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Abstract

Environmental effects of mining of orogenic gold deposits are predictable and manageable. The principal
environmental effects result from the presence of metalloid-bearing accessory minerals, mining and processing
methods used, and climatic conditions in which the mines are set. The environmental impacts can be broadly
divided into chemically altered mine drainage, physically altered mine drainage, and solid wastes. Arsenic and
antimony are the two important accessory metatloids in neutral mine drainage. The anthropogenically-induced
metalloid concentrations are typically <5 mg/L but in some unmanaged historical cases they reach >50 mg/L As.
Metalloid ratios are linked to the relative arsenopyrite and stibnite contents of the mined ore. Underground mines
typically focus on As-rich gold ore, whereas open cut mines can expose a broader range of rock types, including
zones of disseminated stibnite. Metalloids can be immobilised in solid mine wastes because of the formation of
secondary minerals, adsorption onto iron (oxy)hydroxides, and the presence of localised sustained acidic
conditions (pH <5). However, roasting of ore can yield the soluble mineral arsenolite. Mine water quality can
also be affected by physical mining-related changes, in particular the increased total suspended sediment (TSS)
contents and the related turbidity levels. The negative effects are not limited to visual/aesthetic changes, and can
also include potentially significant impacts on aquatic fauna. Control of suspended solids is an important
component of mine site management.
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Introduction

The ability to predict potential future environmental issues associated with mining is crucial
for the responsible running of modern operations. Mining-related environmental impacts are
usually predictabie, and therefore preventable or manageable. The compilation of empirical
data including information on deposit type, host rock, primary and secondary mineralogy,
deposit trace element geochemistry as well as other information such as mining and ore
processing methods, hydrology, topography and climate contribute to the development of so-
called geoenvironmental models of mineral deposits (Seal et al., 2002). Geoenvironmental
models are particularly useful in providing information assisting with the prediction and
mitigation of potential mining-related environmental issues but they can also be applied in the
baseline characterisation of a future mine site as well as in the assessment of abandoned mine
sites and their remediation requirements.

Mining-related environmental and geology-based research worldwide contributes to the
development of geoenvironmental models. This paper, which concentrates specifically on the
New Zealand-based examples of mined deposits and the known environmental issues
associated with them, aims to contribute a New Zealand perspective to the existing orogenic
gold deposit models (see: Goldfarb et al., 1995a; Ashley, 2002). The paper presents a
Compilation of findings from the existing published literature as well as from authors’
Unpublished research concerning modern and historic mines.
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Orogenic deposits

Orogenic (mesothermal) deposits are associated with deformed metamorphic terranes, in
particular greenschist facies rocks, and a large proportion of them are located within orogenic
belts around the Pacific plate margin (Berger, 1986; Groves et al., 1998; Goldfarb et al.,
2005). Known world-class deposits of this type include those from Australia (e.g. Ballarat,
Bendigo, Hillgrove, Kalgoorlie, Gympie deposits), Russian Far East and NE China (e.g.
Chukotka Belt, Yana-Kolyma Belt) and North American Cordillera (e.g. Bralorne-Pioneer,
Klondike, Bridge River, Mother Lode, Juneau Gold Belt, Abitibi Belt) (e.g. Boyle, 1979;
Goldfarb et al., 1998; Groves et al., 1998; Bierlein et al., 2004; Goldfarb et al., 2005).

Mineralisation within the orogenic deposits is commonly associated with regional shear zones
and apart from quartz lodes it can be present in disseminated form. Orogenic Au deposits
typically contain between 2 and 5 % of sulphide minerals, the most common of which include
pyrite and arsenopyrite, and variable but lesser stibnite, chalcopyrite, pyrrhotite, sphalerite,
galena, and tetrahedrite may also be present (Plumlee et al., 1999). Carbonate minerals can be
abundant, typically up to 15%, and varying enrichments in elements such as arsenic (As),
antimony (Sb), mercury (Hg) and tungsten (W) are often present (Fig. 1) (Goldfarb et al.,
1995a; Groves et al., 1998).
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Figure 1. Geochemical categorisation of orogenic mineral deposits of the South Island of New Zealand.

The flowchart in Fig. 1 presents the categorisation of (mined) orogenic deposits of the South
Island of New Zealand. These deposits have been subdivided according to their varying Au,
W, As and Sb contents. With respect to the economic value of the resource, gold
mineralisation is by far dominant. As gold is the most common commodity mined from
orogenic deposits, it is predominantly gold deposits that are given attention in this work.
Scheelite (CaWO,, source of tungsten) and/or stibnite (Sb2Ss, source of antimony) are
commonly associated with gold in many localities and in some cases these minerals
comprised a primary resource locally, with gold present only as a minor component. No
separate As ore category has been created, since, even if mined, arsenic has never been the
primary resource at any of the mined deposits. Instead, arsenic has only been a by-product of
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gold prod}lction (e.g. Blackwater mine, Haffert and Craw, 2008). The locations of some of the
known mined orogenic deposits are presented in Fig. 2.
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Figure 2. E)_(a{nples of mines developed in orogenic deposits of the South Island of New Zealand
(Sources: Williams, 1974; Pirajno, 1979; McKeag and Craw, 1989; Christie and Brathwaite 2003;
MacKenzie et al., 2007).

Environmental impacts arising from the mining of orogenic gold
deposits: NZ perspective

Mming-r;lated environmental impacts are closely related to the geological setting and
geochemical characteristics of deposits (Ashley, 2002). As mentioned earlier, additional
factors, s.uch as mining and processing methods used during extraction are also irr;portant and
are consxde.red in this work. Apart from the visually obvious land disturbance, environmental
impacts arising from the mining of orogenic type deposits can be broadly divided into
chemically altered mine drainage, physically altered mine drainage, and solid wastes (Fig. 3).
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Arsenic and antimony are the principal elements of environmental concern associated with the
mining of orogenic gold deposits. Both metalloids are potentially toxic at low dissolved 0.01
concentrations in water (< 0.01 mg/L) and their mobilisation is facilitated by circum-neutral '
pH of surface waters (Vink, 1996; Ashley et al., 2003; Craw et al., 2004). The development of Historic Au mines
near- neutral pH levels (so-called neutral mine drainage) during the mining of orogenic gold 0.0001 pH4-7

deposits is linked to the typically high carbonate mineral contents of the mineralised quartz 0.0001 0.01 |
: 100 10000

lodes and/or host rocks, which ensure that any acidity generated from the dissolution of
sulphides is buffered (Goldfarb et al., 1995b; Craw, 2001; Filella et al., 2009). Enrichment in
As and Sb is the main mine water chemistry characteristic associated with the mining of

orogenic Au deposits.
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The anthropogenically-induced elevated metalloid concentrations are typically < 5 mg/L in
New Zealand mine waters (e.g. Bullendale, Big River, Globe Progress and Macraes mines;
Fig. 4) (Craw et al., 2000; 2004; Haffert and Craw, 2010; Druzbicka and Craw, 2013),
although in some rare cases extreme concentrations of tens of mg/L were recorded (e.g. 50
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The influence of mining methods on mine water composition has recently been studied at the
Globe Progress mine (Fig. 2) (Druzbicka and Craw, 2013). It was found that a change from
underground to open cast mining resulted in a shift in the metalloid signature of mine
drainage waters, Prior to the opening of the modern Globe Progress mine in 2007, arsenic was
the dominant metalloid in mine waters (typically < 0.1 mg/L) and the Sb/As tended to not

change i i igni
ges but can also include potentially significant impacts on aquatic fauna though, amongst
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others, habitat alteration and various direct impacts such as interference with organisms’
ability to find food and shelter, and gill abrasion and clogging in fish (Fig. 3) (Ryan, 1991;
Davies-Colley et al., 1992). )

From the chemical perspective, it is important to mention that discharge of turbid processing
waters or tailings into the environment may cesult in the introduction of particulate metalloids

and fragmented sulphide minerals into mine waters, and it may also contribute to an increase
in metalloid contents of stream sediments (Salomons, 1995).

Solid wastes

The main environmentally-sensitive feature of solid wastes (waste rocks, processing residues,
mine soils) associated with the mining of orogenic gold deposits is, as in the case of mine
waters, their enrichment in arsenic and antimony (Fig. 3, 4). The relative metalloid content
and the level of metalloid mobility at mine sites are dependent on the original deposit type
and its composition (above). In the case of active mines, the final composition may be
additionally affected by active treatment (Druzbicka and Craw, 2013). At historic sites, the
type of processing methods used during mining was also found to be important and this refers
specifically to the use of roasting as an intermediate step in gold extraction at processing sites
(Fig. 3). The reason for this distinction is the fact that roasting results in the release of arsenic
from the sulphide-rich ore which, if allowed to precipitate, results in the formation of
arsenolite as a by-product of gold extraction (Haffert and Craw, 2008). The presence of this
mineral was found to be the diagnostic feature between sites which did or did not include
roasting, particularly in Edwards roasters equipped with a condenser, as part of their ore
processing activities. The best examples of mine processing sites in which arsenic-rich ores
were subjected to roasting in Edwards roasters include the Prohibition Mill site and the
Snowy Battery site (Blackwater mine, Haffert and Craw, 2008). The Prohibition Mill site in
particular is characterised by extremely high As contents (up to 40 wt%), high mobility of
arsenic (as arsenolite) as well as acidic character of the processing residues (Fig. 3) (Craw et
al., 2007; Haffert and Craw, 2008; Haffert et al, 2010). The acidic character of the site is the
result of arsenolite dissolution and the oxidation of arsenite oxyanions (Haffert and
Craw, 2008).

In contrast, historic mine sites at which roasting did take place but on a comparatively smaller
scale and with no arsenolite recovery systems in place, are represented by the Premier mine’s
processing site (Macetown mining area). The site contains arsenic levels of up to 8 wit%
locally (source: author’s unpublished data).

Historic mines in which ore was concentrated but no roasting has been undertaken are
represented by the Phoenix Battery site (Bullendale mining area) as well as Big River and
Barewood mines (Craw et al, 2000; Haffert and Craw, 2010). These sites also tend to be
characterised by acidic pH (~2-5, Fig. 4) which results from the oxidation of remnant sulphide
minerals (Haffert and Craw, 2010). Significant amounts of arsenic and antimony aré
immobilised at these sites thanks to the formation of secondary minerals (scorodite, arsenical
ferrihydrite, iron arsenate, kankite, zykaite, bukovskyite) as well as through the adsorption
onto iron (oxy)hydroxides (Fig. 5) (Walker et al,, 2009; Haffert et al., 2010; DeSisto et al.;
2011). Provided that the pH and oxidation/reduction conditions at these sites remain
unchanged, the sites are thought to remain stable with metalloid mobilisation occurring on @

minor scale only.
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Processes taking place during and post-mining can be useful in the design of treatment and
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remediation technologies, therefore contributing to the prevention and/or minimisation of
some of the possible negative environmental impacts associated with mining.

References

Ashley, P., Craw, D, Graham, B. and Chappell, D. 2003. Environmental mobility of antimony around
mesothermal stibnite deposits, New South Wales, Australia and southern New Zealand. Journal of
Geochemical Exploration 77: 1-14.

Ashley, R. 2002, Geoenvironmental model for low-suifide gold-quartz vein deposits. In; Seal II, R., Foley, N.
(Eds.), Progress on Geoenvironmental Models for Selected Mineral Deposit Types. Publications of the
US Geological Survey. Paper 83. Pp. 176-195.

Berger, B. 1986, Descriptive model of low-sulfide Au-quartz veins. Mineral deposit models: US Geological
Survey Bulletin 1693, 239.

Bierlein, F., Christie, A. and Smith, P, 2004. A comparison of orogenic gold mineralisation in central Victoria
(AUS), western South Island (NZ) and Nova Scotia (CAN): implications for variations in the endowment
of Palaeozoic metamorphic terrains. Ore Geology Reviews 25: 125-168.

Boyle, R. 1979. The geochemistry of gold and its deposits: together with a chapter on geochemical prospecting
for the element. Geological Survey of Canada, Bulletin 280.

Christie, A. and Brathwaite, R. 2003. Hydrothermal alteration in metasedimentary rock-hosted orogenic gold
deposits, Reefion goldfield, South Island, New Zealand. Mineralium Deposita 38: 87-107.

Craw, D. 2001, Tectonic controls on gold deposits and their environmental impact, New Zealand. Journal of
Geochemical Exploration 73: 43-56.

Craw, D. 2002. Geochemistry of late metamorphic hydrothermal alteration and graphitisation of host rock,
Macraes gold mine, Otago Schist, New Zealand. Chemical Geology 191: 257-275.

Craw, D. Chappell, D., Reay, A. and Walls, D. 2000. Mobilisation and attenuation of arsenic around gold mines,
east Otago, New Zealand. New Zealand Journal of Geology and Geophysics 43: 373-383.

Craw, D., Rufaut, C., Haffert, L. and Paterson, L. 2007. Plant colonization and arsenic uptake on high arsenic
mine wastes, New Zealand. Water, Air, and Soil Pollution 179: 351-364.

Craw, D., Wilson, N. and Ashley, P. 2004. Geochemical controls on the environmental mobility of Sb and As at
mesothermal antimony and gold deposits. Applied Earth Science 113: 3-10.

Davies-Colley, R., Hickey, C., Quinn, J. and Ryan, P. 1992. Effects of clay discharges on streams. 1. Optical
properties and epilithon. Hydrobiologia 248: 215-234.

DeSisto, S., Jamieson, H. and Parsons, M. 2011, Influence of hardpan layers on arsenic mobility in historical
gold mine tailings. Applied Geochemistry 26: 2004-2018,

Druzbicka, J. and Craw, D. 2013. Evolving metalloid signatures in waters draining from a mined orogenic gold
deposit, New Zealand. Applied Geochemistry 31: 25 1-264.

Druzbicka, J., Craw, D., Moore, J. and Bywater, J. 2010. Field portable X-ray fluorescence in the evaluation of
waste management system in the active Globe Progress Mine near Reefion, New Zealand. Conference
Proceedings of the 43rd AusIMM New Zealand Branch Annual Conference 2010, Auckland, 219-228.

Filella, M., Philippo, S., Belzile, N., Chen, Y. and Quentel, F. 2009. Natural attenuation processes applying to
antimony: A study in the abandoned antimony mine in Goesdorf, Luxembourg. Science of the Total
Environment 407: 6205-6216.

Goldfarb, R., Baker, T., Dube, B, Groves, D., Hart, C. and Gosselin, P, 2005, Distribution, character, and
genesis of gold deposits in metamorphic terranes. Economic Geology 100th Anniversary Volume, 407-
450,

Goldfarb, R., Berger, B., Klein, T., Pickthorn, W. and Klein, D. 1995a. Low sulfide Au quartz veins. In: Du
Bray, E. (Ed.), Preliminary compilation of descriptive geoenvironmental mineral deposit models: US
Geological Survey Open-File Report, Pp. 95-831.

Goldfarb, R., Phillips, G. and Nokleberg, W. 1998. Tectonic setting of synorogenic gold deposits of the Pacific
Rim. Ore Geology Reviews 13: 185-213.

Goldfarb, R., Taylor, C., Meier, A., d’Angelo, W, and O’Leary, R. 1995b. Hydrochemistry of mine drainage
waters associated with low-sulphide, gold-quartz veins in Alaska. In: Dumoulin, J., Gray, J. (Eds.),

Geologic studies in Alaska by the US Geological Survey. US Geological Survey Professional Paper Issue
1574, Pp. 3-17.

Groves, D., Goldfarb, R., Gebre-Mariam, M., Hagemann, S. and Robert, F. 1998, Orogenic gold deposits: a
proposed classification in the context of their crustal distribution and relationship to other gold deposit
types. Ore Geology Reviews 13: 7-27.

218

AusIMM New Zealand Branch Annual Conference 2014

Haffert, L. and Craw, D. 2008. Mineralogi i i
X ’ , D. . gical controls on environmental mobility of i istoric mi
o processing residues, New Zealand. Applied Geochemistry 23: 1467-14831.'[y of arsenic from histoic mine
ert, L ang Craw, D. 2010. Geochemical processes influencing arsenic mobility at Bullendale historic gold
ot rtrn;ﬂnve,c tago, New Zealand. New Zealand Journal of Geology and Geophysics 53: 129-142,
e %On.;laﬁganw;,n It)ug;n:r Sfe’oPe, J 2010, Chrsnat:;:1 and compositional controls on secondary arsenic mineral
-arsenic mine wastes, South Isl
1ot sland, New Zealand. New Zealand Journal of Geology and
Hewlett,dF., Craw, D. and Blac!c, A. 2005. Comparison of arsenic and trace metal contents of discharges from
MacKe?lzJ‘aeceg cogl and %Jld m:ineBs, Reefton, New Zealand. Marine and Freshwater Research 56: 983-995
ie, D., Craw, D. and Begbie, M. 2007. Mineralogy, geochemistry, and s . '
: : ; s , , tructural controls of
dissemninated gold-bearing alteration halo around the schist-hosted Bullendale orogenic gold deposit I(z]e:f
" Z];alanél:l. éToumal of Geochemical Exploration 93: 160-176. ,
ains, D. and Craw, D, 2005. Composition and mineralogy of histori i i
y of historic gold processing resid
" Ne;v Zeglénd. N]e)w Zealand Journal of Geology and Geophysics 48: 641-247 § residues, east Otageo.
cKeag, S. and Craw, D. 1989, Contrasting fluids in gold-bearin i ‘ i
, . - g quartz vein systems formed i
i n?;ng metamorphic belt; Otago Schist, New Zealand. Economic Geo]ogyy84: 2233, e progressively fn
1ra'|n01,vI "lt: 979. Geology, geochemistry, and mineralisation of the Endeavour Inlet antimony-gold prospect
Dlumlon g g;c;tizﬂglh Eoul?dds,tl\lew I\%Ieai:arlﬂ.lNew Zealand Journal of Geology and Geophysics 22: 227-237
, G, , K., Montour, M., Ficklin, W. and Mosier, E. 1999. Geologic control th.
e o, omih, K., Mon lin, W. ¢ ier, . ntrols on the composition of
b 375a30 and mine waters draining diverse mineral-deposit types. Reviews in Economic Geology,

Ryan, P. 1991. Environmental effects of sediment on Ne
N . w Zealand str : i
Marine and Freshwater Research 25: 207-221. eams: & review. New Zealand Joumal of

Salomons, W, 1995, Environmental im i ini

» W . pact of metals derived from minin ivities: icti

. prevention. Journal of Geochemical Exploration 52: 5-23. g sctivides: Processes, predictions,
eal I, R., Foley, N. and Wanty, R. 2002. Introduction to geoenvironmental models of mineral deposits. In: Seal

I, R., Foley, N. (Eds.), Progress on Geoenvironmen
., Foley, b tal Models fi i i
Publications of the US Geological Survey, Paper 83, Pp. 1-7. s for Sclected Mineral Depostt Types.

Vink, B. 1996. Stability relations of antimon i i i
. y and arsenic compounds in the 1 i
eratie Charsal Geotogy 130: 21,30 p in the light of revised and extended Eh-pH

Walker, S., Parsons, M., Jamieson, H, and Lanzirotti, A. 2009. Arsenic mineralogy of near-surface tailings and

soils: Influences on arsenic mobility and bioaccessibility i i ini istri
Camadian Kinaralogier 47: 535,556 ility in the Nova Scotia goid mining districts. The

Williams, G. 1974, Economic Geology of New Zealand: .
Institute of Mining and metallurg, ealand: The TJ McKee Memorial Volume. Australasian

219



