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tunnels draining underground workings. The variety of inputs and importance of the river as a research site

Editor: D. Rickard make it an ideal location for investigating sulphide oxidation mechanisms at the field scale. Mass balance

calculations showed that pyrite oxidation accounts for over 93% of the dissolved sulphate derived from
Keywords: sulphide oxidation in the Rio Tinto point inputs. Oxygen isotopes in water and sulphate were analysed from a
Oxygen isotopes variety of drainage sources and displayed 6180(504,H20) values from 3.9 to 13.6%., indicating that different
Acid mine drainage oxidation pathways occurred at different sites within the catchment. The most commonly used approach to
Pyrite oxidation interpreting field oxygen isotope data applies water and oxygen fractionation factors derived from laboratory
Rio Tinto experiments. We demonstrate that this approach cannot explain high 6'®0so4_t20) values in a manner that

is consistent with recent models of pyrite and sulphoxyanion oxidation. In the Rio Tinto, high 6180(504,1420)
values (11.2-13.6%.) occur in concentrated (Fe =172-829 mM), low pH (0.88-1.4), ferrous iron (68-91% of
total Fe) waters and are most simply explained by a mechanism involving a dissolved sulphite intermediate,
sulphite-water oxygen equilibrium exchange and finally sulphite oxidation to sulphate with O,. In contrast,
drainage from large waste blocks of acid volcanic tuff with pyritiferous veins also had low pH (1.7), but had a
low 6‘80(504_H20) value of 4.0%. and high concentrations of ferric iron (Fe(Ill) = 185 mM, total Fe = 186 mM),
suggesting a pathway where ferric iron is the primary oxidant, water is the primary source of oxygen in the
sulphate and where sulphate is released directly from the pyrite surface. However, problems remain with the
sulphite-water oxygen exchange model and recommendations are therefore made for future experiments
to refine our understanding of oxygen isotopes in pyrite oxidation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction and coal deposits. Pyrite oxidation is often represented by Egs. (1)-(3),

with either atmospheric oxygen or ferric iron as the oxidant.
The Rio Tinto in SW Spain flows for some 100 km from its origin in

the Iberian Pyrite Belt to its common estuary with the adjacent Rio FeS, +3.50, + Hzo—>Fe2+ + zsoi_ +oH' (1)
Odiel, by the city of Huelva. Acid mine drainage emanates from a wide
range of sources (gangue materials from ore extraction, smelting Ft L HT +0.2502—>Fe3+ +0.5H,0 )

residues, settling ponds, waste from heap leaching and tunnels
draining underground workings) in the disused Pefia del Hierro and
Rio Tinto mines located in the river's headwaters (Fig. 1). The range of
sources makes this field site an excellent natural laboratory for
investigating variations in sulphide oxidation mechanisms.

Acid mine drainage is predominantly caused by the oxidation of
pyrite (FeS,), the most common sulphide mineral found in base metal

FeS, + 14Fe’" + 8H,0—15Fe’" + 280, + 16 H" 3)

Oxidation by Fe>* has been shown to oxidize pyrite 18 to 170 times
more rapidly than O, (Nordstrom and Alpers, 1999). However, this step
is limited by the rate of ferrous iron oxidation (Eq. (2)), which is greatly
increased (by up to 5 orders of magnitude; Nordstrom and Alpers,
1999) through the action of Fe-oxidizing chemolithoautotrophs, such

. . o as the bacteria Acidithiobacillus ferrooxidans and Leptospirillum ferroox-
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152 9JT, UK idans. Although Egs. (1)-(3) may represent the stoichiometry of pyrite
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(C.G. Hubbard). mechanisms. Each S atom loses 7 electrons yet electron transfer
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Fig. 1. Location map showing the headwaters of the Rio Tinto. Town names in capitals. AA = Arroyo Alcojola, LD = Lake Doughnut, OR = Ochre River, RR = Red River.

reactions generally involve only one or two electrons (Basolo and
Pearson, 1967), implying that there are a number of intermediate steps
between S~ and SO7 . However, there is still considerable debate as to
what these steps are, where they occur (on the pyrite surface or in the
surrounding water) and how they are influenced by biological and
physicochemical factors such as pH, Eh, dissolved O, concentrations,
Fe** concentrations, temperature, isotopic exchange with water and
microbial ecology (Schippers et al., 1996; Borda et al., 2003b; Druschel
et al., 2003a,b; Nordstrom et al., 2007).

One method with the potential to further constrain oxidation
mechanisms is the use of sulphate-oxygen isotopes. Two main
sources of sulphate-oxygen have been proposed: water (680
generally <0%.) and atmospheric oxygen (680 =23.5 4 0.3%.; Kroop-
nick and Craig, 1972). If 6'®0s04 and 6'80y50 are measured and the
fractionation factors involved in the incorporation of water-oxygen
(em20) and atmospheric oxygen (&g) into sulphate are known, then
the sources of sulphate-oxygen can be determined (Taylor et al.,
1984a,b; van Everingden and Krouse, 1985; Taylor and Wheeler, 1994).
The possibility of isotopic exchange between water and any dissolved
sulphoxyanions also needs to be considered. Isotopic exchange with
sulphate is slow (360 years at pH 1.0 and 25 °C, estimated from Fig. 8
in Seal (2003) based on data from Chiba and Saki (1985) and Hoering
and Kennedy (1957)) but dissolved sulphite exchanges oxygen with
water at a much faster rate (half-life, t(1/2)=25.3 h at pH 10.5 and

1.3 min at pH 8.9, Betts and Voss (1970)). No data are available for
sulphite-water oxygen exchange Kkinetics at lower pH, where
bisulphite rather than sulphite dominates. A log-linear relationship
between pH and oxygen exchange rates may hold true for the
sulphite/bisulphite system as it does for the sulphate/bisulphate
system (Fig. 8 in Seal (2003)) but this has not yet been confirmed.

The fraction of water-oxygen incorporated into sulphate during
pyrite oxidation can be determined explicitly from controlled
oxidation experiments with a range of initial 680y20. The gradient
of a plot of 6'®0s04 and 680y gives the proportion of water-oxygen
incorporated into sulphate (Gould et al., 1989; Balci et al., 2007). No
such constraint is possible for the interpretation of field data, which
relies on models derived from laboratory experiments. However field
data are essential to validate the proposed models by applying them to
environmental conditions outside of the experiments from which they
were derived.

An examination of recent literature shows that sulphate-oxygen
isotope data are being routinely integrated into field studies of sites
affected by pyrite oxidation, including pit lakes (Knoller et al., 2004;
Pellicori et al., 2005; Migaszewski et al., 2008), drainage from under-
ground workings (Butler, 2007), mine tailings and waste rocks (Sracek
et al,, 2004; Seal et al.,, 2008; Smuda et al., 2008) and as a tracer of
contamination in surface/groundwater (Bottrell, 2007; Cortecci et al.,
2008). A compilation of earlier field data can be found in Seal (2003).
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Pyrite oxidation mechanisms are commonly interpreted using simple
fractionation factors and related to oxidation by O, (Eq. (1)) or Fe>*
(Eq. (3)). Fewer field studies have interpreted the data based on the role
of dissolved sulphoxyanion intermediates, specifically sulphite (Seal,
2003; Pellicori et al., 2005; Seal et al., 2008). Interpretation of field data
can be further complicated by the fact that processes other than sulphide
oxidation can alter 680y, and/or 6'80sp4. Examples of these include
evaporation (e.g. the Penn mine, California; Hamlin and Alpers, 1995,
1996; Seal, 2003), the dissolution of soluble sulphate minerals (e.g. the
Animas River in Colorado; Nordstrom et al, 2007), the mixing of
different waters (e.g. Freiberg, Germany; Haubrich and Tichomirowa,
2002; Seal, 2003), sulphate reduction subsequent to pyrite oxidation
(e.g. the Fontana and Hazel Creek mines, North Colorado; Seal et al.,
1998) and sulphate-water oxygen exchange at extreme low pH (e.g. Iron
Mountain; Taylor and Wheeler, 1994).

The purpose of this paper is to apply current models of sulphide
oxidation and sulphate-oxygen isotope compositions to acid mine
drainage from the Rio Tinto. Variations in the sources of dissolved
sulphate are examined using a mass balance approach. The sulphate-
oxygen isotope models are used to identify pyrite oxidation processes
in two contrasting oxidation environments and are applied to samples
draining underground, inaccessible environments. We also use the Rio
Tinto field data to highlight and identify inconsistencies in the current
models and suggest future laboratory work that may help to constrain
models further and increase their use in interpreting field data.

2. Study area

The Rio Tinto deposit may originally have formed a single ore body
(5 kmx 750 m x40 m) containing over 500 Mt of sulphides (Nehlig et al.,
1998). As a result of Hercynian deformation, sulphide mineralisation is
now present as a number of ore bodies hosted by shale and acid volcanics
and located on the eastern hinge and both limbs of a local anticline that
sits within a larger syncline (Nehlig et al., 1998; Tornos, 2006). The Pefia
del Hierro ore body lies on the northern side of the syncline and is hosted
by acid volcanic tuffs. The ore bodies contain pyrite (FeS,) with minor
chalcopyrite (CuFeS,), arsenopyrite (FeAsS), sphalerite (ZnS), galena
(PbS) and barite (BaSO4) and were covered by a weathering layer of
gossan. Mining activities have been carried out intermittently for some
5000 years (Avery, 1974; Salkield, 1987; van Geen et al.,, 1997; Ruiz et al.,
1998; Leblanc et al., 2000), driven in the past few centuries by the
demand for copper and by the sulphuric acid industry.

The river system is becoming increasingly well characterized as it
is a popular location to investigate extremophile microbiology (Lopez-
Archilla et al., 2001; Zettler et al., 2002; Gonzalez-Toril et al., 2003a,b;
Lopez-Archilla et al, 2004; Aguilera et al., 2007a,b), acid mine
drainage processes (Hudson-Edwards et al, 1999; Buckby et al.,
2003; Romero et al., 2006; Canovas et al., 2007, 2008; Gammons et al.,
2008), estuarine processes (Elbaz-Poulichet et al., 2001; Braungardt
et al., 2003; Olias et al., 2006) and to perform Mars-analogue studies
(Fernandez-Remolar et al., 2005; Parro et al., 2005; Amils et al., 2007).
Fig. 1 shows the headwaters and mining area of the river in detail.

Four site locations in Fig. 1 are of particular interest in this study —
Red River, Zarandas Naya (Copper Liquor Dam/Acid River), Tunnel 16
and Tunnel 11. At Red River, a trickle (Q = 0.14 L/s; March 2006) of low
pH (1.8 +0.25, Aguilera et al., 2007b), concentrated (total Fe (Fer) =
304 4+ 74 mM, Aguilera et al., 2007b), dark red water flows into one of
the headwater streams commonly described as the source of the Rio
Tinto. The drainage emerges from large waste blocks (~0.5 m) of
predominantly acid volcanic tuffs cross-cut by veins containing
stockwork pyrite from the Pefia del Hierro deposit. Romero et al.
(2006) investigated the waste heaps at Pefia del Hierro in detail,
identifying gossan, shale, roasted pyrite ashes and floated pyrite in
addition to the tuffs. They characterized rock fragments and the
reactive <2 mm fraction from boreholes and concluded that the tuffs
were the main source of acid mine drainage.

The lime green acid mine drainage at Zarandas Naya contrasts
strongly with Red River. The valley at Zarandas Naya was the site of
heap leaching of approximately 400,000 T of massive pyrite. The
heaps were originally 4-10 m in depth and constructed in a terraced
manner in a series of valleys, covering an area of approximately
400 acres and capable of holding up to 100,000 m? of leachate (Taylor
and Whelan, 1942). The leachate was collected at the Copper Liquor
Dam (pH=0.9-1.0, Fer=448-829 mM, this study) and passed
through cementation tanks to extract the copper. A visual comparison
of the Zarandas Naya heaps suggests that they are much finer grained
than the spoil heap at Red River. An analysis of the initial ore used at
Zarandas Naya (Taylor and Whelan, 1942) showed it was predomi-
nantly pyrite (Table 1). In comparison, analyses of the leached waste
by Buckby (2003) showed that it contained quartz, hematite and
jarosite in addition to pyrite (Table 1).

Finally, leachate emerging from two underground tunnels, Tunnel
11 (pH =2.6, Fey=19-27 mM, this study) and Tunnel 16 (pH=1.1-
2.7, Fey=47-195 mM, this study), presents the opportunity to sample
acid mine drainage from inaccessible environments for comparison
with the first two sites. Tunnel 11 was constructed in several phases
(in 1876, 1885, 1900) in order to transport ore from various ore bodies
by railway. Drainage from the tunnel emerges from underground and
flows in a channel (2-3 m wide) to join the Rio Tinto just downstream
of Marismilla Reservoir (Fig. 1). Tunnel 16 was completed in 1918 to
transport ore from the Corta Atalaya open pit (Fig. 1) and associated
underground workings to Zarandas Naya for processing (screening,
crushing, heap leaching and cementation).

3. Methods and data validation
3.1. Field sampling and measurements

Water samples were collected from point inputs into the river (Fig. 1
and Table 2) during January, August and November 2003 and April 2004.
They were filtered through 0.45 pm nitrocellulose Whatman papers and
acidified. pH was measured in the field using a Hanna Instruments meter
(HI 8424) with a gel-filled electrode (HI 1230B) and calibrated with
buffers at pH 4 and 7. The response of the electrode to samples below pH
4 was evaluated in the laboratory using HCl solutions (pH calculated
using the activity coefficients of Hamer and Wu (1972)). These
measurements showed that the electrode had a slow response time at
low pH and may have overestimated the pH of samples in the field by
<0.03 units at pH 2.04, <0.08 units at pH 1.10 and >0.2 units at pH 0.09.
Eh was measured using a Hanna Instruments meter (HI 8424) with a
gel-filled combination platinum, silver:silver chloride electrode (HI
3230B). No measurements were made of ZoBell's solution using the
Hanna combination electrode so field Eh readings were corrected to the
standard hydrogen electrode using the formula derived from the half-
cell potentials in Nordstrom and Wilde (1998) for a silver:silver chloride
reference electrode (in 3 M KCl).

Table 1

Mineralogy and chemistry of spoil at Zarandas Naya.

Sample Initial Ore  TB001255 TB001256 TB001257
Description Grey waste Grey/purple waste  Red/purple waste
Mineralogy  py py, qz, ht, H-jt  py, qz, ht, jt py, gz, ht, mu
Fe (%) 42 8.25 15.9 243

S (%) 475 3.65 15.7 109

Molar S/Fe 2.0 0.77 17 0.77

Si0, (%) 5 78.3 50.2 432

Cu (ppm) 12500 98 193 743

Zn (ppm) 20000 148 278 1630

Pb (ppm) 15000 3320 7280 17600

As (ppm) 5000 620 1540 1940

Initial ore from Taylor and Whelan (1942), other samples from Buckby (2003). ht =
hematite, jt = jarosite, H-jt = hydronium jarosite, mu = muscovite, py = pyrite, qz =
quartz.
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Table 2
Geochemical and isotopic data.
Location Grid reference Sample Date T pH Eh Al As Ca Cd Co Cr Cu Fe Fe(II)
UTM 29 °c mvV mM M mM ™M M M mM mM  mM
PdH (Upstream) 07161, 41782 CH 24 24/01/03  10.1 2.09 756 1.39 <0.8 0.744 0.064 825 017 0.009 233 0.04
PdH (Red River) 07161, 41782 CH 25 24/01/03 135 168 841 582 574 0.384 0.592 214 6.25 0.092 186 2.0
PdH (Lake Doughnut) 07148, 41779 CH 56 26/01/03 103 2.06 677 123 6.81 0.751 0.419 728 0.11 0.051 6.00 <0.001
Tunnel 11 071518, 417441 CH 118 17/08/03 283 2,55 663 493 8.84 8.13 174 278 1.8 7.29 274 13
Tunnel 11 071518, 417441 CH 142 26/04/04 242 266 676 26.5 224 4,57 10.1 130 1.0 3.92 192 52
Tunnel 16 0714940, 4172606 CH 3 23/01/03 223 109 604 471 515 9.08 61.9 178 6.62 497 184 154
Tunnel 16 0714940, 4172606  CH 41 24/01/03 224 135 604 474 452 8.86 58.7 193 5.77 5.65 172 133
Tunnel 16 0714940, 4172606  CH 46 25/01/03 228 141 606 44.5 519 9.56 64.1 161 6.54 417 195 159
Tunnel 16 0714940, 4172606  CH 60 26/01/03 226 128 611 434 459 8.81 59.1 190 6.37 491 173 133
Tunnel 16 0714940, 4172606  CH 64 13/08/03 224 247 626 321 - 739 - - - 426 79.7 548
Tunnel 16 0714940, 4172606  CH 87 15/08/03 - 256 - 30.2 - 6.79 - - - 3.93 757 577
Tunnel 16 0714940, 4172606  CH 88 15/08/03 - 257 - 35.5 - 6.66 - - - 5.87 75.6 618
Tunnel 16 0714940, 4172606  CH 89 15/08/03 - 267 - 231 - 6.16 - - - 3.65 709 618
Tunnel 16 0714940, 4172606  CH 90 15/08/03 - 253 - 26.0 - 6.04 - - - 3.87 69.8 471
Tunnel 16 0714940, 4172606  CH 91 15/08/03 - 256 - 29.7 79.0 6.84 24.7 192 130 3.81 770 594
Tunnel 16 0714940, 4172606 CH 108 17/08/03 220 250 626 284 - 6.86 - - - 3.60 736 593
Tunnel 16 0714940, 4172606 CH 133  26/11/03 184 253 NA 65.0 383 4.59 24.5 314 0.75 9.90 466 333
Tunnel 16 0714940, 4172606 CH 140  26/04/04 203 272 617 34.0 274 5.66 26.6 253 0.73 6.03 532 408
Settling Pond A 0714870, 4172497 CH 113 17/08/03 202 325 625 0121 224 324 0.0268 412 <0.03 0.0005 698 6.6
Settling Pond B 0714871, 4172516 CH 47 25/01/03 179 268 636 9.78 294 5.19 0.866 302 0.619 0.25 124 87
Settling Pond B 0714871, 4172516 CH 58 26/01/03 189 255 632 105 1.60 5.39 0.855 299 0.608 0.25 148 114
Settling Pond B 0714871, 4172516 CH 112 17/08/03 345 240 637 221 1.52 12.2 1.57 957 13 0.27 616 514
Settling Pond B 0714871, 4172516 CH 141 26/04/04 328 270 620 217 141 10.0 1.30 79.8 1.0 0.30 399 337
ZN (Copper Liquor Dam) 0716067, 4172944 CH 10 23/01/03 13.0 088 613 46.0 1260 4.39 14.9 129 215 6.48 398 303
ZN (Copper Liquor Dam) 0716067, 4172944  CH 31 24/01/03 153 1.00 601 48.6 1230 3.87 16.6 136 21.0 6.67 448 356
ZN (Copper Liquor Dam) 0716067, 4172944 CH 72 13/08/03 312 096 556 949 2780 7.66 33.8 266 371 134 829 757
ZN (Acid River) 0716033, 4172657 CH9 23/01/03 206 092 623 523 1130 4.32 17.5 152 248 6.89 464 317
ZN (Acid River) 0716033, 4172657 CH 130 26/11/03 106 126 614 523 1900 5.34 13.3 133 252 6.00 419 358
ZN (Arroyo Alcojola) 07161, 41726 CH 13 23/01/03 148 146 643 9.75 226 3.59 245 277 642 1.48 61.1 0.5
ZN (Arroyo Alcojola) 07161, 41726 CH 76 13/08/03 323 152 616 389 571 8.43 9.16 99.3 252 6.01 218 172
ZN (Arroyo Alcojola) 07161, 41726 CH129 26/11/03 112 148 636 14.6 352 419 3.32 370 915 2.22 91.7 677
Location Sample K Mg Mn Na Ni Pb Rb Si S04 StV 7n &°H 5800 6%0s0s  6'®0(s04-120)
M mM mM mM M M M mM  mM M oM mM % 7 o 7
PdH (Upstream) CH24 20 292 0.189 0478 198 0.073 0.0139 0.442 9.23 340 0.01 0.032 —226 -—50 2.0 7.0
PdH (Red River) CH25 33 356 0293 <0.13 11.0 0384 0.211 241 383 240 14 0129 —174 —51 —11 3.9
PdH (Lake Doughnut) CH56 67 191 0.125 0439 0.75 0.758 0.0714 0.538 149 116 012 0161 —20.7 —44 15 59
Tunnel 11 CH118 49 551 3.04 233 426 0191 0226 182 191 714 0.2 7.28 —239 —44 0.0 4.4
Tunnel 11 CH142 56 289 146 2.07 296 0279 0114 114 101 3.58 3.06 396 —198 —48 1.6 6.3
Tunnel 16 CH 3 610 634 258 1.60 242 138 2.56 1.78 424 482 243 289 —271 —63 6.7 131
Tunnel 16 CH 41 690 671 2.80 1.54 232 121 2.30 1.81 408 5.02 210 268 —236 —6.0 6.3 12.3
Tunnel 16 CH46 790 63.0 257 1.62 235 140 264 1.83 424 468 245 295 = =53 8.1 13.6
Tunnel 16 CH60 560 635 2.60 144 225 113 222 1.78 392 465 224 251 —248 —438 71 11.9
Tunnel 16 CH64 - 638 2.66 119 - - - 0.944 228 - - 12.4 —26.0 —54 3.7 9.1
Tunnel 16 CH87 - 595 249 115 - - - 0.869 215 - - 11.8 —343 —54 34 8.8
Tunnel 16 CH88 - 658 3.04 1.04 - - - 0.808 233 - - 124 —250 —52 2.4 76
Tunnel 16 CH89 - 551 2.77 0935 - - - 0.541 189 - - 11.0 —263 —56 15 7.2
Tunnel 16 CH9 - 50.2 2.08 0961 - - - 0.879 188 - - 9.50 —26.6 —55 23 7.9
Tunnel 16 CH 91 25 60.5 249 1.09 228 0613 0283 0.844 214 460 3.73 12.0 —273 —56 33 8.9
Tunnel 16 CH 108 - 584 240 114 - - - 0.879 209 - - 111 —272 —56 2.7 83
Tunnel 16 CH 133 61 819 349 0.613 29.8 151 0.215 1.08 263 274 079 123 —234 —-58 —0.5 53
Tunnel 16 CH 140 120 56.8 2.84 0.874 320 219 0308 0.627 183 420 234 9.73 —253 —56 0.1 5.7
Settling Pond A CH 113 210 7.04 0346 240 206 0.030 0113 0.332 17.9 649 0.04 0113 - —54 0.8 6.2
Settling Pond B CH 47 100 12,5 0411 0.565 6.73 0.216 0.0959 1.13 471 496 0316 0506 —243 —438 0.5 5.2
Settling Pond B CH 58 110 140 0462 0.613 697 0215 0.0956 1.15 51.7 5.02 0312 0560 —282 —51 0.7 5.8
Settling Pond B CH 112 250 461 1.58 1.76 151 0417 0429 187 164 101 0.80 1.85 —199 —-31 —0.1 29
Settling Pond B CH 141 380 336 114 124 124 0.647 0300 140 120 819 230 133 —22.0 —40 0.9 4.9
ZN (Copper Liquor Dam) CH 10 1800 143 0.868 172 336 19.2 5.60 0.936 605 2.83 351 6.55 —223 —6.1 6.0 121
ZN (Copper Liquor Dam) CH31 1900 14.6 0.916 1.92 313 231 6.70 1.81 680 2.66 355 7.29 = —58 5.5 11.2
ZN (Copper Liquor Dam) CH 72 4090 28.7 1.80 457 925 328 111 2.08 1210 316 711 16.7 —213 —6.6 6.3 13.0
ZN (Acid River) CH9 1300 159 0.988 2.01 315 228 6.83 1.76 686 2.86 42.8 7.65 —246 —62 6.6 12.7
ZN (Acid River) CH 130 1600 15.1 0.945 1.94 51.6 205 530 1.50 645 3.05 408 7.29 —-27.8 —70 5.0 12.0
ZN (Arroyo Alcojola) CH 13 260 5.84 0457 209 125 9.03 0786 126 112 312 6.24 1.03 —209 —51 3.6 8.7
ZN (Arroyo Alcojola) CH76 360 20.5 155 596 552 176 2.57 3.34 369 538 31.6 4.71 —190 -—-34 3.7 7.1
ZN (Arroyo Alcojola) CH129 240 6.91 0493 230 191 994 0.847 135 163 316 9.44 1.79 —304 —6.2 3.8 9:9

PdH = Pefia del Hierro, ZN = Zarandas Naya.

3.2. Chemical analyses 522 nm after reaction with 2,2’-bipyridine (Brown et al., 1970). Al, Ca,
Cu, total Fe, Mg, Mn, Na S, Si and Zn were analysed using a Perkin
Elmer Optima 3000 ICP-OES (Inductively Coupled Plasma — Optical

Emission Spectrometer). Reproducibility (10) was +2.8%. As, Cd, Co,

At the University of Reading, Fe>* concentrations were determined
photometrically using a Merck Nova 60 portable spectrophotometer at
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Cr, K, Ni, Pb, Rb, Sr and V were analysed with a Perkin Elmer Elan 6000
ICP-MS (Inductively Coupled Plasma — Mass Spectrometer). Repro-
ducibility (10) was + 3.5%.

Previous studies from sites in the USA (Nordstrom and Alpers,
1999; Pellicori et al., 2005) and the Iberian Pyrite Belt (Sanchez
Espafia et al., 2005) have shown that mine drainage waters typically
have sufficient Fe concentrations for the Fe(Il)/Fe(Ill) couple to give
an equilibrium potential at the Pt electrode. Measured Eh values were
therefore compared with those calculated from the measured iron
speciation and full geochemical analyses using PHREEQC (Parkhurst
and Appelo, 1999) and the WATEQ4F thermodynamic database (Ball
and Nordstrom, 1991). The mean (4 10) difference between mea-
sured and calculated Eh values was 11423 mV for 23 out of 25
samples with Eh measurements from this study, indicating good
preservation of Fe(Il)/Fe(Ill)_ratios between field sampling in Spain
and analysis in the UK. Larger differences were observed for samples
CH13 (155 mV difference) and CH56 (229 mV difference), suggesting
errors in the field Eh reading or poor sample preservation leading to Fe
oxidation subsequent to sampling.

3.3. Stable isotope analyses

Stable isotope analyses were conducted at the Jet Propulsion
Laboratory, Pasadena, California, USA using in-line continuous flow
techniques and a Thermo Finnigan Mat 253 Isotope Ratio Mass
Spectrometer (IRMS). 6°Hyo was determined by introducing the
water sample into a Thermo Finnigan H-Device before transfer to the
IRMS (Spangenberg et al., 2007; Smuda et al., 2008). For 6'®0yy50, the
sample was equilibrated with CO, for 24 h (Epstein and Mayeda, 1953)
in a Finnigan GasBench II before transfer to the IRMS (Spangenberg
et al,, 2007; Smuda et al., 2008).

Sulphate for 6'®0s04 analyses was prepared by dilution of a
sample, containing sufficient sulphate to obtain 50 mg of BaSO, in a
total volume of 30 ml 0.05 M HCL. It was precipitated as BaSO,4 by the

dropwise addition of 0.2 M BaCl, to the near-boiling, acidified
solution, which was then maintained at 70 °C for 1 h to encourage
formation of a coarser precipitate (Kolthoff et al., 1969; Vogel and
Jeffery, 1989). Our aim was to minimise the extent of sample handling
but to avoid analytical artifacts. The BaSO, was washed in distilled
deionised water and dried in air at 100 °C but was not processed
further. Our trials of preparation methods indicated that the possible
trapping of water in the dried precipitate would have a negligible
effect on measured oxygen isotope values. We made a comparison
with drying at 500 °C and showed that the proportion of oxygen
contributed by water was less than 0.3%, which we confirmed by
precipitation of BaSO, from water enriched in 0. Clearly, this has a
negligible effect on the measured values of our samples relative to
analytical error. Similarly, we tested the possible effects of precipita-
tion from an iron-rich solution by twice dissolving BaSO, precipitates
in DTPA and re-precipitating them (Bao, 2006). In all cases tested we
found average apparent differences that were not consistent in sign
and less than analytical error. 200 pg of BaSO,4 was loaded in a Ag cup,
converted to CO in a Thermo Finnigan TC/EA at 1450 °C and passed
directly through a Conflo III system into the IRMS (Knoller et al., 2004;
Balci et al., 2007; Lefticariu et al., 2007).

Certified reference materials from IAEA (V-SMOW, SLAP and GISP)
and NIST (NBS18, NBS19, NBS30 and NBS127) were run as samples
and used to calibrate the data. Reproducibility (10) was + 1.3%. for
62H, 4 0.3%. for 600 and = 0.4%. for §'®0s4. This reproducibility
is sufficient for the purpose of this study. Stable isotope data are
expressed in delta (6) notation as parts per thousand (%.) relative to
the Vienna Standard Mean Ocean Water (V-SMOW).

3.4. Geochemical modelling
Geochemical modelling was performed using the full geochemical

analyses given in Table 2, PHREEQC for Windows version 2.12.02
(Parkhurst and Appelo, 1999; graphic user interface by V.E.A Post,
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Fig. 2. Chemistry of Rio Tinto point inputs: (a) SO4 vs. pH. (b) Cu vs. pH. (c) Zn vs. Cd.



326 C.G. Hubbard et al. / Chemical Geology 265 (2009) 321-334

2005) and the WATEQ4F thermodynamic database (Ball and Nord-
strom, 1991; PHREEQC file details: “wateq4f.dat 431 23/08/05”). The
solubility products for mineral phases presented in this study were
taken from WATEQ4F and Chapman et al. (1983; plumbojarosite,
Pbo sFe3(S04)2(0OH)e, logKs, = —8.14). Redox information was taken
from measured Fe?" and Fe>* data.

4. Results

Table 2 summarises the data for the point inputs sampled in this study,
highlighting the variations in pH (0.88-3.25), aqueous concentrations (e.g.
Fer=2.3-829 mM) and sulphate-oxygen isotopes (6"0s0a=—11 to
8.1%0). The samples with the lowest pH and highest dissolved sulphate
and metal concentrations emanated from the heap leaching waste at
Zarandas Naya (Fig. 2). Fig. 2 shows that despite high dissolved sulphate
concentrations (383 mM), the drainage at Red River contained low
concentrations of metals other than Fe (e.g. Cu = 0.09 mM ). Drainage from
the settling ponds also contained relatively low concentrations of metals
(Cu<0.3 mM, Zn<2 mM). Figs. 2 and 3 show temporal variations in the
chemistry of Tunnel 16, with the pH increasing and sulphate concentra-
tions and 6'30s(, decreasing after January 2003.

5. Discussion
5.1. Sources of dissolved sulphate
Fig. 2c shows a linear relationship between Zn and Cd concentra-

tions. The Zn/Cd ratio of 454 is within the range reported for Cd in
sphalerite (Fuge et al., 1993), suggesting that sphalerite oxidation is

3.0 500

4400
25}

4300

pH

20

S0, (mM)

4 200

15}
5 4100

8.0

6.0 |

4.0 -

Zn/Cu

20 '

8.0

40 }
A

0.0

s

5180 (%o)

Apr Jul Oct Jan Apr
P 2003 ¥ 2004 2

Fig. 3. Temporal variations in the drainage chemistry of Tunnel 16 (closed symbols) and
Tunnel 11 (open symbols).

® Melanterite
@ Anglesite
A Pb-jarosite s

Saturation Index
o® &® A M O N A O ®
D 5>

.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
pH
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the primary control on dissolved Cd. However, Cd is a minor
component of the waters with Fe, Cu and Zn comprising 99.6 4+ 0.2%
(mean 4 0, n=25) of the molar total of sulphide-derived metals (As,
Cd, Co, Cu, Fe, Ni, Pb, Zn) in the acid mine drainage point inputs. A
mass balance approach, Egs. (4)-(7) can therefore be used to examine
variations in the sulphide sources assuming that total dissolved S (St)
is derived from pyrite (py; FeS,), chalcopyrite (cp; CuFeS,) and
sphalerite (sp; ZnS). However, sulphate could also be derived from
soluble sulphate minerals, such as gypsum/anhydrite, CaSO4(.2H,0).
An examination of Ca/SO4 molar ratios shows that 82% (27 out of 33)
of the samples in Table 2 have Ca/SO, ratios <0.05 and 100% have
ratios <0.2, suggesting that most of the sulphate is derived from
sulphide oxidation rather than gypsum dissolution.

S = Spy +Sep + Sy @)
Sep = Cu+Fey, =2 Cu (5)
Sy = 2Fe,, = 2(Fer—Fe,,) = 2(Fey—Cu) (6)
St = 2(Fey—Cu) + 2Cu + Zn = 2Fe; + Zn (7)

The contribution of hydrated iron sulphate minerals (e.g. melan-
terite, FeS04.7H,0) also needs to be considered. These minerals
generally form from concentrated, evaporating waters and can be
found on the riverbanks and spoil heaps during summer periods.
Dissolution of these minerals occurs with the first rainfall events of
the autumn/winter (Canovas et al, 2008). However, the winter
sampling in January and November 2003 occurred after these
dissolution events. Geochemical modelling predicts that the waters
are undersaturated with respect to melanterite (Fig. 4), the first
ferrous sulphate mineral to form (Jambor et al., 2000), implying that
these minerals form from evaporating pore waters/stagnant pools
rather than the bulk waters sampled in August 2003.

The removal of Fe from solution as Fe-oxyhydroxy(sulphate)
ochreous phases such as jarosite and schwertmannite would increase
the relative contributions of Zn and Cu, giving a false impression of the
sulphide ores leached by these waters. Eq. (8), rearranged from Eq.
(7), calculates the theoretical dissolved Fe concentrations (Fecac),
assuming that Cu and Zn behave conservatively. This theoretical value
can then be compared with the measured Fe value, Feneas (Eq. (9),
negative values show calculated % of Fe removed from solution).

Fecalc = (S_Zn)/z (8)
AFB(%) = lOOX(Femeas_Fecalc)/Fecalc (9)
Fig. 5 shows a plot of AFe vs. pH. The only samples that

approximate congruent sulphide dissolution with no Fe ochre
precipitation are the low pH waters from Red River and the Tunnel 16
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waters sampled in January 2003. The rise in pH of Tunnel 16 after January
2003 (Fig. 3) was accompanied by ochre precipitation (Fig. 5 and visual
observations). Leachate from Zarandas Naya had 9-39% more Fe than
can be explained by sulphide oxidation alone. This could be due to
preferential leaching of Fe, which has been used to explain experimental
pyrite oxidation results (e.g. Sasaki et al., 1995; Yu et al., 2001). Descostes
et al. (2004) suggested an alternative mechanism (based on Luther,
1997) involving the release of a reduced sulphur compound to solution,
which then disproportionates e.g. thiosulphate to S° and tetrathionate.
The S° then accumulates on the pyrite surface (Sasaki et al., 1995;
Schippers et al., 1999; McGuire et al., 2001; Druschel and Borda, 2006)
and the solution is enriched in Fe relative to S. However, Druschel and
Borda (2006) noted that the slow oxidation kinetics of tetrathionate by
Fe>* and O, in acidic conditions (compared with thiosulphate oxidation
to tetrathionate, Druschel et al., 2003a) would lead to the accumulation
of tetrathionate in solution, which was not observed by Descostes et al.
(2004). Descostes et al. (2004) and Brunner et al. (2008) also suggested
partial disproportionation to SO, to give low S/Fe ratios. Preferential
leaching of Fe would leave a solid phase enriched in S. However, all three
samples analysed by Buckby (2003) were enriched in Fe (S/Fe <1.7;
Table 1). The waste also contained hematite and jarosite so the low
aqueous S/Fe ratios could be due to low pH leaching of these minerals or
residual felsic volcanic gangue material (Taylor and Whelan, 1942)
rather than non-stoichiometric pyrite leaching.

Having estimated iron precipitation it is now possible to estimate
the relative percentages (by mass) of Fe, Cu, Zn and S (total =100%)
leached from the original sulphide ore using Fe.y, Cu and Zn
concentrations. Fig. 6 compares these values between different
sources and with reported analyses of sulphide ore from the Rio
Tinto (Taylor and Whelan, 1942; Tornos, 2006). The samples from
Zarandas Naya and some of the samples from the settling ponds and
Pefia del Hierro fall within the analysed range. These calculations also
highlight the dominance of pyrite oxidation, particularly for the waste
sulphides leached at Pefia del Hierro.

The higher Cu and Zn percentages in the tunnel inputs compared
with Cuand Zn grades in the ore indicate that these elements are being
leached preferentially. This agrees with observations by Taylor and
Whelan (1942) that >75% of the Cu and Zn were leached from the
heaps at Zarandas Naya within the typical lifetime of a heap, compared
with 19% of the Fe. These observations can be explained by galvanic
protection of the pyrite (Kwong et al., 2003), where sphalerite and
chalcopyrite have lower electrode potentials than the pyrite they are in
contact with and act as anodes, leading to the enhanced release of Cu
and Zn. The higher Cu and Zn values for Tunnel 16 and Tunnel 11
compared with Zarandas Naya suggests that the tunnel inputs have
access to comparatively fresh ore while the heaps at Zarandas Naya
contain highly weathered material. The age of the material currently in
the heaps is unknown but is likely to be decades old. Note the temporal

variation of Cu and Zn in Tunnel 16 (Figs. 3 and 6), suggesting a change
to a drainage source more similar to that of Tunnel 11.

A galvanic protection mechanism for pyrite would also release Pb
into solution since galena (PbS) has a lower electrode potential than
pyrite. Although Pb is present at similar concentrations to Cu and Zn in
the initial pyritic ore (Table 1), it has much lower dissolved
concentrations in the acid mine drainage (Zn=0.03-30 mM,
Pb=0.03-33 puM). Equilibrium modelling predicts that Pb concentra-
tions are limited by equilibrium with anglesite (PbSO,4) below pH 1.5
and by the precipitation of plumbojarosite (PbgsFes(SO4)2(OH)s,
logKs, = —8.14; Chapman et al., 1983) or the incorporation into a
mixed jarosite phase (Hochella et al., 1999) above this pH (Fig. 4).

5.2. Sulphide oxidation pathways determined from oxygen isotopes

Several models have been proposed in the literature for interpret-
ing oxygen isotope data. The range of 6'04 values (— 1.1 to 8.1%) in
the Rio Tinto point inputs are an excellent opportunity to compare
these models with each other and with published pathways for
sulphide and sulphoxyanion oxidation. Firstly, the stoichiometric
isotope balance model (Eq. (10), where X is the fraction of sulphate
derived from Eq. (3) and (1 —X) is the fraction derived from Eq. (1);
Taylor et al., 1984a,b; van Everdingen and Krouse, 1985) describes the
oxygen isotope data in terms of the familiar pyrite oxidation equations
with either molecular oxygen (Eq. (1)) or ferric iron (Eq. (3)) as the
oxidants. This model is attractive in its simplicity and has been used to
interpret field data (Taylor and Wheeler, 1994; Butler, 2007).

18 18 18
0" Og04 = X(0 O + &ma0) + (1=X)[0.875(0 " O, + €0) (10)
40.125(5" Oppa0 + €120

A criticism of the stoichiometric isotope balance model is that it
does not sufficiently describe the intermediate steps involved in pyrite
oxidation. The general isotope balance model (Eq. (11), where Y is the
fraction of sulphate-oxygen derived from water; Taylor and Wheeler,
1994) is a more flexible approach than the stoichiometric model and is
currently the most popular approach applied to field data (Haubrich
and Tichomirowa, 2002; Knoller et al., 2004; Sracek et al., 2004;
Migaszewski et al., 2008): it also uses oxygen and water fractionation
factors derived from experiments but gives relative proportions of
oxygen sources (rather than end-member equations), which can then
be used to constrain potential reaction pathways.

18 18 18
0" Oso4 = Y(6 "Oppap + Eprz0) + (1=Y)(6 "Op; + €02) (11)

Neither of these models accounts for isotope exchange reactions.
The sulphite-water oxygen exchange model of Seal (2003) has two
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Fig. 6. Relative % of Cu and Zn released into solution from sulphide oxidation (Fe + Cu +
Zn+S=100%).



328 C.G. Hubbard et al. / Chemical Geology 265 (2009) 321-334

15
ra
r W PdH (upstream)
10F PdH (Red River)
i o O PdH (Lake Doughnut)
ASp » -
5F A A unnel 11
A @12 A @ Tunnel 16
890 X Settling Pond A
il ®@?<++.+ + Settling Pon
r + Settling Pond B
i A ZN (Copper Liquor Dam)
5F
3 - A ZN (Acid River)
= A ZN (Arroyo Alcojola)
CC)% i i i i i
e [b £+
Line A s s
11| s AR e LR et .
[ Line B ° O et
i . Line F el
] (2 %y,
5f o -
[ ® [ [ ] [ ® °
L) L)
o_%ee . e_ %0
e .- [ ]
ol ....._.,-._,. ° L ...... -
o e o g .
[LineC__..--"" . C -
-5 o & [ B
[Line D...--- [ Line G-+
-10 [ L L L L L L L L L L
8 7 6 5 -4 3 7 6 5 4 3 -2
8'®0420 (%o)

Fig. 7. Oxygen isotope data: (a) Site specific data. (b) Stoichiometric isotope balance model. Line A (&n20 = 3.3%., €02 = — 10.2%.) and Line B (&p20 = 0%o, €02 = — 11.4%0) represent 100%
input from Eq. (1). Line C (&x20=4.1%.) and Line D (&i20 = 0%.) represent 100% input from Eq. (3). (c) Sulphite-water oxygen exchange model. Line E (6'®0s04 = 0.74 60420 + 15.4;
oxygen-limited conditions) and Line F (6'®0sp4 = 0.72 6'®0p20 + 11.1; oxygen-unlimited conditions) represent 100% release as intermediate sulphoxyanion, followed by sulphite-water
oxygen exchange and oxidation to sulphate by O,. Line G (6'®0s04 = 6'®0y50) represents 100% direct release of sulphate from the pyrite surface. Shaded area represents data from pyrite

oxidation experiments where the proportion of water-oxygen was determined explicitly.

end-members: firstly, the direct release of sulphate from the pyrite
surface, incorporating 100% water-oxygen with &y0=0% and
secondly, the release of intermediate sulphoxyanions followed by
their oxidation to sulphate via sulphite, sulphite-water oxygen
exchange and sulphite oxidation to sulphate by O.. Predicted §'®0gp4
values for the second end-member were based upon experiments by
Holt et al. (1981) on the aqueous phase oxidation of SO, (i.e. HSO3™~ or
S0527) under oxygen-limited conditions in the presence of Fe*™
(680504 =0.74 6®0y,0+ 15.4; curve A from Holt et al., 1981) and
oxygen-unlimited conditions (6'®0sps=0.72 6'80}20 + 11.1; curve G
from Holt et al., 1981), with sulphite being oxidized to sulphate by
atmospheric oxygen.

Fig. 7 summarizes the oxygen isotope data from the Rio Tinto.
Modelling results are given in Table 3. For the stoichiometric isotope
balance model and the general isotope balance model, three sets of
fractionation factors were used: (i) €yp0=4.1%. and &g, = — 11.4%,
(Taylor et al., 1984b); (ii) &nzo=0%. and £p, = — 11.4%. (Taylor and
Wheeler, 1994); (iii) &y20=3.3%. and &0, = — 10.2%. (average values
from Balci et al., 2007). The biotic value of &y, from Taylor et al.
(1984b) was chosen as A. ferrooxidans has been identified in mine
waters from the Rio Tinto (Gonzalez-Toril et al., 2003a) and this value
is also close to the values determined more recently by Balci et al.
(2007), who found similar fractionation factors for abiotic and biotic
experiments (&9 = — 9.8 to — 10.8%o).

Table 3
Quantification of pyrite oxidation pathways.

eH20 (%) €0y (%0) All data Red River CLD/AR Tunnel 16
Stoichiometric isotope balance model % sulphate from Eq. (3)
Taylor et al. (1984b) 41 —114 20-112 101 30-41 20-90
Taylor and Wheeler (1994) 0 —114 12-78 74 20-28 12-66
Balci et al. (2007) 33 —10.2 24-103 95 33-43 24-85
General isotope balance model % water-oxygen in sulphate
Taylor et al. (1984b) 41 —114 30-111 101 39-48 30-91
Taylor and Wheeler (1994) 0 —114 23-81 77 30-37 23-70
Balci et al. (2007) 33 —10.2 34-103 96 42-50 34-87
Sulphite-water oxygen exchange model % released as intermediate sulphoxyanions
Oxygen limited conditions 0 - 18-81 24 66-76 31-81
Oxygen unlimited conditions 0 - 24-108 32 88-100 42-108

CLD/AR = Copper Liquor Dam/Acid River.
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Applying the stoichiometric isotope balance approach to the Rio
Tinto dataset gives a range of 20-112% input from ferric iron oxidation
(en20 =4.1%0 and €9 = — 11.4%o). The value over 100% (sample CH111)
may be due to evaporation subsequent to pyrite oxidation increasing the
value of 6®0y0. Fig. 8 compares the water isotopes with the Western
Mediterranean Meteoric Water Line (WMMWL; 6,H = 8580y + 13.7,
n =146, Celle-Jeanton et al., 2001). Most of the data plots to the left of
the WMMWL but there is an insufficient range of data to draw a local
meteoric water line. The importance of evaporation in modifying water
isotopes and concentrating waters is shown by samples taken from the
river channel itself in August 2003 (Fig. 8a). A smaller degree of
evaporation cannot therefore be ruled out for some of the point inputs
(Fig. 8b) as the data show possible parallel trends to the illustrated
evaporation line. Alternatively, the high value may indicate that the
chosen &0 is too high. Based on field data, Taylor and Wheeler (1994)
proposed that &40 =0%. This gives a range of 12-78% of sulphate
derived from pyrite oxidation by ferric iron. Table 3 and Fig. 7b highlight
the difference that varying &y,0 and &gy values makes on the
quantification of pyrite oxidation pathways.

5.2.1. Red River

At the Red River site location (CH25, pH = 1.7, Fer = 186 mM; January
2003), pyrite oxidation dominates the isotopic signature and it occurs
congruently i.e. sulphide is fully oxidized to sulphate (Fig. 3). Concentra-
tions were lower than measured by Aguilera et al. (2007b), most likely as
a result of dilution by winter rainfall events, although higher concentra-
tions (e.g. Fe; =406 mM, September 2004) have been measured during
the dry summer. Fe speciation is >98% Fe(Ill) and microbiological studies
at the site have identified Fe-oxidizing bacteria (Leptospirrilum ferriphi-
lum and A. ferrooxidans; Gonzalez-Toril et al,, 2003a), suggesting that
pyrite is oxidized by ferric iron, which is maintained by an active
population of microbes. This hypothesis is supported by the oxygen
isotope data and the stoichiometric isotope balance model; the small
difference of 4%. between 6'®0s04 and 6'80yy50 corresponds to 74-101%
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Fig. 8. Water isotopes. WMMWL = Western Mediterranean Meteoric Water Line. (a)
Seasonal datasets from the river channel and point inputs. (b) Site specific data.

(depending on the fractionation factors used, see Table 3) of pyrite
oxidation by ferric iron (Eq. (3)) rather than atmospheric oxygen. Note
that 4%, is close to the water fractionation factors suggested by Taylor
et al. (1984a,b; 4.1%.) and Balci et al. (2007; 3.3%.).

In contrast to the reasoning behind the stoichiometric balance model,
a recent model of pyrite oxidation by Rimstidt and Vaughan (2003)
suggests that water-oxygen rather than atmospheric oxygen interacts
with the S-moiety on the pyrite surface, irrespective of the oxidant (O, or
Fe>T). They proposed an electrochemical model consisting of a cathodic
site (where an electron is transferred to Fe>*/0, from the Fe?" in the
mineral surface), an anodic site (where the S-moiety is oxidized) and
electron transport from the anodic to the cathodic site. Continued
electron transport from the anodic site withdraws more electrons from
the terminal S and allows continued hydrophilic attack by water
molecules. Spectroscopic studies and ab initio calculations (Nesbitt and
Muir, 1994; Rosso et al., 1999) have shown that Fe oxidation precedes S
oxidation on the pyrite surface, with water and oxygen initially
dissociatively sorbing to Fe dangling bonds on the pyrite surface rather
than S sites. This leaves the S sites more electropositive (Rosso et al., 1999;
Rimstidt and Vaughan, 2003), allowing nucleophillic attack by the
negative end of the water dipole, or by hydroxyl radicals produced from
water at the pyrite surface (Moses et al., 1987; Borda et al., 2003a).

Balci et al. (2007) proposed that oxygen isotope fractionation is
most likely to occur during the transfer of an oxygen atom from the
hydroxyl radical of the aqua-Fe(IIl) complex to the S-moiety of pyrite.
This process could therefore explain the isotopic signature of Red River,
with microbially produced ferric iron as the oxidant and the direct
release of sulphate into solution from the pyrite surface. Brunner et al.
(2008) also showed that during the main stage of biotic pyrite
oxidation experiments at pH 1.8-2.1, A. ferrooxidans in exponential
growth phase leached pyrite almost congruently (S/Fe=1.9), with
ferric iron as the dominant iron species, producing sulphate with a
similar oxygen isotope signature to water.

5.2.2. Zarandas Naya

At Zarandas Naya, water flowing through the fine-grained heaps is
continually exposed to pyrite, explaining why the iron speciation
analysed from the Copper Liquor Dam was predominantly ferrous (76-
91%). The drainage that emerged at the Copper Liquor Dam and flowed
down to meet the river channel at Acid River was even more
concentrated than Red River (Fer=398-829 mM) with a lower pH
(0.88-1.26). Given the slow response of the pH meter to low pH, these
measurements could be 0.08-0.2 units too high. The half-life of
sulphate-water oxygen exchange at pH 0.7 is approximately 210 years
at 25 °C (Hoering and Kennedy, 1957; Chiba and Saki, 1985; Seal, 2003),
implying that this is not a significant mechanism for altering 6'®0504
values. The only scenario where this could take place would be if pyrite
oxidation mainly occurred in thin, concentrated films within/coating
pyrite crystals in the unsaturated zone and was then diluted and
transported to the saturated zone following rainfall events. However, as
described above, this would require extremely low pH solutions and
such pore waters have not yet been sampled from within the heaps.

The oxygen isotope data at Copper Liquor Dam and Acid River also
contrast strongly with Red River. The values of §®0(so4_120) were
11.2-13.0%.. This equates to 57-80% of oxidation via Eq. (1), according
to the stoichiometric isotope balance model and 50-70% of O,-derived
rather than water-derived sulphate-oxygen, according to the general
isotope balance model (Table 3). If only water-oxygen interacts with
the pyrite S-moiety (Rimstidt and Vaughan, 2003), then atmospheric
oxygen must be incorporated into sulphate during the oxidation of
dissolved sulphoxyanion intermediates. Thiosulphate is commonly
suggested as the species released into solution from the pyrite surface
(e.g. Goldhaber, 1983; Luther, 1987; Moses et al., 1987; Schippers et al.,
1996). Based on the results of their short-term aerobic experiments
and the reaction pathway suggested by Schippers et al. (1996), Balci
et al. (2007) proposed Eq. (12) as the overall reaction of pyrite
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oxidation via thiosulphate, with sulphate being formed from the
hydrolysis of tetrathionate and the O, oxidation of sulphite. This gives
12.5% of sulphate-oxygen derived from O,.

2FeS, + 12Fe(H,0);" + 19H,0 + 2Fe’ " + 0.50,— 14Fe(H,0), " (12)
+2Fe’" 4 14H" 4280; +0.284

This pathway cannot explain the incorporation of 50-70% atmo-
spheric oxygen into the Copper Liquor Dam/Acid River waters,
according to the general isotope balance model. Druschel et al.
(2003a) conducted abiotic oxidation experiments of thiosulphate and
polythionates at pH 0.5-2.0 under various combinations of Fe** and 0.,
The average reaction was represented by Eq. (13). Assuming that all the
oxygen in the tetrathionate was derived from water and that there is no
isotopic exchange with it, this gives a final sulphate containing only 34%
atmospheric oxygen.

8,07 +3Fe’" +2.750, + 4.5H,0—480;  + 3Fe’" + 9H™ (13)

Furthermore, Druschel et al. (2003a) noted that the slow kinetics
of tetrathionate oxidation to sulphate by Fe** and O, relative to its
formation would lead to it accumulating in solution. Tetrathionate
oxidation by hydroxyl radicals is at least 14 orders of magnitude faster
than oxidation by Fe** or O, (Druschel et al., 2003b) and may pass
through a possible S304~ intermediate but this pathway is currently
poorly constrained. Hydroxyl radicals and H,O, may be produced from
water at defect sites following wetting of the pyrite surface or by
photochemical induced electron-hole pair formation (Borda et al.,
2003a). Reaction with these species will therefore incorporate water-
oxygen in the sulphoxyanion. Lowson (1982) proposed a Fenton-type
mechanism for O, reduction by Fe?* at the pyrite surface, which
would incorporate 0,-oxygen into OH* and H,0,, although Rimstidt
and Vaughan (2003) suggested that hydroxide ions (containing O,-
oxygen) would be the species released back to solution. Further work
is needed to quantify the relevance of reactions with hydroxyl radicals
and H,0, compared with Fe>* and 0, (e.g. Lefticariu et al., 2007).

The dominance of ferrous iron in the Rio Tinto samples with high
8'80(s04-120) also suggests that the pathway in Eq. (13) may be
limited at these sites by the oxidation of ferrous iron. If ferric iron is a
limiting factor, then thiosulphate disproportionation to bisulphite and
elemental sulphur may occur (Eq. (14)). The bisulphite could then be
oxidized to sulphate by O,, Fe>" or a hydroxyl radical (Huie and Neta,
1987; Ermakov et al., 1997; Brandt and van Eldik, 1998), resulting in
75-100% water-oxygen in the final sulphate.

S,05” + H' —>HSO0; +5, (14)

It is important to note that none of these proposed pathways can
explain the high percentage of atmospheric oxygen predicted by the
general isotope balance model in the Copper Liquor Dam/Acid River
waters. A possible explanation would be if O, interacted directly with
the S-moiety on the pyrite surface (Luther, 1987). This mechanism is
currently not favoured in the literature but could help explain high
8'80(s04-120) values from field studies.

A further problem with pathways involving thiosulphate is that
recent papers have questioned its release at low pH. Rimstidt and
Vaughan (2003) argued that at high pH the terminal S is completely
ionized, making the S-S bond stronger than the Fe-S bond and
promoting S,03~ release. In contrast, they argued that at low pH the
terminal S is protonated (Fe-S-SO3H) encouraging electron transfer to
the S-S bond and then to the cationic site, making the terminal S very
electropositive leading to a fourth nucleophillic attack by water and
the formation of sulphate. Borda et al. (2003b) used ATR-FTIR
spectroscopy to examine species on the pyrite surface at pH 2.0.
They found that thiosulphate-like moieties were present as mono-
dentate inner sphere complexes rather than outer sphere complexes

whereas sulphate was present as an outer sphere ion and concluded
that sulphate rather than thiosulphate was the surface-release group.
The spectral resolution could not rule out the possibility of a sulphite-
like species on the pyrite surface (Druschel and Borda, 2006), which
could also be the species released into solution. Pyrite oxidation
experiments in the laboratory have only directly detected dissolved
thiosulphate above pH 7 (Goldhaber, 1983; Moses et al., 1987;
Schippers et al., 1996), although Schippers et al. (1996) used an
indirect technique (precipitation by adding AgNOs) to show that 78%
of the total S was released as thiosulphate at pH 1.7 in the presence of
excess Fe>*. Note that sulphite also forms an insoluble precipitate
with Ag™ ions so this result is not conclusive of thiosulphate release.

An alternative approach to interpreting oxygen isotope data
focuses on the role of dissolved sulphite (Seal, 2003). Sulphite is
commonly proposed as a precursor to sulphate in both abiotic and
biotic oxidation pathways (Suzuki et al., 1994; Schippers et al., 1996;
Kelly, 1999; Schippers et al., 1999; Druschel et al., 2003a,b). Betts and
Voss (1970) showed that dissolved sulphite rapidly exchanges oxygen
with water (half-life, t(1/2) =25.3 hat pH 10.5 and 1.3 min at pH 8.9).
Assuming a linear relationship between pH and log t(1/2) (compare
with sulphate-water oxygen exchange kinetics; Seal, 2003), this
predicts half-lives of 18 ms at pH 7 and 4.6 x 10~ '? s at pH 2. Hence at
low pH, all of the oxygen in dissolved sulphite may be in equilibrium
with and effectively derived from water, irrespective of the source
of oxygen involved in previous oxidation steps. Sulphite-water
oxygen exchange results in a positive fractionation such that 6'80-
503 =0'"®020 +X. Brunner et al. (2006) determined X at pH 7.2
(X=12.7+ 1% at 4 °C,11.5+ 1%0 at 23 °Cand 10.3 £ 1%. at 70 °C) and
atpH8 (X=9.84+1%-at4 °C, 7.9 4+ 1%. at 23 °Cand 6.0 + 1%. at 70 °C).
The apparent change in fractionation with pH could have resulted
from a change in sulphoxyanion speciation, with the value at higher
pH relating to a part of the phase diagram where sulphite ion is the
predominant species as opposed to more HSO3™ at neutral pH. It would
be useful to check this by repeating the experiments at lower pHs,
such as those relevant to the Rio Tinto system.

Applying the sulphite-water oxygen exchange model of Seal
(2003) suggests that the majority of the sulphate (66-100%) in the
low pH, ferrous iron waters of the Copper Liquor Dam/Acid River was
released as intermediate sulphoxyanions and oxidized via sulphite
rather than being released directly as sulphate. The proportion varies
depending on the end-member equation used from Holt et al. (1981),
with 88-100% predicted under oxygen-unlimited conditions com-
pared with 66-76% under oxygen-limited conditions. The spoil heaps
at Zarandas Naya were originally constructed to encourage ingress of
0, (Taylor and Whelan, 1942), although it is conceivable that
subsequent changes in the heaps' mineralogy and permeability may
have decreased oxygen introduction rates.

A complication to the model is that ferric iron can also oxidize
sulphite (Brandt and van Eldik, 1998; Millero, 2001). According to the
relative abundances and reaction rates of O, and Fe>*, the fourth
oxygen in sulphate could originate from O, (giving S(Oy,)3027) or
water (giving S(0,)3 ™). Assuming that equilibrium exchange results
in sulphite with 6180(503_H20) =11.54+ 1% (the lower pH value from
Brunner et al., 2006), this predicts 8'®0(so4_120) values of 7.9-10.4%.
with Fe3T as the oxidant (and 20 = 0 to 4.1%.) and 10.9-12.7%. with
0, as the oxidant (and &y, =—10.2 to —11.4%.). The acid mine
drainage from Copper Liquor Dam/Acid River had 5180(504,,.,20) values
of 11.2-13.0%., suggesting that O, was the oxidant.

The release of sulphite from the pyrite surface would be consistent
with the oxygen isotope data for Copper Liquor Dam/Acid River
(allowing sulphite-water isotopic exchange to occur) and with the
oxidation scheme of Rimstidt and Vaughan (2003), which argues that
the S-S bond rather than the Fe-S bond of the S-moiety on the pyrite
surface is broken at low pH. It would also leave a monosulphide group
at the surface, which could be abiotically or biotically oxidized to
sulphate via polysulphides, S° and through a sulphite intermediate



C.G. Hubbard et al. / Chemical Geology 265 (2009) 321-334 331

(Suzuki et al., 1994; Schippers et al., 1999; Druschel and Borda, 2006).
Incomplete oxidation via the monosulphide route would give
dissolved S/Fe molar ratios below 2 and may leave a S° enriched
surface. However, as mentioned earlier (Section 5.1), low S/Fe ratios in
the Copper Liquor Dam/Acid River waters (~1.5) could be due to low
pH leaching of hematite/jarosite or residual felsic volcanic gangue
material (Taylor and Whelan, 1942) rather than non-stoichiometric
pyrite leaching or degassing of SO-. It would be useful to examine the
pyrite surfaces in the waste for evidence of elemental sulphur to help
resolve which mechanism results in the low dissolved S/Fe ratios.
Interestingly, Brunner et al. (2008) and Yu et al. (2001) showed
that during the initial stage (<400 h) of biotic pyrite oxidation
experiments at pH 1.9-2.1, A. ferrooxidans leached pyrite non-
stoichiometrically (S/Fe=1.1), with ferrous iron as the dominant
iron species, producing sulphate with §"®0(s04_n20y=~ 10%, a similar
oxygen isotope signature to the Copper Liquor Dam/Acid River waters.
A critical difference between the field data from the Copper Liquor
Dam/Acid River and the Brunner et al. (2008)/Yu et al. (2001)
experiments is that the initial stage experimental leaching was slow
and produced low concentrations of dissolved products whereas the
field data is indicative of high degrees of pyrite oxidation (605-
1210 mM SQ,). Brunner et al. (2008) suggested that limited ferrous
iron concentrations during initial stage leaching promoted a microbial
metabolic strategy of S° oxidation rather than Fe?™ oxidation. In
contrast, the Copper Liquor Dam/Acid River waters contain abundant
Fe’™ (303-757 mM). Furthermore, microbiological data from simi-
larly low pH, predominantly ferrous iron waters at Iron Mountain
(Druschel et al., 2004 and references therein) show communities
dominated by Fe-oxidizers and show that A. ferrooxidans is not a
significant member of these communities at the low pHs relevant to
the Copper Liquor Dam/Acid River waters. However, the current lack of
microbiological data for Copper Liquor Dam/Acid River and uncer-
tainties in metabolic pathways and their associated oxygen isotope
fractionation means that the role of microbial oxidation of reduced
sulphur compounds cannot be determined perfectly for these waters.

5.2.3. Tunnel inputs

Fig. 3 presents the pH, Zn/Cu molar ratios and isotope data for
Tunnel 11 and Tunnel 16. These drainage waters emerge from
underground workings and the drainage sources are therefore not
as well constrained as Red River and Copper Liquor Dam/Acid River.
The interesting aspect of this site is the shift in geochemistry and
sulphate-oxygen isotopes of Tunnel 16 that occurs after January 2003,
suggesting a change in the source of mine drainage and/or the
mechanism of pyrite oxidation, perhaps to a similar source/mechan-
ism as Tunnel 11 (Fig. 3). Based on the experimental results of Taylor
et al. (1984b), the decrease in 6'®0(sos_nz0y May represent the
transition from wet/dry to submersed conditions as groundwater
levels rose again following the cessation of mining activities.

Low pH (e.g. 0.5-0.9, Druschel et al., 2004) waters with high
6180(504_H20) values (~13%o, Taylor and Wheeler, 1994) have also been
sampled from tunnels draining the Richmond and Lawson mine
tunnels at [ron Mountain. Variations in the chemistry and sulphate-
oxygen isotope compositions sampled downstream of these sites have
been attributed to (seasonal) wet/dry cycles (Taylor and Wheeler,
1994; Alpers et al., 2003; Druschel et al., 2004). Taylor and Wheeler
(1994) interpreted high 6'80(s04_t120) values as due to the dissolution
of secondary iron sulphate minerals formed from evaporating waters
(with high 6®0y20) and/or formed from concentrated seeps of acid
mine drainage at extremely low pH (Nordstrom et al., 2000) and
elevated temperature (leading to partial oxygen equilibrium between
sulphate and water). Unfortunately, no data exist on the underground
source of Tunnel 16 drainage. It is possible that similar environments
to Iron Mountain exist and that the high 6180(504_,.,20) values sampled
in January 2003 were due to the dissolution of iron sulphate minerals
by more dilute infiltrating waters.

Mass balance calculations for Tunnel 16 (see Section 5.1) show that
93-96% of dissolved S was derived from pyrite oxidation and that the
Tunnel 16 (January 2003) drainage can be explained by congruent
sulphide dissolution without the need for additional sulphur sinks
such as SO, or S° (Fig. 5) or the dissolution of iron sulphate minerals
(with S/Fe <2). The sulphite-water oxygen exchange model of Seal
(2003) together with the pyrite oxidation scheme of Rimstidt and
Vaughan (2003) provide a simpler explanation for sulphate-oxygen
isotopes, predicting that the sulphate in the low pH (1.1-1.4) waters
sampled from Tunnel 16 in January 2003 (6'®0(sos-n20)=11.9-
13.6%.) was predominantly released as sulphite, although the
equations from Holt et al. (1981) suggest that the conditions in the
inaccessible, underground oxidation environment of Tunnel 16 may
have been oxygen-limited as the oxygen-unlimited end-member
equation predicts values over 100% (96-108%). Reduced oxygen levels
are a possibility in disused underground workings.

Overall, the oxygen isotope data for Tunnel 16 can be interpreted as
a decrease after January 2003 in the amount of S being released from
the pyrite surface as sulphite rather than sulphate. Although this
interpretation is consistent with current low pH pyrite oxidation
models and data on the magnitude of sulphite-water oxygen
exchange, it is not clear what conditions at the pyrite surface promote
the release of sulphite rather than sulphate.

5.3. Directions for future work

The sulphite-water oxygen exchange model provides the most
consistent explanation of sulphate-oxygen isotope data in this study
but problems still remain with the model. In this section we identify
areas for future work that are needed to improve our understanding.

The model predicts a range of 75-100% water-oxygen in the
resultant sulphate, yet biotic and abiotic experiments at pH 2.0-2.5
with varying initial 6'80y,0 values have shown values as low as 55%
(Gould et al., 1989; Qureshi, 1986 in van Stempvoort and Krouse,
1994). A potential explanation is that sulphite oxidation passes
through a SOs*~ intermediate which reacts with O, to give SOs*™
(Zhang and Millero, 1994; Ermakov et al., 1997; Brandt and van Eldik,
1998). Incomplete sulphite-water oxygen exchange at higher pH may
also result in less water-oxygen being incorporated into the final
sulphate (Krouse et al., 1991). Uncertainties also exist over the relative
kinetics of bisulphite-water oxygen exchange at low pH and bisulphite
oxidation by Fe3*, 0, or OH*, leading to the possibility of incomplete
oxygen exchange in a kinetically controlled system if the bisulphite half-
life in solution is less than the equilibrium oxygen exchange reaction.
Further experiments are therefore needed to explicitly determine the
fraction of atmospheric oxygen incorporated into sulphate from sulphite
oxidation and the isotopic signature produced by sulphite-water oxygen
exchange at low pH followed by oxidation to sulphate by Fe** or 0..
Information on the resultant sulphate isotopomers could be gained
using the FTIR approach of Reedy et al. (1991, 1994).

Few studies have explicitly determined the percentage of water—
oxygen incorporated into sulphate during pyrite oxidation (Balci et al.,
2007; Gould et al., 1989; Qureshi, 1986 in van Stempvoort and Krouse,
1994). These studies span a range of conditions (aerobic/anaerobic,
biotic/abiotic, pH 2.0-3.0) and incorporated 55 to ~100% water-
oxygen. However, Fig. 7c shows that the 8180(504_H20) values for these
experiments in the range of the Rio Tinto data were below those of the
Copper Liquor Dam/Acid River and Tunnel 16 (January 2003).
Additional experiments of this type conducted under similar pH and
redox conditions to the Rio Tinto samples may help to constrain
mechanisms further, as the stoichiometric and general isotope balance
models predict much lower incorporation of water-oxygen than the
sulphite-water exchange model.

Finally, Schippers et al. (1996) and Schippers et al. (1999) detected
reduced sulphur compounds (mainly S° with minor S,02~ and Ss0%™)
in experiments at pH 0.7-2.5, suggesting that more complicated
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oxidation pathways may occur at low pH. They performed pyrite
oxidation assays at pH 1.7 (i.e. the same pH as Red River) with Fe>* and
in the presence and absence of AgNOs. The theory was that if
thiosulphate was the first intermediate released into solution, it would
rapidly form a Ag,S,05 precipitate which would decompose to the black,
insoluble compound Ag,S in acidic conditions. Note that Ag,S0s is also
insoluble, so thiosulphate release may not be distinguishable from
sulphite release with this method. If it is assumed that only water-
oxygen interacts with the surface-bound pyrite moiety and that any
dissolved reduced sulphur compund (be it thiosulphate or sulphite) is
oxidized to sulphate via a sulphite intermediate, then the direct release
sulphate in the assay with Ag ions should have a 580504 close to water
whereas the dissolved sulphate in the assay without Ag ions should have
a higher 6'80s04 due to sulphite-water oxygen exchange. These simple
assays could help constrain hypotheses concerning the importance of
sulphite-water oxygen exchange in modifying isotopic compositions,
the importance of sulphoxyanion release at low pH and whether or not
dissolved O, interacts directly with the surface-bound S-moiety.

6. Conclusions

Mass balance calculations predict that pyrite oxidation accounts
for over 93% of the dissolved sulphate derived from sulphide oxidation
in the low pH acid mine drainage inputs into the Rio Tinto.
Comparisons of the aqueous geochemistry emerging from under-
ground tunnels with initial sulphide ore compositions show prefer-
ential oxidation of chalcopyrite and sphalerite, likely via a galvanic
protection mechanism. Geochemical modelling predicts that dis-
solved Pb concentrations are limited by equilibrium with anglesite
below pH 1.5 and coprecipitation with a jarosite phase above this pH.

Oxygen isotope data show a range of §'®0(sp4_n20) values from 3.9
to 13.6%., suggesting that different oxidation pathways occur at
different sites within the catchment. The Rio Tinto data can be most
consistently interpreted using the sulphite-water oxygen exchange
model, assuming that sulphate is either released directly to solution or
that it is oxidized via a dissolved sulphite intermediate that exchanges
oxygen rapidly with water. However, this model needs to be expanded
to account for different routes of sulphite oxidation, to explain
experimental pyrite oxidation data that shows >25% atmospheric
oxygen in sulphate and to properly evaluate the magnitude of
sulphite-water oxygen fractionation at low pH. Recommendations
for future work have therefore been proposed in this paper to further
our understanding of oxygen isotopes in acid mine drainage.
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