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10 Abstract The weathering of sulphide minerals within

11 spoil heaps causes the release of sulphate and environ-

12 mentally hazardous metal ions. Newly-formed species can

13 subsequently precipitate as highly soluble, secondary sul-

14 phate minerals, which, in turn, might be flushed by dilute

15 recharge water or eventually transformed into more stable

16 minerals. These processes determine which components

17 are retained in the spoil as immobile solid phases and

18 which (and when) others are released into the wider aquatic

19 environment. To elucidate this sequence of mineral for-

20 mation and transformation, we studied mineral-fluid equi-

21 libria in a major abandoned coal mine spoil heap at the

22 former Shillbottle Colliery, Northumberland, UK. The

23 investigations focussed on stability of iron minerals pro-

24 duced during the acid mine drainage process. The multi-

25 component Phreeplot-calculated pE/pH diagrams reveal

26 that many post-mining secondary minerals may co-exist, in

27 contrast to what is indicated by the more commonly used

28 charts. Being able to visualize the mutual stability of these

29minerals under specific chemical and physical conditions

30might aid understanding of formation and transformation

31mechanisms.

32

33Keywords Acid mine drainage � Iron � Phreeplot �
34pE/pH diagrams � Shillbottle Colliery

35Introduction

36The coal industry in the northeast part of the United

37Kingdom developed in the thirteenth century. Following a

38period of intense expansion in the nineteenth and early

39twentieth century, most of the mines closed between the

401950s and 1990s. Nevertheless, some of the mining relics,

41such as spoil-heaps, still present a threat to the environment

42(Environment Agency 2007; Younger et al. 2002). Within

43spoil tips, sulphide minerals continue to oxidize, generating

44acid mine drainage (AMD) (Genske 2003; Lee et al. 2002;

45Sheoran and Sheoran 2006; Younger 2000). Pyrite oxida-

46tion causes precipitation of efflorescent salts, e.g. melan-

47terite, rozenite, szomolnokite, romerite, and copiapite

48(Alpers et al. 1994). The efflorescent salts can immobilize

49toxic metals within the spoil heap (Dang et al. 2002; Gierè

50et al. 2003), but they are highly soluble. Their dissolution

51by recharge water or water level fluctuations sometimes

52leads to precipitation of more stable minerals, such as

53members of the jarosite family (Younger 2000), schwert-

54mannite, and iron-oxyhydroxides. Numerous studies have

55inferred that these phases are the most common precipitates

56formed during AMD (Bigham et al. 1994; Murad and Rojik

572005; Valente and Gomes 2009).

58Efflorescent salts are a highly soluble host for pollutants

59and thus climatic conditions are crucial in controlling the

60leachability of these phases. Climatic events and water
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61 table fluctuations determine the flushing rate and the total

62 amount of sulphate and metals in the water (EPA 1994). In

63 humid climates, the efflorescent salts are rather ephemeral

64 and their dissolution generates a drop in pH and the release

65 of metal ions into solution (Alpers et al. 1994; Hammar-

66 strom et al. 2005). Thus, these supergene phases produced

67 during pyrite oxidation play a key role in controlling metal

68 migration, total sulphate load, and acidity. Efflorescences

69 are indeed indicators of poor water quality (Alpers et al.

70 2000) and along with the primary sulphide, constitute

71 serious, long-lived source of pollution (Gandy and Youn-

72 ger 2008). Hence, understanding the nature of water–rock

73 interactions during AMD formation and stability of the

74 mineral phases is vital to predict the release of contami-

75 nants from weathering spoil.

76 The Shilbottle spoil heap was created when pyritic shales

77 were excavated and deposited on the surface, covering ca.

78 15 ha (Fig. 1). Water percolating through the spoil heap

79 causes pyrite oxidation and AMD (Jarvis et al. 2006; Jarvis

80 and Younger 2006). Other sulphides such as arsenopyrite

81 (FeAsS), millerite (NiS), sphalerite (ZnS), and galena

82 (PbS), can oxidize within the spoil heap, adding metals and

83 metalloids such as As, Ni, Zn, and Pb into the solution.

84 Furthermore, a lack of neutralization minerals within the

85 spoil heap permits the generation of highly acidic and

86 metal-rich leachates. Accordingly, the Tyelaw Burn stream,

87 flowing nearby, is contaminated by Al and Fe. A passive

88 treatment system was constructed in an attempt to reduce

89 the contaminant load and to avoid pollution of the River

90 Coquet, which is recharged by Tyelaw Burn and constitutes

91 a site of special scientific interest (SSSI) that is renowned

92 for its salmon fishing. The treatment concept was to inter-

93 cept seepages polluted mainly by Fe, Al, and sulfate and

94 direct them through a permeable reactive barrier (PRB),

95 where bacterial sulphate reduction (Kemp and Thode 1968;

96 Spence et al. 2001) and the immobilisation of divalent metal

97 ions might take place (e.g. Bottrell et al. 1995). The second

98 part of the treatment system (wetlands) is designed to

99 remove Fe, principally through hydrolysis and precipitation

100 (Jarvis and Younger 2006; Mustafa 2006).

101 A pE/pH diagram is a useful tool for tracking mineral

102 stability, especially in redox-induced transformations. It

103 has been applied for many years to understand the geo-

104 chemical behaviour of chemical constituents in water

105 solution (Appelo and Postma 2005; Brookins 1988; Garrels

106 and Christ 1965; Schüring et al. 2000). Recently, pE/pH

107 diagrams have been published for selected components at

108 concentrations typical of AMD (Cravotta 2008; Donahue

109 and Hendry 2003; Espana et al. 2008). These plots repre-

110 sent a classic approach to predict the stability of minerals

111 and aqueous species, i.e. diagrams are divided into sepa-

112 rated fields based on the predominance of a certain phase or

113 species. Sometimes, however, these pE/pH diagrams lead

114to the invalid assumption that physico-chemical conditions

115occurring within the stability field of the mineral phase

116must lead to its precipitation. However, the diagram only

117identifies the most stable phase that might precipitate,

118while in the natural environment, other competing minerals

119(in some cases, with a lower saturation index) may form

120faster and affect the composition of solution (Kölling et al.

1212000). Thus, one must remember that the stability diagram

122does not consider reaction rates.

123A few years ago, stability diagrams were developed

124based on thermodynamic models such as Phreeeqc (Park-

125hurst and Appelo 1999). Plots can be calculated that

126account for the complete chemical and physical conditions

127of the solution. In these diagrams, stability fields of mineral

128phases often overlap, demonstrating that under certain

129redox and pH conditions, many minerals may co-occur in

130the environment. These multi-component diagrams have

131not become very common, probably because their con-

132struction requires both basic programing skills and com-

133putational efforts. Multi-component diagrams have been

134applied to determine the occurrence of trace elements in

135marine environment (Glasby and Schulz 1999) or to

136describe chromate transport in a sandy anoxic system

137containing iron sulphide (Ebert et al. 1997).

Fig. 1 The study site: 1 aerobic wetland; 2 permeable reactive barrier

(PRB); 3 settlement lagoons; 4 observation boreholes within the spoil-

heap; 5 observation boreholes within the PRB; 6 sampling points into

lagoons, 7 areas of mineralogical probes
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138 There are a few plots that show the complex geo-

139 chemistry of highly acidic and metal-rich environments,

140 e.g. for iron-, arsenic- and sulphate-rich water from Wheal

141 Jane Mine in Cornwall (Kinninburgh and Cooper 2004).

142 The diagrams include trace elements such as lithium,

143 arsenic, and zinc, but do not show that a solution may be

144 supersaturated against several mineral phases at the same

145 time. Therefore, we present modified Phreeplot pE/pH

146 diagrams; these plots are constructed using the whole range

147 of dissolved compounds and real physico-chemical condi-

148 tions, in contrast to the usual diagrams that consider only a

149 few compounds with high concentrations and assume a

150 temperature of 25 �C. In addition, the modified plots

151 illustrate the co-stability of secondary mineral phases,

152 while the classic diagrams show fixed boundaries between

153 phases that suggest their sequential precipitation. This

154 paper couples overlapping multi-phase diagrams con-

155 structed using the freeware Phreeplot code with very

156 modest computational efforts and illustrates their applica-

157 tion in AMD-affected water. The predictions made on the

158 basis of these plots were compared with observations of the

159 mineralogical composition of cores taken from the studied

160 area (Caraballo et al. 2010), other findings concerning

161 AMD, and analysis of Martian soil samples (Glotch and

162 Rogers 2007; Squyres et al. 2004, 2006).

163 The modified, site-specific pE/pH diagrams can better

164 represent the detailed mineralogical paragenesis and pre-

165 dict the sequence of mineral precipitation and co-precipi-

166 tation and can thus be used in the design of a remediation

167 strategy. For instance, preparing these types of diagrams

168 for different scenarios, e.g. variable physico-chemical

169 conditions expected during treatment, might lead to

170 refinement in the design of a remediation system. More-

171 over, the visualization of the stability fields under real

172 physico-chemical conditions can help to detect shortcom-

173 ings in operating treatment systems.

174 Materials and Methods

175 This paper is based on chemical water analyses performed

176 from 2002 to 2008. Eight wells (U1–U8) within the spoil

177 heap were sampled by pumping water out of the wells

178 through a plastic tube. Samples were collected in pre-

179 washed polyethylene bottles volume of 125 mL. One set of

180 the bottles was pre-acidified with concentrated nitric acid;

181 this set was subsequently divided into two subsets. In the

182 first, water samples were filtered using 0.2 lm cellulose

183 nitrate filters; the second set was unfiltered. The unacidified

184 water samples were used for anion analysis, while the

185 acidified samples were used for cation analysis. Samples

186 were stored in an ice chest and transported to the lab, where

187 they were refrigerated until analysed.

188Measurements of water temperature, pH, Eh, electrical

189conductivity (EC), and alkalinity were made in the field

190using a Myron 6P Ultrameter (calibrated prior to each

191monthly sampling) and a Hach Digital Titrator (alkalinity).

192Alkalinity was determined by titration with sulphuric acid

193using bromcresol-green methyl-red indicator powder

194(results are given in mg/L CaCO3). Total concentrations of

195Cl, SO4, Ca, Mg, Na, K, Fe, Mn, Al, and Si were deter-

196mined in the laboratory. Metals were determined using a

197Varian Vista-MPX ICP-OES, ferrous iron was determined

198by spectrophotometry using 1,10-phenanthroline indicator

199(Faulkner et al. 1999), and anions were analysed using a

200Dionex 110 ion chromatograph. Duplicate samples were

201collected in accordance with QA/QC procedures. The

202precision of water analyses was within ±5 %.

203The pE/pH diagrams for Fe were constructed using

204average concentrations of elements such as: Na, Cl, Ca,

205Mg, K, Fe, Mn, Al, C, Zn, along with sulphate and silica.

206The lines on the diagrams reflect saturation indices equal to

2070 for any mineral phase. It means that within the area

208delimited by the lines, saturation index (SI) values for a

209mineral are higher than 0, suggesting it should precipitate.

210Outside of this area, SI values are less than 0 and the

211mineral will dissolve until equilibrium is reached. The

212calculations were performed using the Phreeplot pro-

213gramme (Kinninburgh and Cooper 2011) and the Wateq4f

214thermodynamic database (Ball and Nordstorm 2001). The

215computation was carried out over a pH range of 2–12. The

216final plots were constructed in Excel by extracting data for

217each mineral phase from the output files.

218To present the full spectrum of the mineral assemblage,

219a new mineral phase was added into the calculations.

220Schwertmannite, Fe8O8(OH)4.8(SO4)1.6, was identified as

221being associated with AMD in the early 1990s (Bigham

222et al. 1990, 1994). It often precipitates from sulphate-rich

223effluents in the pH range of 3–4.5 (Bigham et al. 1996;

224Gagliano et al. 2004; Jönsson et al. 2005) and generates an

225ochreous suspension (a.k.a. yellow boy) with other iron

226minerals.

227The application of the dissolution reaction (1) and

228thermodynamic data for mineral phases not included in the

229database (Keq) (Majzlan et al. 2004) enables a stability field

230for this phase to be delineated, corresponding to conditions

231occurring within the spoil heap.

Fe8O8 OHð Þ4:8 SO4ð Þ1:6þ20:8Hþ

$ 8Fe3þ þ 1:6SO4 þ 12:8H2O ð1Þ

233233Given the high concentrations of Al and Si in water

234within the spoil-heap, the iron aluminosilicate, Fe-

235berthierine was also added to the interpretation. The

236occurrence of this mineral was reported in Durham (Smith

237and Hardy 1981) and in the Cleveland Ironstone Field
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238 (Younger 2002). It usually formed at low Eh values above a

239 pH of 5 and it has been inferred that Fe-berthierine might be

240 produced where pyrite and kaolinite are both weathering;

241 both minerals have been found within the area adjacent to

242 the spoil heap (Caraballo et al. 2010). This reaction is

243 reversible and proceeds as follows (Fritz and Toth 1997):

2FeS2 þ 20H2Oþ 28FeOOHþ 15Al2Si2O5 OHð Þ4
$ 15Fe2Al2SiO5 OHð Þ4þ15H4SiO4 þ 8Hþ ð2Þ

245245 By using the dissolution reaction (3) and the reaction

246 equilibrium constant (Keq) of 1025.55, a stability field for

247 Fe-berthierine has been calculated. The pE, which is

248 related to Eh, was estimated from Eq. (4), where Fe2?

249 stands for the concentration of divalent iron.

Fe2Al2SiO5 OHð Þ4þ10Hþ ! 2Fe2þ þ 2Al3þ þ H4SiO4

þ 5H2O

ð3Þ

251251 pE ¼ 17:14� log Fe2þ� �
� 3pH ð4Þ

253253

254 Results and Discussion

255 Water Chemistry

256 The lowest pH value, 2.93, was measured in borehole U6,

257 whereas the highest value, detected in U8, was 7.44

258 (Table 1). The calculated pE values for water from the

259 spoil-heap ranged between -0.25 and 8.43.

260 The amount of dissolved sulphate in the spoil heap water

261 ranged from 650 mg/L in U3 to 77,205 mg/L in U6. Iron

262 concentrations ranged from 0.2 to 6,646 mg/L. The amount

263 of dissolved Al within the spoil heap ranged from 0 to

264 2725 mg/L. High Fe, Al, and sulphate are typical of AMD

265 and are a result of sulphide oxidation and dissolution of Al-

266 bearing minerals at low pH (Fig. 2).

267 Stability Diagrams for Iron

268 It is well-known that jarosite forms at pH \ 3 when sulfate

269 concentrations are high, schwertmannite is the most com-

270 mon phase precipitating between pH 3 and 4.5 (Bigham

271 et al. 1996), and goethite precipitates at circumneutral pH,

272 usually during recrystallization of ferrihydrite (Schwert-

273 mann and Carlson 2005) (Fig. 3). Fe-berthierine occurs at

274 pH [ 5, at low Eh conditions, and extremely low sulfate

275 concentrations (Fritz and Toth 1997) (Fig. 3). Thus, gen-

276 eral knowledge about the stability of iron minerals indi-

277 cates that these phases occur in an order and whilst

278 physico-chemical conditions are changing, a single phase

279 should be substituted by another, although many recent

280 AMD examples show that stable and semi-stable minerals

281 are found in this same samples. This may be the effect of

282partial transformations caused by changing conditions

283(Elwood Madden et al. 2012; Farrand et al. 2009; Norlund

284et al. 2010). However, it is also possible that these phases

285are just more durable than was hitherto stated and their

286metastability may be much broader.

287Figures 4 and 5 represent pE/pH diagram for iron. Plots

288were calculated for the average chemical composition of

289water within the spoil-heap. The distribution of iron con-

290centrations indicates heterogeneity. The differences reflect

291the measured pH values and the oxidation–reduction

292potential (ORP), i.e. the pE values calculated using Eq. (4).

293The cluster of points situated in the higher pH area corre-

294sponds to water characterised by lower concentrations of

295iron, i.e. not exceeding 300 mg/L, whereas points on the

296left part of the diagram reflect very high concentrations of

297iron, up to 6,600 mg/L.

298Precipitating iron(III) minerals are a key driver of AMD

299water quality (Acero et al. 2006; Sullivan and Bush 2004).

300Phases usually associated with AMD include jarosite

301[KFe3(SO4)2(OH)6], goethite [a-FeOOH], ferrihydrite

302[Fe(OH)3], and schwertmannite [Fe8O8(OH)4.8(SO4)1.6]

303(Schwertmann et al. 1995; Bigham et al. 1996; Gagliano

304et al. 2004). In addition, as already discussed, Fe-berthi-

305erine was also incorporated in the computations.

306According to Phreeplot-made diagrams constructed

307using realistic conditions, jarosite is stable at a pH between

3082 to ca. 9, schwertmannite can occur when the pH is in the

309range of 3–12, whereas goethite is stable over the pH range

310from 2 to 12. Fe-berthierine is characterized by a rather

311unusual stability field; at low ORP, it might occur when the

312pH is greater than 8, while increasing ORP shifts its sta-

313bility to lower pH values.

314Thus, Phreeplot-made diagrams reveal that stability

315fields of several phases might be much broader than hith-

316erto identified. Hence, one might infer that all of these

317phases might be present at the same time, and variable and

318extreme conditions might not favor their complete disso-

319lution. Numerous recent studies indicate that schwert-

320mannite is apparently metastable with respect to goethite;

321thus, both phases are often present in AMD precipitates

322(Bigham et al. 1996; Gagliano et al. 2004; Murad and Rojik

3232005; Schwertmann and Carlson 2005). This is also consistent

324with the pE/pH diagram (Fig. 5). The transformation of

325schwertmannite into goethite through hydrolysis might occur

326over time scales of weeks to years, according to reactions

327(5) and (6) (Acero et al. 2006; Regenspurg 2002):

Fe8O8 OHð Þ5:5 SO4ð Þ1:25þ2:5H2O

! 8FeOOHþ 2:5Hþ þ 1:25SO2�
4 ð5Þ

329329Fe8O8 OHð Þ6SO4þ 2H2O! 8FeOOHþ 2Hþ þSO2�
4 ð6Þ

331331A few studies have indicated that the rate of this

332transformation is driven by physico-chemical conditions,
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333 i.e. it increases with pH and temperature (Jönsson et al.

334 2005; Schwertmann and Carlson 2005), and decreases with

335 increasing concentrations of sulphate and dissolved organic

336 carbon (Knorr and Blodau 2007). Moreover, the alteration

337might occur under anoxic conditions (Burton et al. 2008).

338The pE/pH diagram representing stability of these phases

339(Fig. 5) indicates that both phases are stable under similar

340pH and redox conditions; hence, they might co-occur and

Table 1 Descriptive statistics (minimum, maximum. and average

values, along with standard deviation and number of samples) for

water sampled within the Shilbottle spoil heap during the years

2002–2008; all concentrations are in mg/L, electrical conductivity

(EC) is in lS/cm, and Eh was measured in mV

Site Stats. Cl SO4 Ca Mg Na K Fe Fe?2 Fe?3 Mn Al pH EC Eh

U1 Min. 13 1,663 256 166 22 6.6 0.6 1.5 0 3.1 9.8 3.19 2,472 67

Max. 130 15,655 602 1,756 148 20.3 842 842 78 227 862 4.77 11,560 509

Avg 45.1 5,897 448 665 60 13.4 270.1 399 25 78.7 202.2 4 5,370 268

SD 27.3 3,739 66 473 38.1 3.8 274.6 259 26 75.4 199.4 0.28 2,539 91

No. 58 57 54 54 54 54 58 23 23 58 58 57 57 57

U2 Min. 36 2,205 373 805 170 6.6 250 250 0 62 87.3 3.7 5,258 229

Max. 198 10,720 461 1,033 205 11.4 587 537 84 187 311 4.35 9,544 296

Avg 71 7,082 423 899 189 9 353 346.3 14 110 163.4 4.02 7,177 257

SD 42.7 1,995 30 68 10.8 1.6 104.6 90.2 25.4 35.8 78.2 0.2 1,243 20

No. 14 14 10 10 10 10 14 13 13 14 14 14 14 14

U3 Min. 19 650 382 753 130 16.7 9.8 21.2 0 39.4 8.3 3.6 5,600 138

Max. 260 8,500 467 1,186 180 53.9 304 288 16 106 230 4.8 7,426 390

Avg 56 6,078 423 987 152 34.9 86.5 97.5 3 58.4 82.3 4.2 6,701 265

SD 53.6 1,487 21.3 129.7 12.1 9.2 69.4 80.3 4.2 18.2 68.5 0.34 514 50

No. 23 23 19 19 19 19 23 13 13 23 23 16 16 16

U4 Min. 22 3,008 444 479 95.2 4 0.2 0.2 0 3.2 0.5 5.92 4,354 -6

Max. 130 4,580 644 807 345 13.7 24.9 24.9 4.2 12.2 13.8 6.61 5,795 290

Avg 46.1 3,494 567 654 120.1 6.5 8.2 6.1 1.2 8.5 7.8 6.37 5,282 128

SD 30.3 366 57.8 106.3 58.3 2.6 6.8 6.8 1.5 2 9.4 0.15 413 83

No. 20 20 19 19 19 19 20 11 11 20 20 20 20 20

U5 Min. 18 2,564 460 375 126 4.2 3.5 12.3 0 3.6 2.2 5.67 4,285 -41

Max. 146 6,600 674 869 410 9.4 293 291 4.9 1,500 120 6.85 6,770 269

Avg 44.8 3,375 579 451.6 345 6 41.4 45.1 1.7 99.4 29.1 6.57 5,135 74

SD 31.1 898 62 124.5 70.2 1.8 68.2 81.9 1.4 373.5 37.2 0.27 566 98

No. 16 16 15 15 14 15 16 11 11 16 16 16 16 16

U6 Min. 24 15,693 412 2,359 230 3.9 718 3,321 0 506 257 2.93 3,661 99

Max. 5,000 77,205 606 10,144 657 13.1 6,646 6,646 625 1,705 2725 4.05 37,180 350

Avg 411 48,544 486 6,435 354.6 9.35 4,115 4,865 78.1 1,206 1,407 3.56 24,205 259

SD 1,186 19,095 63.9 2,579.9 126.4 2.47 1,765 1,292.4 221 388 824 0.39 10,658 76

No. 18 18 17 17 16 17 18 8 8 18 18 18 18 18

U7 Min. 12 3015 427 416 47.6 2.6 52 48.4 3.6 54.7 19.8 2.98 3,818 50

Max. 100 8,363 988 876 90.9 25.5 587 127 34.5 156 907 6 6,786 444

Avg 38.8 4,223 565 504 71.1 11.1 168.7 85.9 14.2 82.6 221 4.93 4,628 203

SD 25.9 1,252 137.5 101.1 13.5 5 145.4 25.4 10 23.3 282.2 0.89 656 99

No. 20 20 19 19 18 19 20 11 11 20 20 20 20 20

U8 Min. 26 1,270 444 137 63.1 12.6 1.5 0.3 1.1 8.2 0 6.17 2,677 30

Max. 123 2,514 636 200 88.7 28.2 34.4 18.2 3.9 64.6 28 7.44 3,310 255

Avg 51 1,616 529 164 74.2 16.6 12.1 4.5 2.6 24.2 7.1 6.68 2,905 156

SD 26.6 277.2 53.5 17.6 7 3.9 11 5.5 1 15.1 8.2 0.29 199 62

No. 16 16 15 15 14 15 16 9 9 16 16 16 16 16

Please note that Fe2? and Fe3? concentrations were only measured between 2002 and 2004, while total Fe was determined for the entire period

(2002–2008)

Mine Water Environ

123
Journal : Large 10230 Dispatch : 25-3-2013 Pages : 10

Article No. : 223
h LE h TYPESET

MS Code : h CP h DISK4 4



R
E

V
IS

E
D

PR
O

O
F

341 undergo transformations. However, at circumneutral pH

342 and an Eh between -100 and &200 mV, schwertmannite

343 should be transformed into goethite.

344 Recently performed batch dissolution experiments under

345 acidic pH (2) and slightly alkaline pH (8) with jarosite

346 indicate that both dissolution reactions are incongruent.

347 Moreover, a non-ideal dissolution of the parent solid at pH

348 8 leads to goethite precipitation, which forms a crust on the

349 surface of jarosite grains (Smith et al. 2006). The whole

350 process might proceed according to reaction 7.

KFe3 SO4ð Þ2 OHð Þ6!Kþ þ 2SO2�
4 þ 3FeOOHþ 3Hþ ð7Þ

352352 Thus, over time, not only schwertmannite but also

353 jarosite can be replaced by goethite. Other studies have

354brought some additional intriguing results concerning the

355stability of jarosite that incorporate biogenic and non-

356biogenic sulphur (Norlund et al. 2010). The stability of

357aerobic biogenic jarosite seems to extend into the

358schwertmannite field. Indeed, this type of jarosite is stable

359even at pH 5 and a redox potential of 300–800 mV. While

360anaerobic biogenic S jarosite is stable under variable

361conditions, its stability field has been extended into the

362goethite field and into the field where Fe and S occur as

363dissolved species.

364Summarizing, it is almost certain that boundaries

365between phases related to AMD are not fixed. Mineral

366phases can occur simultaneously because their mutual

367metastability is broader than previously assumed. This has
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368 been confirmed by laboratory and field research. For

369 instance, the Martian ferrous and ferric iron research

370 indicate that ferric sulphate and oxides are in close asso-

371 ciation with each other as well as other sulphate minerals

372 (Farrand et al. 2009; Glotch and Rogers 2007; Squyres

373 et al. 2004, 2006). Analysis of terrestrial examples have

374 also shown that secondary post-mining minerals may be

375 found closely associated, and their metastability fields are

376 variable and usually much broader than expected (French

377 et al. 2012; Herbert 1997; Valente and Gomes 2009).

378 Moreover, in previous studies of the Shilbottle site, min-

379 eralogical analysis (XRD analysis and sequential extrac-

380 tion) confirmed the simultaneous presence of

381 schwertmannite, goethite, and ferrihydrite in samples taken

382 from the area adjacent to the spoil heap (Caraballo et al.

383 2010).

384As already mentioned, the Shilbottle site is characterised

385by both low and high concentrations of iron. The range

386between these values appears to reflect the stability field of

387siderite, which suggests that this phase might be a sink of

388iron at higher pH, according to reaction (8), (Blowes et al.

3892003; Coleman et al. 1993; Fig. 4).

Fe2þ þ HCO�3 ! FeCO3 þ Hþ ð8Þ

391391In turn, high concentrations of iron are probably the

392result of secondary sulphate (jarosite, schwertmannite)

393dissolution, since none of these phases are stable under low

394pH conditions (Figs. 4, 5). Both phases might also be

395transformed into goethite, which is very probable

396considering literature sources and XRD analysis

397(Caraballo et al. 2010). Hence, low concentrations of Fe

Fig. 4 Stability diagram for selected Fe-phases; minerals are dis-

played with Fe-species and points representing pH measured in

observation boreholes and pE calculated on the basis of Fe?2

concentrations. Concentrations (mg/L) of chemical species: Na–

144.4, Cl–50.4, S–4537.9, Ca–504.7, Mg–617.9, K–13.9, Fe–134.2,

Mn–65.9, Al–101.8, C–258, Zn–1.37, Si–28

Fig. 5 Stability diagram for selected Fe-phases including goethite;

minerals are displayed with Fe-species and points representing pH

measured in observation boreholes and pE calculated on the basis of

Fe?2 concentrations. Concentrations (mg/L) of chemical species: Na–

144.4, Cl–50.4, S–4537.9, Ca–504.7, Mg–617.9, K–13.9, Fe–134.2,

Mn–65.9, Al–101.8, C–258, Zn–1.37, Si–28
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398 might also be caused by the replacement of sulphate

399 minerals by goethite, not just increasing pH.

400 Summary and Conclusions

401 Supergene minerals produced during pyritic waste oxida-

402 tion commonly includes ephemeral, highly soluble efflo-

403 rescent salts and more stable minerals such as jarosite,

404 schwertmannite, and iron-oxyhydroxides. Efflorescent

405 AMD-precipitates play a key role in controlling acidity and

406 sulphate concentrations and metal mobilization in the

407 vicinity of spoil heaps. In addition, their dissolution leads

408 to precipitation of more stable sulphate minerals such as

409 jarosite and schwertmannite. The results of research carried

410 out in the 1990s (Bigham et al. 1996) led to the conclusion

411 that phases connected to AMD are transformed in the order

412 jarosite ? schwertmannite ? goethite. The constructed

413 classic pE/pH diagrams for iron minerals and simplified

414 physico-chemical conditions confirmed this sequence and

415 reinforced the misconception that physico-chemical con-

416 ditions that occur within the stability field of the goethite

417 phase must lead to its precipitation.

418 However, the boundaries between the mineral phases are

419 neither fixed nor narrow. This research illustrated through

420 construction of modified pE/pH diagrams that the solid

421 phases associated with AMD can co-occur and be mutually

422 altered. Moreover, transformations can go in either direc-

423 tion; thus, some alterations might be reversible given

424 changeable physico-chemical conditions, e.g. schwert-

425 mannite might be transformed into goethite or jarosite, and

426 jarosite might be replaced by goethite or schwertmannite.

427 The pE/pH diagrams rely on published kinetic data but

428 since knowledge of the stability of AMD mineral phases is

429 still evolving, the boundaries between minerals cannot yet

430 be definitively fixed. Establishing stability fields of AMD

431 minerals and making a prognosis based only on pE/pH

432 diagrams could be fraught with uncertainty. However, tests

433 of the Phreeplot and Phreeqc codes under various AMD

434 conditions indicate that the stability fields of different

435 phases are similar at very high contaminant concentrations.

436 Constructed pE/pH diagrams that consider AMD con-

437 ditions fit well with recently obtained results concerning the

438 co-existence of many post-mining secondary iron minerals.

439 The distribution of points representing observed pE and pH

440 might facilitate further interpretation of hydrogeochemical

441 processes within the AMD environment. For instance, low

442 concentrations of iron within the Shillbottle spoil heap

443 might be the result of siderite precipitation or the transfor-

444 mation of secondary sulphate (jarosite, schwertmannite)

445 into more stable goethite. Stability fields in the diagrams

446 presented will be similar for other cases with very high iron

447 and sulphate loadings and, because the modified diagrams

448encompass a large set of minerals, they can be used for

449tracking water–rock interactions in other AMD studies and

450to address water quality issues. For instance, they might

451serve as a simple, first approach for checking whether

452physico-chemical conditions are favourable for leaching of

453iron and sulphate ions or whether immobilisation of those

454ions is possible. Moreover, in the case of a passive treatment

455system, such as at Shillbottle, one might delineate the

456physico-chemical conditions that would allow the contam-

457inant load to be decreased, e.g. by precipitation of sulphidic

458minerals (though very narrow stability fields can make this

459relatively hard) or siderite (possible under slightly alkaline

460to alkaline conditions).

461Further research might include the construction of dia-

462grams for other compounds and conditions selected to

463reflect a remediation strategy or various kinetic constraints.

464The reliability of constructed diagrams should be supported

465by mineralogical examinations of the mineral assemblages.
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