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Coal mine drainage chemistry on the West Coast of the South Island is highly variable; pH ranges from about 2�8, and chemical
concentrations vary by several orders of magnitude. Factors that influence mine drainage chemistry on the West Coast include
regional geology, mine type, hydrogeology, and local geology. At a regional scale, mine drainage chemistry is bimodal and
relates to geological formations. Mines within the Paparoa Coal Measures have neutral mine drainage, whereas those within the
Brunner Coal Measures have acid mine drainage. This is related to the availability of SO4 during coal measures deposition and,
in combination with Fe and organic material, the subsequent formation of pyrite during burial. Paparoa Coal Measures were
deposited in alluvial to lucustrine environments where SO4 was relatively unavailable, whereas Brunner Coal Measures were
deposited in alluvial to estuarine to marginal marine settings where marine SO4 was abundant. Brunner Coal Measures acid
mine drainage chemistry is influenced by mine type; open cast mines have Al- and trace element-rich acid mine drainage
compared to underground mines. Acid mine drainage forming reactions that release trace elements and Al proceed more rapidly
and completely at open cast mines where mine waste has a higher reactive surface area compared to waste rock at underground
mines. Brunner coal mine drainage chemistry is also influenced by hydrogeology where flooded underground mines release less
acid than free-draining mines because there is less oxygen available to react with pyrite. In addition, local geology overprints
mine drainage chemistry where differences in acid mine drainage chemistry arise from changes in contributing lithologies either
within a single mine or between different coalfields. Identification of factors that control mine drainage chemistry enables
prediction of mine drainage chemistry. These predictions have application to the mining industry for managing, mitigating,
monitoring, and remediation of mine drainages that would otherwise cause negative environmental impact.

Keywords: acid mine drainage AMD; Brunner Coal Measures; Paporoa Coal Measures

Introduction

Under the current regulatory regime in New Zealand,

environmental impact is an important factor that determines

profitability of operating mines and the success or failure of

permit applications for new mines. At some mine sites water

quality downstream of the mine is the most challenging

environmental factor to manage during mine operations and

after mine closure. There are several ways that mining can

have a negative impact on downstream water quality

including; increase in suspended sediment, release of envir-

onmentally significant trace elements without acid (neutral

mine drainage [NMD] or contaminated neutral drainage

[CND]), or release of low pH and acidic mine effluent with

or without environmentally significant trace elements (acid

mine drainage [AMD]). The consequences of poor environ-

mental management on water quality downstream of mines

can be seen at many locations on the West Coast of the

South Island where historically coal mines were operated

with little concern for the downstream environment. This

paper presents chemical data from immediately downstream

of historic and current coal mines and identifies geological,

hydro-geological, and mine operational factors that influ-

ence mine drainage chemistry. Recognition of the influence

of these factors can be used to improve rehabilitation at

historic mines and management strategies at current and

future mines (Trumm et al. 2008).
At coal mines on the West Coast of the South Island,

the most serious potential environmental impact is

AMD (Alicorn Leon & Anstiss 2002; de Joux 2003; Hewlett

2003; Hewlett & Craw 2003; James 2003; Lindsay

et al. 2003; Black et al. 2005; de Joux & Moore 2005;

Pope et al. 2005; Pope et al. 2006; Davies et al. 2008; Trumm

et al. 2008). AMD can form where sulfide minerals are

exposed by mining to humid air or oxygenated water

(Plumlee & Logsdon 1999). Acid rock drainage (ARD) is

caused by identical sulfide oxidation processes but not

necessarily related to mining.

Background

AMD chemistry

There are three important chemical steps in the formation of

AMD, oxidation of reduced S to SO4
2� (Eq. 1), oxidation of

Fe(II) to Fe(III) (Eq. 2*this reaction is acid consuming),
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and hydrolysis of Fe(III) to precipitate ferrihydrite, Fe(OH)3
(Eq. 3). In detail, these reactions are often chemically or
biologically catalysed, include partially oxidised S species as
well as transient complex Fe ions, and involve a number of
secondary minerals (Evangelou 1998). Despite these com-
plexities, the ratio of pyrite consumed to acid formed is
stoichiometric and remains the same for the complete
oxidation/hydrolysis process (Eq. 4).

FeS2 sð Þ þ 7
2

�
O2 þ H2O ¼ Fe2þ þ SO2�

4 þ 2Hþ (1)

Fe2þ þ 1
4

�
O2 þ Hþ ¼ Fe3þ þ 1

2
�

H2O (2)

Fe3þ þ 3H2O ¼ Fe OHð Þ3 sð Þ þ 3Hþ (3)

FeS2 þ 7=2H2O þ 15=4O2 ¼ Fe OHð Þ3 sð Þ þ 2 SO2�
4 þ 4Hþ

(4)

Secondary Fe minerals such as melanterite (FeSO4 �7H2O),
jarosite (KFe3(SO4)2 �(OH)6), schwertmannite (Fe8O8OH4.5

(SO4)1.75), or ferrihydrite (Fe(OH)3) are common in AMD
formation zones and catchments. Acidity is also contributed
by elevated Al3� that is released when AMD or ARD reacts
with alumino-silicates. For example, the breakdown of
feldspar during reaction with AMD releases acid, alkali or
alkaline earth metals, and Al3�, and can be accompanied by
precipitation of jarosite (Eq. 5). When substantial Al is
dissolved in AMD, it can buffer pH in an acidic range
controlled by hydrolysis of Al3� through precipitation and
dissolution of Al(OH)3 (Eq. 6).

KAlSi3O8 sð Þ þ 10H2O þ 3Fe3þ þ 2SO2�
4

¼ KFe3 SO4ð Þ2� OHð Þ6 sð Þ þ 3H4SiO0
4 þ 2Hþ þ Al3þ (5)

Al3þ þ 3H2O ¼ AlOH3 sð Þ þ 3Hþ (6)

Sulfide mineral chemistry, reactions between AMD and
other rocks as well as secondary minerals that form in AMD
environments are many and complex, so AMD chemistry is
highly variable. Reactions with some minerals, such as
carbonates, can have an acid-neutralising effect that miti-
gates AMD and therefore the chemistry depends on the
relative abundances and reactivity of acid-forming minerals
and acid-neutralising minerals (Pope et al. 2010) under site-
specific geological, hydrological, and environmental condi-
tions. The abundance of acid-forming and neutralising
minerals can be quantified by standardised rock analyses
(Kleinmann 2000; Smart et al. 2002). The variability of coal
mine drainage chemistry is demonstrated by a large range in
physiochemical properties and concentrations identified in
this study and others (Cravotta III 2008aIII 2008b). The
impact of regional and site specific factors on mine drainage
chemistry is outlined in this paper for mines in the Brunner
and Paparoa Coal Measures.

Downstream of the mine environment, mine drainage
chemistry changes are caused by normal stream proc-

esses such as dilution, neutralisation, buffering, oxidation,
hydrolysis, and precipitation. Often this leads to a predict-
able series of chemical changes (Espana et al. 2005).
Although AMD impacts can be completely attenuated by
natural stream processes, in severe cases, AMD impact can
contaminate large river systems from headwaters to river
mouth. Our research examines the chemistry of coal mine
drainages at source, before the onset of downstream
processes. The objective is to determine the variability of
AMD and identify factors that control AMD chemistry
before release into the receiving stream and river environ-
ment. Improved prediction of mine drainage chemistry will
assist optimal management and remediation strategies (Ellis
2008; Trumm et al. 2008; McCauley et al. in press).

Geology

Current and historic coal mining on the West Coast of the
South Island is mostly hosted in the Paparoa and Brunner
Coal Measures (Fig. 1). Paparoa Coal Measures are
Cretaceous�Paleocene (Raine 1984) and are deposited
onto earlier Cretaceous terrestrial sediments of the Pororari
Group, Cambrian�Ordovician Greenland Group metasedi-
ments, and granitic basement rocks. Paparoa Coal Measures
were deposited in fluvial to lacustrine environments without
marine influence (Nathan 1986; Newman & Newman 1992).
The Paparoa sequence (up to 750 m thick) was deposited
rapidly into fault-controlled basins with complex interplay
of fluvial systems, lakes, and coal forming mires. Outcrop
of Paparoa Coal Measures is mostly restricted to the
Greymouth, Pike River and Punakaiki Coalfields, and the
subsurface extent of these coal measures mostly coincides
with a depositional structure known as the Paparoa Trough
(Nathan et al. 2002).

Brunner Coal Measures (Paleocene�Oligocene but mostly
Eocene) were deposited in a fluvial to estuarine environment
in response to a gradual and tectonically controlled transgres-
sion. The Brunner Coal Measures paraconformably lie
on Paparoa Coal Measures and disconformably upon
an eroded and often weathered surface of granitoids and
Greenland Group rocks (Suggate 1959; Nathan 1986; Nathan
et al. 2002). Sediments of the Brunner Coal Measures are
commonly quartzose and represent slow accumulation
of sediment. In contrast to the restricted and fault-bounded
Paparoa Coal Measures, the Brunner Coal Measures are
extensive but comparatively thin, usuallyB30 m. Exceptions
occur locally in sub-basins controlled by subsidence where
several hundred metres of Brunner Coal Measures can occur,
such as within the Garvey Creek Coalfield and parts of the
Buller Coalfield. (Nathan 1986; Titheridge 1992; Leask 1993;
Nathan 1996;Nathan et al. 2002). Brunner Coal Measures are
conformably overlain by marine rocks of the Kaiata Forma-
tion, typically a shallow water marine mudstone (Kaiata
Mudstone) but locally a facies equivalent shallow marine
sandstone (Island Sandstone).
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Methods

Sampling

During 2005 and 2006 a suite of mine drainage samples was

collected to examine coal mine drainage chemistry from

Paparoa and Brunner hosted mines (Fig. 2). All samples

were collected from mine drainage seeps or mine adits as close
to source as possible to minimise the overprint of downstream
geochemical processes on mine drainage chemistry. Many
sample locations focused on catchments that had previously
been identified as mining impacted (Hewlett & Craw 2003;
James 2003; Bell unpubl. data 2005). However, samples were

Fig. 1 Outcrop and subsurface extent of Brunner Coal Measures (BCM) and Paparoa Coal Measures (PCM) or co-relative rocks on the
West Coast of the South Island.
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also collected from mine drainage at sites where mining-

related water quality impacts had not previously been

reported. Analyses of mine drainage chemistry collected for

this study have been collated into the Database for Assess-

ment of Mine Environment (DAME) (Pope et al. 2005; Pope

et al. 2006) that also includes other published information,

data from regional councils, mining companies, and univer-

sity theses.

Fig. 2 Mine drainage sample locations. (A) Buller Coalfield, (B) Greymouth, Garvey Creek and Reefton Coalfields. Brunner Coal Measures

(BCM), Paparoa Coal Measures (PCM).
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Column leach sample

ARD was produced in the laboratory by leaching a Brunner
Coal Measures rock with oxygenated water to provide an
example of worst case drainage from acid forming rocks on
the West Coast. The leaching procedure followed a free
draining method (Pope 2007) and concentrations of trace
elements and metals and major components were analysed
in the leachate.

Analyses

At each AMD sample location, field measurements of pH,
electrical conductivity (ec), dissolved oxygen (DO) and
temperature were completed and water samples were
collected for major metal and trace element analyses. At
all sites, samples were filtered through a 0.45 mm disposable
syringe filter to remove suspended particulate material then
acidified (nitric acid to pHB2). At a selection of sites,
unfiltered, acidified water samples were collected to deter-
mine the amount of trace elements transported by suspended
particulate material. Metal and trace element analyses were
conducted at an accredited commercial laboratory by
inductively coupled plasma mass spectrometry (ICP-MS).

Results

Mine drainage chemistry from coal mines on the West Coast
of the South Island (Tables 1 and 2) is variable and ranges
from NMD without elevated concentrations of environmen-
tally significant trace elements, to highly acidic AMD with
enriched concentrations of environmentally significant trace
elements. The pH range for data presented here is from 1.8
to 7.5, the range in DO is from B10% saturated to
oversaturated, and electrical conductivity (ec) values are
between 100 mS/cm to about 12,000 mS/cm. Dissolved
concentrations of trace elements are variable in AMD and
ARD but concentrations can be enriched by several orders
of magnitude compared to baseline samples (Fig. 3).

In general, the maximum concentration of trace elements
in AMD is about an order of magnitude higher than
concentrations within a typical sample of naturally occur-
ring ARD. The ARD sample (Table 2) comes from a small
creek draining unmined Brunner Coal Measures in the
Garvey Creek Coalfield. Laboratory generated ARD lea-
chate contains concentrations of elements about an order of
magnitude higher than AMD samples reported here. How-
ever recently, small seeps have been found with concentra-
tions of trace elements and metals that approach those in the
laboratory leachate (McCauley et al. 2010). Extensive
studies of naturally occurring ARD or laboratory produced
ARD have not been published and it is possible that
examples of more acidic and trace element enriched samples
could be found or produced.

At sample sites where both filtered and unfiltered
samples were collected, the difference in concentrations
between samples is almost always B10%, indicating that
trace elements are mostly transported in dissolved form. In
samples from the Paparoa Coal Measures total concentra-
tions of Fe exceeded dissolved concentrations of Fe by more
than 10%, indicating the presence of colloidal Fe(III)
oxyhydroxide minerals in suspension. These colloids did
not substantially impact trace element concentrations.

Discussion

Mine drainage chemistry from West Coast coal mines has
bimodal frequency distributions for pH and concentrations
of dissolved components (Fig. 4). Mines in the Paparoa
Coal Measures produce neutral mine drainage (NMD) pH
6.5�7.5 with relatively low Fe, Al, and trace element
concentrations. In comparison, mines in the Brunner Coal
Measures almost always produce AMD that is variably
enriched in Fe, Al, and trace elements. Several factors have
been identified that influence mine drainage chemistry on
the West Coast, including regional geology and paleo-
environmental setting, mine type, hydrogeology, and local
rock type variations.

Regional geology

Bimodal results in mine drainage chemistry for Paparoa and
Brunner Coal Measures reflect control of AMD chemistry
by regional geology. In general, Brunner Coal Measures
are more acid producing than Paparoa Coal Measures
because they formed in a fluvial-estuarine environment
where marine SO4-rich water can interact with coal mea-
sures during burial. The average sulphate concentration of
seawater is 2712 mg/L (Stumm & Morgan 1996) compared
to about 7 mg/L in average surface water (Berner & Berner
1987). In the Brunner Coal Measures, marine SO4 and
terrestrial Fe combine with reducing conditions caused by
breakdown of organic material to form FeS2. In contrast,
the Paparoa Coal Measures formed in alluvial to lucustrine
environments where SO4 is unavailable at the time of
deposition or immediately after burial. Pyrite is present in
the Paparoa Coal Measures, especially near the top of the
sequence where marine rocks overlie unconformably, but it
is much less common than in Brunner Coal Measures
(Suggate 1959; Pope et al. 2006).

Regional geological influences on mine drainage chem-
istry, related to depositional control of the abundance of
pyrite and carbonate minerals, have been identified in North
America and Australia (Brady et al. 2000). There are
standard geochemical methods to predict the acid producing
characteristics of rocks (Kleinmann 2000; Smart et al. 2002)
and rock chemistry results from New Zealand coal measures
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(Hughes et al. 2004; Pope et al. 2006; Craw et al. 2008) have
been published and reviewed (Pope et al. 2010).

All West Coast AMD sampled during this study are
from mines in the Brunner Coal Measures. The acidity of
Brunner Coal Measures AMD is high, in some cases pH
B2.5 with �10 mmol/L dissolved Fe�Al. The chemistry
of Brunner Coal Measures AMD is variable and the
relationship between major acid components (Fe3� , Al3�

and H�) is complex despite similarities in the composition of
the source rocks.

Mine type

AMD from open cast mines hosted in the Brunner Coal
Measures typically has a higher Al:Fe ratio than AMD from
underground mines (Fig. 5). There are two explanations

Table 1 Mine drainage sample site descriptions and physiochemical parameters, ec �electrical conductivity

Site Name Description Coal Field Unit* Mine* Date pH ec

Granity Dam Seep

(dissolved)

Seep through Granity Dam sediment trap, dam dry above,

Stockton

Buller BCM o/c 21/11/05 2.6 0

C Drive Seep Seep from waste rock dump, possibly historic working beneath,

Stockton

Buller BCM o/c 5/10/05 3.23 133

A Drive Seep Seep from waste rock dump, possibly historic working beneath,

Stockton

Buller BCM o/c 5/10/05 3.01 380

Herbert Dam Seep Seep through Herbert Dam, dam dry above wall, Stockton Buller BCM o/c 5/10/05 2.85 308

Herbert Dam Seep Seep through Herbert Dam, dam dry above wall, Stockton Buller BCM o/c 27/09/05 2.85 291

Herbert Dam Seep (B) Seep through Herbert B Dam, ponded mine drainage above

wall, Stockton

Buller BCM o/c 5/10/05 3.06 238

Whirlwind Seep Seep throughWhirlwind Dam, ponded mine drainage above

wall, Stockton

Buller BCM o/c 5/10/05 3.46 107

Fly Creek Mine drainage from Fly Creek head water, Stockton Buller BCM o/c 5/10/05 3.66 141

Mangatini Headwater Mine drainage from Mangatini Stream head water, Stockton Buller BCM o/c 5/10/05 2.61 896

Hoods Seep Seep from waste rock dump, Stockton Buller BCM o/c 5/10/05 2.66 943

Escarpment Mine Flow from Escarpment Mine Portal, Denniston Buller BCM u/g 28/09/05 2.75 597

Dip Portal Flow from Dip Portal, Stockton Buller BCM u/g 27/09/05 2.85 814

Cascade Creek waste rock Seep from waste rock dump into Cascade Creek, Denniston Buller BCM o/c 27/09/05 2.75 -

Sullivan Mine Flow from lower Sullivan Mine Portal, Denniston Buller BCM u/g 0/01/00 2.83 -

Castle Point Mine Drainage from Castle Point Mine Greymouth BCM o/c 2/04/01 2.53 2010

James Mine Flow from James Mine Portal Greymouth BCM u/g 28/09/05 3.1 -

Jubilee Mine Flow from Jubilee Mine Portal Greymouth BCM u/g 28/09/05 2.91 330

Bellview Mine Flow from Bellvue Mine Portal Greymouth BCM u/g 28/09/05 2.55 1366

Mt Davy Mine Seep Flow from Mt Davy Mine Portal Greymouth PCM u/g 12/01/06 6.8 -

Strongman Portal 1 Flow from Strongman 1 Mine Portal Greymouth PCM u/g 12/01/06 7.3 -

Strongman Portal 2 Flow from Strongman 4 Mine Portal Greymouth PCM u/g 12/01/06 7.2 -

Strongman Opencast

Seep

Seep from wast rock dump at Strongman Open Cast Greymouth PCM o/c 12/01/06 7.0 -

Island Block Seep Seep from Island Block Mine waste rock dump Garvey Creek BCM o/c 22/11/05 3.1 -

Island Block Highwall Mine Drainage Pool at the base of Island Block Mine Higwall Garvey Creek BCM o/c 22/11/05 2.8 -

Echo Mine Highwall Seep Seep from Echo Mine waste rock dump Garvey Creek BCM o/c 15/03/06 3.78 -

Echo Mine Seep Seep from Echo Mine waste rock dump Garvey Creek BCM o/c 15/03/06 5.85 -

Echo Mine Dam MIne Drainage Pool at the base of Echo Mine Higwall Garvey Creek BCM o/c 15/03/06 3.41 -

Echo Mine Seep 2 Seep from Echo Mine waste rock dump Garvey Creek BCM o/c 15/03/06 2.97 -

Echo Mine Dam 2 MIne Drainage Pool at the base of Echo Mine Higwall Garvey Creek BCM o/c 15/03/06 2.93 -

Echo Portal Flow from seep below Echo main pit (underground workings?) Garvey Creek BCM u/g 15/03/06 3.79 -

Alborns Portal 1 Flow from Portal at Alborns Mine Garvey Creek BCM u/g 6/10/05 2.58 376

Alborns Portal 2 Flow from Portal at Alborns Mine Garvey Creek BCM u/g 6/10/05 2.99 424

Alborns Portal 3 Mine Pool at portal at Alborns Mine Garvey Creek BCM u/g 6/10/05 3.45 26

Alborns Portal 4 Mine Pool at portal at Alborns Mine just above creek Garvey Creek BCM u/g 6/10/05 3.64 149

Alborns Portal 5 Flow from Portal at Alborns Mine Garvey Creek BCM u/g 6/10/05 2.82 504

Alborns Portal 6 Mine Pool at portal at Alborns Mine, low flow Garvey Creek BCM u/g 6/10/05 3.76 62

Brunner Coal Measures

ARD

Small stream draining Brunner Coal measures near Reefton Garvey Creek BCM Stream 26/09/05 4.13 0

Column Leach ARD Leachate from BCM Column Experiment Buller BCM Lab 26/10/07 1.8 22300

*BCM�Brunner Coal Measures; PCM�Paparoa Coal Measures; o/c�open cast; u/g�under ground
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for the high Al:Fe ratio in open cast AMD, firstly at
underground mines high concentrations of Fe(II) are more
likely, and secondly reactions that release Al are more likely
at open cast mines. The most likely source of Al in Brunner
Coal Measures AMD is reaction between H2SO4 produced
by pyrite oxidation and alumino-silicate minerals such as
clays and feldspars (Eq. 5) in the coal measures. This
reaction and other similar reactions can release aluminium
and consume Fe and therefore have a compounded effect on
the Al:Fe ratio. In general, these reactions can proceed more
rapidly and to a greater extent at open cast mines because
coal measure sediments are more disturbed and have a
higher reactive surface area in mine waste rock dumps
compared to underground mines. At underground mines,
there is less reaction between the H2SO4 from pyrite
oxidation and coal measure sediment and therefore rela-
tively higher Fe compared to Al.

Hydrogeology

At underground mines on the West Coast hydrogeology
influences the chemistry of AMD. Many mines on the West
Coast are free-draining because the terrain and dip of the
seams make monitor (water jet) style coal cutting and
gravity assisted fluming of coal an attractive mode of
operation. However, three of the mines that were sampled
are flooded and do not freely drain surrounding coal
measure sequences. Samples collected from the three flooded
mines with flowing adits had lower acidity and higher pH
than samples from underground mines that freely drain
updip workings and overlying coal measures (Fig. 6).
Flooding of underground mines is commonly used to
minimise the amount of oxygen ingress into abandoned
mines and mitigate or minimise AMD chemistry and
volumes (Skousen et al. 1998).

Local rock type variations

Local variations in coal measures rock types are present
throughout the West Coast coalfields. In the Buller
Coalfield, the distribution of different rock types is
attributed to controls on depositional environment by
differential compaction and syn-depositional fault displace-
ment (Titheridge 1992). Several samples have been col-
lected at Stockton open cast mine where variations in rock
type have been identified in previous work (Titheridge
1992; Alicorn Leon & Anstiss 2002). Samples collected in
areas where mine waste is mudstone rich have higher total
acidity than samples where mine waste is sandstone rich
(Fig. 6). It is possible that the high total acidity relates to
fine grained, framboidal, reactive sulfide minerals in the
mudstone compared to coarse, euhedral, less reactive
sulfides in the sandstone rocks (Caruccio 1970). Research
relating to variations in acid production from different
rock types and relationships with pyrite morphology and

other factors is in progress at Stockton Mine (Weisener &
Weber 2010).

Trace element geochemistry of Brunner Coal Measures AMD

The concentration of trace elements in drainages from mines
in the Brunner Coal Measures is enriched compared to
background (Fig. 3), especially Mn, Zn, Ni, Cu, As, Cr, Co,
and Cd. Typically, mine drainage from open cast mines has
higher concentrations of these trace elements than mine
drainage from underground mines (Fig. 7). However there is
little difference between the total acidity and pH values in
drainage from open cast mines compared to underground
mines (Fig. 6). Although the concentrations of Fe and Al are
inversely correlated with pH, concentrations of trace ele-
ment and pH are poorly correlated (Fig. 8).

In the coal mine drainages, pH and concentrations of
Fe and Al are regulated by secondary minerals (Eq. 5, 6)
whereas trace elements accumulate in Brunner Coal
Measures AMD as reactions continue. Concentrations of
trace elements coal mine drainages can be limited by
solubility or alternatively adsorption processes even at low
pH (Cravotta III 2008b). However, in the samples
examined to date, trace element concentrations in Brunner
Coal Measures AMD appear to be below levels required
for precipitation of trace element rich minerals, and the
low pH of samples from mines in this study are
unfavourable for adsorption of most cations. Therefore,
the trace element concentrations in our mine drainage
samples reflect the degree of dissolution of their source
minerals. At open cast mines AMD forming reactions that
release trace elements proceed further than at under-
ground mines because of the increased surface areas as
well as greater ingress of O2 and therefore trace elements
can accumulate to higher concentrations (Table 2).

There are relationships between the concentrations of
different trace elements in Brunner Coal Measures AMD.
For example, some of the most enriched trace elements,
Zn, Ni and Co, are strongly related to each other (Fig. 9,
Fig. 10) and more weakly to other trace elements such as
Cu and Mn (Fig. 9, 10). This indicates that the source of
these trace elements is similar and that the concentrations
of Zn, Ni and Co are conservative (they remain dis-
solved rather than partition into secondary minerals) in
the AMD forming environment. It is possible that
other trace elements such as Cu and Pb have the same
source but are partially removed by adsorption because
this can take place at low pH for Cu and Pb (Cravotta III
2008b).

Concentrations of Ca and Mg in AMD from the Brunner
Coal Measures are correlated (Fig. 11). However, other base
cations are not correlated with Mg and Ca probably because
of precipitation of secondary minerals (e.g. Jarosite, Eq. 5).
Relationships between trace elements and alkaline earth
metals (Ca and Mg) highlight variations in the geochemistry
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of coal measures in different coalfields. The ratio of trace

elements such as Zn and Ni to Ca and Mg is bimodal (Fig.

12). Most samples from the Garvey Creek Coalfield have a

lower Zn to Mg ratio than samples from the Buller and

Greymouth Coalfields. It is possible these different ratios

relate to impurities in dolomite (Henshaw & Back 1979)

identified in Garvey Creek Coalfield (Newman 1988) but

unreported in the Buller Coalfield.
One sample plots as an outlier in Figs. 7�12 and

represents a sample from an underground seep or spring

with chemistry more similar to samples from open cast

mines. This sample comes from a seep that is interpreted to

Table 2 Metal and trace element analyses (mg/L) of mine drainage chemistry from coal mines on the West Coast of New Zealand (samples
filtered to 0.45 mm and acidified)

Site Name Ca Mg Na K Li Rb B Fe Mn Ag Al As Ba Bi Cd Co

Granity Dam Seep

(dissolved)

14.6 11.2 4.18 2.72 0.0533 0.0243 B0.005 24.5 1.84 B0.0001 50.7 B0.001 0.0315 B0.0001 0.00175 0.155

C Drive Seep 4.01 3.07 3.84 2.01 0.0076 0.0097 0.008 0.72 0.503 B0.0001 8.53 B0.001 0.0344 B0.0001 0.00118 0.0218

A Drive Seep 6.95 6.43 3.73 5.9 0.0311 0.0337 B0.005 1.81 0.814 B0.0001 46.9 B0.001 0.028 B0.0001 0.0017 0.101

Herbert Dam Seep 8.37 6.23 6.28 2.82 0.017 0.0148 B0.005 3.49 0.736 B0.0001 10.2 B0.001 0.0239 B0.0001 0.00025 0.022

Herbert Dam Seep 7.99 5.62 5.84 2.67 nd nd nd 3.11 0.685 nd 7.77 B0.001 nd nd nd nd

Herbert Dam

Seep (B)

3.81 5.8 2.79 1.38 0.0305 0.0074 B0.005 1.77 0.674 B0.0001 15.9 B0.001 0.0346 B0.0001 0.00042 0.0328

Whirlwind Seep 3.52 2.77 3.07 1.78 0.0075 0.0076 B0.005 0.72 0.539 B0.0001 5.73 B0.001 0.0411 B0.0001 0.00051 0.0287

Fly Creek 3.06 3.07 3.38 3.6 0.0098 0.0201 B0.005 1.08 0.397 B0.0001 14.6 B0.001 0.0527 B0.0001 0.00076 0.0401

Mangatini

Headwater

34.6 21.3 5.05 4.18 0.111 0.0372 0.007 39.7 2.46 B0.0001 83.7 0.004 0.0198 B0.0001 0.00333 0.267

Hoods Seep 16.8 17.5 3.22 2.06 0.133 0.0204 0.006 43.4 1.48 B0.0001 115 0.012 0.0082 B0.0001 0.00116 0.131

Escarpment Mine 11.9 2.35 2.25 2.35 nd nd nd 55.3 0.3 nd 11.9 0.038 nd nd nd nd

Dip Portal 26.3 10.2 4.49 4.23 nd nd nd 14.2 0.626 nd 28.9 0.01 nd nd nd nd

Cascade Creek

waste rock

44.9 7.34 4.28 2.59 nd nd nd 16.2 2.32 nd 0.21 0.012 nd nd nd nd

Sullivan Mine nd nd nd nd nd nd nd 8.26 0.211 nd 6.17 B0.001 nd nd nd nd

Castle Point Mine 57.9 33.1 7.01 3.62 nd 0.0332 0.11 14.5 0.878 nd 58.9 B0.001 0.007 nd nd 0.0629

James Mine 27.9 2.47 7.79 0.54 nd nd nd 1.81 0.0321 nd 0.064 B0.001 nd nd nd nd

Jubilee Mine 19.8 6.45 10.2 0.79 nd nd nd 6.71 0.0757 nd 3.23 B0.001 nd nd nd nd

Bellview Mine 56.7 24.1 10.3 1.18 nd nd nd 98.4 0.917 nd 43.2 B0.001 nd nd nd nd

Mt Davy Mine Seep 3.06 2.33 84.7 2.77 0.0464 0.0078 0.047 11.9 0.13 B0.0001 B0.003 0.017 0.0759 B0.0001 B0.00005 0.0013

Strongman Portal 1 16.3 18.3 43 6.48 0.113 0.0238 0.21 0.66 0.0974 B0.0001 0.004 0.002 0.362 B0.0001 B0.00005 0.0016

Strongman Portal 2 10.4 31.4 56.9 6.13 0.0897 0.027 0.268 0.04 0.0074 B0.0001 0.005 B0.001 0.0725 B0.0001 B0.00005 0.0004

Strongman

Opencast Seep

2.63 7 3.79 1.74 0.0038 0.0068 0.024 0.27 0.0069 B0.0001 0.204 B0.001 0.0113 B0.0001 B0.00005 0.0011

Island Block Seep 73.7 81.4 3.15 4.58 0.135 0.0286 0.038 1.01 7.19 B0.0001 16 B0.001 0.0094 B0.0001 0.00105 0.193

Island Block

Highwall

45.6 47.8 2.08 1.74 0.0601 0.0175 0.022 5.88 3 B0.0001 11.4 B0.001 0.0146 B0.0001 0.00073 0.122

Echo Mine

Highwall Seep

12.2 7.94 3.11 3.4 0.0183 0.0233 0.005 0.56 0.729 B0.0001 0.153 B0.001 0.138 B0.0001 0.00015 0.0218

Echo Mine Seep 17.6 10.1 2.79 3.33 0.014 0.0166 0.006 5.3 0.851 B0.0001 0.021 B0.001 0.395 B0.0001 0.00022 0.0231

Echo Mine Dam 52.2 20.1 8.09 8.31 0.0672 0.0415 0.019 1.51 1.93 B0.0001 6.21 B0.001 0.241 B0.0001 0.00235 0.39

Echo Mine Seep 2 102 109 4.38 6.36 0.267 0.0659 0.044 36.1 10.6 B0.0001 36.7 B0.001 0.0228 B0.0001 0.00283 0.411

Echo Mine Dam 2 10.5 12.6 1.7 1.59 0.0534 0.0209 0.01 2.89 1.34 B0.0001 12.3 B0.001 0.0189 B0.0001 0.00111 0.0663

Echo Portal 161 148 6.86 9.68 0.248 0.0708 0.044 94.7 12.7 B0.0001 22.1 0.002 0.0174 B0.0001 0.00097 0.434

Alborns Portal 1 15 5.22 2.98 1.18 0.0296 0.0123 0.067 11.5 0.115 B0.0001 5.66 B0.001 0.014 B0.0001 0.00017 0.0104

Alborns Portal 2 37.7 20.7 2.68 1.54 0.105 0.0144 0.134 4.6 0.539 B0.0001 9.66 B0.001 0.0073 B0.0001 0.00021 0.0184

Alborns Portal 3 0.88 0.61 2.39 0.24 0.0051 0.0014 0.005 0.91 0.012 B0.0001 0.618 0.001 0.0123 B0.0001 B0.00005 0.0005

Alborns Portal 4 6.93 4.72 2.85 0.59 0.0178 0.0036 0.012 2.61 0.152 B0.0001 1.66 B0.001 0.0163 B0.0001 B0.00005 0.0077

Alborns Portal 5 13 11 3.17 1.41 0.0748 0.0139 0.147 18.3 0.313 B0.0001 11.6 0.001 0.0102 B0.0001 0.00159 0.0362

Alborns Portal 6 7.73 1.58 2.55 0.34 0.0053 0.0023 0.01 2.01 0.0378 B0.0001 1.33 0.001 0.0072 B0.0001 B0.00005 0.0014

Brunner Coal

Measures ARD

0.37 0.48 2.45 0.42 B0.001 B0.001 B0.005 0.39 0.0258 B0.0001 0.563 B0.001 B0.001 B0.0001 B0.00005 B0.0001

Column Leach

ARD

110 530 nd nd nd nd 0.05 16000 51 nd 600 6.4 nd nd 0.025 0
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be a collapsed adit directly down gradient of an open cast

mine that reworked old underground operations. At this site

it is likely that open cast AMD seeps into underground

workings and flows out the collapsed adit or spring. This

result indicates the complexity of mine drainage seeps and

highlights that trace element chemistry can be used to

identify the contribution of AMD from different sources

where this is complex such as areas with extensive historic

mining activity.
Relationships between trace elements and local geologi-

cal factors require combined analyses of AMD and sulfide

mineral composition at specific sites, and studies of this type

have been recently completed (Hewlett 2003; de Joux &

Moore 2005; Hewlett et al. 2005; Weber et al. 2006;

Site Name Cr Cs Cu La Mo Ni Pb Sb Se Sr Tl Sn U V Zn Hg

Granity Dam Seep

(dissolved)

0.0118 0.0014 0.0554 0.0095 B0.0002 0.268 0.0141 B0.0002 B0.001 0.0643 0.00154 B0.0005 0.0038 B0.001 1.47 nd

C Drive Seep B0.0005 0.0015 0.0035 0.0011 B0.0002 0.0327 0.0015 B0.0002 B0.001 0.0404 0.00036 B0.0005 0.0002 B0.001 0.187 nd

A Drive Seep 0.0009 0.0042 0.0148 0.0056 B0.0002 0.155 0.0062 B0.0002 B0.001 0.0592 0.00234 B0.0005 0.00098 B0.001 0.882 nd

Herbert Dam Seep 0.0012 0.0027 0.0038 0.0027 B0.0002 0.0388 0.0007 B0.0002 B0.001 0.06 0.00052 B0.0005 0.00045 B0.001 0.153 nd

Herbert Dam Seep nd nd 0.0028 nd nd 0.0336 nd nd nd nd nd nd nd nd 0.129 nd

Herbert Dam Seep

(B)

0.0013 0.0008 0.0064 0.004 B0.0002 0.0595 0.0014 B0.0002 B0.001 0.0281 0.00067 B0.0005 0.00073 B0.001 0.194 nd

Whirlwind Seep B0.0005 0.0011 0.0055 0.0024 B0.0002 0.0355 0.001 B0.0002 B0.001 0.0393 0.00075 B0.0005 0.00025 B0.001 0.146 nd

Fly Creek B0.0005 0.0025 0.0074 0.0036 B0.0002 0.0595 0.0033 B0.0002 B0.001 0.0376 0.00175 B0.0005 0.00044 B0.001 0.311 nd

Mangatini

Headwater

0.0177 0.0041 0.109 0.0112 B0.0002 0.497 0.0144 0.0004 0.002 0.107 0.00162 B0.0005 0.00932 B0.001 3.14 nd

Hoods Seep 0.0221 0.0037 0.059 0.0047 B0.0002 0.298 0.0009 B0.0002 0.002 0.031 0.0005 B0.0005 0.00893 B0.001 1.45 nd

Escarpment Mine nd nd 0.0061 nd nd 0.0676 nd nd nd nd nd nd nd nd 0.456 nd

Dip Portal nd nd 0.0085 nd nd 0.0571 nd nd nd nd nd nd nd nd 0.364 nd

Cascade Creek

waste rock

nd nd B0.0005 nd nd 0.011 nd nd nd nd nd nd nd nd 0.03 nd

Sullivan Mine nd nd nd nd nd 0.0564 nd nd nd nd nd nd nd nd 0.324 nd

Castle Point Mine 0.0255 nd 0.0235 nd nd 0.183 0.0019 0 B0.001 0.361 nd nd nd nd nd nd

James Mine nd nd B0.0005 nd nd B0.0005 nd nd nd nd nd nd nd nd B0.001 nd

Jubilee Mine nd nd 0.001 nd nd 0.0134 nd nd nd nd nd nd nd nd 0.024 nd

Bellview Mine nd nd 0.002 nd nd 0.128 nd nd nd nd nd nd nd nd 0.37 nd

Mt Davy Mine Seep B0.0005 0.0008 B0.0005 B0.0001 0.0011 0.0007 B0.0001 B0.0002 B0.001 0.0158 B0.00005 B0.0005 B0.00002 B0.001 0.184 nd

Strongman Portal 1 B0.0005 0.0064 B0.0005 B0.0001 B0.0002 0.0031 B0.0001 B0.0002 B0.001 0.142 B0.00005 B0.0005 B0.00002 B0.001 0.1 nd

Strongman Portal 2 B0.0005 0.0037 0.0011 B0.0001 B0.0002 0.0041 B0.0001 B0.0002 0.003 0.0364 B0.00005 B0.0005 0.00022 B0.001 0.031 nd

Strongman

Opencast Seep

B0.0005 0.001 0.003 0.0001 B0.0002 0.0027 0.0012 B0.0002 0.002 0.0088 B0.00005 B0.0005 0.00006 B0.001 0.006 nd

Island Block Seep 0.0023 0.0024 0.0221 0.0051 B0.0002 0.337 0.0007 B0.0002 B0.001 0.0822 0.0004 B0.0005 0.00113 B0.001 1.25 nd

Island Block

Highwall

0.0019 0.0021 0.0248 0.0042 B0.0002 0.25 0.0019 B0.0002 B0.001 0.0509 0.0018 B0.0005 0.00111 B0.001 1.04 nd

Echo Mine

Highwall Seep

B0.0005 0.0036 0.011 0.0001 B0.0002 0.0307 0.0005 B0.0002 B0.001 0.0151 0.00038 B0.0005 0.0002 B0.001 0.154 B0.00008

Echo Mine Seep B0.0005 0.0021 0.001 B0.0001 B0.0002 0.0244 0.0005 B0.0002 B0.001 0.0189 0.00052 B0.0005 B0.00002 B0.001 0.348 B0.00008

Echo Mine Dam 0.0008 0.0081 0.044 0.0015 B0.0002 0.571 0.0046 B0.0002 0.001 0.414 0.00114 B0.0005 0.00175 B0.001 4.08 B0.00008

Echo Mine Seep 2 0.0083 0.0115 0.075 0.0074 B0.0002 0.721 0.0062 B0.0002 0.002 0.194 0.00138 B0.0005 0.00472 B0.001 2.95 B0.00008

Echo Mine Dam 2 0.0051 0.0034 0.0529 0.0024 B0.0002 0.143 0.0004 B0.0002 B0.001 0.0221 0.00114 B0.0005 0.00296 B0.001 0.658 B0.00008

Echo Portal 0.0009 0.0107 B0.0005 0.0054 B0.0002 0.751 0.002 B0.0002 B0.001 0.373 0.00117 B0.0005 0.00036 0.001 2.67 B0.00008

Alborns Portal 1 0.0027 0.0025 0.0059 0.0043 B0.0002 0.0283 0.0002 B0.0002 B0.001 0.0473 0.00116 B0.0005 0.00042 B0.001 0.141 nd

Alborns Portal 2 0.0023 0.0021 0.0032 0.0042 B0.0002 0.0564 B0.0001 B0.0002 B0.001 0.0953 0.00056 B0.0005 0.00023 B0.001 0.303 nd

Alborns Portal 3 B0.0005 0.0001 B0.0005 0.0003 B0.0002 0.0012 0.0002 B0.0002 B0.001 0.0077 B0.00005 B0.0005 0.00003 B0.001 0.006 nd

Alborns Portal 4 0.0006 0.0004 B0.0005 0.0008 B0.0002 0.0151 0.0003 B0.0002 B0.001 0.0329 B0.00005 B0.0005 0.00002 B0.001 0.068 nd

Alborns Portal 5 0.0048 0.002 0.0229 0.0061 B0.0002 0.0783 0.0003 B0.0002 B0.001 0.0919 0.00087 B0.0005 0.0006 B0.001 0.529 nd

Alborns Portal 6 0.0008 0.0004 0.0012 0.0011 B0.0002 0.0046 0.0004 B0.0002 B0.001 0.0161 0.00019 B0.0005 0.0001 B0.001 0.02 nd

Brunner Coal

Measures ARD

B0.0005 B0.0001 0.0011 B0.0001 B0.0002 0.0028 B0.0001 B0.0002 B0.001 0.007 B0.00005 B0.0005 B0.00002 B0.001 0.011 B0.00008

Column Leach

ARD

0.66 nd 4.8 nd 0 5.1 0.0017 0 nd nd nd 0 nd nd 24 nd

Table 2 (Continued)
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Weisener & Weber 2010) and are in progress. In general,
these studies have found that sulphide minerals are enriched

in trace elements that correlate with those present in related
AMD. However, no comprehensive studies have been

completed that examine the trace element concentrations
of silicate minerals as well as sulphides and therefore

contributions to trace element chemistry by silicates in
coal measures can not be ruled out.

Implications and limitations

Several factors that influence mine drainage chemistry have

been identified including regional geology and paleoenvir-
onmental setting, mine type (underground or open cast),

hydrogeology, and local geology. Interpretation of these

factors has implications for mine regulation, operation,
management, and remediation on the West Coast. Predic-

tion of mine drainage chemistry assists mine industry
regulators to identify areas that have high and low AMD

risk so that requirements for data collection and monitoring

can be optimised. Mine operators are able to identify factors
that impact mine drainage chemistry prior to mining, budget
accordingly, and optimise management and remediation
strategies.

Mine drainage chemistry evolves with time (Perry &
Rauch 2006) and this paper does not explore the influence
of time between mine closure and sample collection
on mine drainage chemistry. In order to quantify these
effects in a meaningful manner, repeated sampling is
required at appropriate time intervals and under measured
flow conditions. To date there are insufficient data
available to evaluate on the evolution of mine drainage
chemistry.

Sampling and analysis of appropriate rock geochemistry
such as acid base accounting data would improve regional
and local geological interpretations of mine drainage
chemistry. Publications including these types of analyses
are available (Hughes et al. 2004; Pope et al. 2006; Craw
et al. 2008) and there are substantial datasets held by mining
companies. Interpretations of acid base accounting data
from previous studies are summarised in (Pope et al. 2010).
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analyses were below detection, detection limits were used to calculate enrichment factors.

0.0001

0.001

0.01

0.1

1

10

2 3 4 5 6 7 8

pH

F
e 

+
 A

l  
(m

m
ol

)

BCM o/c

BCM u/g

PCM o/c

PCM u/g

Fig. 4 Bimodal mine drainage chemistry from West Coast coal
mines, Paparoa Coal Measures (PCM), Brunner Coal Measures

(BCM). oc�open cast; ug�under ground.

0.01

0.1

1

10

100

2 2.5 3 3.5 4

pH

A
l/F

e 
(m

ol
)

Open cast (oc)

Underground (ug)

ug

oc

2

4

Fig. 5 Influence of mine type on Brunner Coal Measure AMD
chemistry. oc�open cast; ug�under ground.

124 J Pope et al.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
T
r
u
m
m
,
 
D
a
v
e
]
 
A
t
:
 
2
3
:
0
5
 
1
2
 
O
c
t
o
b
e
r
 
2
0
1
0



Summary and conclusion

Coal mine drainage chemistry on the West Coast of the
South Island is highly variable. The pH is between 2 and 8,

chemical concentrations vary by several orders of magni-
tude, and ratios of major components also vary by several
orders of magnitude. Factors that influence mine drainage
on the West Coast of the South Island include regional
geology and paleoenvironemental setting, mine type, hydro-
geology, and local geology. West Coast coal mine drainage
chemistry is bimodal and controlled by regional geology.
Mines in Paparoa Coal Measures have neutral mine

drainage whereas those in Brunner Coal Measures have
acid mine drainage. This is primarily related to the deposi-
tional environment of the coal measures, however, addi-
tional analysis of rock geochemistry is required to improve
and refine these interpretations.

Brunner Coal Measures AMD chemistry is influenced by
mine type. Open cast mines have Al and trace element rich
AMD compared to underground mines. This relates to
reactions between AMD and silicate minerals which release
Al and consume Fe. In addition, AMD forming reactions

release trace elements and the concentration of many of
these components is not limited by secondary mineral

formation, instead they are conservative and accumulate in
the AMD. Brunner Coal Measures mine drainage chemistry
is also influenced by hydrogeology; flooded underground
mines release less acid than free-draining mines because the
surface area available for oxygen to react with pyrite is
lower. In addition, local geology overprints mine drainage
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chemistry, for example AMD from mudstone rich mine

waste is more acidic than AMD from sandstone waste at

Stockton Mine. Local geology also influences the ratios

of trace elements (Zn, Co, Ni) to alkaline earth metals

(Ca and Mg) so that AMD Garvey Creek Coalfield can

be distinguished from Buller Coalfield much of the

time. It is possible these ratios relate to dolomite

identified in Garvey Creek Coalfield but unreported in

Buller Coalfield.

Coal mine drainage chemistry on the West Coast of the

South Island is highly variable but can be predicted based on

several geological factors. These predictions have applica-

tion to the mining industry for managing, mitigating,

monitoring, and remediation of mine drainages that would

otherwise cause negative environmental impact.
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Coast. Thanks to Paul Weber, Charles Cravotta and an anon-

ymous reviewer for constructive comments.
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