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 25 
Abstract 26 

Interface coupled dissolution-reprecipitation reactions (ICDR) are a common 27 

feature of fluid-rock interaction during crustal fluid flow. We tested the hypothesis 28 

that ICDR reactions can play a key role in scavenging minor elements by exploring 29 

the fate of U during the experimental sulfidation of hematite to chalcopyrite under 30 

hydrothermal conditions (220-300 ˚C). The experiments where U was added, either 31 

as solid UO2+x(s) or as a soluble uranyl complex, differed from the U-free 32 

experiments in that pyrite precipitated initially, before the onset of chalcopyrite 33 

precipitation. In addition, in UO2+x(s)-bearing experiments, enhanced hematite 34 

dissolution led to increased porosity and precipitation of pyrite+magnetite within the 35 

hematite core, whereas in uranyl nitrate bearing experiments, abundant pyrite formed 36 

initially, before being replaced by chalcopyrite. Uranium scavenging was mainly 37 

associated with the early reaction stage (pyrite precipitation), resulting in a thin U-38 

rich line marking the original hematite grain surface. This ‘line’ consists of 39 

nanocrystals of UO2+x(s), based on chemical mapping and XANES spectroscopy. 40 

This study shows that the presence of minor components can affect the pathway of 41 

ICDR reactions. Reactions between U- and Cu-bearing fluids and hematite can 42 

explain the Cu-U association prominent in some iron oxide-copper-gold (IOCG) 43 

deposits. 44 

 45 

Keywords: uranium, scavenging, IOCG deposits, experiment, sulfidation reaction, 46 

interface coupled dissolution-reprecipitation reactions. 47 
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Introduction 48 

Iron oxide-copper-gold (IOCG) deposits, such as Olympic Dam (OD) and 49 

Prominent Hill in South Australia, are important sources of copper, uranium, gold, 50 

and silver. Uranium is always enriched in South Australian IOCG ores, acting as a 51 

penalty element or a resource depending on grade and distribution. OD is 52 

characterized by a relatively oxidized mineral assemblage; magnetite-pyrite 53 

precipitated at the periphery of the deposit, and hematite dominates in the ores, with 54 

a barren hematite body forming the core of the deposit. Copper minerals show an 55 

increase in Cu:S ratio towards the core of the deposit: chalcopyrite dominates at the 56 

periphery, followed by bornite and finally chalcocite. Bastrakov et al. (2007) 57 

suggested that the mineralogical zoning at OD and the stable isotopic (O, S) 58 

composition of ore minerals is consistent with a two stage model, whereby a hot, 59 

highly saline fluid (>30 wt% NaCl; > 400 ˚C) sourced from a granitic magma 60 

formed a low-grade, relatively reduced, magnetite-chalcopyrite orebody, which was 61 

later remobilized and upgraded by interaction with meteoric, oxidized fluids. 62 

Although OD is the World’s largest U deposit in terms of metal endowment, 63 

no specific study on the genesis of U mineralization has been conducted (Cuney, 64 

2009). Leaching of U from the wall rocks and reaction of the U-bearing 65 

hydrothermal fluids with the Fe-oxide and Cu-sulfide mineralization is assumed to 66 

be responsible for U enrichment in some IOCG deposits by a factor of 10 to 40 67 

relative to the fresh host rocks (Hitzman et al., 1992; Hitzman and Valenta, 2005). In 68 

contrast to the Cu-bearing minerals, the U-bearing minerals do not show a clear 69 

zonation pattern at OD. Uranium minerals occur throughout the Cu-enriched zone; 70 

uraninite is associated mainly with Cu-Fe sulfides and hematite; brannerite and 71 

coffinite are associated mainly with sulfides, quartz, and sericite (Cuney, 2009). 72 
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The importance of fluid-mediated interface coupled dissolution reprecipitation 73 

(ICDR) reactions in geological processes has been emphasized over the past decade 74 

(Putnis, 2009; Putnis and John, 2010). These reactions are key to understanding ore 75 

formation processes, grade control, and the evolution of ore textures, e.g., alteration 76 

of pentlandite in the cementation zone (Tenailleau et al., 2006); replacement of 77 

magnetite and pyrrhotite by Fe-sulfides (Qian et al., 2010); hematite by chalcopyrite 78 

and bornite (Zhao et al., 2014); scavenging of bismuth and gold during ICDR 79 

reactions (Tooth et al., 2011); or reactions involving Au-Ag-tellurides (Okrugin et al., 80 

2014; Zhao et al., 2009; 2013); or Fe-Ti oxides (Janssen et al. 2010, 2011). 81 

Replacement reactions are prominent in IOCG deposits, involved in local and 82 

regional alteration, and in upgrading of the Cu and U ores via reaction with 83 

preexisting iron-oxide ores. 84 

The aim of this study is to test the hypothesis that U is scavenged from the 85 

hydrothermal fluids during ICDR reactions, helping to elucidate the Cu-U 86 

association in IOCG deposits. We used the replacement of hematite by chalcopyrite 87 

under hydrothermal conditions as a model reaction, as this reaction was recently 88 

studied by Zhao et al. (2014). Understanding the processes that scavenge U during 89 

fluid-rock interaction is key not only for understanding the distribution of U in these 90 

deposits, but also for addressing the potential effect of ICDR reactions in promoting 91 

or inhibiting metal recovery during ore processing via hydrometallurgical or in-situ 92 

leaching methods. 93 

Starting materials 94 

Hematite sulfidation experiments in the presence of sulfur were conducted 95 

following the method of Zhao et al. (2014), by reacting hematite, copper(I) chloride, 96 
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and thioacetamide in the presence of water at 220 and 300 oC, Psat. Analytical grade 97 

CuCl (Hopkin and Williams Ltd.) purified using the procedure of Keller et al. 98 

(1946), and thioacetamide (CH3CSNH2) (Scharlau Chemie SA) were used in the 99 

experiments. Thioacetamide is stable at room temperature, but it decomposes above 100 

100 oC and releases H2S. The solution pH at the reaction temperature was buffered 101 

by the HS-/H2S(aq) buffer. To better constrain the pH, we added sodium acetate 102 

(0.14 m) and acetic acid (0.059 m) to shift the HS-/H2S(aq) buffer, as well as 1 molal 103 

NaCl to prevent disproportionation of Cu(I) complexes (Zhao et al., 2014). Using the 104 

HCh thermodynamic equilibrium program (Shavarov, 1999), a pH300˚C of 5.89 was 105 

calculated for the system that consisted of 0.0025 moles H2S and HN3, 106 

0.000295 mole CH3COOH, 0.0007 mole CH3COO Na, 10 mg hematite and 12.5 mg 107 

CuCl in 5 ml H2O. Uranium was introduced as uraninite (see below) or uranyl nitrate 108 

(H.B. Selby and Co. Pty. Ltd). 109 

Hematite (SA Museum collection number G6983) was used as the starting 110 

material. The identification and composition of this mineral was checked by powder 111 

X-ray diffraction (XRD; Huber Guinier Imaging Plate G670 with Co Kα1 radiation) 112 

and by electron probe microanalysis (Cameca SX-52 operated at 20 kV, 20 nA). The 113 

following probe standards were used: Fe2O3 and Fe3O4 (Fe); Mg3Al2(SiO4)3 (Si, Al 114 

and Mg); Ca5(PO4)3F (P); MnSiO3 (Mn) and V metal (V). The analysis of hematite 115 

(10 points) showed that the starting material was pure (>99.5% hematite 116 

components), although some crystals contained micro-inclusions of silica (apparent 117 

SiO2 contents up to 3.0 wt%). Crystals were washed ultrasonically, ground and 118 

sieved into 125 to 150 µm size fractions. 119 
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Synthetic uraninite was used for the experiments. It was produced by the 120 

reduction of high purity UO2(NO3)2 by Zn metal as follows: UO2(NO3)2 was 121 

dissolved in 1 molar HCl; O2(aq) was removed by bubbling a 99.5% N2 and 0.5% H2 122 

gas mixture through the solution, which was then sealed into Teflon-lined 123 

autoclaves. The autoclaves were kept at 150 oC for 3 days. After cooling, the 124 

products were washed in 10 molar HCl several times until no further bubbles were 125 

released in order to remove Zn and U(VI) impurities. Finally, the products were 126 

washed in Milli-Q water (conductivity of 18 MΩ cm-1, Direct-Q3 system, Millipore 127 

Corp) and acetone. The synthetic uraninite has a unit cell size a = 5.4105(2) Å (V = 128 

158.38(2) Å3), as refined using TOPAS (Bruker, 2005). This unit cell dimension is 129 

typical for uraninite found in hydrothermal environments (Fritsche and Dahlkamp, 130 

1997), and corresponds to a uraninite composition UO2.56 (Grønvold, 1955; Singh et 131 

al., 2011). 132 

Experiments and characterization 133 

Hematite (10 mg), CuCl(s) (12.3 mg), CH3CSNH2 (187.5 mg), and either 134 

uraninite (80 mg) or UO2(NO3)2(s) (116.7 mg, corresponding to ~3,000 ppm U in 135 

solution), were loaded into Ti-autoclaves with an 8 ml internal volume in an argon-136 

filled glove box together with 5 ml of a 0.2 m acetate buffered solution. All 137 

hydrothermal runs were performed in electric muffle furnaces at 220 and 300 ˚C 138 

(temperature controlled within ±1 °C). After reaction, the autoclaves were quenched 139 

in a large volume (~10 L) of cold water for 45 minutes. The reacted fluid was 140 

collected, and solids were rinsed three times with Milli-Q water and then once with 141 

acetone before drying. 142 

A Philips XL30 field emission scanning electron microscope (FESEM) was 143 
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used to characterize the surface morphology of the grains (secondary electron mode, 144 

SE). Chemical features were checked using backscattered electrons (BSE) and 145 

energy dispersive X-ray spectrometry (EDAX). A FEI Helios NanoLab DualBeam 146 

Focussed Ion Beam FIB-SEM (FEI, Netherlands) was used to prepare cuts and 147 

extract thin sections (10 x 10 x 5 µm3) from well-controlled areas within the samples 148 

(Fig. 1). Ablation was performed using a Ga beam (20-30 kV/0.093-0.21 nA). 149 

Chemical maps were also obtained using the instrument’s EDAX system. 150 

Uranium LIII-edge X-ray absorption near edge structure (XANES) spectra 151 

were collected at beamline I18 at the Diamond Light Source, Oxfordshire, UK. I18 is 152 

an undulator beam line with a Si(111) double crystal monochromator; at 17 keV the 153 

energy resolution was ~2.4 eV (1.4 x 10-4) and the flux ~1010 photons/s. The beam 154 

was focused to a size of ~6 x 2.2 µm2 using KB mirrors, and fluorescence data was 155 

collected with a 9 element Ge detector. The energy was calibrated using a Y foil 156 

(first derivative maximum at 17,038 eV for the Y K-edge). 157 

Results 158 

U-free runs 159 

Experiments were conducted at 220 and 300 ˚C for reaction times between 160 

2 hours and 2 weeks, and chalcopyrite rims formed around hematite grains in all 161 

runs. Only trace amounts of chalcopyrite were observed for reaction times shorter 162 

than 1 week, and the amount of chalcopyrite increased with increasing reaction time; 163 

however after two weeks no further change in the reaction products was observed, 164 

consistent with the results of Zhao et al. (2014). A 10-20 µm thick rim of 165 

chalcopyrite was produced around the hematite grains after 2 weeks at 300 ˚C 166 
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(Fig. 1a). The hematite cores showed no sign of reaction or dissolution. The 167 

chalcopyrite rim grew both via the replacement of chalcopyrite and via overgrowth 168 

on the outside of the rim (Zhao et al., 2014). The boundary between these two types 169 

of chalcopyrite is marked by a line of high porosity, which was labeled in Fig. 1a. 170 

UO2+x(s) as uranium source 171 

The textures obtained in experiments where synthetic uraninite was added as 172 

a U source are generally similar to those obtained in the U-free experiments, with a 173 

chalcopyrite rim surrounding the hematite grains (Fig. 1b). However, SEM images 174 

reveal a mottled texture in the hematite cores, which is due to the partial replacement 175 

of hematite by pyrite and magnetite, as confirmed by XRD results; this contrasts 176 

with the U-free runs, in which the hematite core showed no evidence of 177 

mineralogical change. 178 

SEM imaging shows that U is present in the reacted grains in two different 179 

forms: (i) uraninite grains enclosed in the chalcopyrite overgrowth (Fig. 1b), and 180 

(ii) a thin line (≤ 1 µm) between the chalcopyrite rim and the original grain 181 

(Figs. 1b,c) that consists of U-rich nano-crystals. Thus, after two weeks reaction time, 182 

from the outside of the grains, there is a ~10 µm thick chalcopyrite rim containing 183 

patches of uraninite; a thin U-rich layer, and a hematite core with small patches of 184 

magnetite and pyrite. In order to observe the reaction interfaces deep within the grain, 185 

a FIB slice was cut across part of the grain crossing three phases; the location of this 186 

cut is indicated by a red line on Fig. 1b. Porosity is evident within the hematite core 187 

(left side in Fig. 1c), a result of the patchy replacement of hematite by pyrite and 188 

magnetite in the grain. An EDAX chemical map shows that the U-rich line marks the 189 

boundary between a thin pyrite rim and the chalcopyrite rim (Fig. 1d). Also note the 190 
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absence of porosity at the pyrite-chalcopyrite boundary, which suggests that U is not 191 

a quenching feature, as U would be expected to be associated with remaining 192 

porosity if it was depositing from trapped solution during quenching. 193 

We performed additional experiments to confirm that the presence of 194 

uraninite caused the enhanced reactivity of the hematite core (Fig. 2). No reaction 195 

was observed when hematite was heated in a buffer solution at 300 ˚C for 1 week. 196 

Addition of uraninite (hematite+buffer+UO2+x(s) system) resulted in enhanced 197 

dissolution of hematite (Fig. 2a,b). Finally, addition of thioacetamide 198 

(hematite+buffer+UO2+x(s)+thioacetamide system) resulted in textures (Figs. 2c,d) 199 

that were similar to those in the hematite+buffer+UO2+x(s)+thioacetamide+CuCl 200 

system (Figs. 1b,c), with the difference that the mottled cores of the hematite are 201 

surrounded by pyrite rims rather than chalcopyrite. Similarly to chalcopyrite, pyrite 202 

appears to both directly replace hematite (Fig. 2d) and to form via overgrowth, 203 

encapsulating some of the added uraninite particles (Fig. 2c); aside from these 204 

encapsulated uraninite particles, the pyrite overgrowths are U-free (Fig. 2d). A sub-205 

µm thick U-rich layer marks the contact between the two types of pyrite (Figs. 2c,d). 206 

The pyrite replacing hematite displays the same porosity as the parent hematite, but 207 

some of this porosity appears to be partially filled with a U phase (Fig. 2d). This 208 

suggests that the pyrite replacement occurred after hematite dissolution had taken 209 

place. 210 

UO2(NO3)2 as uranium source 211 

Experiments using soluble UO2(NO3)2 as the U source (Fig. 3) differed from 212 

those using uraninite in three ways. (i) The hematite core showed no evidence of 213 

reaction, i.e. no pyrite or magnetite and no increase in porosity was observed (e.g., 214 
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Fig. 3c). (ii) Compared to the uraninite experiments, the uranium-rich layers after 215 

two weeks reaction time at 300 ˚C were usually thicker (<3 μm in width versus 216 

< 1µm) and precipitated at the surface of the original hematite grains, now marking 217 

the contact between replacing and overgrowth chalcopyrite. Some of the uranium-218 

rich layers were also present within the overgrowing chalcopyrite (Fig. 3c,d,e). 219 

(iii) Pyrite appears as patches within the chalcopyrite rims on the inside of the 220 

uranium-rich layers (i.e., within chalcopyrite formed via direct replacement of 221 

hematite); after two weeks reaction time, no pyrite was detected on the outer side of 222 

the uranium-rich layer, i.e. within the chalcopyrite overgrowth (Fig. 3c,d,e), 223 

indicating the replacement of pyrite by chalcopyrite over time. After a short reaction 224 

time of 2 hours at 300 ˚C (Fig. 3a,b), the only sulfide mineral observed was a thin 225 

(< 5 µm) rim of pyrite (based on EDAX analyses), which contains a uranium-rich 226 

layer as well as U-rich nanoparticles (detail in Fig. 3b). 227 

XANES spectroscopy 228 

It is essential to identify the oxidation state of the uranium in the reacted 229 

grain to be able to determine the reaction mechanism. XANES can be used to 230 

determine the speciation and oxidation state of trace elements in minerals in-situ 231 

with µm-scale spatial resolution (Brugger et al., 2008; 2010). The average oxidation 232 

state of U can be retrieved from the U LIII-edge XANES spectra by measuring the 233 

position of the white line that shifts by 3.75–4.3 eV from U4+ to U6+ (Bertsch et al., 234 

1994; Yamamoto et al., 2008), or the presence of a band at around 17,232 eV related 235 

to uranyl resonance (Conradson, 1998). For this study it was sufficient to compare 236 

the XANES spectra of experimental samples with those of two U mineral standards: 237 

saleeite, (Mg(U6+O2)(PO4)2•10H2O, Ranger Mine, Northern Territory, Australia, 238 

Museum Victoria Sample M41723; and cleusonite, Pb (U4+, U6+) 239 
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(Ti,Fe2+,Fe3+)20•(H2O)38, Cleuson, Valais, Switzerland, Wülser et al. (2005), South 240 

Australian Museum sample G29393. Saleeite contains U6+ as a uranyl ion UO2
2+; 241 

and cleusonite is nominally a U4+ mineral, although it may contain small amounts of 242 

U6+/U5+ due to radiation damage and weathering. XANES spectra were measured on 243 

a FIB slice cut from the sample (Fig. 1b), which made it possible to analyze the 244 

uranium-rich layer without contamination from the uraninite inclusions. Comparison 245 

of the three spectra confirmed that the dominant uranium oxidation state in the U-246 

rich layers is U4+ rather than U6+ (Fig. 4). The shift of the white line to lower energy 247 

by ~4 eV between saleeite and the synthetic samples confirms that the latter consist 248 

predominantly of U4+ (Bertsch et al., 1994; Yamamoto et al., 2008). 249 

Discussion 250 

Addition of uranium during the sulfidation of hematite from Cu-rich 251 

solutions under hydrothermal conditions results not only in the scavenging of U at 252 

specific stages of the replacement reaction, but also in changes in the reaction 253 

pathways depending on the U source. In this discussion we aim to elucidate the 254 

mechanisms that drive the differences and their role in uranium scavenging. 255 

Effect of uranium on the reaction within the hematite core 256 

The hematite cores appear to remain unreacted in experiments conducted 257 

with no U or when uranyl nitrate was used as a U source; however, when uraninite 258 

was used as a U-source, the hematite cores displayed enhanced porosity and patchy 259 

areas of replacement by pyrite and magnetite (Figs. 1a,b,c; 3a). This indicates that in 260 

the presence of uraninite, insoluble Fe3+ can be reduced to soluble Fe2+, for example 261 

via the two half reactions:  262 
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(1a) UO2 (uraninite)  → UO2
2+(aq) + 2e- 263 

(1b) Fe2O3
 (hem) + 6 H+ + 2e-  → 2Fe2+ + 3H2O 264 

U4+ can readily be oxidized to U6+ by Fe3+ (Nevin and Lovley, 2000). Once 265 

Fe2+ is released into solution, some of it will move into the bulk solution, accounting 266 

for increased porosity in the hematite. Some will react with hematite to form 267 

magnetite: 268 

(2) Fe2+(aq) + Fe2O3 (hem) + H2O → Fe3O4 (mag) + 2H+ 269 

In S-bearing experiments, some of the Fe2+ reacted with the dissolved sulfur 270 

to form pyrite. This is an oxidation reaction, as S in solution is present as 271 

hydrosulfide (e.g., [H2S-II](aq)), while pyrite contains [S-I
2]2- dimers. 272 

(3) Fe2+(aq) + 2HS-(aq)  → FeS2(py) + 2H+ + 2e- 273 

Possible oxidants required to balance reaction (3) include uranyl complexes 274 

(e.g., via equation (1a) and reduction to uraninite) and Fe3+-bearing minerals (e.g., 275 

equation (1b)), as well as polysulfides formed by oxidation of the hydrosulfide 276 

species (Qian et al. 2010; Rickard and Luther, 2007). As U(IV) minerals are poorly 277 

soluble, reduction of uranyl complexes is unlikely to explain pyrite precipitation 278 

within the hematite core. 279 

Effect of uranium on the replacement reaction and uranium scavenging 280 

Chalcopyrite rims along the parent grains were observed from all three series 281 

of experiments; the only exception was the run for 2 hours using uranyl nitrate, in 282 

which pyrite was the only sulfide observed rimming hematite. Whereas chalcopyrite 283 

was the only mineral detected in the reaction rims in the U-free runs, pyrite was 284 
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present in the runs containing either uranyl in solution or UO2+x(s). In the U-free 285 

reactions (Fig. 1a), the overall process of forming chalcopyrite can be represented as: 286 

(4) Fe2O3 (hem)  + 2Cu(HS)2
-(aq) + 2H+ → 2FeCuS2 (cpy) + 3H2O 287 

Note that the overall reaction (4) is not a redox reaction, and that it is 288 

associated with a large volume increase (Zhao et al. 2014). As a result, chalcopyrite 289 

grows both as pseudomorphic replacement of hematite via an ICDR mechanism and 290 

via overgrowth on the outside of the grains (Zhao et al., 2014). 291 

The replacement of hematite by pyrite in the U-bearing experiments is 292 

overall an oxidation reaction: 293 

(5) Fe2O3
 (hem)  + 4HS-(aq) + 2H+ → 2FeS2 (py) + 3H2O + 2e- 294 

Most likely, this reaction is linked to the reduction of some hematite 295 

(equation 1b) or of some uranyl in solution (which is present even when UO2+x(s) is 296 

the U source). The lack of significant U scavenging during pyrite formation suggests 297 

that the main oxidant is hematite, but the association between pyrite and the presence 298 

of uranium in the system indicates that uranyl may act as a catalyst to promote the 299 

nucleation of pyrite versus that of chalcopyrite. We also tested the hypothesis that 300 

the higher proportion of pyrite found in experiments conducted using uranyl nitrate 301 

were due to the reduction of nitrate at temperature (Brandes et al 2008), but found no 302 

pyrite under U-free-reaction with sodium nitrate at 300 ˚C after 2 and 24 hours. In 303 

experiments where soluble uranyl nitrate is the source of uranium, after 2 hours of 304 

reaction time there was no chalcopyrite but only a thin pyrite rim enriched in 305 

uranium (Fig. 3a,b). After more that one week reaction time, these runs show patchy 306 

areas of pyrite within a chalcopyrite rim; these patches are located on the inside of 307 
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the uranium-rich layer, i.e. they occur within the chalcopyrite that replaces hematite 308 

rather than in the chalcopyrite overgrowth (Fig. 3c,d,e). This confirms the role of 309 

uranyl in the formation of pyrite, as higher concentrations of uranyl in the 310 

experiments conducted using UO2(NO3)2 resulted in more extensive pyrite 311 

precipitation than in those where UO2+x(s) was the U source. 312 

Pyrite was replaced by chalcopyrite in the latter stages of the UO2(NO3)2 runs. 313 

This reaction is common in massive-sulfide deposits (e.g., Badrzadeh et al. 2011; 314 

Slack et al. 2003).  The replacement of pyrite by chalcopyrite involves the oxidation 315 

of Fe2+ (pyrite) to Fe3+ (chalcopyrite; e.g. Cook et al. 2012), and reduction of the 316 

disulfide ion (pyrite) into sulfide (chalcopyrite). The fast reaction rate is consistent 317 

with the ICDR reaction mechanism. The dissolution of pyrite can be presented as 318 

reaction (6), which releases a polysufide species into solution. The precipitation of 319 

chalcopyrite, assuming that S is sourced from the excess bisulfide in solution, is an 320 

oxidation reaction (reaction 7). It can be balanced if part of the sulfur is sourced from 321 

the reduction of the polysulfide released by pyrite dissolution (reaction 8). The 322 

replacement of pyrite by chalcopyrite in our experiments and in many natural 323 

examples appears to preserve volume. Since the molar volume of chalcopyrite is 324 

about twice that of pyrite (47.7 and 23.95 cm3 • mol-1, respectively), ~ ½ mole of 325 

pyrite results in the formation of 1 mole of chalcopyrite; the remaining half Fe2+ and 326 

S- have to escape into solution. Reaction (9) illustrates the main overall reaction for 327 

isovolumetric pyrite replacement by chalcopyrite. 328 

(6) FeS2 (py) → Fe2+ + S2
2- (py dissolution) 329 

(7) Fe2+ + Cu(HS)2
- → CuFeS2 (cpy) + 2H+ + e- (oxidative cpy precipitation) 330 

(8) ½ S2
2- + H+ + e- → HS- (reduction of disulfide ion) 331 
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(9)=(2*6+7+8) 2FeS2 (py) + Cu(HS)2
- → CuFeS2 (cpy) + Fe2+ + 1.5S2

2-  + HS- + H+ 332 

A key feature of the U-bearing experiments is the presence of U-rich layers, 333 

formed by an accumulation of UO2+x(s) nanocrystals, within the chalcopyrite 334 

(±pyrite) rims (Figs. 2d; 3b,d). This U enrichment appears to form early in the 335 

replacement reaction, and is often located at the interface between a thin pyrite layer 336 

and the chalcopyrite (Figs. 1c,d). Nucleation of pyrite follows significant dissolution 337 

of hematite, yet occurs at the early stage of the reaction, before chalcopyrite growth 338 

takes over. A coupling between the half reactions (3) and (1a), whereby dissolved 339 

uranyl provides the oxidant for the formation of pyrite, provides an adequate 340 

mechanism to explain the coupling between pyrite formation and uraninite 341 

precipitation.  It also explains that U-scavenging was more efficient in the 342 

experiments in which uranyl nitrate was added: the U-rich layer is ~0.3 μm thick in 343 

experiments conducted with UO2+x(s), but 1.5 μm in those conducted using uranyl 344 

nitrate. 345 

Implications for element scavenging and IOCG deposits 346 

The replacement of hematite by chalcopyrite described by Zhao et al. (2014) 347 

resulted in a relatively simple mineralogy and homogeneous textures. Addition of 348 

uranium in the experiments caused additional complexity, by (i) increased hematite 349 

solubility in the presence UO2+x(s); this also resulted in the formation of magnetite; 350 

and (ii) enabling pyrite to form as an early reaction product as a result of the 351 

presence of uranyl complexes in solution. Uranium scavenging was closely linked to 352 

the early pyrite precipitation, i.e. the reduction of uranyl in solution to form insoluble 353 

UO2+x(s) was coupled to the oxidation of S2- into S2
2-. The uraninite was present in 354 

nanoparticulate form.  355 



16 
 

Hence, our experiments show that the interaction of uranyl-bearing fluids and 356 

Fe-oxide/sulfide assemblages is conducive to the precipitation of fine-grained 357 

uraninite. This is consistent with the association of fined grained and nanoparticulate 358 

uraninite with Cu-Fe sulfides and associated hematite at Olympic Dam (Ciobanu et 359 

al. 2013). The UO2+x(s) layers formed in the experimental replacement reactions are 360 

similar to some of the uraninite textures found in the Olympic Dam deposit (Fig. 5).  361 

At Olympic Dam uraninite occurs in a wide variety of different textures and 362 

associations, suggesting that a number of processes were at play during uranium 363 

concentration, and consistent with extensive U-scavenging during fluid-mineral 364 

interaction. Tooth et al. (2011) present another example of scavenging of trace 365 

elements (Au,Bi) linked to fluid-rock interaction and ICDR reactions, showing that 366 

the oxidation of pyrrhotite into magnetite was linked to the reduction of aqueous Bi3+ 367 

into metallic Bi. At temperatures above the melting point of elemental Bi, aqueous 368 

Au+ complexes were scavenged by the Bi-melts (Cockerton and Tomkins, 2012; 369 

Tooth et al. 2008). Hence, Tooth et al. (2011) present the coupling as resulting from 370 

locally reducing conditions caused by the dissolution of pyrrhotite. In the present 371 

study, uranium was scavenged during hematite sulfidation, and the reduction of 372 

aqueous uranyl complexes was coupled with the replacement of hematite by pyrite, 373 

an oxidation reaction. A unique feature of the uranium scavenging reaction is its 374 

discontinuous nature; an initial burst in U-scavenging is followed by the growth of 375 

chalcopyrite with little U-scavenging. Overall, this study further emphasizes the 376 

significance of local (e.g., reaction front) conditions for controlling the metal budget 377 

in some ore deposits. 378 

This study also illustrates how the presence of minor components can affect 379 

the pathway of ICDR reactions, and the nature and textures of the products formed. 380 
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Instead of being a by-product of the main replacement reaction, the reduction of 381 

uranyl appears to affect the nature of the reaction, causing precipitation of pyrite 382 

rather than chalcopyrite in U-free runs. Hence, the presence of minor components in 383 

solution (uranyl complexes in this case) can affect the nature of the reaction at the 384 

interface, in particular by acting as catalysts for promoting redox reactions. Given 385 

the dynamic nature of ore formation (Ord et al. 2012), such complex, non-386 

equilibrium processes are expected to be widespread in ore deposits and affect the 387 

mineralogy and metal endowment of the ores. 388 
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Figure captions 509 

 510 

Figure 1. SEM images of reaction products for Cu-bearing experiments. All 511 

reactions were conducted in pH25˚C 5 acetate buffer and 1 m NaCl solutions, in the 512 

presence of CuCl and thioacetamide. Uraninite (UO2+x(S)) was added as a U-source in 513 

(b-d). (a) Hematite particle with chalcopyrite rim in U-free run (2 weeks, 300 oC). (b) 514 

Typical grains obtained in runs with UO2+x(S) as U-source (2 weeks, 300 oC). Note 515 

inclusions of uraninite grains in the overgrowth chalcopyrite in (b). (c) FIB cut of 516 

grain (red line in (b)). (d) EDAX chemical map of area in (c). 517 

 518 

Figure 2. SEM images of reaction products for Cu-free experiments. All reactions 519 

were conducted in a pH25˚C 5 acetate buffer and 1 m NaCl at 300 oC for 1 week, 520 

showing the effect of the addition of uraninite (a,b) and uraninite+thioacetamide 521 

(c,d). No reaction was observed in the buffer-only runs. Note the pyrite rim and 522 

uranium-rich line in (c,d). The dotted line in (d) emphasizes the pyrite-oxide 523 

boundary. 524 

 525 

Figure 3. Reaction products and textures for Cu-bearing experiments with 526 

UO2(NO3)2 as a U-source. All reactions were conducted in pH25˚C 5 acetate buffer 527 

and 1 m NaCl solutions, in the presence of CuCl and thioacetamide. (a,b) 2 hours, 528 

300 oC; (c,d,e) 2 weeks, 300 oC. (a-d) SEM images; (e) EDAX chemical map of the 529 

grain shown in (c). 530 
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Figure 4. XANES spectra (a) and their first derivative (b) for U-mineral standards 531 

for U in the U-rich lines of sample from 2 weeks reaction at 300 oC in pH25˚C 5 532 

acetate buffer and 1 m NaCl solutions using uraninite (UO2+x(S)) as a U-source. 533 

 534 

Figure 5. SEM image of uranium (uraninite/coffinite) associated with hematite and 535 

chalcopyrite from Olympic Dam, South Australia. Fluorite is the matrix mineral. 536 

 537 

 538 
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