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Abstract Antimony, a toxic metalloid similar to arsenic,

is present at variable levels in most gold-bearing rocks.

Antimony is soluble in the surface environment, so anti-

mony (Sb) mobilization in mine waters is an environmental

issue around gold mines. The Reefton gold mine was

originally developed in gold-bearing quartz veins; Sb

concentrations were low (\100 mg/kg) compared to

arsenic (As) concentrations ([1,000 mg/kg), and the mine

waters had low dissolved Sb (\0.1 mg/L). A second stage

of gold mineralization at Reefton involved brecciation and

cataclasis of quartz veins and wall rocks, with addition of

stibnite (Sb2S3). Processing of this ore has resulted in

higher dissolved Sb in mine waters (0.1–1 mg/L), even

after water treatment that removes most dissolved As (to

0.01 mg/L) by adsorption to suspended iron oxyhydroxide.

Competition between As and Sb for adsorption sites on

iron oxyhydroxide particles may have resulted in partial

exclusion of the more weakly adsorbed Sb. The high

rainfall (2,000 mm/year) at Reefton ensures adequate

dilution of mine waters after discharge. The Macraes gold

mine has no stibnite, and most Sb is in solid solution in the

abundant arsenopyrite (Sb up to 2,000 mg/kg). Pit waters

have both Sb and As dissolved up to 0.1 mg/L, partly

because of evaporative concentration in a low-rainfall

environment. Macraes tailings waters have high As (up to

3 mg/L) but negligible Sb (\0.001 mg/L). Reefton mine

gold-bearing concentrate, containing stibnite, is transported

700 km to be processed by autoclave oxidation and cyan-

idation at the Macraes mine. This introduction of additional

Sb to the Macraes site substantially increases the Sb con-

tent of the process stream periodically. Tailings from this

process have up to 3 wt% Sb, dispersed through As-rich

iron oxyhydroxides that are formed in the autoclave. The

Sb-rich tailings are strongly diluted (approximately 100:1)

by the Macraes tailings, and adsorption of Sb to iron

oxyhydroxides in the tailings piles ensures that there has

been no increase in the Sb content of the tailings water

since the Reefton concentrate has been added at Macraes.
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Introduction

Antimony is a metalloid that chemically behaves in the

environment like arsenic (Filella et al. 2002; Mok and Wai

1990; Vink 1996). Like arsenic (As), antimony (Sb) is

toxic in the environment, although details of Sb toxicity are

less well understood (Filella et al. 2002; Mori et al. 1999;

Shotyk et al. 2005). The environmental significance of

arsenic around gold mines is well known, and arsenic is the

principal concern when designing mine water treatment

systems (Blowes et al. 1998; Krause and Ettel 1988;

Lottermoser 2003; Seal and Hammarstrom 2003). How-

ever, gold mining, and the associated mineral processing, is

one of the main human activities that can expose the

environment to risks of Sb contamination as well (Adriano

1986; Ainsworth et al. 1990; Mok and Wai 1990; Mori

et al. 1999; Shotyk et al. 2005). Despite the common

occurrence of elevated Sb in gold-mining systems, little

information exists on the behaviour of Sb in gold mines,

gold mine processing systems, and associated mobilization

of Sb into gold mine waters.
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Antimony is readily soluble under low-temperature

surface conditions, and dissolved Sb can rise rapidly in

mine waters when Sb-rich rocks are exposed (Ashley et al.

2003; Mok and Wai 1990; Vink 1996). Gold deposits have

different amounts of associated Sb, depending on how the

gold deposit formed. Antimony is most abundant in gold

deposits that formed relatively close to the Earth’s surface

(upper 5 km), particularly those formed in near-surface hot

spring settings (Ashley and Craw 2004; Giggenbach et al.

1994; Hedenquist et al. 2000; Nesbitt et al. 1989; Reed

1997; Wilson et al. 2007). Gold deposits formed deep in

the crust ([10 km) typically have relatively low, but still

elevated, concentrations of Sb (Ashley and Craw 2004;

Goldfarb et al. 2001; Petrie et al. 2005). Hence, it is pos-

sible to predict, from the geological nature of a particular

gold deposit, whether or not Sb will potentially be envi-

ronmentally significant.

This study provides new data on Sb distribution and

mobilization through the ore processing systems at two

different active gold mines in New Zealand. The gold

formed in different geological settings, and the amounts of

Sb are different in the ores from the two mines. Hence, this

study provides an opportunity to contrast the chemical

behaviour, mobilization, and attenuation of Sb in mine

waters at the two different mines. Further, gold-rich con-

centrate from one of the mines, with relatively high Sb

content, is being transported to the other mine, which had

relatively low Sb in the ore. This study follows the Sb

through the process stream at both mines, and documents

the effects of translocation of Sb between mines on mine

water Sb compositions and downstream Sb attenuation.

Throughout this study, we compare the concentrations of

Sb with those of As in the same solids and waters, in order

to identify similarities and differences in the environmental

behaviour of Sb and As.

General Setting

The mines that form the basis for this study are both oro-

genic (mesothermal) in mineralization, and they both occur

in lower greenschist facies rocks in the South Island of

New Zealand (Fig. 1). Both mines are being developed as

large open cut operations at sites of historic underground

mining. The climate is maritime temperate at both sites, but

a rain shadow caused by high mountains (up to 3 km) on

the upthrown side of the Alpine Fault (Fig. 1) results in

substantially lower rainfall (about 600 mm/year) at Macr-

aes than at Reefton (about 2,000 mm/year).

The Macraes Mine (southeastern side of island; Fig. 1)

is being developed in a late metamorphic auriferous shear

zone within Mesozoic metamorphic basement rocks

(Mitchell et al. 2006). The Reefton Mine (northwestern

side of island; Fig. 1) occurs within an auriferous post-

metamorphic shear zone in Paleozoic metamorphic base-

ment rocks (Christie and Brathwaite 2003). Gold at both

mines is typically fine-grained (micron scale) particles

encapsulated in sulfide minerals. Ore from the Reefton

Mine is processed on site to produce a sulfide-rich con-

centrate. This concentrate is transported in containers by

truck to a nearby (10 km) rail line, by rail about 700 km

across the mountains to the east coast, and then 30 km by

truck to the Macraes Mine (Fig. 1).

Macraes Mine

The Macraes Mine is a world-class ([150 t Au total

resource) deposit that opened in 1990 and produces [6 t

of gold a year (Mitchell et al. 2006). The ore is a com-

bination of mineralized sheared graphitic schist and

associated mineralized quartz veins (Craw et al. 1999;

Mitchell et al. 2006). The deposit was formed as a shal-

low-dipping thrust system under lower greenschist facies

conditions in the middle crust (about 10–12 km deep;

Craw et al. 1999). The ore contains abundant (up to 5%)

pyrite and arsenopyrite, both of which host encapsulated

gold. Minor fine grained (10 micron scale) chalcopyrite,

sphalerite, and galena accompany the dominant sulfides.

Antimony occurs in solid solution, irregularly distributed,

in arsenopyrite, with compositions up to 2,000 mg/kg Sb

in some grains (Petrie et al. 2005). Rare grains of bou-

langerite (Pb5Sb4S11) occur locally. The structure and

mineralogy of the deposit is broadly the same over the

exposed length of the host shear zone (30 km), and

mining has occurred in several pits over a 12 km strike

length thus far (Mitchell et al. 2006).

Ore processing (Fig. 2) initially involves crushing and

grinding to sand, flotation of sulfides, and then fine

grinding of the sulfide concentrate. The concentrate is fed

as slurry through an autoclave where the sulfides are

oxidized to liberate the gold at 225�C in a high-pressure

oxygen atmosphere (Craw 2003, 2006). Mineralogical

changes during autoclave processing are recorded by

mineral scales deposited within the autoclave (Craw 2003,

2006). The principal end products of oxidation are

As-bearing iron oxyhydroxides and sulfates, most of which

are poorly crystalline. The autoclave discharge material

passes through a cyanidation plant for gold extraction, and

the tailings are mixed with the sandy flotation tailings during

discharge to a tailings impoundment (Fig. 2). Evaporation

(about 700 mm/year) at Macraes generally exceeds the input

from rainfall, and the site has a water deficit that is

addressed by piping water from a distant (20 km) river. All

mine waters are captured in sumps and recycled through

the processing plant (Fig. 2). Iron oxyhydroxide precipi-

tates have been forming in the water collection sumps and
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associated pipes since the mine opened (Craw 2003;

Roddick-Lanzilotta et al. 2002).

Reefton Mine

The Reefton Mine was developed historically (pre 1950) as

underground tunnels following steeply dipping gold-bearing

quartz veins (1–3 m scale). The modern mine (opened 2007)

is extending the ore zone into mineralized breccias and soft

gouge and cataclasites that persist for up to 5 m from the

margins of those quartz veins. Mineralization occurred with

progressively lowering temperatures at relatively shallow

crustal levels (about 5 km) compared to the Macraes

deposit. Quartz veins contain abundant (commonly 5%)

auriferous pyrite and arsenopyrite. Formation of the sheared

zone on quartz vein margins occurred after emplacement of

the quartz veins, and involved addition of stibnite and more

gold. The stibnite is locally massive on the 1–5 cm3 scale,

and finer grained stibnite variably pervades the breccias

along veinlets and shears. The largest resource is in the

Globe-Progress pit and extensions, where the breccias and

cataclasite zones are most abundant. Ore at the nearby

(\1 km) General Gordon pit is dominated by quartz veins,

with less breccia and cataclasite than at Globe-Progress.

Reefton ore is crushed and ground to sand and subjected

to flotation to concentrate sulfide minerals (Fig. 3), as at

Macraes (above). Ore from the Globe-Progress and Gen-

eral Gordon pits are stockpiled separately, but mixed in the

processing stream (Fig. 3) to maintain a uniform range of

gold grades. The sulfide concentrate is dried before dis-

patch to Macraes, where it forms about 10% of the con-

centrate process stream (Fig. 2). The Reefton mine site has

excess water because of the high rainfall, which necessi-

tates water discharge. Process and tailings waters are col-

lected and passed through a water treatment plant, where

ferric chloride is added before discharge, and precipitates

go to the tailings impoundment (Fig. 3). Pit waters are

collected in silt ponds for settling of suspended solids

before discharge (Fig. 3). These mine waters are dis-

charged into small creeks that are tributaries for a major

Fig. 1 Digital elevation model

of the South Island of New

Zealand (from

http://www.geographx.co.nz),

showing the locations of the

Reefton and Macraes mines

discussed in this study, and the

road (dotted lines) and rail

(solid black line) transport route

for Reefton concentrate across

the mountains to Macraes.

Principal basement geological

subdivisions of the South Island,

separated by the Alpine Fault

(dashed line), are indicated
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drainage system that receives storm runoff from a large

([100 km2) catchment.

Methods

Thorough evaluations of the background water composi-

tions at both mine sites and their immediate vicinity were

carried out before the opening of the Reefton mine and

resultant transport of the Sb-bearing concentrate to Macr-

aes. The methods and results for these studies have been

documented by Craw (2000, 2003), Craw and Nelson

(2000), and Hewlett et al. (2005). Related studies focused

directly on Sb and As in background waters and waters

derived from mineralized rocks at the two mine sites

(Ashley et al. 2003, 2006; Craw et al. 2004). Results from

these previous studies have been incorporated into this

study, where appropriate.

Analytical data on mine water compositions for this

study were obtained from routine mine site environmental

sampling programs operated by the mining company,

Oceana Gold Ltd, supplemented with some specialist

analyses for Sb at key sites. The details of sampling and

analysis techniques at Macraes mine site are included in

Craw (2000) and Craw and Nelson (2000). Similar sam-

pling techniques and the same analytical procedures were

followed for the new mine site at Reefton. Representative

water analyses are presented in Table 1. Additional water

analyses for Sb and As were obtained on some mine

waters at Macraes mine (Table 1), and these were ana-

lyzed by ICP-MS at Hill Laboratories, Hamilton, New

Zealand.

Analyses of ore and related rocks at Macraes mine

have been presented by Craw (2002), Petrie et al. (2005),

and Pitcairn et al. (2006), and the analytical techniques

are described in these studies. Analyses of Sb and As in

Reefton mine drill core (1 m intervals) by atomic

absorption spectroscopy were provided by Oceana Gold

from their exploration data set. Additional targeted anal-

yses of Sb and As in solid materials in the active Reefton

and Macraes mines were obtained as part of this study.

These analyses were done by X-ray fluorescence on

pressed powder disks at SpectraChem Analytical, Wel-

lington, New Zealand. Some check analyses of solid

materials, plus additional analyses, were done by ICP-MS

after hot acid digestion (US EPA Method 200.2) at Hill

Laboratories, Hamilton. Three samples of plants (Juncus

sp.) growing in iron oxyhydroxide precipitates in a

tailings water collection sump at Macraes mine were

analysed by ICP-MS, after drying and acid digestion, by

Hill Laboratories, Hamilton.

Semi-quantitative examination of process stream min-

eral material to determine localization of Sb was done with

a JEOL JXA 8600 electron microprobe using wavelength

dispersion. This analysis was hindered in Ca-rich portions

(mainly containing gypsum or anhydrite) because of

overlap between the Ca and Sb peaks in the detection

spectrum. No Sb-rich mineral was detected in any of the

examined material, though the analytical detection limit

was about 0.1 wt% in Ca-poor material.

Fig. 2 Sketch of the Macraes mine processing system, showing the

pathways for solid materials (red arrows), and mine waters (blue
arrows). HFO: iron oxyhydroxide

Fig. 3 Sketch of the Reefton mine processing system, showing the

pathways for solid materials (red arrows), and mine waters (blue
arrows)
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Results

Reefton

Before development of the current Reefton mine, the his-

toric underground mine adits had been discharging

groundwater for more than 50 years (Table 1; Craw et al.

2004; Hewlett et al. 2005). The mineralized rock in these

tunnels was dominated by quartz veins, As predominated

over Sb, and Sb levels were less than 1,000 mg/kg (Fig. 4).

Oxidation of the sulfides in the old tunnels released high

dissolved sulfate, Sb and As into the mine waters, where

As generally predominated over Sb, as in the mineralized

rocks (Fig. 4). Few of the mine waters had more Sb than

As (Fig. 4). The host rocks contain abundant metamorphic

and hydrothermal carbonate minerals (calcite and anker-

ite), which maintained the pH of mine waters near seven.

Hence, Fe3? was insoluble, and abundant iron oxyhy-

droxide precipitates formed in and near the tunnels. These

precipitates were effective at adsorbing dissolved As and

Sb (Fig. 4; Craw et al. 2004; Hewlett et al. 2005).

Incorporation of the cataclasites and breccias into the

ore of the new Reefton mine has resulted in a substantial

increase in the amount of Sb entering the process stream

(Fig. 5). Ore from the General Gordon pit has generally

lower Sb content than the Globe-Progress pit, although

both pits have similar ranges in compositions (Fig. 5). The

sulfide component of the concentrate produced from the

flotation process is dominated by arsenopyrite and pyrite,

but the concentrate contains up to 4% stibnite. Stibnite

contains about 1,000 mg/kg As, and arsenopyrite contains

about 1,000 mg/kg Sb (Fig. 5), and typical concentrate

analyses (2 wt% Sb) lie on a mixing line between stibnite

and arsenopyrite (Fig. 5).

Table 1 Representative water analyses (mg/L) for historic and active mine waters at Reefton (see Hewlett et al. 2005) and Macraes; alkalinity

(alk) was determined as bicarbonate

Water type Location pH Na K Ca Mg Cl alk SO4 As Sb

Ground water Reefton mine area 8.4 76 4 41 32 6 256 166 0.024 0.053

Ground water Reefton, historic adit 6.7 213 14 137 130 4 349 1233 50.6 0.028

Plant discharge Reefton mine 8.3 15 20 26 15 5 80 107 0.05 0.450

Mine water Reefton mine 6 2 4 2 4 3 5 13 0.08 0.010

Pit floor mine water Macraes mine 8.1 14 4 50 38 7 130 203 0.073 0.020

Decant pond Macraes mine 5.5 463 98 620 392 23 1 4750 0.80 \0.1

Discharge (recycled) Macraes mine 6.5 365 13 302 138 58 444 1761 0.31 \0.001a

a Analysis of a separate sample shows Sb \ 0.001 mg/L
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Fig. 4 Arsenic and antimony concentrations in Reefton historic mine

ore (orange circles), discharging waters from historic tunnels (red
triangles), and iron oxyhydroxide precipitates (black squares) from

the mine waters at tunnel entrances (modified after Craw et al. 2004).
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Fig. 5 Arsenic and antimony concentrations for solids and waters at

the active Reefton mine. Mineralised rocks at the two pits are

indicated with filled circles (Globe-Progress: orange, General Gor-

don: grey); only data are for [100 mg/kg Sb are shown. Reefton

concentrate is shown with green circles, between mineral composi-

tions (green squares) of stibnite and arsenopyrite (Asp.). Pit waters

(red triangles) were sampled in silt ponds and downstream creeks.

Plant discharge waters (blue squares) flow into a separate catchment.

Diagonal line shows a 1:1 relationship between As and Sb
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Pit waters collected at silt ponds and in downstream

monitoring sites are generally dominated by As, near

0.1 mg/L (Table 1; Fig. 5). However, dissolved Sb con-

centrations range up to 0.3 mg/L and the Sb locally

dominate over dissolved As concentrations (Fig. 5). The

pit waters are generally more dilute than the waters

emanating from the historic tunnels, and the high As

waters ([1 mg/L) with relatively low Sb are no longer

present (Figs. 4, 5). The mine waters discharging from the

processing plant, via the water treatment system, has high

dissolved Sb (0.1–1 mg/L) and low dissolved As

(\0.1 mg/L) (Table 1; Fig. 5). The discharge flow rate is

low (around 0.05 L/s), so discharge flux of Sb is around

0.02 mg/s, which is negligible compared to the back-

ground Sb flux for the downstream catchment (about

0.7 mg/s; Hewlett et al. 2005).

Macraes

The Macraes ore has substantially lower Sb content than

Reefton ore, and is clearly dominated by As (Fig. 6). The

Macraes concentrate composition reflects the dominance of

arsenopyrite, with the only significant Sb-bearing compo-

nent being the Sb in solid solution in the arsenopyrite

(Fig. 6). Ore and host rock contain abundant calcite, so

mine waters all have pH near seven, although some decant

pond waters have pH temporarily as low as pH 5.5

(Table 1; Craw 2003). Many of the pit waters contain near-

equal amounts of dissolved Sb and As (Fig. 6). In contrast,

mine waters seeping from the tailings into collection

sumps, and sampled before arrival of Reefton concentrate,

contain high dissolved As (up to 3 mg/L) and Sb

concentrations at or below the analytical detection limit of

0.001 mg/L (Fig. 6).

The Reefton concentrate is passed through the autoclave

separately from the Macraes concentrate, but the two

concentrates inevitably become mixed through the process

stream. Hence, process solids intercepted in the cyanida-

tion plant (Fig. 2) have Sb contents that lie between

Reefton and Macraes concentrates (Fig. 7). Likewise, the

mineral scales that precipitate in the autoclave have vari-

able compositions that are dominated by Macraes Sb lev-

els, with some slightly higher Sb contents locally (Fig. 7).

The high-Sb scale material has Sb distributed throughout

the solids, and no separate Sb minerals were identified after

investigation down to the micron scale with an electron

microprobe. The Sb is apparently dispersed with As

through the poorly crystalline ferric iron arsenate-iron

oxyhydroxide material formed in the autoclave.

Reefton concentrate tailings are overwhelmingly diluted

(100:1) by Macraes flotation and concentrate tailings in the

Macraes tailings impoundments (Fig. 2). The ferric-rich

autoclave products are fine grained (10 micron scale), and

are deposited from suspension in the middle of the tailings

impoundments, whereas the coarser tailings are deposited

nearer the impoundment margins (Fig. 8). Hence, the Sb

content of sand-rich tailings is low (\40 mg/kg; Fig. 7),

despite the addition of the Sb-rich Reefton component.

Waters seeping from the tailings dams after the 2007

introduction of the Reefton concentrate are essentially
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Macraes mine before 2007 introduction of concentrate from Reefton.

Compositions of Sb-bearing sulfides (green triangles) and Macraes
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Fig. 7 Arsenic and antimony concentrations in solids and waters in

the active Macraes mine processing system. Ore concentrate (green
circles) ranges in composition between Reefton concentrate (RC) and

Macraes concentrate (MC). Autoclave scales (red dots) reflect

dominantly Macraes compositions. Tailings sand (orange squares)

has little Sb because most Sb is contained in fine grained iron

oxyhydroxides that separate from the sand in the tailings impound-

ments (Fig. 8). Tailings waters (blue squares) and precipitates from

those waters (black squares) have low Sb/As ratio, as do reeds

growing in the precipitates (purple diamonds). Diagonal line shows a

1:1 relationship between As and Sb
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unchanged in As and Sb contents from before the Reefton

concentrate was added, and Sb remains at or below

detection (Fig. 6, 7). Iron oxyhydroxide precipitates from

these seepage waters also have relatively low Sb compared

to As, although the Sb contents are as high as 130 mg/kg

(Fig. 7). Reeds growing in tailings seepage water and iron

oxyhydroxide precipitate have similar As/Sb ratios to the

iron oxyhydroxide substrate, and Sb contents are only 0.3–

0.5 mg/kg (dry weight) (Fig. 7). The Sb/As ratio for all the

Macraes processing system is distinctly lower than the

active Reefton system (Fig. 5) and the historic Reefton

mines (Fig. 4), and shows no evidence of an influence from

the added Sb in the Reefton concentrate.

Discussion

Both stibnite and arsenopyrite rapidly decompose in oxi-

dized surface waters at circumneutral pH, releasing dis-

solved Sb and As (Ashley et al. 2003; Craw et al. 2003).

Almost all dissolved Sb and As is present in the most

oxidized (5?) oxidation state as oxyanions under typical

mine conditions (Ashley et al. 2003; Craw et al. 2003;

Filella et al. 2002; Vink 1996). Experimental and field

observations show that dissolved Sb can reach up to 50

mg/L in mine environments where stibnite is exposed to

oxidation (Ashley et al. 2003). Hence, the dissolved Sb

concentrations observed at the Reefton and Macraes mines,

typically \1 mg/L, are comparatively low (Fig. 5, 6, 7).

The highest observed Sb concentrations in this study are in

the discharge waters at the Reefton mine (Fig. 5), where

the processing plant has been treating stibnite-bearing ore.

Similar but slightly lower levels of dissolved Sb arise

where pit waters have been in contact with stibnite-bearing

rocks exposed in excavation walls. These pit waters are

diluted immediately downstream (Fig. 5), facilitated by the

high rainfall of the Reefton area. In contrast, mine waters at

the Macraes mine contain little Sb dissolved from

decomposition of Sb-bearing arsenopyrite, except for some

pit waters (Fig. 6). These pit waters may have been con-

centrated by evaporation in this rain shadow environment

(Craw et al. 2004). The pit waters do not become suffi-

ciently evaporated to precipitate arsenate minerals such as

scorodite (FeAsO4�2H2O), although evaporative scorodite

precipitation does control dissolved arsenic concentrations

elsewhere at the Macraes site (Craw et al. 2002), and at

mine sites near Reefton (Haffert and Craw 2008). Scorodite

precipitates at these sites when dissolved As is [10 mg/L

at pH [ 7 (Craw et al. 2002; Haffert and Craw 2008;

Krause and Ettel 1988), which is significantly higher than

dissolved As levels in the mine waters described

herein (Figs. 4, 5, 6, 7). Likewise, dissolved Sb can reach

50 mg/L at mine sites before valentinite (Sb2O3) will form

(Ashley et al. 2003).

Most mine waters at Reefton and Macraes have devel-

oped a similar dissolved Sb/As ratio to the host ore (Fig. 4,

5, 6, 7). Thus, the present Reefton pit waters draining

stibnite-bearing ore (Fig. 5) have generally higher Sb/As

ratio than the As-rich waters that emanated from historic

Reefton tunnels following arsenopyrite-rich quartz veins

(Fig. 4), or As-rich tailings waters from arsenopyrite-

bearing ore at Macraes (Fig. 6). However, there are some

significant deviations from this observation at both Reefton

(especially the plant discharge waters; Fig. 5) and Macraes

(pit waters; Fig. 6). Clearly, some environmental process

preferentially results in similar amounts or slightly more Sb

in solution than As despite the relative abundance of As in

the source materials; this may be linked to adsorption

processes (see below).

The Reefton plant discharge waters have the most dis-

tinctively high Sb/As ratio (Fig. 5), and may yield the best

clues to the cause of the relatively enhanced dissolved Sb

in some mine waters. The Reefton water treatment plant is

based on formation of suspended iron oxyhydroxide from

added ferric chloride. This suspended iron oxyhydroxide

removes metalloids, especially arsenic, from solution by

adsorption (Kang et al. 2003; McComb et al. 2007; Mercer

and Tobiason 2008; Roddick-Lanzilotta et al. 2002; Tien

et al. 2004). Iron oxyhydroxide in the Reefton plant is

apparently more efficient at extracting As than Sb. Similar

differences in adsorption extraction efficiency for dissolved

As and Sb may be responsible for the relatively high Sb/As

ratios of some historic Reefton mine discharge waters

(Fig. 4) where adsorption of both As and Sb to iron oxy-

hydroxide precipitates was an important part of the

Fig. 8 Photograph of Macraes tailings impoundment (ca. 800 m

across) after partial removal of the decant pond (remnants at centre

left). Sand-rich tailings (grey) are deposited around the margins, and

brown iron oxyhydroxide rich tailings are deposited near the middle.

Antimony is concentrated in the brown As-rich iron oxyhydroxide

during autoclave oxidation of ore concentrate
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geochemical system (Craw et al. 2004; Hewlett et al.

2005). Likewise, the Macraes pit waters (Fig. 6) may have

developed relatively high Sb/As ratios because of differ-

ential adsorption of As on to iron oxyhydroxides in the pit

walls.

Adsorption of both As and Sb to iron oxyhydroxide is

most effective in acidic solutions because the metalloids

form oxyanions that adsorb most readily to positively

charged surfaces at low pH (near pH 3; Kang et al. 2003;

Roddick-Lanzilotta et al. 2002; McComb et al. 2007). The

relatively high pH of the Macraes and Reefton mine

environments (Table 1) is therefore sub-optimal for met-

alloid adsorption. Nevertheless, both As and Sb have

similarly high distribution coefficients (Kd) between natural

iron oxyhydroxide substrates and solution of 105–106 L/kg

at circumneutral pH (Craw et al. 2004; Roddick-Lanzilotta

et al. 2002). Adsorption of As apparently displaces, rather

than being displaced by, adsorbed sulfate and carbonate on

iron oxyhydroxide surfaces (Roddick-Lanzilotta et al.

2002), so the high dissolved sulfate concentrations in some

of the Reefton and Macraes mine waters (Table 1) will not

decrease As adsorption. The effect of dissolved sulfate on

Sb adsorption is not known.

It is possible that Sb is less well adsorbed than As in the

circumneutral pH environment, as observed Kd is generally

up to an order of magnitude less for Sb than for As at the

same sites (Craw et al. 2004). Alternatively or additionally,

As may be preferentially adsorbed during competition

between Sb and As for available adsorption sites on iron

oxyhydroxide particles. Limited available data suggest that

arsenate ions have higher intrinsic surface complexation

constants than antimonate ions, based on a diffuse-layer

adsorption model (Dzombak and Morel 1990; Langmuir

1997), which could facilitate this preferential adsorption of

As over Sb. Laboratory observations show that arsenate is

strongly adsorbed to iron oxyhydroxide as a bidentate

ligand (Roddick-Lanzilotta et al. 2002; Waychunas et al.

1996), whereas antimonite forms unidentate ligands that

may be more weakly bound than arsenate (McComb et al.

2007).

Despite this apparent minor difference in adsorption

effectiveness between As and Sb, both As and Sb have a

strong affinity for iron oxyhydroxides formed at the

Macraes mine site within the autoclave and as precipitates

from mine waters (Fig. 7). These As and Sb bearing iron

oxyhydroxides are the ultimate repository for both metal-

loids at the mine site (Fig. 8). While minor mobilization of

As has occurred from the tailings, these As-bearing waters

are recycled in the water-deficient setting. Due to the large

amount of dilution of the Reefton material by the Macraes

tailings, the extra Sb from Reefton has had no detectable

effect on the environmental mobility of Sb at the Macraes

site. Clearly, there is sufficient adsorption capacity in the

Macraes iron oxyhydroxides to sequester the additional Sb

from Reefton.

Conclusions

Antimony enrichment was most pronounced in a late-stage

lower-temperature gold mineralization at the Reefton mine,

New Zealand, accompanied by brecciation and cataclasis

of pre-existing auriferous quartz veins and wall rock. This

stage of mineralization introduced abundant stibnite to

what was previously an arsenopyrite–pyrite system, with

gold, in quartz veins. Historical mining (pre-1950) focused

on the relatively low-Sb quartz veins, and discharging mine

waters from underground tunnels had low Sb/As ratio and

low Sb levels (\0.1 mg/L). Iron oxyhydroxide precipitates

from mine waters extracted both Sb and As by adsorption,

and contain up to 1,000 mg/kg Sb.

Recent (2007) redevelopment of the Reefton mine has

incorporated stibnite-bearing breccias and catclasites into

the ore during open pit mining. Pit waters have subsequently

developed slightly higher Sb contents (locally[0.1 mg/L).

Mine processing waters have dissolved Sb up to 1 mg/L

even after treatment in a ferric chloride-based water treat-

ment system designed to extract the more abundant dis-

solved As. The distinct rise in Sb/As ratio of discharge

waters is probably a result of competition between As and

Sb for adsorption sites on the suspended iron oxyhydroxide

particles formed from ferric chloride in the water treatment

plant. High rainfall at Reefton ensures that all discharge

waters are adequately diluted immediately downstream of

the mine site.

The Macraes ore formed at greater depths in the crust

([10 km) than the Reefton ore, and consequently there is

less Sb in the mineralized rocks at Macraes. The Sb at

Macraes mostly occurs in solid solution (up to 2,000 mg/

kg) in arsenopyrite; rare grains of boulangerite occur as

well, but stibnite is absent. Water that accumulates in the

bottom of open pits at Macraes contain dissolved Sb up to

0.1 mg/L, at least partly because of evaporative concen-

tration in this low rainfall setting. The Sb/As ratio of these

waters is near one, higher than that of the ore, and pref-

erential adsorption of As on to oxidative iron oxyhydroxide

may be responsible for relative enrichment in Sb, as in the

Reefton water treatment plant. In contrast, waters seeping

from the Macraes mine tailings contain negligible Sb

(\0.001 mg/L).

Gold-bearing sulfide concentrate produced at Reefton

mine contains several percent stibnite. This concentrate is

transported about 700 km to the Macraes mine for gold

extraction and tailings disposal. The Reefton concentrate is

treated in the same way, but at different times, as the

Macraes concentrate, which dominates over Reefton
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material by a factor of 10:1. Both sulfide concentrates are

oxidized in an autoclave to release gold encapsulated in

sulfide minerals, before cyanidation and discharge to tail-

ings mixed with Macraes flotation tailings. The oxidation

process yields As-rich iron oxyhydroxide products, and Sb

from Reefton concentrate is distributed throughout these

poorly crystalline oxidation products, rather than forming

separate Sb mineral(s). The metalloid-bearing iron oxy-

hydroxide material is fine grained and settles in the middle

of the tailings impoundment, separate from the dominant

sandy tailings.

There has been no recognizable increase in the Sb

content of the Macraes tailings seepage since the Reefton

concentrate has been introduced, and tailings waters

continue to have very low Sb/As ratios. Likewise, iron

oxyhydroxide precipitates from tailings waters also have

low Sb contents (\10 mg/kg) and low Sb/As ratios.

Apparently, the available iron oxyhydroxide in the Macraes

tailings complex is adequate to extract any extra Sb

mobilized from the processing of Reefton concentrate. The

large degree of dilution of Reefton concentrate tailings by

Macraes ore processing tailings (100:1) means that the

input of Reefton Sb to the Macraes site is not environ-

mentally detectable.
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