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10 ABSTRACT: Understanding the form in which gold is
11 transported in surface- and groundwaters underpins our
12 understanding of gold dispersion and (bio)geochemical cycling.
13 Yet, to date, there are no direct techniques capable of
14 identifying the oxidation state and complexation of gold in
15 natural waters. We present a reversed phase ion-pairing HPLC-
16 ICP-MS method for the separation and determination of
17 aqueous gold(III)−chloro-hydroxyl, gold(III)−bromo-hydrox-
18 yl, gold(I)−thiosulfate, and gold(I)−cyanide complexes.
19 Detection limits for the gold species range from 0.05 to 0.30
20 μg L−1. The [Au(CN)2]

− gold cyanide complex was detected in
21 five of six waters from tailings and adjacent monitoring bores of
22 working gold mines. Contrary to thermodynamic predictions,
23 evidence was obtained for the existence of Au(III)-complexes in circumneutral, hypersaline waters of a natural lake overlying a
24 gold deposit in Western Australia. This first direct evidence for the existence and stability of Au(III)-complexes in natural surface
25 waters suggests that Au(III)-complexes may be important for the transport and biogeochemical cycling of gold in surface
26 environments. Overall, these results show that near-μg L−1 enrichments of Au in environmental waters result from metastable
27 ligands (e.g., CN−) as well as kinetically controlled redox processes leading to the stability of highly soluble Au(III)-complexes.

28 ■ INTRODUCTION

29 The mobility of gold in surface environments is substantiated
30 by a large body of evidence based on determining the products
31 of (bio)geochemical gold redistribution. Current consensus
32 assumes that the mobilization and transport of gold in aqueous
33 systems occurs via (in)organic gold complexes and/or
34 nanoparticles, whose formation is mediated by a number of
35 biogenic and abiogenic processes, in particular affecting the
36 formation of metastable ligands such as cyanide and
37 thiosulfate.1 Direct evidence for the formation of these
38 complexes is absent as the low levels of gold found in natural
39 waters (≤1 μg L−1 for groundwaters2−4) have made direct
40 speciation analysis impossible to date. Existing predictions are
41 based on extrapolations of experimental data generated at
42 elevated concentrations (typically mg L−1), thermodynamic
43 calculations, and environmental abundances of suitable
44 ligands.5−7 In general, these predictions agree that (i) in
45 environments containing little organic carbon the dominant
46 gold complex is [Au(I)OH.H2O]

0; (ii) Au(I)− and potentially
47 Au(III)−chloride (and their corresponding mixed chloride-
48 hydroxide complexes) occur in highly acidic oxidizing waters
49 containing high concentrations of chloride; (iii) Au(I)−

50thiosulfate complexes are formed in the presence of gold-

51bearing sulfide minerals; and (iv) Au(I)−cyanide exists in areas

52with trace amounts of cyanide from mine processing, or

53cyanide-releasing plants and microorganisms.6,8 However,

54without directly measured environmental data our under-

55standing of gold speciation in natural waters remains highly
56speculative.
57Direct speciation analysis of low levels of aqueous gold will

58provide information about the mechanisms of gold mobilization

59in the environment, and can be used to guide the interpretation

60of regional hydrogeochemical exploration data sets. Similarly,

61direct measurement of gold speciation is essential for

62environmental monitoring and (bio)remediation of tailings

63and waters from gold mining sites.9 Additionally, gold

64speciation can also be used to guide the choice and
65concentration of lixiviant used in gold leaching and for the
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66 targeted design of recovery strategies for low level aqueous
67 gold.10,11

68 High performance liquid chromatography−inductively
69 coupled plasma−mass spectrometry (HPLC-ICP-MS) is
70 capable of determining the speciation of trace elements,
71 particularly As, Se ,and Sb.12,13 HPLC allows the separation
72 of metal-, organometallic-, and protein complexes,14−16 whereas
73 ICP-MS offers trace element detection limits in the low to sub
74 ng L−1 range. Thus, it is ideally suited for the speciation of trace
75 levels of gold in aqueous solution. A small number of studies
76 have identified aqueous gold species using HPLC-ICP-MS
77 methodologies. These used ion-exchange, size-exclusion and
78 reversed phase chromatographic methods and achieved
79 detection at levels that ranged from sub μg L−1 to mg
80 L−1.17−20 None of these studies have assessed natural waters or
81 waters associated with mining operations. We report a HPLC-
82 ICP-MS method for the detection of Au(I)−thiosulfate,
83 Au(I)−cyanide, and Au(II)I-chloro-hydroxyl and Au(III)−
84 bromo-hydroxyl complexes at μg L−1 levels in surface- and
85 groundwater samples. The method was used to monitor gold
86 hydrolysis and ligand exchange in standard solutions. It was
87 then applied to measure the speciation of gold in environ-
88 mental samples, namely in tailings waters, waters from
89 monitoring bores close to mine sites using cyanide leaching,
90 and in a surface water from an alkaline hypersaline lake
91 overlying a buried gold deposit.

92 ■ EXPERIMENTAL SECTION
93 Reagents and Standards. All chemicals were of analytical
94 grade and all solvents HPLC grade, unless otherwise stated.
95 Ultrahigh purity water (Millipore, Australia) was used
96 throughout. Sodium tetrabromoaurate, sodium gold(I) thio-
97 sulfate, and potassium gold(I) cyanide were purchased from
98 Strem Chemicals Inc. (Newburyport, MA). Stock solutions
99 (100 mg L−1 total Au) of the gold complexes were prepared
100 gravimetrically in plastic by dissolving the appropriate amount
101 in water and stored in the dark to prevent the photolytic
102 precipitation of gold.21 Gold(I) cyanide stock solutions were
103 prepared in pH 12 (0.01 M) NaOH solution to prevent the
104 generation of HCN gas. Stock solutions of gold(III) chloride
105 (100 mg L−1 Au) were prepared by appropriate dilution of a
106 1000 mg L−1 gold ICP-MS Standard (in 2% HCl, Choice
107 Analytical, Australia) with water. Stock solutions were diluted
108 to 100 μg L−1 total Au with the mobile phase immediately prior
109 use. The gold tune solution (1.0 μg L−1 Au) was prepared by
110 dilution of a 1000 mg L−1 Au(III)−chloride ICP-MS Standard
111 (in 2% HCl, Choice Analytical, Australia) with the mobile
112 phase. All cationic ion-pairing agents were obtained from
113 Sigma-Aldrich (Castle Hill, Australia). The mobile phase
114 composition was 6:17.5:76.5 v/v/v isopropanol: acetonitrile:
115 water, 1 mM tetrabutylammonium chloride (TBA-Cl), 5 mM
116 NaH2PO4/Na2HPO4 (adjusted to pH 7.0 with H3PO4).
117 Instrumentation. Chromatographic separations were
118 achieved using an Agilent 1200 Series HPLC coupled with an
119 Agilent 7500cx ICP-MS. The HPLC-ICP-MS operating
120 conditions and the operation procedure are detailed in the
121 Supporting Information (SI) (Table S1).
122 Hydrolysis and Exchange Experiments. Freshly pre-
123 pared standards of Au(III)−chloride, Au(III)−bromide, Au-
124 (I)−thiosulfate, and Au(I)−cyanide ([Au] = 100 μg L−1) were
125 monitored for hydrolysis over 480 min. Ligand exchange was
126 observed in solutions comprising of a mix of the four gold
127 standards (20 μg L−1 each).

128Natural Water Samples. Water samples were obtained
129 t1from a number of sites in Australia (Table 1). The sampling

130procedure follows the method detailed in Brugger et al.22 All
131samples were brought to room temperature and syringe-filtered
132(PDVF, 0.45 μm) before analysis. Elemental analyses were
133conducted by the Analytical Chemistry Unit, CSIRO Land and
134Water, Adelaide (see SI). [Au(CN)2]

− was quantified via a
135multiple standard additions method where solutions were
136prepared gravimetrically with successive standard additions of
137potassium gold(I)−cyanide to the sample matrix. For the spike-
138and-recovery analysis a bore water sample (Granites Gold
139Mine) was analyzed both in the absence and presence of a spike
140(7 μg L−1 [Au(CN)2]

−). The level of gold in the unspiked
141sample was determined using four successive standard additions
142of 4 μg L−1 of [Au(CN)2]

−. The level of gold in the spiked
143sample was determined using four successive standard additions
144of 8 μg L−1 of [Au(CN)2]

−.
145Thermodynamic Equilibrium Modeling. Geochemist’s
146Workbench software (Aqueous Solutions LLC, Huntington,
147WV)23 was used to construct log−log activity gold speciation
148diagrams. Thermodynamic properties were taken from the
149Lawrence Livermore National Laboratory database (version
150R9), with properties for gold complexes from Usher et al.7

151■ RESULTS AND DISCUSSION
152HPLC Method Development. Method development was
153undertaken by evaluating individual solutions (100 μg L−1)
154made from the Au(III)−bromide, Au(III)−chloride, Au(I)−
155thiosulfate, and Au(I)−cyanide standards. This was undertaken
156because gold complexes can be labile in solution.7,24 Hence,
157individual standards were used to avoid interactions among the
158different species.
159Initial HPLC conditions were based on those of Zhao et al.20

160Method development is described in the SI. The final
161separation conditions were 6:17.5:76.5 v/v/v isopropanol:ace-
162tonitrile:water, 1 mM tetrabutylammonium chloride (TBA-Cl),
1635 mM NaH2PO4/Na2HPO4 (adjusted to pH 7.0 with H3PO4).
164 f1The resulting separation is shown in Figure 1. It must be noted
165that although 1 mM Cl− ion from the TBA-Cl may affect the
166speciation of the Au(III)−halide complexes in samples with low
167chloride concentrations, typical samples of interest contain an
168excess of chloride. According to Gray,2 salt solutions with
169soluble gold (Au > ∼0.2 mg L−1) contain at least 10 mM Cl−

170(at pH 0−3) to 100 mM Cl− (pH 0−5.5). Moreover, typical
171Australian brines contain ∼2400 to 5300 mM of chloride.25 At
172these high concentrations of chloride, the speciation of gold will
173be unaffected by the use of TBA-Cl. Additionally, the use of

Table 1. Locations of the Waters Used in this Study

sample description code location

monitoring bores
(downstream of
tailing ponds)

M1 Agnew Gold Mine, Western Australia (WA),
Australia (Bore 27) 28° 01′ 11″ S, 120° 29′
48″ E

M2 Agnew Gold Mine, WA, Australia (Bore 34)
28° 01′ 13″ S 120° 29′ 34″ E

M3 Granites Gold Mine, Northern Territory,
Australia, 20° 32′ 35″ S, 130° 19′ 33″ E

dewatering pond (in
an open cut mine)

D Boddington, WA, Australia, 32° 45′ 08″ S,
116° 21′ 19″ E

capped mine tailings T Hillgrove Mine, New South Wales, Australia,
30° 34′ 35″ S, 151° 54′ 35″ E

drainage channel in
salt lake

L Lake Way, WA, Australia, 26° 45′ 32″ S,
120° 16′ 56″ E
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174 acetonitrile introduces a possible source of cyanide contami-
175 nation from the mobile phase,26 however, this is only important
176 for samples containing low levels of gold (see Analytical Figures
177 of Merit).
178 Effect of Hydrolysis and Ligand Exchange on Sample
179 Preparation Regime. It is well documented that gold
180 complexes are labile in solution, with the overall speciation
181 being affected by the solution pH and ionic composition of the
182 aqueous environment. For example, Au(III)−chloride and
183 Au(III)−bromide can be readily hydrolyzed to form mixed
184 halide complexes.7 Spectroscopic studies monitoring the
185 hydrolysis of Au(III)−chloride,24,27,28 and the exchange of
186 chloride and bromide ligands in Au(III)-complexes7 have
187 previously been undertaken at gold concentrations (∼20 to
188 2000 mg L−1), which are much higher than those detected in
189 surface- and groundwaters.7,24,27,28 In light of this, and the
190 effect this could have on sample and standard preparation, we
191 tested a series of standards at lower concentrations to inform
192 our sample and standard preparation procedures.
193 Hydrolysis of freshly prepared standards of Au(III)−chloride,
194 Au(III)−bromide, Au(I)−thiosulfate, and Au(I)−cyanide
195 (diluted to an environmentally relevant concentration of 100
196 μg L−1) was monitored every 60 min for 480 min, starting at t =
197 20 min. The resulting chromatograms and peak height plots
198 (SI, Figures S1 and S2) show that the speciation of Au(I)−
199 thiosulfate and Au(I)−cyanide remain unchanged for the
200 duration of the experiment. However, a substantial change in
201 speciation was observed for the Au(III)−chloride standard

f2 202 (Figure 2, chromatograms shown in SI, Figure S3), where over
203 time the number of Au(III)−chloride peaks reduced from five
204 peaks (t = 20 min) to two peaks (t = 480 min). This can be
205 explained by the dilution of the 1000 mg L−1 Au(III)−chloride
206 stock solution (2% HCl). The acidity (pH 0) and chloride
207 concentration (5.5 × 10−1 M) stabilizes the [AuCl4]

− complex.
208 Upon dilution with water, the concentration of the chloride
209 decreases to 5.5 × 10−6 M and the pH increases to ∼2. The
210 labile chloride ligand is subsequently hydrolyzed, resulting in
211 the formation of the (mixed) hydroxide complexes
212 [AuCl(4−n)(OH)n]

−, where n = 0−4. The rate of change in
213 speciation is quite rapid: at t = 20 min five peaks were observed,

214corresponding to each of the five possible [AuCl(4−n)(OH)n]
−

215complexes; the largest eluted at 1.7 min (likely to be the
216[AuCl(OH)3]

− complex). As can be seen in Figure 2, the
217[Au(OH)4]

− peak continues to increase in intensity over time
218as the equilibrium between the Au(III)−chloride complexes
219and water shifts toward the formation of the hydroxide
220complex. This result is consistent with that of Lee and
221Gavriilidis29 who suggested that the initial dominant complexes
222were AuCl2(H2O)OH, [AuCl2(OH)2]

−, [AuCl(OH)3]
−, and

223[Au(OH)4]
−, respectively, while the dominant complexes at

224720 min were [AuCl2(OH)2]
−, [AuCl(OH)3]

−, and [Au-
225(OH)4]

−.29 Although Lee and Gavriilidis29 prepared their
226standards differently (higher gold concentration, 2.5 × 10−3 M
227HAuCl4, and pH adjusted with 0.1 M Na2CO3), they also
228observed an equilibrium shift toward the formation of the
229hydroxide complexes at pH 5−11. Similarly to their study, the
230equilibrium shift toward [Au(OH)4]

− dominance occurs over
231hours. The Au(III)−bromide standard also underwent similar
232changes in speciation toward the formation of the hydroxide
233complexes (SI, Figure S4). These results indicate that
234groundwater samples should be analyzed without predilution
235or concentration if possible. Where samples are manipulated,
236they should be left overnight to allow the speciation of gold to
237equilibrate.
238Ligand exchange upon mixing different Au(III) and Au(I)
239complexes was observed for a series of mixed gold standards
240over time (SI, Figure S5). Importantly, the Au(III)−halide
241peaks were broadened and coelution was observed. This is
242likely to be due to the 18 possible mixed complexes
243[AuX(4−n)(OH)n]

− (where X = Cl, Br or a mixture of both,
244and n = 0−4) that could have formed upon mixing of Au(III)−
245chloride and Au(III)−bromide in water. Consequently,
246individual standards must be used for quantification to avoid
247interactions that may occur between the different species.
248Therefore, an initial screening run to determine likely
249speciation followed by matrix matching using standard
250additions was used for quantifying gold species.
251Analytical Figures of Merit. As discussed above, the
252quantification of gold cannot be achieved with a mixed gold
253standard. Instead, the samples must first be screened to identify
254the gold species. Determination of the species can then be
255performed using calibration curves prepared from the
256appropriate individual standard solutions. Calibration curves
257 t2of the individual standards were linear in the region 0.25 μg L−1

Figure 1. Developed HPLC-ICP-MS method; Chromatograms of gold
standards showing (i) Blank, (ii) Au(III)−chloro-hydroxyl complexes,
(iii) Au(III)−bromo-hydroxyl complexes, (iv) Au(I)−thiosulfate, and
(v) Au(I)−cyanide. Mobile phase: 1 mM TBAC, 5 mM NaH2PO4/
Na2HPO4, pH 7 (adjusted with H3PO4), and 6:17.5:76.5 v/v/v
isopropanol:acetonitrile:water.

Figure 2. Effect of dilution and aging time on the speciation of the
Au(III)−chloride standard (20 mg L−1, in water). [AuCl2(OH)2]

− and
[AuCl3OH]

− (2.2 and 2.3 min, respectively) were near detection limit
and are not plotted here.
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t2 258 to 50 μg L−1. As shown in Table 2, the detection limits for the
259 gold complexes are in the sub ng L−1 level. The LOD and LOQ

260 values are for the Au(I)−thiosulfate complex (0.58 μg L−1 and
261 1.4 μg L−1 respectively), where in standards 1 μg L−1 and
262 below, a small Au(I)−cyanide peak is also visible in the
263 chromatogram. At these very low concentrations some of the
264 Au(I)−thiosulfate complex is converted to Au(I)−cyanide by
265 the cyanide impurities from the acetonitrile in the mobile
266 phase.26

267 Speciation of Gold in Environmental Water Samples.
268 Six water samples from a range of sites including mine
269 dewatering ponds (D), mine monitoring bores (samples M1,
270 M2, and M3), mine tailings (T) and a hypersaline surface water
271 (L) were analyzed using the developed method. Four of the

f3 272 samples (M1, M2, M3, and D) contained [Au(CN)2]
− (Figure

f3 273 3); gold was not detected in sample T. Unexpectedly a peak

274 consistent with an Au(III) complex was observed in the Lake
275 Way sample (L) (Figure 3). The level of [Au(CN)2]

− was

276determined for samples M1, M2, M3, and D1 as discussed
277below. Further investigations into the nature of the possible
278Au(III) peak from L is discussed separately.
279Detection and Significance of the [Au(CN)2]

− Com-
280plex. The concentrations of [Au(CN)2]

− in M1, M2, M3, and
281D were determined with HPLC-ICP-MS by multiple standard
282additions of a K[Au(CN)2] standard. Matrix matching via
283standard additions was chosen for the quantification in order to
284allow for enhancement of the signal that resulted from other
285 t3components in the sample matrix. Trace levels of Au(I)−
286 t3cyanide ([Au(CN)2]

−) were detected (Table 3), at levels
287ranging from ∼0.7 to 10.6 μg L−1. The accuracy of the method
288was estimated by determining the recovery of [Au(CN)2]

− in a
289spiked monitoring bore water sample from the Granites Gold
290Mine. The resultant linear regressions (SI, Figures S6 and S7)
291had correlation coefficients of 0.9982 (unspiked) and 0.9954
292(spiked). The [Au(CN)2]

− found in the recovery study was 7.7
293mg L−1, yielding a 110% recovery of the 7 mg L−1 spike.
294Our direct analysis findings confirm Leybourne et al.’s6

295chemical speciation modeling, which attributed elevated gold
296levels in a drained gossan pile to formation of the [Au(CN)2]

−

297complex via reaction with the cyanide used to process the
298gossan for gold a decade ago. Previous studies of tailings dams
299have predominantly focused on the mobility of arsenic, mercury
300and other metal contaminants (i.e., Cu, Zn, Pb, Co, and
301Ni).31−34 However, studies on the mobilization/fate of gold in
302tailings may provide information for (and improve) reclamation
303processes of existing tailings dams for the recovery of gold.
304These studies are necessary since the use of cyanide leaching
305does not guarantee the perpetual existence of gold in the
306Au(I)−cyanide form (Leybourne et al.6 attributed the
307decreasing gold concentrations, further downstream from the
308gossan tailings pile, to Au(I)−cyanide reducing to nano-
309particles).
310The levels of [Au(CN)2]

− found were well below the weak
311acid dissociable (WAD) cyanide concentrations deemed safe
312for wildlife (below 50 mg L−1).35 Furthermore, [Au(CN)2]

− is
313considered to be a strong acid dissociable complex, where only
314harsh acidic conditions will liberate free cyanide.36 Thus, at
315these levels, [Au(CN)2]

− should not pose an environmental
316risk for the formation of free cyanide. It is important to note,
317however, that this assessment does not include any other
318cyanide complexes that may be present in these waters. The
319formation of strong complexes, such as [Co(CN)6]

3−, is a
320mechanism for cyanide stabilization,37 and thus the formation
321and detection of [Au(CN)2]

− is a highly sensitive way to detect
322tiny amounts of free cyanide. As an example, only 1 × 10−17

323μmol of free CN− would remain in solution if 0.005 μmol of Au
324(1 μg L−1) was reacted with 0.015 μmol of CN− (SI, Figure
325S8).
326The proximity of the sampling points to either tailings or the
327mine processes suggests that [Au(CN)2]

− may be due to
328anthropogenic cyanide (from leaching processes), rather than

Table 2. Analytical Figures of Merita

slope (counts
min−1) R2 value

LOD
(μg L−1)

LOQ
(μg L−1)

total Au(III)−chloro-
hydroxyl complexes

102.9 ± 0.7 0.9997 0.05 0.16

total Au(III)−bromo-
hydroxyl complexes

48.0 ± 0.2 0.9999 0.10 0.34

Au(I)−thiosulfate 16.9 ± 0.4 0.9980 0.30 1.0
Au(I)−cyanide 40.1 ± 0.2 0.9999 0.13 0.42
aLimit of detection (LOD) = 3σB/S, where σB = standard deviation of
the blank and S = slope; limit of quantification (LOQ) = 10σB/S.

30

Standards were allowed to equilibrate overnight.

Figure 3. Water samples associated with gold mines; other conditions
as Figure 2.

Table 3. Concentrations of [Au(CN)2]
− Determined with HPLC-ICP-MSa

sites [[Au(CN)2]
−] (μg L−1) [Au] (μg L−1) LOD (μg L−1) slope (counts (μg L−1)−1) R2 ICP-MS total [Au] (μg L−1)

M1 1.5 ± 0.2 1.2 ± 0.1 0.10 52.32 0.9893 1.15 ± 0.01
M2 10.6 ± 0.4 8.4 ± 0.3 0.12 43.55 0.9976 13 ± 2
M3 9.2 ± 0.4 7.3 + 0.3 0.10 50.51 0.9989 13.5 ± 0.7
D 0.7 ± 0.1 0.52 ± 0.09 0.08 61.07 0.9916 0.8 ± 0.2

aLimit of detection (LOD) = (σB/S, where σB = standard deviation of the blank and S = slope.30.
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329 cyanide-producing plants or microorganisms. Hence, these
330 results show that mineral explorers should be mindful of the
331 sampling location when groundwater samples are collected and
332 analyzed for total dissolved gold in order to develop regional
333 vectors for gold mineralization.38,39

334 Nature and Significance of the Au(III) Complex in the
335 Lake Way Water. Speciation analysis of the Lake Way surface
336 water (L) shows that a Au(III) complex (such as [Au(OH)4]

−)
337 may be present; however, this Au(III) peak elutes with the void
338 and may result from matrix effects on the background signal
339 due to unretained components such as chloride in the sample.40

340 Consequently, the mobile phase composition was readjusted to
341 include 1% v/v of (1 mM) hexadecyltrimethylammonium
342 hydroxide (HDTMA−OH). Consistent with the report of
343 Horvath et al.41 incorporation of this larger chain ion-pair agent
344 shifted the retention times of the Au(III)−chloro-hydroxy
345 species so that they eluted later (SI, Figure S9)41 while
346 background peaks due to sodium chloride remained with the
347 void. Thus, the Au(III) peaks were shifted from coeluting
348 unretained matrix components.
349 Reanalysis of the Lake Way water sample (L) using the

f4 350 modified mobile phase showed a peak at 1.9 min (Figure 4).

351 Given that this peak was shifted from the chloride matrix peak
352 at 1.27 min, this experiment confirms the presence of a Au(III)

353complex in this sample. The concentration of the Au(III)
354complexes (∼0.4 μg L−1) was calculated by the area under the
355curve. In addition to the peak at 1.9 min, the Lake Way
356chromatogram contains a small peak (just visible above the
357background noise) at 10.2 min followed by a noticeable dip (or
358disturbance) in the signal. This suggests that the Lake Way
359sample may also contain [Au(CN)2]

−. Given the very low
360levels of gold in this sample, contamination by CN− from the
361mobile phase is difficult to exclude (see the above Method
362Development section); even in the case of such a
363contamination, however, it appears that both Au(I) and Au(III)
364complexes coexist in this water.
365In order to identify possible Au-complexes, the hydro-
366chemical composition of the Lake Way water was investigated
367further. The sample underwent chemical analysis for pH,
368 t4t5alkalinity, major anions, carbon, nitrogen, and trace elements,
369 t4t5etc. (Tables 4 and 5).
370The Lake Way water had high concentrations of dissolved
371salts such as Cl−, Na+, and SO4

2+, which may have been
372responsible for the unretained matrix peak in Figure 4. The pH
373of the water was near-neutral (∼7.64). Interestingly, the Lake
374Way water contained elevated concentrations of manganese
375(∼2.3 mg L−1) when compared to typical reported values.
376Dissolved manganese in natural waters can range from 10 μg
377L−1 to >10 mg L−1, but is generally below 0.2 mg L−1.42

378Distribution of species calculations suggest that this level of
379Mn2+ in the Lake Way water is stable under mildly reducing
380conditions (log fO2(g) ≤ −22; sulfate stable). The reduction of
381Mn(III/IV)−oxide minerals to Mn(II) is often accompanied by
382the oxidation of metallic ions (such as Co(III), Pb(III), Cr(II/
383III), As(III), etc.).43−45 Consequently, the high concentration
384of Mn2+ in the Lake Way water (from the reduction of
385manganese oxides) may explain the presence of Au(III) in near-
386neutral waters. It has been reported by a number of authors that
387manganese may be able to oxidize and mobilize gold in the
388environment;46−49 however, this process has only been
389demonstrated under acidic conditions, where the speciation
390gold was not directly measured.50,51 To our knowledge, the
391effect of manganese minerals on the speciation of Au in mild
392(neutral pH) aqueous conditions has not been studied.
393Therefore, further work investigating the effect of manganese
394on the speciation of gold under less extreme conditions is
395required.
396The results of the water analysis (Tables 4 and 5) were used
397for thermodynamic modeling to assess the possible Au-
398 f5complexes in the Lake Way sample. Figure 5 (A) shows the
399solubility and equilibrium speciation of gold in Lake Way water

Figure 4. Comparison of the retention of the Au(III) complex in the
Lake Way sample in (i) original mobile phase (as in Figure 1) and (ii)
modified mobile phase: 6:17.5 v/v isopropanol: acetonitrile, 1 mM
ion-pairing agent (99:1 v/v TBA-Cl: HDTMA−OH), 5 mM
NaH2PO4/Na2HPO4, pH 7.

Table 4. Geochemical Analysis of the Lake Way Watera

E.C. NH4−N NOx-N TN total alkalinity DC IC DOC

sample pH dS m−1 mg L−1 mg L−1 mg L−1 meq L−1 mg L−1 mg L−1 mg L−1

detection limits 0.01 0.005 0.005 0.1 0.1 0.5 0.1 0.5
Lake Way 7.64 135.3 4.747 0.415 2.4 0.6 20.5 7.5 13.0

bCl− bBr− bNO3
− bSO4

= cCa cK cMg cNa cS cSi cSr

sample mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1

detection limits 0.05 0.05 0.05 0.05 0.1 0.1 0.1 0.1 0.1 0.1 0.05
Lake Way 96 000 53 <20 41 000 327 5680 8130 49 700 8560 <5.0 7.08

apH, electrical conductivity (E.C.), ammonia-nitrogen (NH4−N), the sum of nitrate- and nitrite-nitrogen (NOx-N), nitrite-nitrogen (NO2−N) total
nitrogen (TN), total alkalinity, dissolved carbon (DC), inorganic carbon (IC), dissolved organic matter (DOC), and major anions. Notes: NO2-N <
0.005 mg L−1. bElements analyzed by ion chromatography; F− <2 mg L−1. cElements analyzed by ICP-OES; Al, As, Cd, Co, Cu, Ni, Pb, Se, Zn < 0.5
mg L−1; B, Fe, P, Sb < 1 mg L−1.
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400 (Tables 4 and 5) as a function of oxygen fugacity. Gold
401 becomes supersaturated at logfO2(g) lower than 10−12 bar; this
402 suggests some disequilibrium between Au and Mn, since Mn
403 becomes supersatured at logfO2(g) above 10−22 bar. The
404 modeling also confirms that the presence of Au(III)−
405 complexes is inconsistent with equilibrium thermodynamics.
406 The Au(I) complexes [AuCl(OH)]−, [AuCl2]

−, [Au(OH)2]
−,

407 [AuBr(OH)]−, AuCl(aq), and [AuBr2]
− are predominant, but

408 Au(III) complexes are unstable even at overoxygenated

409conditions in the Lake Way water ( fO2(g) = 1 bar). Similarly,

410modeling by Gray and Pirlo5,39 on saline waters from Tunkillia

411and from the Yilgarn Craton, Australia, predicted the speciation

412of gold to be gold(I)−halides (i.e., AuCl2−, AuI2−). According

413to the Gray and Pirlo,5 the dominant mechanism for the
414mobilization of gold in Cl− rich waters is

+ + + ⇌ +− + −2Au(s) 4Cl 1/2O 2H 2AuCl H O2 2 2

Table 5. ICP-MS Analysis of the Groundwater from Lake Way Watera

Mn Cr Fe Co Ni Cu Ga Ge As Se Nb Cd Te Sm W Th U

sample: ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L

detection limits 0.2 0.2 0.2 0.2 0.8 0.2 0.04 0.2 0.5 1 2 0.6 1 0.2 0.1 0.2 0.2
Lake Way 2300 <10 600 8.4 5 20 <1 <20 <30 12 4 1.4 <2 0.4 2 <0.5 8.05

aNotes: The following elements were analyzed but found to be below detection limit: Sc, V, Y, Pd, La, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu, Re, Pt, Pb < 0.2 μg L−1, Zn < 1 μg L−1; Ag < 0.1 μg L−1.

Figure 5. Thermodynamically predicted gold species for Lake Way. Plots show (A) reaction path of Au species at sliding fugacity (the arrow shows
where gold precipitates); and (B) likely Au(III)-species at sliding pH when Au(I) species are suppressed (the star marks the pH and log a[Br−] of
the Lake Way sample).
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415 In an effort to identify the Au(III) species in Lake Way, only
416 Au(III) ions were modeled in the presence of Br− and Cl− ions
417 (Figure 5 (B)). At pH 7.9 and the calculated Br− and Cl−

418 activities, the major gold species are predicted to be
419 [Au(OH)2Cl2]

−, [Au(OH)3Br]
− and [Au(OH)3Cl]

− (indicated
420 by the yellow star). The retention time of the broad peak in the
421 Lake Way chromatogram (Figure 4 (ii)) is consistent with
422 these species.
423 For the first time, direct speciation analyses of environmental
424 waters shows that the mobility of gold is controlled by kinetic
425 factors rather than by thermodynamic equilibria. Where the
426 [Au(CN)2]

− complex predominates, Au mobility is controlled
427 by the presence of a metastable ligand, cyanide. Indeed, the
428 formation of a strong complex with Au(I) is likely to explain
429 the survival of trace amounts of cyanide in the groundwater
430 away from the anthropogenic source; such an effect was
431 demonstrated for the weaker Co(II)−cyanide complexes by
432 Johnson et al.37 In the Lake Way water (L), a large amount of
433 Au is present as a Au(III) complex (most likely a mixed
434 hydroxide−halide complex). The oxidation of gold to Au(III) is
435 clearly kinetically controlled; although a Mn pathway is
436 possible, the exact process remains unknown. The presence
437 of Au(III) in natural waters may be very important, because
438 Au(III) complexes are highly soluble, and display far higher
439 toxicity to micro-organisms than Au(I) complexes.52 The
440 elevated toxicity likely drives the formation of gold-detoxifying
441 biofilms that catalyze the biomineralization of spheroidal
442 nanoparticulate gold, hence accelerating the biogeochemical
443 cycling of gold.22

444 Previous experiments that form the basis for the thermody-
445 namic and kinetic models used to understand how gold exists in
446 the environment were undertaken at high concentrations and
447 should now be revisited at environmentally relevant concen-
448 trations. Such studies include gold solubility and speciation in
449 the chloro-hydroxyl system,8,53,54 the Au(I)−sulfur system,55

450 the Au−humic acid system,56 and the interaction between Au
451 and Mn minerals over a range of pH.46,47,49,50,57−59

452 ■ ASSOCIATED CONTENT

453 *S Supporting Information
454 Experimental method, HPLC method development, spike-and-
455 recovery analysis plots and chromatograms from the hydrolysis
456 and ligand exchange experiments and the modified mobile
457 phase. This material is available free of charge via the Internet at
458 http://pubs.acs.org.

459 ■ AUTHOR INFORMATION

460 Corresponding Author
461 *Phone: +61 8 82012191; fax: +61 8 82012905; e-mail: claire.
462 lenehan@flinders.edu.au.

463 Notes
464 The authors declare no competing financial interest.

465 ■ ACKNOWLEDGMENTS

466 Jason Young and Daniel Jardine (Flinders Analytical), CSIRO
467 Land & Water (Waite), Jason Kirby, Claire Wright & Julie
468 Smith (Analytical Chemistry Unit), Aoife McFadden and
469 Benjamin Wade (Adelaide Microscopy), Ryan Noble (CSIRO
470 Earth Science and Resource Engineering), David J. Gray
471 (CSIRO Minerals Down Under), Susan Wilson (UNE), Carla
472 Zammit, Newmont Asia Pacific, Barrick Gold of Australia

473Limited, ARC Linkage grant (LP100102102), and Australian
474Postgraduate Award.

475■ ABBREVIATIONS
476tetrabutylammonium chloride (TBA-Cl)
477hexadecyltrimethylammonium hydroxide (HDTMA−OH) 478

479■ REFERENCES
(1) 480Reith, F.; Lengke, M. F.; Falconer, D.; Craw, D.; Southham, G.

481The geomicrobiology of gold. ISME J. 2007, 1, 567−584.
(2) 482Gray, D. J. The Aqueous Chemistry of Gold in the Weathering

483Environment; CRC LEME Open File Report 38; Perth, 1998.
(3) 484Jones, R. S. Gold Content of Water, Plants, and Animals; U.S.

485Geological Survey Circular 625: Washington, DC, 1970; p 15.
(4) 486Yu, M.; Sun, D.; Huang, R.; Tian, W.; Shen, W.; Zhang, H.; Xu,

487N. Determination of ultra-trace gold in natural water by graphite
488furnace atomic absorption spectrophotometry after in situ enrichment
489with thiol cotton fiber. Anal. Chim. Acta 2003, 479 (2), 225−231.

(5) 490Gray, D. J.; Pirlo, M. C. Hydrogeochemistry of the Tunkillia Gold
491Prospect, South Australia; CRC LEME Open File Report 194;
492Wembley, Australia, 2005.

(6) 493Leybourne, M. I.; Goodfellow, W. D.; Boyle, D. R.; Hall, G. E. M.
494Form and distribution of gold mobilized into surface waters and
495sediments from a gossan tailings pile, Murray Brook massive sulphide
496deposit, New Brunswick, Canada. Appl. Geochem. 2000, 15 (5), 629−
497646.

(7) 498Usher, A.; McPhail, D. C.; Brugger, J. A spectrophotometric
499study of aqueous Au(III) halide-hydroxide complexes at 25−80 °C.
500Geochim. Cosmochim. Acta 2009, 73 (11), 3359−3380.

(8) 501Vlassopoulos, D.; Wood, S. Gold speciation in natural waters: I.
502Solubility and hydrolysis reactions of gold in aqueous solution.
503Geochim. Cosmochim. Acta 1990, 54, 3−12.

(9) 504Schippers, A.; Nagy, A. A.; Kock, D.; Melcher, F.; Gock, E.-D.
505The use of FISH and real-time PCR to monitor the biooxidation and
506cyanidation for gold and silver recovery from a mine tailings
507concentrate (Ticapampa, Peru). Hydrometallurgy 2008, 94 (1−4),
50877−81.

(10) 509Etschmann, B. E.; Black, J. R.; Grundler, P. V.; Borg, S.; Brewe,
510D.; McPhail, D. C.; Spiccia, L.; Brugger, J. Copper(I) speciation in
511mixed thiosulfate-chloride and ammonia-chloride solutions: XAS and
512UV-visible spectroscopic studies. RSC Adv. 2011, 1 (8), 1554−1566.

(11) 513Ran, Y.; Fu, J.; Rate, A. W.; Gilkes, R. J. Adsorption of Au(I, III)
514complexes on Fe, Mn oxides and humic acid. Chem. Geol. 2002, 185
515(1−2), 33−49.

(12) 516Popp, M.; Hann, S.; Koellensperger, G. Environmental
517application of elemental speciation analysis based on liquid or gas
518chromatography hyphenated to inductively coupled plasma mass
519spectrometryA review. Anal. Chim. Acta 2010, 668 (2), 114−129.

(13) 520Maher, W.; Krikowa, F.; Ellwood, M.; Foster, S.; Jagtap, R.;
521Raber, G. Overview of hyphenated techniques using an ICP-MS
522detector with an emphasis on extraction techniques for measurement
523of metalloids by HPLC−ICPMS. Microchem. J. 2012, 105, 15−31.

(14) 524Collins, R. Separation of low-molecular mass organic acid-metal
525complexes by high-performance liquid chromatography. J. Chromatogr.,
526A 2004, 1059 (1−2), 1−12.

(15) 527Locatelli, M.; Governatori, L.; Carlucci, G.; Genovese, S.;
528Mollica, A.; Epifano, F. Recent application of analytical methods to
529phase I and phase II drugs development: A review. Biomed.
530Chromatogr. 2012, 26 (3), 283−300.

(16) 531Wang, P.; Lee, H. K. Recent applications of high-performance
532liquid chromatography to the analysis of metal complexes. J.
533Chromatogr., A 1997, 789 (1−2), 437−451.

(17) 534Elder, R. C.; Tepperman, K.; Tarver, M. L.; Matz, S.; Jones, W.
535B.; Hess, E. V. Chromatography with metal specific detection of urine
536samples from an arthritis patient on auranofin therapy. J. Liq.
537Chromatogr. 1990, 13 (6), 1191−1202.

(18) 538Matz, S.; Elder, R. C.; Tepperman, K. Liquid chromatography
539with an inductively coupled plasma mass spectrometric detector for

Environmental Science & Technology Article

dx.doi.org/10.1021/es404919a | Environ. Sci. Technol. XXXX, XXX, XXX−XXXG

http://pubs.acs.org
mailto:claire.lenehan@flinders.edu.au
mailto:claire.lenehan@flinders.edu.au


540 simultaneous determination of gold drug metabolites and related
541 metals in human blood. J. Anal. At. Spectrom. 1989, 4, 767−771.

(19)542 Zhang, Y.; Hess, E. V.; Pryhuber, K. G.; Dorsey, J. G.;
543 Tepperman, K.; Elder, R. C. Gold binding sites in red blood cells.
544 Inorg. Chim. Acta 1995, 229, 271−280.

(20)545 Zhao, Z.; Jones, W. B.; Tepperman, K.; Dorsey, J. G.; Elder, R.
546 C. Determination of gold-based antiarthritis drugs and their
547 metabolites in urine by reversed-phase ion-pair chromatography with
548 ICP-MS detection. J. Pharm. Biomed. Anal. 1992, 10 (4), 279−287.

(21)549 Vogler, A.; Kunkely, H. Photoreactivity of gold complexes.
550 Coordin. Chem. Rev. 2001, 219−221, 489−507.

(22)551 Brugger, J.; Etschmann, B.; Grosse, C.; Plumridge, C.; Kaminski,
552 J.; Paterson, D.; Shar, S. S.; Ta, C.; Howard, D. L.; de Jonge, M. D.;
553 Ball, A. S.; Reith, F. Can biological toxicity drive the contrasting
554 behavior of platinum and gold in surface environments? Chem. Geol.
555 2013, 343 (8), 99−110.

(23)556 Bethke, C. Geochemical and Biogeochemical Reaction Modeling,
557 2nd ed.; Cambridge University Press: New York, 2008.

(24)558 Peck, J. A.; Tait, C. D.; Swanson, B. I.; Brown, G. E., Jr
559 Speciation of aqueous gold(III) chlorides from ultraviolet/visible
560 absorption and Raman/resonance Raman spectroscopies. Geochim.
561 Cosmochim. Acta 1991, 55 (3), 671−676.

(25)562 Herczeg, A. L.; Berry Lyons, W. A chemical model for the
563 evolution of Australian sodium chloride lake brines. Palaeogeogr.
564 Palaeocl. 1991, 84 (1−4), 43−53.

(26)565 Fitzgibbons, W. O.; Barko, A. J. Removal of cyanides from
566 acetonitriles. U.S. Patent No: 4328075, 1982.

(27)567 Robb, W. Kinetics and mechanisms of reactions of gold(III)
568 complexes. I. The equilibrium hydrolysis of tetrachlorogold(III) in
569 acid medium. Inorg. Chem. 2002, 6 (2), 382−386.

(28)570 Murphy, P. J.; LaGrange, M. S. Raman spectroscopy of gold
571 chloro-hydroxy speciation in fluids at ambient temperature and
572 pressure: A re-evaluation of the effects of pH and chloride
573 concentration. Geochim. Cosmochim. Acta 1998, 62 (21−22), 3515−
574 3526.

(29)575 Lee, S.-J.; Gavriilidis, A. Supported Au Catalysts for Low-
576 Temperature CO Oxidation Prepared by Impregnation. J. Catal. 2002,
577 206 (2), 305−313.

(30)578 Skoog, D. A.; West, D. M.; Holler, F. J.; Crouch, S. R.
579 Fundamentals of Analytical Chemistry; Thomson Brooks Cole:
580 Belmont, CA, 2004.

(31)581 Wong, H.; Gauthier, A.; Nriagu, J. Dispersion and toxicity of
582 metals from abandoned gold mine tailings at Goldenville, Nova Scotia,
583 Canada. Sci. Total Environ. 1999, 228 (1), 35−47.

(32)584 Al, T. A.; Leybourne, M. I.; Maprani, A. C.; MacQuarrie, K. T.;
585 Dalziel, J. A.; Fox, D.; Yeats, P. A. Effects of acid-sulfate weathering
586 and cyanide-containing gold tailings on the transport and fate of
587 mercury and other metals in Gossan Creek: Murray Brook mine, New
588 Brunswick, Canada. Appl. Geochem. 2006, 21 (11), 1969−1985.

(33)589 Rösner, T.; Van Schalkwyk, A. The environmental impact of
590 gold mine tailings footprints in the Johannesburg region, South Africa.
591 Bull. Eng. Geol. Environ. 2000, 59 (2), 137−148.

(34)592 Roussel, C.; Neél, C.; Bril, H. Minerals controlling arsenic and
593 lead solubility in an abandoned gold mine tailings. Sci. Total Environ.
594 2000, 263 (1−3), 209−219.

(35)595 Leading Practice Sustainable Development Program for the
596 Mining Industry. In Cyanide Management; Australian Government
597 Department of Resources Energy and Tourism: Canberra, 2008.

(36)598 Dzombak, D. A.; Ghosh, R. S.; Young, T. C. Physical-Chemical
599 Properties and Reactivity of Cyanide in Water and Soil; CRC Press: Boca
600 Raton, FL, 2006; p 57−93.

(37)601 Johnson, C.; Grimes, D.; Leinz, R.; Rye, R. Cyanide speciation
602 at four gold leach operations undergoing remediation. Environ. Sci.
603 Technol. 2008, 42 (4), 1038−44.

(38)604 Carey, M. L.; McPhail, D. C.; Taufen, P. M. Groundwater flow
605 in playa lake environments: Impact on gold and pathfinder element
606 distributions in groundwaters surrounding mesothermal gold deposits,
607 St. Ives area, Eastern Goldfields, Western Australia. Geochem.: Explor.,
608 Environ., Anal. 2003, 3 (1), 57−71.

(39) 609Gray, D. J. Hydrogeochemistry in the Yilgarn Craton. Geochem:
610Explor. Environ. Anal. 2001, 1 (3), 253−264.

(40) 611Xing, L.; Beauchemin, D. Chromium speciation at trace level in
612potable water using hyphenated ion exchange chromatography and
613inductively coupled plasma mass spectrometry with collision/reaction
614interface. Geochem.: Explor., Environ., Anal. 2010, 25 (7), 1046.

(41) 615Horvath, C.; Melander, W.; Molnar, I.; Molnar, P. Enhancement
616of retention by ion-pair formation in liquid chromatography with
617nonpolar stationary phases. Anal. Chem. 1977, 49 (14), 2295−2305.

(42) 618Howe, P. D.; Malcolm, H. M.; Dobson, S. Manganese and its
619Compounds: Environmental Aspects; Concise International Chemical
620Assessment Document 63: Geneva, 2004.

(43) 621Eary, L. E.; Rai, D. Kinetics of chromium(III) oxidation to
622chromium(VI) by reaction with manganese dioxide. Environ. Sci.
623Technol. 1987, 21 (12), 1187−1193.

(44) 624Hem, J. D. Redox processes at surfaces of manganese oxide and
625their effects on aqueous metal ions. Chem. Geol. 1978, 21 (3−4), 199−
626218.

(45) 627Manning, B. A.; Fendorf, S. E.; Bostick, B.; Suarez, D. L.
628Arsenic(III) oxidation and arsenic(V) adsorption reactions on
629synthetic birnessite. Environ. Sci. Technol. 2002, 36 (5), 976−981.

(46) 630Boyle, R. W. The Geochemistry of Gold and Its Deposits (Together
631with a Chapter on Geochemical Prospecting for the Element; Geological
632Survey of Canada: Ottawa, 1979.

(47) 633Emmons, W. H. The agency of manganese in the superficial
634alteration and secondary enrichment of gold deposits. J. Geol. 1911, 19
635(1), 15−46.

(48) 636Goldschmidt, V. M. Gold. In Geochemistry; Muir, A., Ed.;
637Oxford University Press: London, 1958; pp 197−205.

(49) 638Krauskopf, K. B. The solubility of gold. Econ. Geol. 1951, 46 (8),
639858−870.

(50) 640Cloke, P. L.; Kelly, W. C. Solubility of gold under inorganic
641supergene conditions. Econ. Geol. 1964, 59 (2), 259−270.

(51) 642Rickard, T. A. The formation of bonanzas in the upper portions
643of gold-veins. Trans. Am. Inst. Min., Metall. Pet. Eng. 1901, 31, 198−
644220.

(52) 645Wiesemann, N.; Mohr, J.; Grosse, C.; Herzberg, M.; Hause, G.;
646Reith, F.; Nies, D. Influence of copper resistance determinants on gold
647transformation by Cupriavidus metallidurans strain CH34. J. Bacteriol.
6482013, 195 (10), 2298−308.

(53) 649Pan, P.; Wood, S. A. Gold-chloride complexes in very acidic
650aqueous solutions and at temperatures 25−300 °C: A laser Raman
651spectroscopic study. Geochim. Cosmochim. Acta 1991, 55 (8), 2365−
6522371.

(54) 653Stefańsson, A.; Seward, T. M. The hydrolysis of gold(I) in
654aqueous solutions to 600°C and 1500 bar. Geochim. Cosmochim. Acta
6552003, 67 (9), 1677−1688.

(55) 656Tossell, J. A. The speciation of gold in aqueous solution: A
657theoretical study. Geochim. Cosmochim. Acta 1996, 60 (1), 17−29.

(56) 658Wood, S. A. The role of humic substances in the transport and
659fixation of metals of economic interest (Au, Pt, Pd, U, V). Ore Geol.
660Rev. 1996, 11 (1−3), 1−31.

(57) 661Ohashi, H.; Ezoe, H.; Okaue, Y.; Kobayashi, Y.; Matsuo, S.;
662Kurisaki, T.; Miyazaki, A.; Wakita, H.; Yokoyama, T. The effect of UV
663irradiation on the reduction of Au (III) ions adsorbed on manganese
664dioxide. Anal. Sci. 2005, 21 (7), 789−793.

(58) 665Ohashi, H.; Ezoe, H.; Yamashige, H.; Okaue, Y.; Matsuo, S.;
666Kurisaki, T.; Wakita, H.; Yokoyama, T. Reduction behavior of au (III)
667complex ions adsorbed on the surface of manganese dioxide: XPS
668study. Adv. X Ray Chem. Anal., Jpn. 2005, 36, 339−345.

(59) 669Yamashita, M.; Ohashi, H.; Kobayashi, Y.; Okaue, Y.; Kurisaki,
670T.; Wakita, H.; Yokoyama, T. Coprecipitation of gold(III) complex
671ions with manganese(II) hydroxide and their stoichiometric reduction
672to atomic gold (Au(0)): Analysis by Mössbauer spectroscopy and
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