 574 

isotopes are associated with early precipitation of sphalerite from the hydrothermal system. 575 

In contrast, bacteriogenic sphalerite δ34S values almost exclusively correlate with δ66Zn 576 

signatures heavier than -0.15‰ (Fig. 7). These results indicate that Zn fractionation 577 

occurred in response to fluid mixing. The effect of S isotope kinetic fractionation, if any, 578 

would be subordinate and cannot explain the 28‰ variations obtained in this and other 579 

Navan studies (e.g., Blakeman et al. 2002; Anderson et al, 1998; Fallick et al. 2001). It has 580 

been demonstrated that sulfur isotope fractionation related to the precipitation of metal 581 

sulfides is small compared to that created by bacterial reduction (Bottcher et al, 1998), 582 

leaving no possibility that the large fractionations seen in ore sulfides results from 583 

fractionation of the hydrothermal source. 584 

 585 

6.3. Large scale δ66Zn and δ 56Fe variations 586 

 587 

Concentrate data provide estimates of average Fe and Zn isotope variation for the deposit. 588 

They show that the heavier Fe and Zn isotope values (>-1.2‰ and >-0.15‰ respectively) 589 

dominate the ore deposit (Fig. 6a), and that the lighter isotopic values found associated with 590 

hydrothermal sulfide are a minor component of the deposit. Using similar concentrates, 591 
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Fallick et al. (2001) showed that bacteriogenic sulfide dominates (~90%) the deposit. In 592 

terms of mass balance, the sphalerite with lighter Zn and Fe isotope values formed early but 593 

is a minor component of the reservoir, and should not be regarded as typical of the in-594 

flowing hydrothermal fluid. Instead, the heavier values of δ56Fe and δ66Zn in sphalerite, 595 

similar to ore concentrates and basement rocks (Fig. 6, 7), are more representative of the 596 

hydrothermal fluid composition, while the light δ66Zn and δ56Fe values are the fractionated 597 

derivative of the parent hydrothermal fluid through early sulfide precipitation. This is a new 598 

insight into hydrothermal systematics of Zn and Fe isotopes. That the sphalerite values 599 

extend above the range of concentrate values is explained by the need for mass balance. 600 

The data from a variety of basement whole rocks (δ66Zn = -0.02 to +0.23‰), also echo the 601 

values obtained in the concentrates (δ66Zn = -0.08 to +0.08‰; Fig. 6a, 7). The latter also 602 

indicate that, in this giant system, in-flowing metals do not have entirely homogeneous 603 

δ66Zn. Our δ66Zn data on basement rocks suggest that mixing between a light, basement-604 

derived, δ66Zn value and heavy (>1.3‰), carbonate-derived, δ66Zn value, such as suggested 605 

in Wilkinson et al. (2005a), is unlikely at Navan. However, the average 0.12‰ δ66Zn of the 606 

basement measured in Wilkinson et al. (2005a) is in line with our data (0.11 ± 0.10‰; n = 607 

6), and further corroborates that the basement is isotopically not homogenous, nor 608 

homogenised in the hydrothermal system. We also note that data from the Lisheen deposit 609 

presented by Wilkinson et al. (2005a), also indicates a similar occurrence of relatively low 610 

δ66Zn with hydrothermal sulfide δ34S. 611 

 612 

The small range of Zn and Fe isotopes in sphalerite microsamples with bacteriogenic 613 

sulfide dominance (samples D2 and D5; Fig. 7) is comparable to the range of Zn isotopes 614 

for concentrate and basement samples (Fig. 6a). We note that samples D2 and D5 display 615 

layering at a scale greater than 1 cm, with intergrowth of various sulfide phases along the 616 
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layering structure (see Fig. 2b, e), and in this respect they differ from the other three 617 

samples. These two samples reflect the bulk system, suggesting that little or no 618 

fractionation of Zn and Fe isotopes took place after initial hydrothermal influx, which 619 

suggests either a very limited rate of input of hydrothermal fluids during sphalerite 620 

precipitation, and/or much slower sphalerite growth rates, allowing isotopic re-equilibration 621 

within the fluid from which sphalerite was deposited. It is also possible that the temperature 622 

was lower following the initial precipitation, as the hydrothermal fluid mixed with the 623 

surface brine, which may also have diminshed the extent of kinetic fractionation. 624 

 625 

6.4. Model and implications 626 

 627 

Based upon our Zn, Fe and S isotopic data, published fluid inclusion evidence (Wilkinson 628 

2010, and references therein) and Zn isotopic inferences based on active hydrothermal 629 

fluids (John et al., 2008), it is proposed that sphalerite that precipitated early from an influx 630 

of hydrothermal fluid had lighter δ66Zn and δ56Fe due to kinetic isotope fractionation, a 631 

hydrothermal S signature (δ34S > 0‰; Fig. 7), and precipitated at relatively high 632 

temperature (~150-170°C) and relatively low salinity (~12-16 wt% NaCl equivalent). 633 

Although genetically significant, this was quantitatively a minor component of the Zn, Fe 634 

and S budgets at Navan. Subsequent sphalerite, precipitated at lower temperature (<150°C) 635 

and higher salinities (~20-25 wt% NaCl equivalent), had variably heavier δ66Zn and δ56Fe 636 

with a more bacteriogenic S signature (δ34S < -5‰; Figs 6, 7) due to substantial mixing 637 

with bacteriogenic sulfide in a cooler H2S rich brine. Following this model, it is proposed 638 

that samples D3 and D4 represent sphalerites precipitated rapidly upon hydrothermal input 639 

in the throat of the ore system, with mixing between the two fluids, and fractionation of Zn 640 

and Fe isotopes (Fig. 6a, 7). Conversely, samples D1 and D2 represent sphalerites with 641 
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dominant bacteriogenic S, which is the dominant signature in the whole deposit. It is thus 642 

concluded that a fine interplay between fluid mixing, rapid crystallization, kinetic reactions, 643 

probably enhanced by basement variability, was responsible for the Zn-Fe-S isotope 644 

systematics of Navan sphalerite. Due to this complexity, we re-emphasise that a simple 645 

model of closed Rayleigh-type Fe and Zn isotopic fractionation is not tenable. 646 

 647 

Our model, based upon a combination of different isotopic systems, has several important 648 

implications for understanding ore genesis and for mineral exploration strategy: 649 

1) The Zn and Fe isotopic compositions of samples inferred to have formed in the 650 

hydrothermal throat of the Navan ore system are not representative of the bulk system. 651 

2) The influx of deep hydrothermal fluids, whose sulfur budget was comparably minor 652 

compared to shallow bacteriogenic fluids (Fallick et al., 2001), was a fundamental trigger to 653 

sphalerite mineralisation.  654 

3) Fe isotopes in sphalerite may be kinetically fractionated in relatively low temperature 655 

hydrothermal environments, a process previously not observed.  656 

4) The high variability of Zn and Fe isotopic compositions encountered within a very 657 

narrow area of the giant Navan ore deposit (even at the hand sample scale) suggests that the 658 

use of Zn and Fe isotopes as potential tracers of fluid migration pathways in Navan, and 659 

possibly in other Irish-type deposits is unlikely to be feasible, unless combined with a 660 

variety of sampling and targeting strategies both at the macro and micro-scales. 661 

5) Isotopically heavy Zn and Fe may be detectable as a geochemical halo in rocks 662 

equilibrated with the exhaust fluid remaining after precipitation of a large hydrothermal 663 

orebody, raising the possibilities of quantifying orebody sulfide crystallization and of 664 

remotely detecting orebodies. 665 
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6) Finally, this study helps to clarify the mechanism of Zn and Fe isotope fractionations in 666 

nature. As such, it has implications beyond ore deposit genesis, e.g. impacts of vent-related 667 

Zn and Fe in oceanographic studies or understanding the Zn isotope compositions of 668 

natural backgrounds in geobiological and pollution studies. 669 
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FIGURE CAPTIONS 683 
 684 

Fig. 1: Sketch map (adapted from Ashton et al., 2003) projection of the top surface of the 685 

Navan orebody representing the different units within the orebody, main structural features 686 

(faults) and the location of the sampling areas. Sampling was concentrated in a similar 687 

structural setting to the Blakeman et al. (2002) study. 688 

 689 

Fig. 2: Images of the thin sections of samples investigated in this study. Note the 690 

complexity of the textures, all varying from one sample to the other, despite common 691 

mineralogy. The sphalerite colloform texture has been the focus of this study (sampling 692 

areas highlighted in white dashed boxes). The growth direction was determined on careful 693 

petrographic grounds as established by Barrie et al. (2009a). Growth can reasonably be 694 

assumed to be perpendicular to layering towards convex direction (as indicated by arrows). 695 

Scale bar = 5 mm. D1 = 21643B; D2 = 21642E; D3 = 21642C; D4 = 21644A; D5 = 696 

NO1663-NV3. 697 

 698 

Fig. 3: Photomicrographs of the layered texture in samples D4 (21644A), D1 (21643B) and 699 

D3 (21642C).  Arrows indicate the direction of growth. 700 

 701 

Fig. 4: Details of the colloform zone microdrilled in sample D1 (21643B). The New-Wave 702 

microdrilling device allowed following individual, convoluted, growth zones (identified by 703 

color). 704 

 705 

Fig. 5 (a) Zn isotopic analyses on both Cu-doped and undoped standard solution for 706 

standard IMC Zn (n = 152; data collected over a period of eight months), which has been 707 
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used as bracketing standard for Zn isotopic analyses. Both Cu-doped and undoped standard 708 

solution plot along a linear trend, whose slope is almost identical to that predicted 709 

theoretically for mass bias behaviour of Zn (Bermin et al., 2006). (b) Fe isotopic analyses 710 

of undoped standard solution (using the same 2 ppm solution) for standard IRMM-14 (n = 711 

4; data collected over a period of two months). These plot along a linear trend, whose slope 712 

is comparable to the theoretical slope (e.g. Arnold et al., 2004). Note that only a subset of 713 

standard analyses is reported here; all the other standard analyses, which were used as 714 

standard brackets during sample analyses, plot along a sub-parallel mass bias line (e.g. 715 

Arnold et al., 2004). 716 

 717 

Fig. 6: a) Correlation between δ56FeIRMM-14 and δ66ZnIMC for all five sphalerite samples and 718 

the mine concentrates. The Fe isotopic data have been blank-corrected (see text for details). 719 

The sphalerite Zn and Fe isotope data exhibit a well-defined correlation (R2 = 0.79). Our 720 

δ66Zn data (from -0.32‰ to 0.23‰) overlaps with that reported in Wilkinson et al. (2005a) 721 

for the Irish midlands orefield (-0.17‰ to 0.34‰, omitting two heavy δ66Zn values of 722 

0.64‰ and 1.33‰). The grey box represents the isotopic range of the basement samples. b) 723 

Small scale Fe and Zn isotopic variations between successive layers in sphalerite from 724 

sample D1. S isotope data are also presented in boxes above or below each δ66Zn data 725 

point. 726 

 727 

Fig. 7: Correlation between δ66ZnIMC and δ34SCDT (symbols as in Fig. 6a). Boxes show 728 

compositions of sphalerite where hydrothermal and bacteriogenic fluids are proposed to 729 

dominate. Black box: range of δ66ZnIMC for the basement samples. See text for details. 730 

 731 

 732 
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