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Abstract 1 

Gold commonly occurs in pyrite (FeS2) as “invisible” or refractory gold, as is the case at the 2 

giant Lihir (i.e., Ladolam) hybrid alkali-type gold deposit in Papua New Guinea. The Lihir gold 3 

deposit is also unique as it the exemplar of a telescoped ore deposit, whereby volcanic sector 4 

collapse led to superimposition of shallow-level gold-rich epithermal mineralization upon pre-5 

existing, but genetically related, porphyry-style alteration. While this superimposition led to a giant 6 

56 Moz gold resource, it also created complications with regards to ore processing, specifically with 7 

regards to the difficulties in mineral processing of the refractory gold-rich pyritic ore. 8 

We have analyzed trace element zonation and composition of pyrite grains, using LA-ICP-9 

MS imaging coupled with NaOCl etching, from a subset of spatially and paragenetically 10 

constrained pyrite-bearing samples from the Lienetz orebody. Pyrite grains belong to either 11 

porphyry- or epithermal-stages, or are composite pyrite grains with a multi-stage history. Trace 12 

element zonation and metal contents are unique to pyrite from each paragenetic event, providing 13 

insights into the nature of the mineralizing fluids. Early generations of coarse-grained pyrites that 14 

formed under higher temperature porphyry-style conditions have low trace element contents 15 

compared to epithermal-stage pyrites, except for Co, Ni and Se. Later generations of oscillatory 16 

zoned pyrites that formed under lower temperature epithermal conditions are comparatively 17 

enriched in trace elements such as As, Mo, Ag, Sb, Au and Tl. The composite pyrites are relatively 18 

coarse-grained and display textural and geochemical evidence of modification (i.e., dissolution and 19 

re-precipitation). They are interpreted to be porphyry-stage pyrite grains that have been overgrown 20 

by rims of delicate banded epithermal-style pyrite enriched in gold, arsenic and other trace 21 

elements. 22 

The composite pyrite grains are volumetrically dominant in the deep-seated anhydrite zone 23 

at Lienetz. Because gold is concentrated only along the rims of these pyrite grains, they can be 24 

subjected to a shorter period of oxidation and leaching to liberate most of their gold. This is in 25 

contrast for areas dominated by high-grade epithermal-stage mineralization where pyrite grains are 26 

arsenic- and gold-rich throughout, and thus require longer oxidation and processing time. 27 

Understanding gold deportment in telescoped deposits is therefore essential for optimising mineral 28 

processing and can impact significantly on the economics of mining these complex, hybrid ore 29 

deposits. 30 

 31 

 32 

 33 
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Introduction 34 

The Lihir gold deposit (also known as Ladolam), Papua New Guinea, is the largest alkalic 35 

epithermal gold deposit in the world in terms of contained gold, with a resource of 56 Moz 36 

(Newcrest Mining Ltd., 2016). The Lihir gold deposit has a complex evolution that consists of late-37 

stage, gold-rich, alkalic low-sulfidation epithermal mineralization that was superimposed upon 38 

early-stage, porphyry-style alteration (Carman, 1994). This evolution occurred over the past 1 m.y. 39 

and was facilitated by sector collapse of the original volcanic edifice (Davies and Ballantyne, 1987; 40 

Carman, 1994; Sillitoe, 1994).  41 

Superimposed epithermal-style mineralization upon porphyry-style alteration makes Lihir one 42 

of the best examples of a telescoped ore deposit (Carman, 1994; Sillitoe, 1994). However, while 43 

telescoping led to a large bulk mineable resource at Lihir, it also created complexity with regards to 44 

mineral processing. Gold at Lihir predominantly occurs in the form of refractory pyrite (i.e., gold 45 

contained within pyrite), as is common in all Carlin-type, and in some epithermal-style gold 46 

deposits (e.g., Fleet et al., 1993; Richards and Kerrich, 1993; Cline, 2001; Cline et al., 2005; Reich 47 

et al., 2005; Large et al., 2009; Deditius et al., 2014; Belousov et al., 2016). Gold also occurs locally 48 

in the form of gold tellurides and as inclusions of native gold within pyrite, which is common in 49 

many porphyry Cu-Au deposits (e.g., Deditius et al., 2009a; Gregory et al., 2013; Reich et al., 50 

2013). Previous work has identified variations in pyrite forms and textures at Lihir and linked them 51 

to various gold contents (Carman, 1994; Ageneau, 2012). Most of the refractory gold at Lihir is 52 

associated with arsenic-rich pyrite [Fe(S,As)2] or marcasite, with colloform and acicular forms 53 

typically containing the highest gold grades (Ageneau, 2012). Gold ore at Lihir is treated using 54 

pressure oxidation followed by conventional cyanidation and electrowinning (Latti et al., 2001; 55 

Newcrest Mining Ltd., 2016). Therefore, knowing how much of the gold resides as inclusions or in 56 

the crystal lattice of pyrite, and where the gold resides within that pyrite grain, is important with 57 

regards to optimizing mineral processing. 58 
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This paper reports a subset of spatially and paragenetically constrained pyrite-bearing samples 59 

from the Lienetz orebody. Samples have been assigned to either porphyry- or epithermal-stages 60 

based on a vein paragenesis constrained by open-pit mapping and petrographic description (i.e., 61 

Sykora et al., submitted). Using LA-ICP-MS trace element images of pyrite grains, coupled with 62 

NaOCl etching, the trace element zonation and metal contents of pyrite from each paragenetic event 63 

have been documented. This improved understanding of trace element association with gold, and of 64 

the overall gold deportment at Lihir, is used to provide insights to the genesis of the giant Lihir gold 65 

deposit, and to highlight implications for mineral processing.  66 

 67 

Geological Setting of Lihir Island and Lihir Gold Deposit 68 

The Lihir gold deposit is located on Lihir Island (formally Aniolam Island), which is part of 69 

the Pliocene to Pleistocene Tabar-Lihir-Tanga-Feni island chain, Papua New Guinea (Fig. 1A–B). 70 

The island chain is parallel to an inactive subduction zone along the southwest margin of the Pacific 71 

Plate, due to Miocene docking of the Ontong Java Plateau (Curtis, 1973; Falvey and Pritchard, 72 

1982; Kroenke and Rodda, 1984; Martinez and Taylor, 1996; Tregoning et al., 1998; Hall, 2002). A 73 

tectonic reconfiguration commenced around 4 Ma, with northward subduction of the Solomon Sea 74 

Plate at the New Britain Trench, and contemporaneous back-arc spreading in the Manus Basin 75 

(Pascal, 1979; Taylor, 1979; Taylor et al., 1994; Martinez and Taylor, 1996; Tregoning, 2002). This 76 

new tectonic scenario led to adiabatic decompressional melting of the already metasomatized 77 

mantle wedge from the inactive subduction zone, giving the Tabar-Lihir-Tanga-Feni island chain 78 

their distinctive alkali- and volatile-rich, silica-undersaturated and highly oxidized geochemical 79 

signatures (Johnson et al., 1978; Taylor, 1979; Kennedy et al., 1990a; Kennedy et al., 1990b; 80 

McInnes and Cameron, 1994; Stracke and Hegner, 1998; McInnes et al., 2001). 81 

The Lihir gold deposit resides on the eastern shore of Lihir Island (Fig. 1C). The gold 82 

deposit is hosted with the amphitheater of the inactive Luise volcano (Fig. 1C–D). Pre-ore 83 
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constructional volcanism of the Luise volcano and/or older volcanic phases resulted in basaltic to 84 

andesitic volcano-sedimentary strata, which was cross-cut by a series of equigranular to porphyritic 85 

alkaline intrusions (Blackwell, 2010). Some of these intrusions were prior to, and/or synchronous 86 

with, magmatic-hydrothermal breccias (Carman, 1994; Blackwell, 2010; Sykora, 2016). Large 87 

breccia bodies include a biotite – anhydrite-rich, magmatic-hydrothermal breccia complex that 88 

subsequently underwent solution collapse brecciation (e.g. Sykora, 2016). This was cross-cut and 89 

overprinted by epithermal-stage pyrite – adularia-rich breccias, as well as late-stage volcanic-90 

hydrothermal (diatreme) breccias (Blackwell, 2010; Lawlis et al., 2015;  Sykora, 2016).  91 

 92 

The Lihir Gold Deposit 93 

The Lihir gold deposit consists of several adjacent, and partly overlapping, gold-mineralized 94 

orebodies (Fig. 1D). One of the largest orebodies, Lienetz, is the focus of this study and has been 95 

actively mined as an open pit since the early 2000s (Fig. 1D).  96 

A series of magmatic-hydrothermal brecciation, veining and alteration events took place 97 

from 0.9 Ma to Recent (Davies and Ballantyne, 1987; Moyle et al., 1990; Carman, 1994, 2003). 98 

Initial hydrothermal alteration, linked with magmatic-hydrothermal breccias and associated veins, is 99 

interpreted to be porphyry-style (i.e., ~ 300°C; Lowell and Guilbert, 1970; Beane, 1974; Beane and 100 

Titley, 1981; Henley and Ellis, 1983; Reyes, 1990; Giggenbach, 1997; Corbett and Leach, 1998; 101 

Sillitoe, 2010), as supported by the presence of abundant high-temperature minerals (e.g., biotite) 102 

and correlated fluid inclusion data (e.g., high salinities, i.e., 5 to > 40 eq. wt. % NaCl; Davies and 103 

Ballantyne, 1987; Moyle et al., 1990; Carman, 1994, 2003; Sykora et al., submitted). This was 104 

followed by hydrothermal alteration and mineralization interpreted to be low-sulfidation 105 

epithermal-style (< 300°C; Buchanan, 1981; Heald et al., 1987; White and Hedenquist, 1990; 106 

Corbett and Leach, 1998; Cooke and Simmons, 2000; Simmons et al., 2005), as supported by the 107 

presence of lower-temperature minerals (e.g., adularia and illite) and fluid inclusion data (i.e., low 108 
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salinity, i.e., 2 to 7 eq. wt. % NaCl; Davies and Ballantyne, 1987; Moyle et al., 1990; Carman, 109 

1994, 2003; Sykora et al., submitted). 110 

The epithermal- and porphyry-style alteration define two of the three texturally and 111 

compositionally distinct alteration zones within the orebodies of Lihir. With increasing depth, these 112 

include: (1) a surficial, generally barren, steam-heated clay alteration zone that is a product of the 113 

modern high-temperature geothermal system; (2) a high-grade gold (> 3 g/t Au), refractory sulfide 114 

and adularia alteration zone that represents the ancient epithermal-style mineralization event; and 115 

(3) a comparatively low-grade (< 1 g/t Au) zone rich in anhydrite ± carbonate veins and breccias, 116 

coupled with biotite alteration, that represents the ancient porphyry-style environment (e.g., Sykora 117 

et al., submitted). This study is focused on the anhydrite-rich zone of Lienetz (Fig. 1D), where the 118 

early porphyry-style veining and alteration assemblages are best exposed (Sykora et al., submitted). 119 

 120 

Hydrothermal Vein Paragenesis 121 

The hydrothermal vein paragenesis within Lienetz was documented in detail by Sykora et al. 122 

(submitted), and is summarized in Figure 2. Most of the anhydrite veins at Lienetz were formed 123 

during stage V1. V1 veins, and larger breccia veins, largely consist of anhydrite with alteration 124 

halos of biotite and K-feldspar. These early formed veins were subjected to multiple reactivation 125 

events under diverse chemical and physical conditions. This resulted in complexities in the vein 126 

paragenesis that are accounted for in the classification scheme by assigning an “M” sub-script to 127 

represent veins that have undergone subsequent modification events (Sykora et al., submitted). The 128 

first modification stage, V1M1, resulted in recrystallized anhydrite with dissolved and partly sheared 129 

wall-rock inclusions and stylolites. Younger veins and vug-fill belong to the stages V3adu and V4qtz. 130 

These assemblages consist of abundant pyrite, variably thickly bladed anhydrite, and intensely 131 

developed adularia ± quartz alteration halos. The last vein stage, recorded as a modification event to 132 

the V1 veins, is V1M2. This vein stage consists of anhydrite, calcite, quartz and adularia crustiform 133 
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bands and open-space vugs, with adularia ± quartz alteration. Pyrite is ubiquitous in all vein stages, 134 

however, it is by far the most abundant in stages V3adu and V4qtz where it consists of at least 15% of 135 

the vein assemblage. Average gold grades are highest (i.e., > 3 g/t Au) within these pyritic vein 136 

assemblages, and their associated breccia bodies (Sykora et al., submitted). 137 

The distinct composition of vein stages, coupled with open-pit mapping results, led Sykora 138 

et al. (submitted) to interpret that veins and associated breccias formed under either early porphyry-139 

style (i.e., V1 and Bx1) or late epithermal (i.e., V3adu and V4qtz and Bx3) conditions (Fig. 2). The 140 

timing of modification events for porphyry- and epithermal-style veins remains enigmatic. V1M1 is 141 

suspected to have occurred during a transitional-stage from porphyry- to epithermal-style 142 

conditions, whereas V1M2 is inferred to be a product of late-stage epithermal-style hydrothermal 143 

activity (Sykora et al., submitted). 144 

 145 

Methods 146 

Paragenetically constrained vein samples were collected during open-pit mapping. A total of 147 

31 polished 2.5 cm wide circular pucks set in epoxy were made for in situ analysis of pyrite by laser 148 

ablation – inductively coupled plasma – mass spectrometry (LA-ICP-MS) at the Centre of 149 

Excellence in Ore Deposits (CODES), University of Tasmania, Australia. Thirty-one pyrite grains 150 

were chosen for quantitative and qualitative analyses by ablating the surface of each pyrite grain 151 

and compiling trace element images from parallel laser lines, following the methods outlined in 152 

Large et al. (2009), Danyushevsky et al. (2011) and Gregory et al. (2013). Imaging was conducted 153 

using a set of parallel lines with spacing equaling the laser beam size, thus covering the area of 154 

interest. Line analyses, instead of spot analyses, were conducted in order to ablate more of the 155 

pyrite crystal surface. Each line was pre-ablated to remove surface deposition from previous 156 

ablations and other surface contaminants. The memory effects and instrumental drift in sensitivities 157 

were controlled by regular measurements of the background and calibration standards. Square, 158 
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rather than round, beam shapes were used to maximize signal without increasing spot size and 159 

obtain representative sampling during line ablations. Beam sizes ranged from 13 to 20 µm, and was 160 

determined by the size of grains of interest. Lines were ablated at 10 Hz and a constant speed 161 

covering the size of the beam in 1 sec. Counts per second (cps) were converted to concentrations 162 

(ppm) by using average Fe content of a section of a line across pyrite and calculating the Fe content 163 

to the expected stoichiometric content of pyrite (i.e., 465,000 ppm Fe). Concentrations of lithophile 164 

elements (Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Zr, In, Ba, Gd, Hf, Ta, U) were calculated via an in-165 

house standard (GSD; Guillong et al., 2005). Chalcophile elements (S, W, Pt, Au, Hg, Tl, Pb, Bi, 166 

Th, Sn, Sb, Te, Mo, Ag, Cd, Mn, Fe, Co, Ni, Cu, Zn, As, Se) were calculated using via an in-house 167 

lithium-borate glass standard (STDGL-2b2; Danyushevsky et al., 2011). Only 13 elements are 168 

highlighted in this paper (i.e., Co, Ni, Cu, Zn, As, Se, Mo, Ag, Sb, Te, Au, Tl and Pb), as these 169 

element were consistently above the detection limit and had significant variability within different 170 

pyrite grains. The error on average, estimated from the standards, is < 5%, with the notable 171 

exception of sulfur, which is strongly affected by the instrumental drift and fractionation. The 172 

majority of elements hosted by pyrite show orders of magnitude variations and the corresponding 173 

uncertainty on averages are also large. Therefore, the analytical uncertainty was considered 174 

insignificant in comparison with heterogeneity of the sample. The detection capability was 175 

estimated from noise-on-gas background (Longerich et al., 1996), and the measurements below the 176 

detection limit threshold values were replaced by half of the detection limit for calculations of 177 

averages and plotting. Detection limit values (in ppm) are as follows: S = 4,400, Mn = 2.9, Fe = 26, 178 

Co = 0.07, Ni = 0.8 ppm, Cu = 1.5, Zn = 1.2, As = 3.7, Se = 12.1, Mo = 0.5, Ag = 0.1, Cd = 0.8, Sn 179 

= 0.3, Sb = 0.2, Te = 1.6, Au = 0.023, Tl = 0.032, Pb = 0.1, Bi = 209. Digital appendices of all LA-180 

ICP-MS images are not available with this paper, however, they may be requested by contacting the 181 

primary author. 182 

The details of the equipment and setting for the LA-ICP-MS analyses are as follows: 183 

Resolution (Australian Scientific Instruments) S155 193 nm Excimer laser ablation system using 184 
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2.3 to 2.7 J/cm2 fluence, coupled to an Agilent 7700 ICP-MS with 0.95 Ar and 0.70 He L/min 185 

carrier gas flow rates, and tuned to <0.25% (ThO/Th) oxide production. 186 

Pyrite grains were etched using commercially available bleach (sodium hypochlorite solution, 187 

6 – 14% w/v active chlorine; NaOCl) to reveal internal textures. Drops of NaOCl were applied to 188 

the sample surface and left for periods of 30 to 120 seconds, until a noticeable color change of the 189 

pyrite occurred. Samples were then rinsed immediately with cold tap water and allowed to dry. 190 

Most of the tarnishing occurs during drying. The NaOCl acts as an oxidant for the pyrite, and 191 

discoloration patches and zones reflect compositional differences within the grains and the intensity 192 

of the tarnish varies according to mineral compositions, crystal lattice orientation and duration of 193 

the etch (e.g., Fleet et al. 1993; King, 2013; Peterson and Mavrogenes, 2014). 194 

A subset of the polished laser pucks were analyzed with a scanning electron microscope 195 

(SEM). Secondary electron (SE) images and backscattered electron (BSE) images were used to 196 

identify pyrite morphology and chemical zoning. Details of instrument settings are as follows: 197 

Hitach SU-70, 15 to 17 kV accelerating voltage, ~ 14 to 15 mm working distance, 20,000 nA 198 

emission current, ~ 60 to 4000x magnification and F.F. lens mode. 199 

Pyrite LA-ICP-MS trace element images were analyzed in the geochemical software 200 

ioGAS™. Only minerals identified as pyrite (i.e., pixels that had characteristic elemental ratios and 201 

compositions of pyrite) were queried from each full image and line sample.  Out of the ~ 224,000 202 

data points from the 31 pyrite images, ~ 33,100 pyrite-only measurements were isolated. A minor 203 

amount of small inclusions within the pyrite grains (i.e., < 10 µm diameter) were too small to be 204 

isolated from the analyses. Therefore, it is likely that micro- to nano-sized inclusions as well as 205 

lattice-bound elements contribute to the total trace element concentrations (e.g., Deditius et al., 206 

2009b; Gregory et al., 2015). The LA-ICP-MS images of pyrite grains highlight trace element 207 

distributions within grains. By comparing pyrite laser images with detailed petrographic 208 

microphotographs, the cores and rims of pyrite grains were categorized and isolated in ioGAS™. 209 
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The mean, median, geometric mean, minimum and maximum trace element concentrations for each 210 

pyrite grain’s core, rim and entire grain was then extracted into an Excel™ database and compared 211 

between vein stages using weighted averages that take into account the number of pixels (each 212 

representing an analysis) for each pyrite image multiplied by the trace element concentration. 213 

Grains from individual vein stages were further grouped into porphyry- or epithermal-stages and 214 

subdivided into cores and rims, again using weighted averages for each vein stage in order to 215 

achieve an unbiased average. Porphyry-stage pyrite grains include those found in V1bio, V1ksp, the 216 

cores of V1M1, V2py and V1M2, and two samples of pyrite in the mafic minerals from biotite-altered 217 

basalts, associated with the porphyry-style alteration event. Epithermal-stage pyrite grains include 218 

V3adu and V4qtz. Both cores and rims pyrite compositions were also calculated for V1M1 and V1M2 219 

pyrite grains, with several additional samples from V1bio¸ V1ksp and V2py where cores were obvious. 220 

 221 

Pyrite Forms and Internal Textures 222 

Pyrite forms and textures vary between different vein stages (Table 1; Fig. 3). Pyrite grains 223 

from the least-modified V1 stages (i.e., V1bio and V1ksp) are typically medium- to coarse-grained 224 

(100 to 1000 µm) with sub-angular to sub-rounded edges (Table 1; Fig. 3A, C). V1 pyrite grains are 225 

typically inclusion-free with minor cavities (Table 1; Fig. 3C). Etching with NaOCl revealed little 226 

to no internal textures (Fig. 3C), or a patchy irregular pattern (Fig. 3B). The patchy texture was 227 

best-developed in pyrite grains that have selectively replaced mafic minerals, as opposed to the 228 

pyrite grains that occur in veins. Wispy zoned rims are absent or only weakly developed in V1bio 229 

and V1ksp pyrite grains. 230 

V3adu and V4qtz pyrite grains range from < 5 to 300 µm, with angular to rounded edges, and 231 

locally contain inclusions and cavities (Table 1; Fig. 3D–F). Etching with NaOCl revealed strong 232 

discoloration, oscillatory zonation, sector zonation and radiating textures (Fig. 3E–F).  233 
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V1M1 and V1M2 pyrite grains range from < 10 to 1000 µm in diameter, have angular to very 234 

rounded edges, and contain abundant inclusions (including glauberite, anhydrite, wall rocks, etc.) 235 

and cavities (Table 1; Fig. 3G–I). The edges of these pyrite grains typically have irregular textures 236 

that are interpreted to be the products of corrosion (Fig. 3H–I). Etching with NaOCl revealed 237 

discolored wispy zoned rims along most V1M1 and V1M2 pyrite grains (Fig. 3H–I). The wispy zoned 238 

rims have locally been truncated along the edges of the pyrite grain (Fig. 3H). 239 

 240 

Trace Element Deportment 241 

Many of the pyrite grains analyzed have distinct trace element assemblages and concentrations 242 

(Table 2; Fig. 4). Overall, the epithermal-stage pyrite grains have trace element concentrations 243 

orders of magnitude higher than porphyry-stage pyrites (Table 2 and 3; Fig. 4). The trace elements 244 

in most pyrite grains define distinct zonation patterns, with trace element-poor cores and trace 245 

element-rich rims (Table 2 and 3; Fig. 4). However, the end-member porphyry- and epithermal-246 

stage pyrite grains have no or poorly defined trace element-rich rims. 247 

 248 

 Porphyry- versus epithermal-stage pyrite 249 

Pyrite grains that formed during porphyry-style hydrothermal activity at Lienetz have > 100 250 

ppm (median and geometric mean) concentrations of Co, Ni, As and Se, and > 5 ppm (median and 251 

geometric mean) concentrations of Cu, Zn, Te and Pb (Table 2; Fig. 4). Typically there is little to no 252 

zonation of most trace elements within porphyry-stage pyrite grains (Fig. 5A–B). There is, 253 

however, an antithetic sector zonation of Te and As, and a concentric zonation of Co ± Ni that 254 

mimics the shape of the larger pyrite grains (Fig. 5B). Both the sector and concentric zones were 255 

rarely visible after being etched with NaOCl. The patchy texture, revealed by NaOCl etching, was 256 

only observed in a few porphyry-stage pyrite grains (e.g., Fig. 3B). This texture corresponds to an 257 
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amalgamation of pyrite sub-grains with enriched concentrations of Co and Ni and/or different 258 

crystal orientations of individual pyrite grains on the polished block.  259 

Pyrite grains that formed during inferred epithermal conditions at Lienetz have > 100 ppm 260 

(median and geometric mean) concentrations of As, Mo and Tl, and > 10 ppm (median and 261 

geometric mean) concentrations of Co, Ni, Cu, Zn, Se, Ag, Sb, Te, Au and Pb (Table 2; Fig. 4). 262 

Trace element zonation patterns are well-developed within epithermal-stage pyrite grains (Figs. 3E–263 

F, 6A). This trace element zonation typically correlate to oscillatory zoning (i.e., visible under 264 

reflected light after NaOCl etching; Figs. 3E–F, 6A). Some trace elements are concentrated in 265 

patches within the pyrite grains or in fine-grained radiating marcasite pseudomorphs of pyrite grains 266 

(Fig. 6A–B). The darker colored oscillatory zones correspond to high arsenic concentrations, and to 267 

other trace elements such as Sb, Tl and Au (Fig. 6A–B). Some pyrite grains have replaced and 268 

overgrown corroded magnetite and pre-existing pyrite, but generally the epithermal-stage pyrites 269 

appear to have not overgrown pre-existing sulfides. 270 

Table 3 compares the median and geometric mean trace element concentrations for 271 

epithermal-stage pyrite grains to porphyry-stage pyrite grains. When the two pyrite generations are 272 

compared, epithermal-stage pyrites are have > 1,000% positive change in As, Mo, Ag, Sb, Au and 273 

Tl, and > 10% positive change in Cu, Zn, Te and Pb (Table 3). On the other hand, porphyry-stage 274 

pyrites have > 10% positive change in Co, Ni and Se, compared to the epithermal-stage pyrite 275 

grains (Table 3).  276 

 277 

 Pyrite grain cores versus rims 278 

 Compositionally distinct core and rims of pyrite grains were revealed with NaOCl etching, 279 

largely from V1M1 and V1M2 stages, and have been highlighted with trace element images obtained 280 

by LA-ICP-MS (Figs. 7 and 8). Most of the pyrite grains are composite grains, with distinct trace 281 

element zonation patterns, with trace element-rich rims, and relatively trace element-poor cores 282 
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(Table 2; Fig. 4). The cores and rims of pyrite grains have significant differences in their trace 283 

element concentrations (Table 3). Overall, cores of pyrite grains have > 100 ppm (median and 284 

geometric mean) concentrations of Co and Se, and > 5 ppm (median and geometric mean) 285 

concentrations of Ni, Cu, As, Te and Pb (Table 2). Zonation of Co ± Ni and Se is typical with trace 286 

element images of some of the larger pyrite grains, but the zonation is only barely visible with 287 

NaOCl etching (Figs. 7C, 8C), compared to the obvious zonation of arsenic-rich areas with NaOCl 288 

etching. Rims of pyrite grains have > 100 ppm (median and geometric mean) concentrations of As 289 

and Pb, and > 2 ppm (median and geometric mean) concentrations of Co, Ni, Cu, Zn, Se, Mo, Ag, 290 

Sb, Te and Au (Table 2). Trace element-rich rims are irregular, but define multiple discrete growth 291 

bands around the cores (Figs. 7, 8). The trace element-rich rims (e.g., Fig. 8B) are similar to the 292 

oscillatory zones observed in some epithermal-stage pyrite grains (e.g., Fig. 6A), however they are 293 

generally more irregular, and have locally been truncated along both their inner and outer edges 294 

(e.g., Fig. 7B).  295 

When the median and geometric mean trace element concentrations from pyrite rims are 296 

compared to pyrite cores, the rims have > 500% positive change in As, Mo, Sb, Au, Tl and Pb, and 297 

> 10% positive change in Cu, Zn, Ag and Te (Table 3). On the other hand, pyrite cores have > 10 % 298 

positive change in Co, Ni and Se, compared to pyrite rims (Table 3). 299 

 300 

Rims compared to epithermal-stage pyrite  301 

The rims of composite pyrite grains are further compared to porphyry-stage pyrite grains in 302 

Table 3 in order to investigate if the modification event or events that produced trace element-rich 303 

rims have similar trace element enrichment/depletion patterns as epithermal-stage pyrite grains 304 

(Table 3). Composite pyrite grains with rims enriched in trace elements largely belong to either the 305 

V1M1 or V1M2 vein stages. As such, these two stages are distinguished in Table 2.  306 
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When the median and geometric mean trace element concentrations for rims are compared to 307 

porphyry-stage pyrite grains, the rims have > 100% positive change in Zn, As, Mo, Sb, Te, Au, Tl 308 

and Pb, and > 10% positive change in Ag and Te (± Cu). Conversely, rims have > 10% negative 309 

percent change in Co, Ni and Se (± Cu) compared to porphyry-stage pyrite grains (Table 3). 310 

 311 

Gold Deportment 312 

The high arsenic concentrations detected from pyrite grains analyzed in this study (Table 2; 313 

Figs. 4, 6B, 7A, 8A) are consistent with previous reports on the high arsenic content of pyrite at 314 

Lihir (e.g., Moyle et al., 1990; Ageneau, 2012). This positive correlation of arsenic and gold is 315 

common – it has been reported in other ore deposit studies (e.g., Fleet et al., 1993; Large et al., 316 

2011; Thomas et al., 2011). Reich et al. (2005) identified a strong positive gold – arsenic correlation 317 

in pyrite from Carlin-type and epithermal ore deposits and determined that the maximum amount of 318 

gold that can be contained within the pyrite lattice depends on the arsenic content. This can be 319 

represented as a gold-saturation line on a gold versus arsenic plot, described by the equation CAu = 320 

0.02 × CAs + 4 x 10−5 (Reich et al., 2005).  321 

Figure 9 shows all pyrite data from this study on a gold versus arsenic diagram, along with the 322 

Reich et al. (2005) gold saturation line. Although pyrite data that plot below the gold-saturation line 323 

of Reich et al. (2005) are inferred to be from pyrite that contains gold in the crystal lattice, it is 324 

possible that the gold is at least in part contained within undetectable nano-sized inclusions. Figure 325 

9 also highlights the low gold and arsenic values of porphyry-stage pyrites grains and composite 326 

pyrite grain cores, and the high values of gold and arsenic in epithermal-stage pyrite grains and 327 

composite pyrite grain rims, with two distinct population evident: a coupled gold-arsenic group, and 328 

an arsenic > gold group. 329 

When the total amount of gold within different minerals was calculated from all minerals 330 

identified and analyzed in the LA-ICP-MS images, ~ 75% of the gold was identified as hosted in 331 
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pyrite (Table 4). In Figure 9, ~ 81% of data fall below the Reich et al. (2005) gold saturation line, 332 

and thus gold is inferred to be contained within the crystal lattice of the pyrite or as nano inclusions 333 

(Table 4; Fig. 9). Considering only the epithermal-stage pyrite grains (i.e., V3adu and V4qtz), ~ 82% 334 

of the gold was identified as hosted in pyrite, and of that ~ 82% of data fall below the gold 335 

saturation line (Table 4). In the porphyry-stage and composite pyrite grains (i.e., V1), ~ 70% of the 336 

gold was identified in pyrite, and of that ~ 83% of data fall below the gold saturation line (Table 4). 337 

The remaining gold that plots above the gold saturation line in all pyrite grains in Figure 9 is 338 

inferred to occur as micro- to nano-sized inclusions (Table 4). These were sparsely identified as Au 339 

– Ag – Te inclusions (Fig. 10). Principal component analysis of all inclusions in pyrite further show 340 

this strong correlation with Au – Ag – Te (Fig. 10), of which some grains are likely petzite 341 

(Ag3AuTe2). 342 

 343 

Discussion 344 

There are marked differences in the trace element contents of pyrite grains from porphyry- to 345 

epithermal-stage vein assemblages at Lihir, and strong enrichment of trace elements characterizing 346 

the delicately textured rims of composite pyrite grains (Table 3). These changes in trace element 347 

concentrations suggest changes in fluid composition, possibly due to processes such as fluid 348 

mixing, boiling, oxidation or acidification, and/or successive pulse of hydrothermal fluids with 349 

distinct fluid compositions (e.g., Spycher and Reed, 1986; Spycher and Reed, 1989; Cooke and 350 

McPhail, 2001; Kouzmanov et al., 2010) during the epithermal stage. The highly variable gold 351 

concentrations and trace element suites within pyrite at Lihir has important implications both for ore 352 

genesis and processing. 353 

 354 

Porphyry- versus epithermal-stage pyrite 355 
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Characteristic features of porphyry-stage pyrite grains, relative to epithermal-stage pyrite 356 

grains, are large (100 to 1,000 µm) grain sizes and relative enrichment in Co, Ni and Se, with > 100 357 

ppm concentrations of Co, Ni, As and Se (Fig. 11A). Growth zones in the cores of pyrite grains are 358 

enriched in cobalt ± nickel, and with some local antithetic tellurium and arsenic zoning that appear 359 

to reflect discrete sector partitioning in particular facets during pyrite growth. The characteristic 360 

features of epithermal-stages pyrite grains, relative to porphyry-stage pyrite grain, is relative 361 

enrichment in As, Mo, Ag, Sb, Au and Tl, with > 100 ppm concentrations of As, Mo and Tl (Fig. 362 

11A). Trace element LA-ICP-MS images and NaOCl etching has revealed strong oscillatory zones 363 

in these epithermal-stage pyrite grains that corresponds to variations in trace element content (Fig. 364 

11A). 365 

The cobalt and nickel-rich pyrite grains that formed under porphyry-style conditions at Lihir 366 

are consistent with other studies on pyrite that formed in relatively higher temperature 367 

environments. Studies of pyrite grains from porphyry Cu-Au deposits have reported Co- and Ni-rich 368 

pyrites (e.g., Hanley and MacKenzie, 2009; Gregory et al., 2013; Reich et al., 2013). Reich et al. 369 

(2013) found that Cu, As, Au ± Ni and Co were the most abundant trace elements analyzed within 370 

the pyrite lattice at the Dexing porphyry deposit, China. Hanley and MacKenzie (2009) reported 371 

pyrites with high cobalt and nickel concentrations, as well as platinum and palladium, from alkalic 372 

porphyry Cu-Au deposits in the Canadian Cordillera. Similar cobalt- and nickel-zoned pyrite grains 373 

were reported from the Sudbury-district nickel sulfide deposit Craig in Ontario, Canada (Craig and 374 

Solberg, 1999).  Here, cobalt-, and to a lesser degree, nickel-enriched zones have sharp boundaries 375 

and were interpreted to represent multiple periods of pyrite growth, rather than diffusion (Craig and 376 

Solberg, 1999).  377 

The sharp textural features (i.e., oscillatory zones, colloform bands, etc.) and corresponding 378 

trace element enrichments (i.e., As, Au, Mo, Tl, etc.) of epithermal-stage pyrite grains are consistent 379 

with episodic fluctuation in fluid composition during crystal growth and rapid deposition in 380 

relatively lower temperature epithermal environments (e.g., Fleet et al., 1989). Studies comparing 381 
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trace elements and sulfur isotopes of pyrite from epithermal deposits (e.g., Yanacocha, Pueblo 382 

Viejo, and Porgera) that show similar sharp colloform and oscillatory gold- and chalcophile-rich 383 

bands, have been attributed to formation due to rapid decompression simultaneous with extreme 384 

chemical changes associated with volatile exsolution (Fleet et al., 1989; Deditius et al., 2009a; 385 

Peterson and Mavrogenes, 2014). 386 

 387 

Composite pyrite trace element-rich rims via dissolution and overgrowth 388 

Trace element-rich rims have overgrown on trace element-poor cores in most of the pyrite 389 

grains analyzed (Fig. 11B). These are referred to as composite pyrite grains and are particularly 390 

well-developed in V1M1 and V1M2 stages. Only Se, Co and Ni are relatively enriched in the cores 391 

compared to their rims, whereas the rims themselves are significantly enriched in As, Mo, Sb, Au, 392 

Tl and Pb, compared to their cores (Fig. 11B). This trace element enriched assemblage is similar to, 393 

although generally an order of magnitude less than, epithermal-stage pyrite grains (e.g., Table 3; 394 

Fig. 11A). The trace element-rich rims have delicate banded textures that relate to enriched trace 395 

element concentrations, similar to the oscillatory zones in epithermal-stage pyrite grains (e.g., Fig. 396 

11A). Many of the rims appear to have overgrown on irregular and corroded pyrite grains (e.g., 397 

Figs. 3H–I, 7B, 8B). Some of the rims are truncated by grain boundaries (e.g., Fig. 3H), consistent 398 

with partial dissolution of pyrite (e.g., Cook et al., 2009). The diffusion of trace elements along the 399 

edges of pyrite grains producing the trace element enriched rims is unlikely given the textural 400 

evidence for truncation of growth bands and the sharp zonation boundaries between compositional 401 

bands. Studies of other types of gold deposits (e.g., Carlin- and Bendigo-type) have found similar 402 

gold- and arsenic-rich and cobalt-depleted rims of pyrite grains, with the processes attributed to 403 

overgrowth on pre-existing pyrite by later hydrothermal events (Deditius et al., 2008; Deditius et 404 

al., 2009a; Large et al., 2009; Deditius et al., 2011; Large et al., 2011). Similar textures of 405 

dissolution are evident at mesoscopic- and macroscopic-scales within Lienetz, where anhydrite, and 406 
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entrained fragments of wall rocks have been dissolved, resulting in solution collapse breccias and 407 

large, several meter wide, open-space cavities (e.g., Sykora, 2016; Sykora et al., submitted). 408 

Observations across several scales are therefore consistent with interpretation of mineral dissolution 409 

and re-precipitation during hydrothermal activity at Lihir. Although the two minerals (i.e., anhydrite 410 

and pyrite) have contrasting solubilities, and therefore factors controlling the dissolution of each 411 

would have been different, they still support a dynamic ore-forming environment. For example, 412 

mineral solubilities would be affected by episodic periods of heating and cooling, as well as 413 

changing pressures due to mineral precipitation (e.g., Sander and Einaudi, 1990). 414 

 415 

Trace element incorporation into pyrite 416 

Pyrite can host high concentrations of numerous trace elements. A number of studies proposed 417 

metastability of pyrite with high concentrations of arsenic (Huston et al., 1995; Ballentyne and 418 

Moore, 1988; Abraitis et al. 2004), copper (Huston et al., 1995; Abraitis et al. 2004) and thallium 419 

(Abraitis et al. 2004). Thermodynamic calculations have proposed that arsenic can be stable in 420 

pyrite, with concentrations as high as 6 wt % (Reich and Becker, 2006).  421 

Possible mechanisms responsible for differences in trace element composition in pyrite 422 

include: effect of temperature, absorption properties of pyrite, grain size, fluid composition and 423 

availability of iron and/or sulfur. For example, the porphyry-stage pyrite grains at Lihir crystallized 424 

in a higher temperature environment (e.g., up to 410°C; Carman, 1994; Ageneau, 2012). Under 425 

higher temperature conditions, pyrite crystallizes relatively slowly and many trace elements are 426 

soluble and are not incorporated into the structure of pyrite, except for cobalt and nickel which have 427 

been demonstrated to stoichiometrically substitute for iron in pyrite at 400°C (Klemm, 1965), and 428 

possibly selenium and tellurium substituting for sulfur in pyrite (e.g., Huston et al., 1995). 429 

Conversely, the suite of trace elements enriched in epithermal-stage pyrite (e.g., As, Au, Tl, Mo, 430 

etc.) can be incorporated by non-stoichiometric substitution in the pyrite lattice, or in the case of 431 
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arsenic, as a coupled substitution for iron or sulfur (Cook and Chryssoulis, 1990; Huston et al., 432 

1995; Deditius et al., 2008), or as a metastable solid-solution of the type Fe(S, As)2 (Fleet et al., 433 

1993). The extreme concentrations of arsenic and other trace elements detected in these epithermal-434 

stage pyrite grains probably requires disequilibrium precipitation of pyrite that is enhanced under 435 

conditions of rapid precipitation (e.g., Huston et al., 1995 and reference therein; Peterson and 436 

Mavrogenes, 2014).  437 

Another important parameter to consider for trace element incorporation in pyrite is growth 438 

rate, which is related to degree of supersaturation of pyrite. Fast crystallization helps incorporation 439 

of trace elements by adsorption onto the surface of pyrite, whereas at slower rates iron and sulfur 440 

atoms are more likely to displace other ions and form more thermodynamically-stable pure pyrite 441 

(Abraitis et al., 2004). Additionally, during fast growth atoms adsorbed onto the grain surface can 442 

become covered by layers of newly grown pyrite (Watson, 1996). If iron was the limiting reagent 443 

(which is unlikely the case at Lihir, due to its mafic-rich host rocks), then any bisulfide complex 444 

that carried trace elements would not have been as readily destabilized, thus keeping trace elements 445 

from being precipitated. Overall, it is highly likely that multiple mechanisms were responsible for 446 

the observed differences in trace element composition of pyrite from porphyry and epithermal 447 

stages. 448 

 449 

Occurrence of gold in pyrite and implications for metallurgical processing 450 

The median concentration of gold in porphyry-stage pyrite grains is ~ 0.5 ppm, considerably 451 

lower that a median of ~ 10 ppm for gold in epithermal-stage pyrite grains (Table 2). Rims of 452 

composite pyrite grains have a median of ~ 3 ppm gold. Fire assayed gold concentrations of veins ± 453 

wall-rocks alteration halos from samples that formed during porphyry-style deposition within 454 

Lienetz are approximately 0.2 to 0.5 g/t for V1bio and V1ksp, and 0.3 and 3.7 g/t for modification 455 

stages V1M1 and V1M2, respectively (Sykora et al., submitted). Gold concentrations in epithermal-456 
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stage veins (V3adu and V4qtz) are 5.9 and 5.4 g/t (Sykora et al., submitted). Because the epithermal-457 

stage V3adu and V4qtz veins contain abundant sulfides (i.e., > 15%), and ~ 80% of the gold occurs 458 

within the pyrite, most of the gold is interpreted to occur in the pyrite as either lattice-bound gold or 459 

mirco- to nano-sized inclusions of dominantly Au – Te ± Ag. In the composite pyrite grains from 460 

V1M1 and V1M2 veins, > 70% of the gold occurs in the rims of the pyrite grain, as either lattice-461 

bound pyrite or micro- to nano-sized inclusions of dominantly Au – Ag – Te inclusions. Some gold 462 

may occur in other mineral phases (Table 4), and the average gold grades in bulk rock samples are 463 

also likely to have been affected by gold micro-nuggets. A dedicated gold deportment study is 464 

recommended for future work in order to quantify which minerals besides pyrite host the majority 465 

of gold inclusions.  466 

Overall, the epithermal-stage pyrite grains and the rims of composite pyrite grains have very 467 

high arsenic and gold concentrations, and can be classified as refractory pyrite in the sense of 468 

metallurgical processing. Pyrite grains with high arsenic concentrations (i.e., > 500 ppm As) are 469 

common in hydrothermal ore deposits, particularly epithermal and Carlin-type gold deposits (Fleet 470 

et al., 1993; Richards and Kerrich, 1993; Cline, 2001; Cline et al., 2005; Reich et al., 2005; Large et 471 

al., 2009; Deditius et al., 2014; Peterson and Mavrogenes, 2014). For metallurgical processing, an 472 

opportunity exists to reduce the level of oxidation when extracting gold from the composite pyrite 473 

grains, due to the fact that they have only arsenic- and gold-rich rims, as opposed to the epithermal-474 

stage pyrite grains which are arsenic- and gold-rich throughout. Composite pyrite grains should 475 

therefore require a shorter oxidation and leaching time, as it is only necessary to liberate gold from 476 

the pyrite grain rims in order to liberate most of the gold.  477 

 478 

Pyrite associated with porphyry-style biotite alteration 479 

In the Lienetz orebody, most of the samples were taken within a broad zone of secondary 480 

biotite alteration, interpreted as potassic alteration relating to the early porphyry-stage at Lihir 481 
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(Carman, 1994; Sykora 2016; Sykora et al., submitted). Potassic alteration, defined by either biotite 482 

or K-feldspar ± magnetite ± anhydrite ± quartz, is the most proximal alteration assemblage 483 

encompassing mineralized porphyry Cu ± Au ± Mo deposits and associated porphyritic intrusions, 484 

in a generalized model (Lowell and Guilbert, 1970; Beane and Titley, 1981; Sillitoe, 2000; Seedorff 485 

et al., 2005; Sillitoe, 2010). In mafic host rocks, biotite alteration is dominant over K-feldspar 486 

alteration (Sinclair, 2007). Typically the potassic alteration zone in the core of porphyry deposits is 487 

associated with low total sulfide minerals, and a predominance of copper-sulfide minerals (e.g., 488 

bornite and chalcopyrite) over iron-sulfide minerals (e.g., pyrite and marcasite; Lowell and 489 

Guilbert, 1970; Sillitoe, 2000). The potassic alteration zone in Lienetz has an unusually profuse 490 

amount of pyrite and only a minute amount of copper-sulfide minerals. This conundrum of pyrite 491 

with biotite alteration could be attributed to the superimposition of epithermal mineralization upon 492 

early porphyry-style alteration, where pyrite nucleated on chalcopyrite and/or magnetite. The 493 

abundance of pyrite grains with large sizes and relatively trace element-poor concentrations makes 494 

this scenario unlikely as these pyrite grains formed under early porphyry-style conditions. Another 495 

possibility is that the magmatic-hydrothermal fluids associated with the early porphyry-style 496 

potassic alteration were only rich in iron, sulfur and arsenic, and lacked copper. This is common in 497 

alkalic porphyry gold deposits with little or no copper (Richards, 1995). A third possibility is that 498 

copper-sulfide minerals may be deeper within the deposit, and Lienetz is only the top of a much 499 

broader zone of potassic alteration relating to a large porphyry Au ± Cu deposit at depth. Potassic 500 

alteration zones can be greater than 1 km wide and 1 km high with only a relatively small 501 

mineralized core (e.g., Seedorff et al., 2005), and it is common in porphyry copper deposits to have 502 

zoning with gold/copper ratios increasing upward and outward (Richards, 1995; Sillitoe, 2000).  503 

 504 

Conclusions 505 



22 
 

Pyrite crystals from the anhydrite-rich zone in the Lienetz orebody of the Lihir gold deposit 506 

display strong textural and geochemical variations that relate to their conditions of formation and 507 

subsequent modification events.  Early generations of pyrite grains (i.e., V1) are relatively large and 508 

uniform in zoning, and formed under higher temperature porphyry-style conditions. Later 509 

generations of pyrite grains (i.e., V3adu and V4qtz) formed under lower temperature epithermal 510 

conditions, and vary in form but commonly display spectacular oscillatory zones. Comparative to 511 

one another, epithermal-stage pyrite grains are enriched in As, Mo, Ag, Sb, Au and Tl, whereas 512 

porphyry-stage pyrite grains are depleted in most trace elements, except for Co, Ni and Se.  513 

Composite, relatively coarse-grained pyrites are the most common within the anhydrite zone at 514 

Lienetz. These composite pyrite grains are interpreted to be porphyry-stage pyrite grains that were 515 

modified during the subsequent evolution of the Lihir gold deposit. They commonly have corroded 516 

and dissolved rims and central cavities, textures indicative of dissolution, followed by epithermal-517 

style pyrite overgrowths. Rims on these pyrite grains, compared to their cores, are enriched in As, 518 

Mo, Sb, Au, Tl and Pb.   519 

Because most (i.e., ~ 80%) of the gold occurs within pyrite at Lihir, the effected extraction of 520 

gold during mineral processing is strongly dependent on paragenetically and texturally controlled 521 

gold deportment. The composite pyrite grains have gold and other trace elements only enriched in 522 

rims with local Au – Te – Ag inclusions, whereas epithermal-stage pyrites are enriched in gold 523 

throughout the grain along with local Au – Ag – Te inclusions. The composite pyrite grains can be 524 

subjected to a shorter period of oxidation and leaching to liberate most of their gold from the rims. 525 

For areas dominated by epithermal-stage mineralization, pyrite grains need to be fully oxidized in 526 

order to liberate the gold from their entire crystal lattice. This has not only important implications 527 

for the Lihir gold deposit, but also for porphyry Au ± Cu deposits and associated epithermal gold 528 

deposits worldwide, where overprinting by subsequent hydrothermal fluid may enrich only the rims 529 

of sulfide minerals with gold.   530 
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 789 

Figure Captions 790 

FIGURE 1. Location of Lihir Island and the Lihir gold deposit. A) Map (Mercator projection) 791 

of the Southwest Pacific within Papua New Guinea outlined. Extent of (B) is outlined in the red 792 

box. B) Location of Lihir Island (in red), as well as eastern Papua New Guinea islands, including 793 

New Britain, New Ireland and the Tabar-Lihir-Tanga Feni island chain. C) Outline of Lihir Island 794 

with location of the Lihir gold deposit (D) outlined in the red box. D) Plan view of the Lihir gold 795 

deposit, within the Luise amphitheater. Gold grades are from 3-D isosurfaces projected to 100 m 796 

relative to sealevel (rsl). The Lienetz orebody (i.e., the focus of this study) is circled in white 797 

dashes.  798 
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 799 

FIGURE 2. Relationships between veins and hydrothermal breccias, and inferred 800 

depositional conditions. A) Time-space relationship between emplacement of veins and breccia 801 

veins (V) and hydrothermal breccias (Bx), semi-quantified in this figure by size of schematic 802 

explosion icons. Interpreted porphyry-style (brown) and epithermal (orange) conditions are shown 803 

relative to vein stages. Relative abundances of minerals in vein stages are show with increasing line 804 

thickness representing increasing abundances. 1 = Each vein and breccia vein stage, as well as 805 

hydrothermal breccia facies, are correlated with Carman (1994), Blackwell (2010) and Ageneau 806 

(2012)’s interpreted stages for Lienetz (L), Minifie (M) and Kapit (K), which are provided below 807 

each stage in italics and brackets. B) Mineral assemblages typical of the interpreted geothermal-, 808 

epithermal- and porphyry-stages at Lihir between 100 and 350°C. Temperature stability of 809 

hydrothermal minerals were deduced from active geothermal systems and experimental modeling 810 

(modified after Hemley et al., 1980; Reyes, 1990; Masterman, 2003; Pass, 2010 and references 811 

therein). 812 

 813 

FIGURE 3. Pyrite form and NaOCl etched textures (e.g., Table 1). A) Reflective light 814 

microphotograph of sample from stage V1bio (LH14SS051-1) exhibiting large grain size of pyrites.  815 

B) Reflective light microphotograph of porphyry-stage pyrite grain (GW47-1122m) half-etched 816 

with NaOCl, exhibiting patchy textures. C) Reflective light microphotograph of porphyry-stage 817 

pyrite grain (LH14SS051-2) half-etched with NaOCl, exhibiting no textures. D) Reflective light 818 

microphotograph of sample from stage V3adu (LI12EL002B) pyrite vein.  E) Reflective light 819 

microphotograph of epithermal-stage pyrite grain (LI12EL002A) fully etched with NaOCl, 820 

exhibiting oscillatory zoning. F) Reflective light microphotograph of epithermal-stage pyrite grain 821 

(LI12EL002B) half-etched with NaOCl exhibiting oscillatory zoning and sector zones. G) 822 

Reflective light photograph of sample from stage V1M1 (LH13SS077) exhibiting small but variable 823 

pyrite grain sizes.  H) Reflective light microphotograph of composite pyrite grain (LH13SS069) 824 

fully etched with NaOCl, exhibiting truncated wispy zoned rims and corroded edges. I) Reflective 825 

light microphotograph of composite pyrite grain (LH13SS069) fully etched with NaOCl, exhibiting 826 

wispy zoned rims and corroded edges. 827 

 828 

FIGURE 4. Trace element graphs of pyrites. Maximum, mean, median, geometric mean and 829 

minimum trace element concentrations compared for V1 porphyry-stage vs. V3adu and V4qtz 830 

epithermal-stage pyrite grains, and cores of composite pyrite grains vs. rims. 831 

 832 
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FIGURE 5. Porphyry-stage pyrite grains and corresponding LA-ICP-MS images. A) 833 

Reflective light image of NaOCl etched pyrite from V1bio (LH14SS051-1). Insert (B) outlines the 834 

area of the LA-ICP-MS analysis on this pyrite grain. B) LA-ICP-MS images for Co, As, Te and Au. 835 

 836 

FIGURE 6. Epithermal-stage pyrite grains and corresponding LA-ICP-MS images. Insert (B) 837 

outlines the area of the LA-ICP-MS analysis on this pyrite grain. A) Reflective light image of 838 

NaOCl etched pyrite from V3adu (LI12EL002B). B) LA-ICP-MS images for As, Tl, Au and Sb. 839 

 840 

FIGURE 7. Composite pyrite grains and corresponding LA-ICP-MS images. A) Reflective 841 

light microphotograph of NaOCl etched pyrite from V1M1 (LH13SS069). LA-ICP-MS image of 842 

arsenic overlain on pyrite. Insert (B) outlines the area of the LA-ICP-MS analysis on this pyrite 843 

grain. B) Close up view of rim of pyrite highlighting wispy zoned rims, partly truncated at edges. 844 

Insert shows schematic of higher values of trace elements (i.e., larger circles with hotter colors), 845 

along a LA-ICP-MS laser line. C) LA-ICP-MS images for Co, Ni, Au and Pb. 846 

 847 

FIGURE 8. Composite pyrite grains and corresponding LA-ICP-MS images. A)  Reflective 848 

light microphotograph of NaOCl etched pyrite from V1M2 (LH13SS003). LA-ICP-MS image of 849 

arsenic overlain on pyrite. Insert (B) outlines the area of the LA-ICP-MS analysis on this pyrite 850 

grain. B) Close up view of rim of pyrite highlighting bright oscillatory zoned rims with irregular 851 

and partly truncated contacts on both the inner edge to the pyrite grain and outer edge to calcite. C) 852 

LA-ICP-MS images for Co, Ni, Mo and Au. 853 

 854 

FIGURE 9. Arsenic versus gold diagram for all pyrite analyzed in this study. The gold-855 

saturation line is defined by the equation CAu = 0.02 x CAs + 4 x 10−5, based on the study of Reich et 856 

al. (2005) that showed the maximum amount of gold that can be contained in the pyrite lattice is 857 

dependent on the arsenic content. Although pyrite data below the gold-saturation of Reich et al. 858 

(2005) is inferred to have gold in the crystal lattice, this study was unable to categorically determine 859 

if the gold is actually occurring as undetectable nano-sized inclusions. 860 

 861 

FIGURE 10. Gold inclusions in pyrite. Principal component analysis correlation values of gold 862 

with other key trace elements, and a BSE-SEM photo of a pyrite grain (i.e., V1M1 LH13SS069), 863 

showing micro- to nano-size bright Au − Te − Ag inclusions. 864 

 865 
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FIGURE 11. Schematic summary diagram of comparative trace element enrichment in pyrite 866 

from the Lienetz orebody, Lihir gold deposit (e.g., Table 3). A) Porphyry-stage pyrite grains 867 

compared to epithermal-stage pyrite grains. Porphyry-stage pyrite grains have distinct zoned cores 868 

and epithermal-stage pyrite grains have distinct oscillatory zones. B) Composite porphyry-stage 869 

pyrite grain cores compared to rims, illustrating the progression from an initial large euhedral 870 

porphyry-stage pyrite grain, which was partly dissolved and followed by overgrowth to produce 871 

rims enriched in trace element concentrations. 872 

 873 

 874 

TABLE 1. Pyrite grain forms and NaOCl etched textures  875 

Vein 

stage 
Pyrite shape Pyrite size 

NaOCl 

strength 

Textures revealed by 

NaOCl etching 
Comments 

V1bio  

+ V1ksp 

Sub-angular to 

rounded edges 

Medium to 

large (100 to 

1000 µm) 

Weak to 

moderate  

± patchy; ± wispy 

banded rims 

Interstitial cpy ± mag 

V1M1 Angular to very 

rounded edges; 

irregular corroded 

edges; cavities 

Small (< 10 to 

300 µm) 

Moderate 

to strong  

Wispy zoned rims; ± 

oscillatory zonation 

Overgrowth locally of 

euhedral py on rims; py 

over corroded mag; ± 

interstitial cpy, gn 

V3adu Very angular to 

sub-rounded 

edges; inclusions 

Medium (100 

to 300 µm) 

Strong Oscillatory zonation; 

± sector zonation; ± 

radiating crystals; ± 

colloform banded 

Multiple generations of 

py and mrc overgrowth 

on rims; ± interstitial gn 

V4qtz Very angular to 

rounded edges; 

irregular corroded 

edges; cavities; 

inclusions 

Small (< 5 to 

150 µm) 

Strong Oscillatory zonation; 

± radiating crystals 

Interstitial cpy, gn, sph; 

overgrowth locally of 

euhedral py on rims 

V1M2 Angular to sub-

rounded edges; 

irregular corroded 

edges; cavities; 

inclusions 

Medium – 

large (100 to 

1000 µm) 

Moderate Wispy zoned rims; 

discolouration blots; 

± oscillatory 

zonation; ± patchy 

Interstitial cpy, sph; 

overgrowth locally of 

py over corroded mag 

Abbreviations: cpy = chalcopyrite, gn = galena, mag = magnetite, mrc = marcasite, py = pyrite, sph = sphalerite. 

 876 

 877 

TABLE 2. Pyrite trace element concentrations (all values in ppm) 878 

 End-member pyrite grains Composite pyrite grains 

Element 
Porphyry-

stage 

Epithermal-

stage 
Cores Rims 

V1M1  

rims only 

V1M2 

rims only 

Co        

median 190 53.3 215 55.9 20.0 99.6 

geometric mean 131 52.0 136 47.3 17.8 79.5 

Ni        

median 202 10.7 55.7 34.2 20.4 13.0 

geometric mean 163 9.70 47.3 26.3 15.1 10.9 
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Cu        

median 65.1 113 36.0 68.4 142 9.18 

geometric mean 52.1 98.1 24.6 46.5 85.9 9.94 

Zn       

median 6.08 11.5 2.56 14.4 31.8 1.88 

geometric mean 6.01 11.2 2.72 10.7 22.2 2.73 

As       

median 168 10200 77.7 1150 2440 182 

geometric mean 169 9480 78.0 757 1560 145 

Se        

median 136 92.0 153 79.2 44.9 165 

geometric mean 125 95.9 141 54.8 45.5 85.7 

Mo        

median 0.687 384 0.620 4.17 8.60 1.92 

geometric mean 0.712 324 0.700 4.06 7.88 2.36 

Ag        

median 1.94 27.9 1.08 3.75 8.46 0.536 

geometric mean 1.77 19.6 0.966 2.78 5.96 0.756 

Sb        

median 2.19 71.7 1.22 13.1 29.5 1.69 

geometric mean 2.08 52.7 1.30 7.55 16.1 1.87 

Te        

median 10.6 12.3 11.3 14.4 20.9 14.6 

geometric mean 11.6 11.9 11.8 13.5 18.2 12.6 

Au        

median 0.561 10.8 0.213 2.98 5.94 0.360 

geometric mean 0.539 10.1 0.253 1.64 3.24 0.390 

Tl        

median 0.210 165 0.099 1.22 2.86 0.063 

geometric mean 0.195 137 0.103 0.719 1.60 0.108 

Pb        

median 32.1 85.0 17.7 125 281 13.3 

geometric mean 29.8 70.0 16.9 122 274 13.1 
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TABLE 3. Percent change of median trace element values compared to different pyrite generations 

 RIMS vs. CORES 
EPITHERMAL vs. 

PORPHYRY 
RIMS vs. PORPHYRY 

 

median 

(R − C)/C 

geometric mean 

(R − C)/C 

median 

(E − P)/P 

geometric mean 

(E − P)/P 

median 

(R − P)/P 

geometric mean 

(R − P)/P 

Co −74% −65% −72% −60% -71% -64% 

Ni −39% −45% −95% −94% -83% -84% 

Cu 90% 89% 74% 88% 5% -11% 

Zn 460% 290% 88% 86% 140% 78% 

As 1400% 870% 5900% 5500% 590% 350% 

Se −48% −61% −32% −23% -42% -56% 

Mo 570% 480% 56,000% 45,000% 510% 470% 

Ag 250% 190% 1300% 1000% 93% 57% 

Sb 970% 480% 3200% 2400% 500% 260% 

Te 27% 15% 16% 2% 35% 16% 

Au 1300% 550% 1800% 1800% 430% 210% 

Tl 1100% 600% 78,000% 70,000% 480% 270% 

Pb 610% 620% 170% 140% 290% 310% 

C = cores of composite pyrite grains; E = epithermal-stage pyrite grains (V3adu, V4qtz); P = porphyry-stage pyrite grains 

(V1); R = rims of composite pyrite grains. 
 

 

 

TABLE 4. Gold deportment (i.e., % Au within minerals)  

% Au within minerals identified for  All samples 
Epithermal-

stage samples 

Porphyry-stage and 

composite samples 

anhydrite 5% 2% 7% 

arsenopyrite 0% 0% 0% 

barite 1% 1% 1% 

biotite 3% 6% 3% 

chalcopyrite 1% 0% 2% 

epidote 1% 1% 1% 

ferroactinolite 0% 1% 0% 

ferrohornblende 1% 0% 1% 

galena 1% 0% 2% 

magnesiohornblende 3% 0% 4% 

magnetite 0% 0% 1% 

molybdenite 2% 3% 1% 

orthoclase 1% 2% 1% 

pyrite 61% 67% 59% 

    inclusions pyrite grain rims 5% 0% 6% 

    inclusions in pyrite grain cores 7% 10% 6% 

    tellurides (large inclusions) 1% 6% 0% 

quartz 1% 1% 1% 
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sphalerite 2% 1% 2% 

    

Total % Au in other minerals 24% 17% 28% 

Total % Au as inclusions in pyrite 14% 15% 12% 

Total % Au in crystal lattice of pyrite 61% 67% 59% 

Total % Au in pyrite 75% 82% 70% 

     as Au inclusions in pyrite 19% 18% 17% 

     as Au in crystal lattice of pyrite 81% 82% 83% 
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