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ABSTRACT
This study investigates the geochemistry of the Wangaloa opencast mine during the early
stages of its rehabilitation. New Zealand's coal industry is currently growing, and with
increasing pressure from an environmentally conscious society, it is likely that the number of
rehabilitation projects will increase. Understanding the geochemical environment of coal
mine sites leads to a better awareness of the challenges facing rehabilitation workers, and
encourages a targeted and direct approach to remediation efforts. The Wangaloa opencast
coal mine closed in 1989 after a 43 year mining history, and since 2002 an extensive
rehabilitation project has been in operation. An earlier attempt to grow Pinus radiatu on
quartz-rich overburden dumps was not successful, and the site is currently being rehabilitated
with re-profiling and native plant establishment. The Barclay coal seam at Wangaloa contains
elevated levels of boron (370 mgkg') and reduced sulfur (>4.1 wt'Yr, S), mostly in the form of
pyrite, FeS2. Waters interacting with this coal therefore display elevated boron and sulfate, as
well as lowered pH from the oxidation of pyrite. Quality of discharge waters from the site via
the main pit lake is one of the principal environmental issues. The rehabilitation project aims
to increase mine discharge pH and reduce dissolved metal and metalloid loads. Water
analysis completed as part of this project includes pH, conductivity, alkalinity, sulfate,
dissolved oxygen, major cations, chloride, total reactive phosphorus, NH/, N0 2-+N0 3-, lC,
OC, TOC and AI, As, B, Ba, Cu, Fe, Mn, Sr and Zn. The main pit lake on the site had low pH
(ca. 4.5) and elevated trace element levels prior to dosing with slaked lime in November 2002.
After this addition, the lake pH gradually rose to ea. 6, and began rapid, large scale
fluctuations (4.3<pH<6.4) after one lake water residence period. This project uses monthly
sample collections from several surface water sampling sites and five ground water collection
sites to characterise site water quality over the period of one year, and to create an overview
of the tluxes and budgets contributing to the main pit lake chemistry. This study concludes
that the main pit lake is dominantly controlled by ground water fluxes, and that the slaked
lime pH remediation was only effective until the residence time of lake waters was reached,
upon which time the lake water pH began to move toward ground water pH. Aside from pH,
differences between ground and surface waters are minor due to the proximity of the
unconfined aquifer to the land surface, relatively high hydraulic conductivities and short
residence time of ground water.
Native plants are being established ll1 a range of substrates that consist of variably
disaggregated Tertiary coal measure sediments derived from the mine sequence. This
material has low organic matter content (typically < I0%), originating from coal fines or
carbonaceous sediment. Maps of substrate type and age since last disturbance have been
compiled, and substrate samples were collected during March, June and December 2003 from
a range of sites varying in age, slope, and parent material. Major nutrient analysis includes
nitrate, ammonia, total N, total P, available P and readily exchangeable base cations. Other
analysis includes pH, total C, total S, and total recoverable Fe, Mn, AI, Ba, Cu, Ni, Pb, Sr and
Zn. Total nitrogen and phosphorus are low on areas of recently disturbed, quartz-rich
overburden, with total N :::1200 mgkg', and total P gOO mgkg'. Background forested areas
have total N ranging between 2800-3300mgkg- 1 and total P of 420-500mgkg- l • Quartz-rich
overburden sites contain available nitrogen levels of less than 6 mgkg' mostly as ammonium,
l
while background forested areas are generally >20mgkg- , as approximately even proportions
of nitrate and ammonium. The substrates are generally acid, with pH down to 3. Links have
been made between total carbon and boron in overburden materials, indicating the presence of
coal in overburden. This study concludes by suggesting that the site is recovering in terms of
substrate and water pH, but that boron levels in pit lake waters may remain elevated due to an
internal supply of coal on the lake bed. This study also recommends targeted substrate
fertilisation to assist native plant establishment.
VB
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New Zealand is a eountry rich in resources and low in population. Mining is an important
industry for New Zealand, boosting the economy through employment and revenue. Mines
account for less than 0.1% of New Zealand's land area, but produce an annual economic
output of more than $900 million (Hartley, 1997). However, mining has the potential to
create lasting scars on our landscape and damage our 'clean green' image. Our successful
tourism industry is one of our largest sources of foreign exchange revenue and relies heavily
on this 'clean green' image.

In order for both industries to prosper, we must work

innovatively and sustainably to meet the needs of both without eompromising either.

This project investigates the rehabilitation of an opencast coal mine in order to understand the
geochemical environment and proeesses at work. Understanding the rehabilitation process as
a whole may lead to more effective remediation technologies and more targeted responses to
the negative environmental impacts of opencast mining techniques.

This ehapter discusses the New Zealand coal industry, the legacy left behind by mmmg
operations, and the extent of coal mine rehabilitation in New Zealand's history. It outlines the
importance of effective rehabilitation praetices, and why researeh in this field is essential.
This chapter also introduces the Wangaloa opencast coal mine site and discusses its history as
relevant to this project. It finishes by briefly defining the scope and main objectives of this
project.

1.1 BACKGROUND
1.1.1 THE NEW ZEALAND COAL INDUSTRY

All of New Zealand's major coalfields were diseovered and mined during the latter half of the
nineteenth century. A boom in the early 1900s saw coal production soar from I Mt in 1900 to
2Mt in 1910 (Crown Minerals, 2001), and coal became New Zealand's main source of energy
(Crown Minerals, 2004).

After years of fluctuating coal production, the first of many

dramatic rises in oil price in 1973 renewed interest in eoal and pushed for intensive
exploration. As a result, New Zealand's annual coal output has increased from 2 Mt in 1980
to 5.2 Mt today (Crown Minerals, 2004). Barker and Hurley (1993) report that with increased
exploration and better mining technologies, known coal reserves have increased to a point
where our current output level may be sustained for many years. This holds special economic
importance for coal exportation. In 1980, New Zealand exported 3% of its coal, but by 1982
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this figure had risen to 18')!o (Harris et a!., 1985). In 2003, coal exports exceed 75% of total
coal mined (Crown Minerals, 2001). With current technology, coal represents New Zealand's
largest energy resource, and is speculated to become our main energy source well into the
future (Cave and Saha, 1995).

Nearly 75% of New Zealand's coal resource is lignite located in Southland and Otago, and
this coal is little utilised due to isolation from major city centres (Anckorn et al., 1988).
Nevertheless, with coal demand still climbing, South Island lignite mining is becoming
profitable, and is likely to increase in the future (Crown Minerals, 2001).

1.1.2 THE "MINING LEGACY"
A report written by the New Zealand Energy Research and Development Committee (Harris
et al., 1985) stated that to date of publication, only one New Zealand coal mine had been
operated under full environmental management procedures. It went on to state; "the coal
mining industry does not have a good record of compliance with water rights", that few
miners even understood the need for water control, and that environmental developments had
been severely handicapped by insufficient environmental research.

Other mine feasibility

reports of its time (e.g. Lindop, 1979; Waring, 1984; Petrick, 1986; Duff et al., 1989) gave
little consideration to environmental responsibilities. Ross et al. (1995) describe how most
West Coast mine operations were abandoned and have since been colonised by exotic plant
pests such as gorse or broom.

This absence of environmental management during mine

exploration and operation has resulted in many historic mines becoming current liabilities.

The 1997 State of New Zealand's Environment report (Ministry for the Environment, 1997)
stated that the main pressures on land from mining and exploration are as follows:
•

Destruction of floral and fauna I habitats via removal of vegetation and topsoil

•

Changes to the shape of the land

•

Contamination of soil and water
o

Changing water tables due to pumping

o

Increasing the amount of sediment entering streams

o

Processing chemicals and contaminants from ore and overburden

•

Destruction offossil and archaeological sites

•

Disturbance of aquatic ecosystems via changes to water channels
o

2

Altering flow patterns/volume
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This project aims to focus on contamination of soil and water following opencast mining, but
also integrates the study of these with many of the other pressures listed above. Generally,
contamination of soil and water consists of three main issues: acid mine drainage, elevation of
dissolved metals by acid mine drainage, and the disturbance/destruction of the natural soil and
biological systems, each of which are discussed below.

1.l.2a Acid Mine Drainage
Acid mine drainage (AMD) has been widely regarded as the greatest environmental problem
facing the mining industry (Davies-McConchie et aI., 2002). AMD is characterised by low pH
(commonly 2-4) and is often accompanied by elevated heavy metal concentrations (discussed
in sections 2.2.1 and 2.2.2).

AMD is present at most mining operations, and is chiefly

determined by the difference between total sulfur content and the total neutralising capacity of
the ore body or its overburden (Langmuir, 1997). Coal depositional environments are
reducing, often brackish environments conducive to pyrite (and other sulfide) mineralisation
(Lottermoser, 2003); however AMD may also be produced in small amounts by organic forms
of sulfur (Pierzynski et aI., 2000). AMD is the process by which sulfide minerals in the ore
body or overburden material oxidise upon contact with air and water to produce metal ions
and sulfuric acid (Singer and Stumm, 1970).

In an undisturbed, natural system containing sui fides, acid drainage may still be present, but is
released at natural weathering rates. In its natural context, acid drainage is referred to as 'acid
rock drainage' (ARD), and although it is usually less pronounced than its AMD counterpart, it
has the potential to impact an area over long periods of time. AMD is important to the mining
industry because although it can be considered as simple enhancement of the natural ARD
process, it rapidly exposes sulfides to weathering and can produce large volumes of acid over
short times scales. In this manner, mining turns a slow, comparatively low-impact, long term
process (ARD) into a rapid, high impact, short term process (AM D).

One tonne of coal

containing I % pyrite has the capacity to produce more than 27 kg of sulfuric acid, which is
released over a period of time determined by its exposure to weathering.

Examples of acid mine drainage can be found globally in both coal and massive sulphide
deposits, including examples such as the Avoca lead and zinc mine in southeast Ireland. Like
most mines, the Avoca AMD system is complex and the environmental interactions are
detailed, but it was concluded that AMD is a multi-factor pollutant, affecting several aspects
of the natural environment (Gray, 1997). It is realistic to expect that AMD is a multi-factor
3
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pollutant at most other AMD-affected mines around the globe. AMD is also prominent in
lignite environments similar to the Wangaloa opencast coal mine site. One of the world's
largest lignite producing areas, the Rhineland in West Germany, has been the focus of
significant AMD research.

Wisotzky and Obermann (200 I) collected ground water from

Rhineland overburden dumps with pH as low as 3.7. Earlier, Monterroso and Macias (1998)
found drainage waters from the As Puentes lignite mine in Galicia, Spain, to have pH as low
as 2.1, but ranging to 8.0, giving an indication of the extremely variable pH conditions that
can be present in mine sites. The Thar Desert in India also encompasses several highly acidic
lignite mine areas, with one area in Rajasthan State possessing dump sites with surface layers
of pH 4.8 (Sharma et al., 2004).

Several high profile examples of AMD exist in New Zealand. The Tui base metal mine site in
Te Aroha is possibly the worst New Zealand case to date. Closure occurred in 1973, after two
extended periods of mining. No rehabilitation measures were taken, and the mine was left in
its working state (Hendy, 1981). Even after periods up to 30 years later, water and soil
analyses revealed high concentrations of heavy metals and pH as low as 2.45 due to AMD
effects (Harvey and Wcbster-Brown, 2003). Furthermore, the site has rendered two streams
unsuitable for agricultural or domestic use, and will continue to add heavy metals to those
streams in the future (Sabti et al., 2000).

l.1.2b Elevated Heavy Metals
Physical disturbance of material during mining enhances reaction rates by increasing surface
exposure to water and air (Bigham and Nordstrom, 2000). In the same process that leads to
AMD, metals are elevated by the oxidation of sulfidic minerals (Gerke et al., 1998).

In

addition, the dissolution of silicate minerals during acid mine drainage helps to neutralise
some acid, by releasing bicarbonate. As silicates enter solution, metals such as AI, Cd, Cu,
Fe, Mn, Ni, Pb and Zn that are held in the silicate minerals are released (Pierzynski et al.,
2000).

Metals can also be leached from mineral surfaces (Astrorn, 200 I). The leaching of

metals from coal or its overburden depends on the metal form and how it is bound to the
mineral surface (Miller and Given, 1986).

Metals, once released, may become bound to colloids and organic matter and transported
through the waterways (Hem, 1977; Kimball et al., 1995; Boult, 1996; Pokrovsky and Schott,
2002; Achterberg et al., 2003).

This leads to a regional, rather than local, impact.

Plant

survival is also complicated by low solubility of some micronutrients in acid solutions (e.g.
4
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Mo, B) (Pierzynski et al., 2000) and excess of some elements to the point of toxicity (e.g. Mn,
Zn, B) (Green et al., 2003; Nable et al., 1997). These issues can also impact on soil biota
(Pierzynski et al., 2000).

1.1.2c Disturbed Landscapes
Openeast eoal mining methods disrupt the natural soil balance, and while it is now eommon
practice, most historic New Zealand mines have not retained a stockpile of topsoil for
rehabilitation. Most often, rehabilitation workers are left with barren sites composed mostly
of rock chips or gravels, with little organic matter, low pH, elevated metals, low nutrient
content and extremes of water retention capacity, resulting in over or under saturation (Ross et
al., 1995; Cairns, 1988). The disturbance and crushing of overburden material can greatly
increase sediment in streams and lakes, and can destroy benthic habitats. AMD too, increases
tlocculation rates which can smother bottom-dwelling tlora and fauna (Seugupta, 1993). The
level of sediment and Hoc in waterways changes their chemical and physical characteristics
(Rose and Elliot, 2000), potentially affecting large areas downstream of the source (Gray,
1998).

1.1.3 THE NEW ZEALAND REHABILITATION EXPERIENCE

New Zealand has had few environmentally managed rehabilitation projects reach completion,
but the following four mines are good examples:
• The Golden Cross gold mine (owned by Coeur Gold the Precious Metals Company) in
Waihi was closed in 1998, after an operational history dating back to 1892 (Franc is,
2002). Unlike the earlier Tui Mine, the Golden Cross mine closure was controlled by
water rights and mining licences, which set strict conditions for rehabilitation (Crequer,
2003). The discharges from the site are within current guidelines, and the rehabilitation
has been considered successful (Goldstone and MacGillivray, 2002; MacGillivray et al.,
2000) .
• Weaver's mme m Huntly was mined for bituminous coal until 1993. Solid Energy,
further to their mine licence commitments, has set goals to create a community asset and
leave a positive legacy from mining (Mills and Willoughby, 2002). The excavation pit
has been converted to a 54ha lake, which has filled naturally. The surrounding land has
been re-contoured, the lower lying areas converted to wetlands and higher areas replanted
in a mixture of pasture and trees for agriculture and a wide range of recreational activities
(Solid Energy, 2004).

5
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• Ross et al. (1995) reviewed the suitability of Giles ereek sub-bituminous coal mine
(Westland) soils and substrates for revegetation.

Davis et al. (1997) followed this by

investigating success of 11 native species planted at Giles creek, reporting that plant
growth in overburden was poor, mostly due to nitrogen deficiency. After the trial had
been running for 5 years, native plant cover on the overburden did not exceed I %, with
most beech plants dying of root rot pathogens, despite ground ripping to improve
drainage prior to planting.

Langer et al. (1999) conclude that establishing native trees

and shrubs on unmodified overburden spoils was difficult.

They suggested that

remediation with nitrogen fertilisers and thorough site preparation to improve factors
such as drainage, were crucial to plant survival.
• Workers at the Stockton bituminous coalmine site on the West Coast of New Zealand are
attempting to rehabilitate by enhancing natural colonisation. The work is modelled on
New Zealand research at the Grasberg copper mine in lrian Jaya (Indonesia).

At

Grasberg, the climate is cold and wet, and the rock dumps have low pH, low nutrient
content, high metal concentrations and negligible organic matter (Stanley et al., 2003).
This means that introducing native plants to the site is expensive, difficult and not always
successful. The introduction of mosses and treatment with plant growth hormone has
resulted

III

a good ground cover and the establishment of thin soils should in future

become suitable for native plant establishment (Stanley et al., 2000a; Stanley et al.,
2000b). To date, the application of this project at Stockton appears to be gaining some
success (M. Kingsbury, personal communication, 4th September 2003).

1.2 RATIONALE OF STUDY
Despite the growth of the New Zealand coal mining industry, little attention has been given to
its environmental impact in the past.

However, changing social values and increased

understanding of the negative impacts of historical mining practices have led to more
stringent legislation regarding management and rehabilitation of mine sites.

As a result,

rehabilitation studies are becoming increasingly important to the mining industry.

Figure 1.1 shows the locations of major coalfields in New Zealand. Although not all are
currently mined, it is likely that many of these sites will require rehabilitation in the future.
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1.2.1 LEGISLATION SURROUNDING REHABILITATION
Mine rehabilitation following closure is no longer an optional extra, but a minimum standard.
Prior to the Coal Mines Act (1979), landowners were free to undertake any rehabilitation
activities they felt necessary following closure, usually resulting in very little remediation at
all.

After 1979, coal mining licences were issued by the Crown, dictating rehabilitation

conditions to be met by the mining party. In 1991 the Resource Management Act (RMA) was
introduced to "promote the sustainable management of natural and physical resources"
(Resource Management Act, 1991).

This transferred the granting of resource consents

associated with mining to the local and regional couneils (Taylor et al., 1997), who have a
vested interest in local environmental impaets.

The RMA Amendment Aet of 2003

introduced the provision of bonds to be held beyond the term of resource consent as insuranee
against any adverse environmental effects that may continue after the mining activity has
ceased (Nolan and Somerville, 2003).

ln 2000, the Australia and New Zealand

Environmental Conservation Council introduced water quality guidelines for ecological and
human uses (ANZECC, 2000). The ANZECC guidelines use a system of trigger values to
provide four different protection levels, and have become an important means for regional and
district eouncils to base resource eompliance criteria for mine lieences. Further discussion of
the ANZECC guidelines is included in section 10.5.

New Zealand has moved into a period of awareness about the environmental impacts of
mining, so that now and in the future, no mining licence will be granted without financial and
planned commitment to mine restoration following closure.

This means that mine site

rehabilitation research is becoming an increasingly valuable tool.

1.2.2 BUSINESS AND SOCIAL ETHICS OF REHABILITATION
In 2003, the New Zealand coal mining industry generated more than $380 million (Crown
Minerals, 2004). The less obvious economic benefits are often hidden by the more tangible
negative impacts that mining has on the environment. Increasing technology and demand for
coal have brought increased use of opencast mining methods and a reduction in the number of
mines (Crown Minerals, 2004). The corresponding increase in average mine size, and
subsequent closure of exhausted or unprofitable projects, has amplified public awareness of
the environmental impacts of coal mining. On the international stage, mining of all natural
resources is under scrutiny. After the devastating impact and intense media attention of acute
disasters such as at Aznalcollar in Spain (Galan et al., 2002) or Summitville in Colorado
(Plumlee et al., 1995), attention has been drawn to other, more chronic mining impacts. With
8
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growing pressures on finite resources, society no longer views it acceptable to exploit natural
resources without returning the land to a usable state.

Restoration projects hold many benefits, including the means to improve public perception of
mining companies and to improve rehabilitation standards across the industry, ensuring that
future mining licences are more likely to be approved. Many sustuinability-oriented
companies are planning projects intended to leave a positive legacy to the local community.
The future of mining in New Zealand may be determined by the ability of the industry to
create a net positive impact (Solid Energy, 2004). For example, Rolfe (2000) suggests that a
future role of mine sites may be for the preservation and protection of native flora and fauna.
To turn a mine site into a positive legacy for the community, a thorough understanding of
rehabilitation processes and the most efficient ways of doing so are required.

Proper

rehabilitation planning, investigation and scientific research prior to mining can be expensive,
but amelioration costs and loss of public trust are potentially much greater. As a result,
mining companies are beginning to invest time and money into planning and researching the
rehabilitation process.

In addition, there is a heritage of existing mines throughout New

Zealand and the world, whose original owners have long since gone, leaving no money for
their rehabilitation (Bradshaw, 1997). Here lies the importance of rehabilitation research, to
seek the best and most cost effective methods of mine restoration.

1.2.3 A SYSTEMATIC APPROACH TO REHABILITATION
Earlier mine rehabilitation research efforts appear to focus on establishing vegetative ground
cover simply to return some basic level of function to a site (e.g. Farmer et al., 1974). In the
late 1980s, examples of research by Grunwald et al. (1988) and Daniels and Zipper (1988)
show a movement to understanding the link between mine substrate conditions and
topography favourable to plant growth.

Research by Covert (1990) integrated spoil

characteristics with pore water chemistry and plant survival, but Gray (1997) outlined the
complexities of AMD site interactions, and initiated argument that remediation of such sites
requires a "systems management approach".

Bradshaw and Huttl (2001) emphasise the

importance of a full understanding of the soil and ecosystem when rehabilitating mine sites.
The failure of previous rehabilitation attempts in Europe appears to be due to the
reinstatement pasture or forestry to provide a rapid economic return rather than repair the
system, which takes extra time and money (Bradshaw and Huttl, 2001). Even though details
of a mine system can be very complex, it is no longer enough to know that AMD and
associated problems exist. In order for successful rehabilitation to occur, an understanding of
9
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how chemistry operates on a soil profile/spoil heap basis, and how these charac teristics are
connected with water move ment along the surface or in aquifers is needed (Buczko et aI.,
200 I; Gerke et aI., 200 I; Wisotzky and Obermann, 200 I).

Bradshaw and Huttl (200 I)

recommen d that rather than a patchwork of mending, the who le system needs mending before
rehabilitation can be considered successful.

1.3 STUDY SITE

1.3 .1 S ITE SELECTION
The Wanga loa opencast coa lmine is located in sou th east Otago, 60 kilometres sout h of
Duned in (Figure 1.2) and 2-3 kilometres east of the operational Kai Point opencast coa lmine.
It is located within the Ta ratu Formation, which is predominantly quartz grave ls and hosts

most of the mineable coa l sea ms in the Kaitangata coa l field. This means that the research
has immediate and potential appli cation to other local mine s as they near completion.

E3 Major roads
E3 Major rivers
o

25

l

I~
50

Kilometres

Figure 1.2. Southeast Otago, showing locations of major towns, roads, rivers and the Wanga loa opencast coa l
mme.
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Wangaloa opencast mine was closed in 1989 and the current owner attempted rehabilitation to
exotic forestry (as per the agreement in the original CML). Eventually it was clear that the

Pinus radiata planted would not be a successful crop. The next owner, Solid Energy New
Zealand Ltd. (hereafter referred to as Solid Energy), inherited the liability and began the
rehabilitation process again. Solid Energy prepared an end of mine life plan (EOML) and put
in place some precise aims for the site to be used as a public recreational area and native
forest park by 2017.

The Wangaloa opencast coal mine site is approximately 75ha in size and contains coal with
4.1 % suIfur (Suggate, 1959), leading to significant acid mine drainage.

Previous work by

Black and Craw (200 I) indicates that elevated levels of Cu, Ni and Zn in surface waters result
from the acid characteristics of the site.

As the site illustrates the two major problems

associated with coal mining activities (acid mine drainage and elevated metals), because of its
proximity and similarity to local operational mines, and because of the timely commencement
of a new rehabilitation scheme, the Wangaloa opencast coalmine was selected for the
purposes of this project.

1.3.2 SITE HISTORY
The Wangaloa opencast mine was opened in 1946 by Mr A. Ferguson, and exploited a 2.4 m
thick section of the Barclay member located in the Johnston Creek bed.

The land was

purchased by the state in 1946, and after discovery that the main seam was 7.6-9.1 m thick,
major operations commenced (Harrington, 1958).

During the post-war coal shortage,

Wangaloa produced -50,000 tonnes of coal per year, but from 1953, output declined with the
establishment of sub-bituminous mines in Ohai. Wangaloa coal, being black lignite, was less
desirable for household burning, as it easily breaks up, produces light-coloured fluffy ash and
has higher sulfur content than Ohai coal (Harrington, 1958).

The Public Works Department took over State Coal operations in 1956. In 1987 CoalCorp
was established as a private company, and purchased much of State Coal owned land,
including the Wangaloa opencast mine (Solid Energy, 2003). CoalCorp performed no further
coal stripping, though they did remove pre-stripped lignite that had been dumped in the mine
area.

However, a report by Miskell (1995) suggests that 6-7,000t of pro-stripped lignite

remains at the bottom of the main lake, and may have an impact on lake chemistry.
Recognizing a decreasing demand for high sulfur coal, and potentially damaging competition
from the larger lignite resources discovered in Southland, CoalCorp made the decision to

1I
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close the mine in 1989. In 1996, CoaICorp became the state-owned enterprise Solid Energy
New Zealand Ltd., which inherited CoalCorp's assets and liabilities and also those of the
original State Coal.

This included the requirement for rehabilitation of the Wangaloa

opencast mine (Miskell, 1995).

1.3.3 THE REHABILITATION PROGRAMME

While mining began at the Wangaloa opencast mine in 1946, the operation did not become
bound under the Coal Mines Act (1979) until 1990, when the existing mining licence was
extended. Prior to 1990, there was no specific clause for rehabilitation, only that "the licensee
shall ... Ieave all the licensed areas in a clean and tidy state to the reasonable satisfaction of the
landowner. .. and an Inspector of Coal Mines". The Coal Mining Licence (CML, 1990) was
granted providing the following additional environmental conditions were adhered to:
•

Minimised disturbance to the environment, wildlife and native bird life

•

Control of noxious weeds

•

Progressive replacement and contouring of overburden, and establishment of
vegetation cover as soon as possible to mitigate erosion

•

Installation of adequate surface drainage

•

Minimisation of post-operational maintenance

•

Restoration of land capability class to that of the pre-mining landscape

•

Preservation of pre-existing landscape values with consultation to local parties
(Coal Mining Licence 37158; 1990)

Most importantly, the licence stated that the licensee would plant the resulting overburden in
exotic forest species, and establish nurse crops and pest control if necessary.

Pinus radiata was planted at the site in 1981 when the mme began closure, but proved
unsuccessful, most likely due to boron toxicity and nitrogen deficiency seen in mature pine
needles (Evans and Glasson, 2002). Pines located on the overburden piles exhibited needle
discolouration and reduced height and trunk circumference compared to others of an equal
age on the less-disturbed substrate (Black, 2000). As a result, the coal mining licence was
renegotiated. Under the new licence objectives, the mining company will restore the mine
area to a stable, native forested area, and animal pests and exotic weeds will be controlled. A
wetland area to the east of the mine will be maintained to ameliorate acid drainage and
elevated metal concentrations. Before the mining licence expires in 2007, the mine will be
open for public recreation and will be a focus for regional conservation.
12
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As a requirement of the mining Iieenee, Solid Energy New Zealand and Montgomery Watson
Harza Ltd. (MWH) have prepared an end of mine life plan (EOML). The EOML involves the
following steps: stabilisation of the overburden, re-vegetation of the eentral mine area with
native plants, establishment of walking tracks, preservation of some mining relics, and
creation of a beach to allow public access to the lake (Evans and Glasson, 2002). Currently,
overburden slopes have been rounded, stabilising earthworks have been completed, and pestproof fences have been built around the perimeter of the site in order to increase the chances
of plant survival. Gorse has been cut down and wind rowed to provide organic matter and
shelter for establishing the natives that were planted between April 2003 and July 2004. In
contrast to the physical environment, the rehabilitation of the geochemical environment will
be less simple, as the site shows evidence of acid rock drainage from the disturbed coal
measures. The main lake on the site had an average pH of 4.8 in 2001 (Evans and Glasson,
2002), there are elevated concentrations of certain trace elements (Black and Craw, 200 I),
and as mentioned above, unusually high concentrations of boron have been found in plants
and surface waters at the site (Evans and Glasson, 2002). In 2002, 304 kg of hydrated lime
(Ca(OHh) were mixed into lake waters, in order to neutralise pH.

It has been made clear in the end of mine life rehabilitation plan (Evans and Glasson, 2002)
that the Wangaloa project aims for 'reclamation' and 'rehabilitation' of the mine site.

This

acknowledges that not all pre-mining conditions will be exactly restored, but that the land will
be left in a state that will allow its productivity, aesthetics and ecology to be reinstated.
Rehabilitation also requires that the completed site must not have an adverse affect on its
surrounding environment (Wong and Bradshaw, 2002).

Complete restoration is almost

impossible in most cases, and reclamation and rehabilitation are generally trade-offs between
societal wants, potential environmental risks, and economic factors.

1.3.4 A SYSTEMATIC APPROACH TO WANGALOA
Even though international mine rehabilitation studies are beginning to focus on understanding
systems rather than simply their resulting chemistry (see section 1.2.3), few New Zealand
studies have done so. This indicates a gap in our knowledge of how mine systems operate in
a local setting. The work of Gray (1997) illustrates how rehabilitation management should
allow for the interaction of contributing factors, so this project aims to understand how each
factor contributes to create the resulting biogeochemistry.
relationships between contributing factors at the site.

Figure 1.3 illustrates the basic

The results of this project may be
13
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integrated with Gray' s work (199 7) to crea te a systematic rehabilitation management system
for mines local to the Wangaloa openca st mine site.

Substrata
Chemistry

Figure 1.3. Basic relationships between co ntributing eleme nts at the \Vangaloa opencast coal mine site.
Rectangles show major elements in the sys tem. while ovals indicate minor ele ments.

1 .4

SCOPE OF PROJECT

This project is designed to partly fulfil the requirements of a Master 's thesis programm e. It
has been undertaken within 16 months, and therefore is limited to addressing the factors
shown in Figure 1.3. The project will investigate the followin g:
•

Site geology

•

So il and substrate chemistry

•

Surface and groundwater chemi stry

•

Lake sediment chemistry

•

Basic interactions between soil, substrates, surface water and groundwater

•

Fluxe s and budgets of elements that exceed or approach resourc e consent guidelines
and/or ANZE CC (2000) guidelines

The project will not undertake hydrological modellin g, geochemical modelling or a study of
plant interactions with soils, substrates and waters; rather, it aims to provide the basis of
14
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research that would allow the study of these topics to be carried out in the future. Sample
collection and conclusions are taken from and made only in reference to the mine licence
boundary.

1.5

MAIN OBJECTIVES

The main objectives for the project are centred on four main themes; substrates, surface water,
and ground water; and the interactions between them. The main foci for the project can be
described as follows:
•

Lake/surface water/ground water interactions.

This includes defining the three

different water types and investigating any differences between them.
•

Controls on lake chemistry. This includes both physical and chemical controls and
will investigate factors such as stratification, sediments, lime dosing, inputs and
outputs.

•

Substrate controls on rehabilitation.

Investigation of substrate characteristics and

comparison to plant minimum requirements may give some indication of expectant
plant success, and may be compared to current research on actual plant mortality rates
by Todd (in prep.).
•

Substrate/surface water interactions. Study of this objective will lead to understanding
about how surface water chemistry is impacted by substrates with which it is in
contact.

•

Changes over time. Previous work by Black (2000) investigated pH, Eh, biological
and trace metal characteristics of surface water at the Wangaloa opencast site, and
general comparisons will be made between the two studies. In addition, the sampling
regime of this project has spanned one year for water samples, and 2-3 seasons for
substrates, so that changes on a short time scale can be investigated.

1.6 THESIS STRUCTURE
This thesis aims to integrate four main aspects of the environment at the Wangaloa opencast
coal mine; substrates, surface water, ground water and the main pit lake on site. The thesis is
structured around these four aspects.
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Following this chapter is a brief literature review which investigates issues related to the main
objectives of the project as listed in section 1.5. The literature review refines these objectives
according to findings of previous research to create several research questions which will
form the basis for results presentation and discussion. Following the literature review is a site
description, introducing the site, its geology and works history, its geochemical environment
and features which are important to the outcome of this project.

Following the site

description is a methodology chapter, which describes all methods employed both in the lab
and in the field. Subsequent to the methodology are four results chapters, each describing the
results received from investigation of each of the major elements at the site: surface water,
groundwater, substrates and the pit lake.

Chapter 9 discusses more closely the fluxes and budgets of the site, in order to explain more
clearly the impact of various site elements on the overall chemistry of the main pit lake.
Following the t1uxes and budgets discussion will be an overall discussion of the results of the
project. The thesis finally concludes with brief conclusions and recommendations for the
rehabilitation of the site and future research, and appendices which include all results obtained
in order to assist any future work.
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This literature review is designed to give the reader some background information on the
environmental issues associated with coal mining, and to place the Wangaloa opencast coal
mine in both a global and local context. Because coal mining is a contentious and emotive
issue in many countries, much research has been undertaken to understand the systems
defining site chemistry and rehabilitation processes. This chapter describes published work
that undertakes studies relevant to this project, and reports results from the literature that may
be used to compare and contrast with Wangaloa.

2.1 COAL MINE RESTORATION
2.1.1 DEFINITIONS OF SUCCESS
There are three definitions of coal mine cleanups: restoration requires that all conditions that
existed prior to mining are replicated, reclamation recreates the landscape so that previous
ecology can return comfortably, and rehabilitation requires that the productivity, aesthetics
and ecology of the land will be returned to a condition that was agreed to before mining
commenced, and that the mine does not have an adverse effect on the surrounding
environment (Wong and Bradshaw, 2002).

The goals of the project, whether they are

restoration, reclamation or rehabilitation, determine the definition of success.

In New

Zealand, the Resource Management Act (1991) requires either rehabilitation or restoration on
mine completion, and, historically, rehabilitation is most common.

Researchers use different standards to measure rehabilitation success. For example, Langer et
al. (1999) define coal mine rehabilitation success as being the successful establishment of
human-planted native species, while Sharma et al. (2004) evaluate success at an Indian
rehabilitation project as being the natural colonisation with native species. Others, such as
Heal and Salt (1999) and Wang et al. (200 I), define success as being the control of AMD or
heavy metal concentrations in soil and water. Some workers identify success by restoration
of the entire ecosystem.

Natural rernediation, utilising the benefits of dilution, wetlands,

plants and bacterial influences, can be an effective and sustainable method of rehabilitation
(Bradshaw, 1997; Black and Craw, 1999; Berger et al., 2000; Hodacova and Prach, 2003;
Kalin, 2004).

Others report that to promote the success of natural remcdiation, natural

processes may be accelerated by the use of soil amendments such as lime, phosphate or
biosolids, in order to improve plant growth, invigorate microbial populations, increase
diversity and reduce offsite metal transport (Adriano et aI., 2004). The benefits of natural
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methods are that the entire ecosystem is successfully rehabilitated, rather than only specific
elements (Brads haw, 1997).

Solid Energy's 2004 Environmental Report defines successful mme rehabilitation by
establishing aims for each of their mine projects. These aims include:
•

To control acid mine drainage

•

To restore stream health

•

To establish native vegetation and reduce exotic plant pests e.g. gorse and broom

•

To control animal pests, including rabbits, hares, possums and goats

•

To have zero non-compliant events, i.e. those that breach resource compliance
agreements

In additional to these aims, Solid Energy Ltd and Montgomery Watson Harza have devised a
set of surface water quality criteria by which the success of the Wangaloa rehabilitation
project will be evaluated. For the first 18 months following the resource consent date, pH
will be in the range 5.0-7.8, and thereafter 6.5-7.8. Concentrations of zinc and boron will be

<:=49 mgl," and <:=370 mgl.", respectively (Evans and Glasson, 2002).

2.1.2 SOME INTERNATIONAL EXAMPLES
This section briefly aims to discuss a range of coal mine rehabilitation expenences on an
international scale. These brief examples highlight the diversity of different conditions that
coal mines are located in, and emphasises the importance of research.

For example, the

rehabilitation of the Giral mine in the Indian (Thar) Desert experienced good success in terms
of re-vegetation goals; although the lignite is hosted in a calcite-containing formation, and the
climate is arid, leading to little acid mine drainage. Rather than coping with very Iow pH
(lowest pH is fresh mine spoil, at pH 3.57), the aims of this rehabilitation project are to
overcome mine spoil characteristics which are discouraging to plant growth (Iow moisture
retention, organic matter and nutrients) and the negative effects of climate (low rainfall and
high frost incidence) (Sharma et al., 2004).

Conversely, other rehabilitation efforts have had to contend with wetter climates and low acid
neutralising capacity of surrounding geological units.

Brake et al. (200 I) describe

geochemical characteristics of the West Little Sugar Creek (Indiana, USA) before and after
reclamation of the Green Valley mine that it drains. West Little Sugar Creek was severely
impacted by AMD, and experienced highly elevated S042., Fe2Ii]', AI, Ca, Mg, Na, Cl, Mn,
K, Si, Zn, Ni, Pb, Cd, V, Be and Cr. Reclamation efforts (31 years after closure) included re-

18

Literature Review

contouring of ridges to halt erosion directly into the creek, eovering with lime, capping with
soil and seeding with grasses and legumes. Riprap channels lined with crushed carbonate
rock were constructed to reduce water interaction with coal waste. Despite these efforts, no
significant reduction of acidity was experienced, nor any reduction of dissolved metals in the
West Little Sugar Creek. While downstream mixing of fresh waters mitigates the AMD to
some extent, post reclamation study indicated an increase of AMD reaching the creek, and
Brake et al. (200 I) conclude that this may suggest that ground waters are gradually reaching
deeper into the waste pile with time, and that AMD from the site may worsen.

Some rehabilitation efforts have been unexpectedly assisted by natural remediation.

The

Buming Star No. 2 mine in Perry County, lllinois (USA) was restored to an even contour;
however subsequent ground subsidence resulted in five wet land areas forming on the site.
Cole and Lefebvre (1991) found that the wetlands appeared to improve the pH levels in soil
and water, and although copper, chloride and manganese levels remained elevated, these were
well below toxic levels for wet land algae and flora.

2.1.3 NEW ZEALAND EXAMPLES
New Zealand has a relatively short mining history, and despite the high demand for coal,
rehabilitation has only recently become compulsory, so that there are few rehabilitated
examples of opencast coal mines.

However, several opencast coal mines are now in

operation, and it is certain that within the next 20 years there will be a need for knowledge of
effective and efficient restoration practices. Figure 1.1 shows the locations of mineable coal
measures whose mines are either in need of restoration, or may be in the future.

Ross et al. (1995), Davis et al. (1997) and Langer et al. (1999) describe the Giles Creek coal
mine rehabilitation on alluvial terraces in Reefton, Westland. Langer et al. (1999) investigate
the impact of several rehabilitation techniques, including soil replacement, use of fertiliser,
direct seeding and vegetation management. In particular, Langer et al. (1999) report on the
success of stockpiling soil as it is removed, so that it may be used as 'instant cover' once
mining is completed, In contrast, after five years, natural regeneration of native species in
overburden gravel was negligible, and of the 10 native species purposely planted on the
overburden gravel, only three species experienced survival rates of 50% or more. Ross et al.
(1995) suggest that over-saturation acts as a vegetation inhibitor, and found that soil ripping,
or moling, has little effect on improving the water potential of water-logged soils, even
though it is a commonly practiced method in rehabilitation work. The work of Davis et al.
19

Literature Review

(1997) shows that over-saturation of soils resulted in root-rot for several native beech species,
and that those natives planted in overburden suffered from nitrogen deficiency.

The Stockton mine on the West Coast of New Zealand is experiencing ongoing rehabilitation
work.

Stockton is only in the initial phases of rehabilitation, with a surface water

management system still to install, and large areas to reshape and rehabilitate (Solid Energy,
2004). Work by Alarcon Leon (1997) and Alarcon Leon and Anstiss (2002) indicates that
surface water trace elements, total dissolved solids and total suspended solids remain
elevated, while pH remains depressed. These characteristics exhibit significant variability
that is not seen at background water sites, so that mine drainage waters often exceed
maximum acceptable values for drinking water (Alarcon Leon and Anstiss, 2002).

The rehabilitation of Weaver's open cast mine in Huntly is 70'1'0 complete (Solid Energy,
2004).

Weaver's now includes a 54ha pit lake, which is open for public use, and the

surrounding land has been re-contoured with lower-lying areas converted to wetlands. Higher
elevation areas have been planted in trees and pasture for a wide range of recreational
activities (Mills and Willoughby, 2002).

In light of extensive lignite deposits found in Southland and the lack of New Zealand
rehabilitation examples, a trial was conducted by Ross (1988) to determine the effect of
different soil stripping, stockpiling and re-spreading techniques on the valuable pastoral
farmland in the area. While the study concluded that Southland soil types are suitable for
stockpiling and re-spreading after mining operation have ceased, compaction after earthmoving operations may been too high for effective root penetration. Any nutrient deficiencies
seen proved to be easily amended with fertilisers. One draw-back of this trial, however, is
that soils were stockpiled for less than one year; the effect of lengthier soil storage are
unknown. Ross et al. (2000) describe another trial that made successful use of stockpiling
complete ecosystems by community translocation. Although this method was higher in cost
and labour, and some plants died, rehabilitation was almost instant.

On the basis of this

study, Ross et al. (2000) claim that direct transfer is now the preferred method of
rehabilitation wherever practical.
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2.2 ENVIRONMENTAL ISSUES ASSOCIATED WITH
RESTORATION
2.2.1 ACID MINE DRAINAGE
Acid mine drainage (AMD) has been widely regarded as the greatest environmental problem
facing the mining industry (Davies-McConchie et aI., 2002). AMD is prevalent in both coal
and sulfide ore mines all over the world, and may be known as either acid mine drainage or
acid rock drainage (ARD) in its natural setting. Berner and Berner (1996) define AMD as
having low pH (commonly 2-4) and containing elevated levels of dissolved metals. The main
characteristics of acid mine drainage and their environmental impacts have been described by
Lottennoser (2003; and references therein):

• Acidity:

Destruction of bicarbonate which is utilised by photosynthesis organisms,

mobilisation of metals, harm/death of animals and plants, reduction of drinking water quality.

• Iron precipitates: Discoloration and turbidity of water, smothering of benthic organisms,
clogging of fish gills, reduction of light entering water.

• Dissolved heavy metals: Harm/death of animals and plants, bioaccumulation along the
food chain, soil and sediment contamination.

• Total dissolved solids: Soil and sediment contamination, encrustation ofbenthic habitats.

Acid mine drainage in coal mines is generally caused by the oxidation of sulfidic material
within coal seams (Sengupta, 1993; Lottermoser, 2003). Coal generally contains one or both
of two types of sulfur: iron sulfide (pyrite) which is laid down with coal in marine/estuarine
environments, and organically bound sulfur (Langmuir, 1997). However, Casagrande et al
(1989) found that organically bound sulfur does not contribute to acid mine drainage, so it
would appear that pyritic material is the main producer of AMD. When suIfides oxidise, they
produce metal ions and sulfuric acid (Sengupta, 1993). Pyrite oxidises on contact with water
and the atmosphere to produce the reactions labelled 2.1 through 2.4 below (compiled from
Sengupta, 1993; Stumm and Morgan, 1996).

2FeS2 (.,) + 70 2 (g) + 2H 20 (/) --> 2Fe
4Fe
4Fe

2t
(a'l)

2t
(a'l)

2t

(a'l)

+4sol (a'l) + 4H+ (a'l)

+ IOH20 (/) + O 2 (g) --> 4Fe(OHh I.,) + 8H
+ O 2 (g) + 4H+ (alf) --> 4Fe

FeS2 (v] + 14Fe.1'

(mf)

3t
(a'l)

+ 8H 20 (/) --> 15Fe

(2.1)

t

(2.2)

(a'l)

+ 2H 20 (/)

2t

(a'l)

+ 2SO/' (a'l) + 16H'

(2.3)
(a'l)

(2.4)
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Reaction 2.1 involves the reaction of pyrite with oxygen and water to create acid and Fe

21

ions that are capable of reacting again to produce more acid and iron oxyhydroxide precipitate
in reaction 2.2. Reaction 2.3 may also occur, with Fe 2+ ions consuming acid to become Fe

31
•

At low pH, where the production of Fe(OH)3 is inhibited, reaction 2.4 is most important,
illustrating how the presence of Fe 3+ ions (produced in reactions 2.2 and 2.3) acts as a positive
feedback for the oxidisation of more pyrite to produce even further acid and Fe 2+ ions.

The Fe

21

feedback mechanism means that once pyritic material is exposed to air and water,

the AMD process is self-perpetuating until all the pyrite is exhausted (Sengupta, 1993). The
self-perpetuating nature of AMD leads to environmentally detrimental effects if it is
unchecked, with one tonne of coal containing I % pyrite having the capacity to produce more
than 27kg of sulfuric acid, in turn producing 15kg of iron oxyhydroxide precipitate. Other
sulfides that are capable of producing AMD include chalcopyrite (CuFeS2), but its weathering
process involves only a one-step oxidation process, and so has a lower acid generating
potential than pyrite (Lottermoser, 2003).

At low pH, ferric ions are a more effective oxidant of suifides than oxygen, so after initial
oxidation of suIfides (reaction 2.1), AMD is dominated by reaction 2.4, rather than 2.1 (Baker
and Banfield, 2003). Singer and Stumm (1970) show that at low pH the oxidation of ferrous
ion by oxygen (reactions 2.2 and 2.3) is slower than the other reactions and is therefore ratelimiting in the acid mine process. However, during laboratory tests at pH 3, the rate of acid
generation was much faster than expected (Sengupta, 1993).

Stumm and Morgan (1996)

show that AMD is enhanced by biological processes which catalyse ferrous iron oxidation by
oxygen. Acidophillic bacteria utilise the energy produced when iron and sulfur oxidise and
thrive in environments high in pyritic material (Kleinmann and Crerar, 1979; Benner et al.,
2000).

Gould et al. (1994) report that Acidithiobacil/us ferrooxidans are the dominant

organism in acidic mine spoils. They assist AMD by catalysing reaction (2.3) to provide
direct feedback for (2.4), because at normal environmental pH, Fe 3' ions are removed from
solution by precipitation as Fe(OHh (Sengupta, 1993; Benner et al., 2000; Zipper and Jage,
200 I). Iron-oxidising bacteria, sulfur-oxidising bacteria and sulfur-reducing bacteria are little
influenced by temperature, rainfall and dissolved metal concentrations (Chappell and Craw,
2003), making them effective colonisers in many different and extreme environments. Black
and Craw (1999) show that a presence of high numbers of sulfur-oxidising bacteria (l 0 4 _ 106
organisms/g sample) contribute to elevated acidity at the Wangaloa open cast coal mine.
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Apart from rate limiting steps and biological catalysis, another factor controlling the rate of
acid mine drainage generation is the particle size of pyrite. Oxidation of FeS2 appears to be
highest for framboidal pyrite (0.25~lm diameter) (Caruccio et al., 1976). Also important is the
access of oxygen and exposure of sulfide surfaces to air and water, both of which are vital
ingredients in reactions 2.1 to 2.4 above (Langmuir, 1997; Hudson-Edwards, 2003). Because
of its requirement for air and water, AMD is generally enhanced in areas of highly disturbed
tailings or overburden than it is in in-situ substrates (Wong et al., 1998).

While AMD creates acid, other naturally occurring elements may act to neutralise or buffer
changes in acidity. Reaction of carbonate rocks with AMD helps to neutralise acid as shown
in reaction 2.5 below (Bemer and Berner, 1996):

4FeS2 + 1502 + 8H 20
pyrite

+ 16CaC03 -> 2Fe203 + 16Ca2+ + 8S0/' + 16HC03
calcite

iron oxide

(2.5)

bicarbonate

The proximity to, and volume of, carbonate rocks such as calcite and dolomite have a strong
effect on the level of neutralisation that may occur. Buffering capacity arises from clays and
other short-range order minerals that have large negatively charged surface areas.

These

surfaces can adsorb positive ions (e.g. hydronium, base cations, and metal cations) which can
be exchanged during preferential absorption (McLaren and Cameron, 1996). To a limited
extent, preferential exchange buffers soil against changes in pH from AMD (Gerke et al.,
1998; Naieker et al., 2003), by losing base or metal cations and adsorbing hydrogen. Another
pH buffering capacity is in the weathering of muscovite to kaolinite, which removes H+ ions
from solution as shown in reaction 2.6 below (Langmuir, 1997):

2KAhSi 30 I0(OHh
muscovite

C')

+ 2H'

(aq)

+ 3H20 (I)

q

3AbSi 20s(OH)4
kaolinite

C')

+ 2K' (aq)

(2.6)

The coal seam mined at Wangaloa contains significant sulfur which is present as pyrite (Black
and Craw, 200 I). Prior to this study being undertaken, Black and Craw (200 I) found that the
substrate regions displaying lowest pH values are the most recently disturbed overburden
piles with a significant coal component, which have little or no vegetation.

2.2.2 TRACE METAL MOBILITY
Along with low pH, the most prominent feature of AMD is elevated trace element
concentrations (Stumm and Morgan, 1996). Usually, AMD waters from coal mines contain
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lower concentrations of heavy metals than AMD from metalliferous mines (Geldenhuis and
Bell, 1998). However, elevated metals arising from coal mine AMD may still be detrimental
to the environment (Lottennoser, 2003). Metal mobility in water increases when hydrogen
ions, which have a high charge to surface area ratio, preferentially exchange sorption sites in
soil and substrate with adsorbed metals (Schwertmann et al., 1987; Langmuir, 1997). At low
pH, when the activity of hydrogen ions is high, metals such as Cd, Cu, Fe and Zn are
displaced from sorption sites, thus becoming mobile and creating the potential for toxic
conditions for plants and invertebrates.

Not only do the solubilities of the oxide, sulfate,

carbonate and silicate forms of metals increase dramatically below pH 4.5, but the potential
for their adsorption to clay/mineral surfaces is greatly diminished (Eary, 1999).

Another mechanism of metal mobilisation by AMD is the increased weathering of silicates
and carbonates due to the production of sulfuric acid (Bemer and Berner, 1996). The usual
sequence of clay mineral formation is weathering from complex to more simple minerals, in
the order feldspar -... montmorillonite -... kaolinite -... gibbsite (Selby, 1985). In part, sulfuric
acid is neutralised by the silicates it dissolves, as shown below in reactions 2.7 and 2.8, the
sulfuric acid attack of albite and kaolinite. Dissolution of iron oxide may also result, as in
reaction 2.9, releasing iron to solution.
H2S0 4 'mO + 9H 20

(I)

+ 2NaAIShOs

C')

->

6H'

(m/)

2.
AIzSi20s(OH)4 (." + 2Na' ('Iq) + S04 ('Iq) + 4H 4Si04 (mO
+ AhSi 20,(OH)4 ,.,) -> 2A13! (mO + 2H4Si0 4 ('Iq) + H 20 (I)

6H'

(aq)

+ Fe203

C')

-> 2Fe

3

' (mO

+ 3H 20

(2.7)
(2.8)
(2.9)

(I)

Metal release and mobilisation is not just confined to mine areas if AMD is used for other
purposes. Green et aI. (2003) show that use of AMD water for irrigation could release enough
Mn from soils in three to five days to exceed United States Environmental Protection
Authority water quality standards.

The release of Zn and Ni was also correlated to Mn

release. This means that if AMD now paths change or flooding occurs, previously AMD-fi'ee
areas may be severely impacted within a short period of time.

As discussed, metals may be transported as either dissolved constituents, absorbed or
adsorbed onto the surface of suspended particles.

Hudson-Edwards (2003; and references

therein) estimates that up to 90% of the total metal load of acid-impacted streams is
transported by sediment particles, although Achterberg et aI. (2003) estimates that metal
transport is dominated by the dissolved fraction.

MeKnight et aI. (1988) suggest that the

behaviour of Fe oxyhydroxides in AMD systems is not static, and that it may be diurnal,
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responding to photoreduction during daylight hours.

They therefore suggest that colloid-

assisted metal transport is more prominent at night.

Previous research by Black and Craw

(200 I) suggests that Cu, As and Zn mobility are elevated at the Wangaloa opencast coal mine
site.

2.2.3 FORMATION OF SECONDARY MINERALS
The weathering of sulfides releases acid and metals which
other minerals, releasing their constituents to solution.

III

turn increases weathering of

The re-precipitation of these

constituents produces secondary minerals, poorly crystalline and amorphous substances
(Lottermoser, 2003) (for example, refer to reaction 2.7). The formation and dissolution of
secondary minerals have been suggested as crucial to the geochemistry of AMD rehabilitation
projects (Schaaf, et aI., 1999; Morin and Hutt, 2001; Bayless and Olyphant, 1993;
Lottermoser, 2003). Morin and Hutt (2001) suggest that up to 90% of secondary minerals are
retained on rock surfaces each year, so that when an opencast mine is flooded on closure, they
can be incorporated into lake waters to create acid mine conditions.

The importance of

secondary minerals has also been shown by Bayless and Olyphant (1993) who claim that
secondary minerals are the direct canse of short-term variability in acid mine drainage,
brought about by the dissolution capacity of seasonal changes and weather events.

As

discussed briefly in section 2.2.1, clays and secondary minerals such as the iron and
aluminium oxyhydroxides have the potential to carry adsorbed metals on their surfaces.
Various cations may also be incorporated into crystal lattices as impurities during
precipitation of minerals (Lottermoser, 2003). These two factors mean that secondary, shortrange order minerals have an important impact on the transport of metals and buffering of pH
in coal mine environments.

Ludwig et al. (1999) report on a study of sediments in an opencast brown coal nunc
(Garzweiler, Germany), in which sediments are oxidised to varying degrees under controlled
conditions. They find that large amounts of gypsum (CaS0402H 20) form with increasing
pyrite oxidation, with jarosite (KFe3(S04h(OH)6) forming at higher oxidation states.
Common examples of secondary mineral precipitation in New Zealand mine sites include
jarosite, gypsum and various forms of Fe]j oxyhydroxides (e.g. goethite (a-FeOOH) and
schwertmannite (FeHOS(S04)(OH)6)' These minerals aet as a reversible sink for iron and/or
sul fate, and the addition of neutralising agents (e.g. quicklime (CaO), hydrated lime
(Ca(OH)z, or limestone (CaCO])) rapidly releases sulfate back to solution (Rose and Elliot,
2000).

Secondary mineral solubilities vary, with simple metal hydrous sulfates the most
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soluble and iron and aluminium hydroxysulfates relatively insoluble (Karathanasis et aI.,
1988; Lottermoster, 2003). Secondary sui fates such as barite (BaS04), are sparingly soluble,
and effectively immobilise their ions, acting as a permanent sink (Lottermoser, 2003).

Iron and aluminium oxyhydroxide precipitates are particularly int1uential in the geochemical
system because of their typically high abundance, stability in the low pH regimes that are
common to AMD sites, and high surface area, which allows the adsorption of other metal
species, particularly Cu, Zn and Ni (Hem, 1977; Karthikeyan et al., 1997; Webster et al.,
1998).

Pokrovsky and Schoot (2002) show that colloidal Fe can enhance surface water

transport of usually insoluble metals such as Al and Mn. As water along a now path mixes
with fresh water, its pH rises and mineral solubilities decrease, resulting in rapid precipitation
of iron and aluminium oxides (Theobold et al., 1963; Chapman et al., 1983; Kimball et al.,
1995; Boult, 1996). In addition, Thiobacillusferrooxidans promotes the precipitation of iron
as iron oxides and hydroxides (Ferris et al., 1989), while other microbes may encourage the
formation of other minerals such as ferrihydrite and schwertmannite (Kim et al., 2002). As
waters neutralise and iron/aluminium oxyhydroxides precipitate, general metal attenuation in
suspension takes place, with metals becoming stored in sediments (Martinez and McBride,
1998; Bigham and Nordstrom, 2000; Nuttal and Younger, 2002). However, McDowell-Boyer
et aI. (1986), Kimball et aI. (1995) and Langmuir (1997) point out that if iron and aluminium

precipitates arc colloidal in size, it is possible for them to remain in suspension indefinitely in
fresh surface and ground waters and carry their adsorbed trace metals long distances. In fact,
Kimball et al (1995) find iron colloids and associated metals in suspension up to 250m from

the AMD source, and Boult (1996) finds that the proportion of metal transport associated with
particulates increases with distance (Figure 2.1).
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AM D floes have been shown to have the abilit y to sequester phosphorus as well as metals
(Pokrovsky and Schott, 2002; Adler and Sibre ll, 2003). Although Adler and Sibre ll (2003)
highlight the pos itive aspect of phosphorus sorption for prevent ing phosph orus loss to water
(to aid soil health and reduce eutrophication of waterways ), it is possib le that adsorption onto
floc leads to lower level of P than would norma lly be available for algal growth.

Beca use of their ability to absorb metals and hydrogen ions, iron and aluminium
oxyhydroxides have the potential to buffer the pH of surface waters in a similar manner to
clays as mentioned in section 2.2. 1 (Langmuir, 1997; Mengel and Kirkby, 200 I; Lottermoser,
2003).

Aluminium suifates do not buffer pH significantly, but iron sulfates (particularly

jarosite) can have an effec t on pH by retaining

sol - from solution (La ngmuir,

1997; Ludw ig

and Balkenhol, 200 I). The precipitation of jarosite that buffers pH via suifate retention is
shown in reaction 2.10 below:
K+ (a,, ) + 3Fe(OH)3 (pp!) + zso," t a'l ) + 3H+(a'l ) ~ KFe3(S0 4lz(OH)6 t.,) + 3H zO (I)
Jarosite

(2.10)
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Another mechanism of sulfate retention is precipuatron of anhydrite (CaS04) or gypsum,
which results from the release of Ca l

'

during silicate weathering (Ludwig and Balkenhol,

200 I). Reduction in cation exchange capacity and release of AI]+ to soil solutions also have
important pH buffering roles in lignite acid mine environments (Ludwig and Balkenhol,
200 I).

2.2.4 MACRO/MICRO NUTRIENT AVAILABILITY, SOIL ORGANISMS AND

PINUS RADIATA

Mengel and Kirkby (2001) report that pH is one of the most important factors determining
nutrient availability. In acid soil conditions, basic cations (e.g. Call, Mg l I, Na.' and K') are
easily displaced from soil exchange sites by HI ions and leached out of the soil system, while
weathering rates of parent material are generally too slow to provide any buffering capacity
for this loss (McLaren and Cameron, 1996). Also, micronutrient cations such as Fell, CUll,
ll
Mn l ' and Zn are soluble at low pl-l, and may be toxic to plants by suppressing growth or
function (Mengel and Kirkby, 200 I). Glendinning (2000) also points out that some cations
(e.g. Fe and Mn) have the potential to affect the availahility of other plant essential elements
such as phosphorus. As well as acidity, parent material and time are fundamental to substrate
nutrient characteristics (Davics, 1980). Wangaloa soils are mostly formed on loess or coarse
quartz gravels, which are low in nutrients (Black, 2000), and have been recently disturbed
(mostly 40-60 years ago). Because these substrates have had little time to develop, they are
also low in organic matter, which is important for water retention and nutrient cycling (Berner
and Berner, 1996). Other plant essential nutrients such as Nand P may be deficient as a
result of AMD at the Wangaloa open cast coal mine site (Black 2000).

Major nutrients
Nitrogen exists in the soil in either organic (e.g. proteins or amides) or inorganic (e.g. NH 4 t ,
NO]') forms. Plants can only assimilate inorganic forms, which are mineralised from organic
forms by soil bacteria (McLaren and Cameron, 1996). Acidic mine soils such as those at
Wangaloa often exhibit lower nitrogen availability compared to alkaline soils (Peveril et al.,
1999). A major influence in soil nitrogen deficiency is nitrogen-fixing bacteria, which are
inhibited

1I1

low pH soils.

Conversely, soil fungi are generally unaffected by low pH,

resulting

1I1

the release of ammonium from organic matter they consume (McLaren and

Cameron, 1996). The original Pinus radiata crop planted at Wangaloa in 1987 exhibited
28

Literature Review

yellowing of needles, which has been reported as being symptomatic of nitrogen deficiency
(Craighead, 1991; Glcndinning, 2000).

The role of phosphorus is fundamental to plant growth, as P is involved in many plant
processes (Cox, 1995; McLaren and Cameron, 1996). Ballard (1974) reports that a Bray P
extraction of available P in soils should be at least 12 ugl'g" for the successful establishment
of Pinus radiata seedlings in New Zealand. Although plants require less P than N, P is most
often the limiting nutrient in New Zealand soils (McLaren and Cameron, 1996). Phosphorus
is mostly low in surface waters because of the low solubility of Ca, Al and Fe phosphate
minerals (Stumm and Morgan, 1996).

Basic cations
Few New Zealand soils suffer from magnesium deficiency. However, those that do tend to be
acid, sandy soils prone to leaching (McLaren and Cameron, 1996). Bright yellow needles are
symptomatic of Mg deficiency in Pinus radiata (Adams, 1973), and may inhibit root growth
in acid soils (Glendinning, 2000). Potassium deficiency in Pinus radiata is characterised by
dull or bronze needle coloration (Adams, 1973).

Anions
It appears that plants are insensitive to sulfur toxicity (Mengel and Kirkby, 2001). In AMD

environments, where levels of SO/- are generally high, sulfate deficiency may still occur if
large amounts of Fe and Al are present and pH is high enough for the precipitation of iron and
aluminium hydroxysulfates (Marsh et aI., 1987).

However, in acid mine drainage

environments, this is unlikely to occur because of the requirement for higher pH.

Metals
Zinc plays several important roles in plant growth, metabolism and enzyme function (Mengel
and Kirkby, 200 I). It is less mobile at high pH, and easily sorbed onto soil colloids, so that it
is usually higher in surface horizons and soils with greater organic matter (Glendinning,
2000). Symbiotic soil fungi are important in enhancing the zinc uptake of plants (Bowen et
aI., 1974).

Manganese is mostly utilised in enzyme functions within plants (Notton, 1983), but it also
aids photosynthesis and increases the availability of P and Ca (Cox, 1995; Mengel and
Kirkby, 2001).

Manganesc toxicity can occur at soil pH < 5 (Glendinning, 2000).

In a
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mining context, manganese can be a problem because once mobilised, it will not be removed
from solution until pH > 10, and so may be carried long distances even through wetlands
(August et al., 2002; Lotterruoser, 2003).

Boron
Of particular interest to the Wangaloa project is the high concentration of boron in surface
waters at the site (Evans, 2003). While there is still some debate about the cause of high
boron in New Zealand coal, most literature suggests that elevated boron in coal occurs
through seawater percolation through buried coal seams during times of marine transgression
(Kear and Ross, 1961; Newman, 2003). Although boron may be inorganically or organically
bound in New Zealand coal (Kear and Ross, 1961; Newman et aI., 1997), work by Lindsay et
al. (2001) and Newman (2003) suggest boron in low rank coals such as that at Wangaloa is
organically bound. Boron is essential in a number of plant functions (Brown et al., 2002; Parr
and Loughman, 1983), but Goldberg (1997) suggests that the difference between boron
deficiency and toxicity is very small and varies from plant to plant. Reisenauer et al. (1973)
suggests that plant B-deticient mine soils contain < I mgkg' hot water extractable B, while
plant B-toxic mine soils contain> 5 mgkg' hot water extractable B. Substrate minerals
containing boron are rarely present in soils, so that the availability of boron is mostly
dependant upon absorption to soil colloids (Goldbcrg, 1993), particularly iron/aluminium
oxides, clays and organic matter (Fleming, 1980). Boron toxicity is difficult to diagnose in
plant by visual assessment (Nable et al., 1997), but Smidt and Whitton (1974) observed dead
needle tips and chlorosis in Pinus radiata that contained 200ppm boron, approximately four
times higher than average.

Soil organisms
Even if levels of soil nutrients are encouragmg to growth, the presence/absence of soil
organisms is crucial for plant survival.

Earthworms and actinomycetes prefer neutral pH

conditions, and nitrogen-fixing bacteria are not well suited to acid environments (McLaren
and Cameron, 1996). Soil bacteria in acid mine communities tend to be restricted to a few
species, due to the restricted number of chemical reactions from which they might derive
energy (Baker and Banfield, 2003). The presence of mycorrhizal fungi in establishing Pinus
radiata on mine rehabilitation projects has been shown to increase growth and foliar nitrogen

concentrations (Bowen et al., 1994); however, Lunt and Hedger (2003) found that inoculating
trees with mycorrhizae did not increase growth if mine soils were ill-developed and were not
supplemented with additional organic matter.
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A sometimes unknown quality in mine substrates is the potential of the plant rhizosphere to
provide miero-climates, improve the soillroot contact zone, micro-organism nourishment and
nutrient recycling.

It is possible that with an effective rhizosphcre, plants may obtain

sufficient nutrients even in deficient conditions (McLaren and Cameron, 1996).

2.2.5 AMD VS. ECOLOGY
Ecological systems are based on complicated chains and webs of inter-related organisms and
habitats. The resilience and stability of every ecological system varies, and so the ecological
impacts of acid mine drainage are different at each site (Ripley et al., 1996). Some ecological
mechanisms have remediation effects upon AMD systems, such as the uptake of metals by
algae, plants and bacteria (Mulligan et al., 2001; Stevens et al., 2001). Many studies report on
particular aspects of ecological systems which have shown changes in response to AMD,
including the work of Woelfl et al. (2000), who concluded that acid mine drainage supports
the growth of green algae.

Other work has suggested that the stresses of AMD (low pH,

dissolved metals and metal oxide deposition) reduee stream diversity, and that streams with
aluminium oxide deposition generally have little/no algal biomass at all (Ni yogi et al., 2003).

Some aspects of AMD are encouraging to algal growth. Brake et a!. (200 I) describe how the
alga Euglena mutabilis (identified as bright green benthic mats/biofilm) is often present in
AMD systems, and report that the most prolific communities are found where concentrations
of Fe, AI, S04 and Cl are highest.

Lottermoser et al. (1999) describes the presence of

filamentous algae growing in AMD waters of a copper mine in Gulf Creek Australia, with pH
of 4.2 and copper concentrations of 7.4mgL-

1
•

Increasing populations of large green algae,

Mougeotia, have been used as an indicator of increasing lake acidity (Ripley et al., 1996).
Bell et a!. (2002) also report that acid-tolerant algae (e.g. Mongeotia and Microspora genera)
can play a large part in attenuation of metals produced by AMD.

In municipal water treatment systems, copper sulfate (CUS04) is often used as an algaecide,
and is effective at levels approximately 0.5 to 0.75 mgl." (DCC, 2004). It is possible that if
present at concentrations such as these, copper sui fate may be toxic to algae in AMD
environments. Rousch and Sommerfeld (1999) investigate the impacts of trace metals on two
filarnentous algal species, finding that although they were unaffected by pH typically
experienced in AMD streams, both species were affected by elevated levels of Mn and Ni.
Mn was more toxic to algae than Ni, with 45% of algal growth inhibited in the presence of
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I mgl." Mn. On the other hand, work by Simmons et al. (2004) argues that it is phosphate
availability, not metal toxicity, that regulates phytoplankton productivity in lakes affected by
acid mine drainage. Simmons et al. (2004) suggest that soluble reactive phosphorus values
lower than 0.002mgL- 1 in untreated AMD lakes produce a gross primary productivity close to
zero lUg O 2 L- I d - I .

Anadu et al. (1990) found that the most common form of algae in acidic pit lakes was

Ch/orophyceae (green algae) and that its abundance varied with seasonality.

Large

differences in the level of algae in two mine lakes were seen, although they exhibited only
minor differences in chemistry, indicating that physical factors play a major role.

2.3 SURFACE AND GROUND WATER CHEMISTRY
2.3.1 MECHANICS
Mining not only affects surface waters, but ground waters as well. Structure and conductivity
characteristics of the substrate are a critical factor in the transport of ground water and
contaminants (Ward and Robinson, 2000). Bonta et al. (1992a) show how mining can lead to
increased hydraulic conductivities (l0 to 1000 times higher than undisturbed units). It has
been found that increased recharge to aquifers can change groundwater chemistry (Mauclaire
and Gibert, 1998; Land and Ohlander, 1997).

Enhanced recharge increases oxygen levels,

decreases pH, and increases levels of nutrients and organic matter in ground water (Mauclaire
and Gibert, 1998).

One of the major impacts of mining on hydrological systems is the

creation of heterogeneity across short distances. This can extend to extreme differences in
hydraulic conductivity.

For example, recharge rates of ground waters following mining at

Ohio mine sites differed substantially; some areas experienced fast recharge, while at the
same time other areas were 'slow', with many wells remaining dry five years after
rehabilitation began (Bonta et al. 1992a). Buczko et al. (200 I) modelled ground water flow in
variably saturated, inhomogeneous spoil heaps and found that ground water movement along
preferential flow paths resulted in higher velocities in comparison to homogenous substrates.
Spatial structures, such as compacted zones, can have an important effect on retarding flow
and defining flow paths.

Ground water fluxes can have a large impact on the final water quality of pit lakes. Werner et
al. (2001) present work in which they show that local ground water flow systems dominate
the acidity of several post-lignite mining lakes in Germany, and that the flooding of several
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mines within the region will result in acidification of them all through acidity transport by
ground water.

Ground waters are affected by many variables, but recharge is critical. Recharge is to some
extent a seasonal phenomenon, as exemplified by seasonal variations exhibited by two ground
water bores situated in granitic till (Land and Ohlander, 1997). The geochemical variation in
granitic till ground waters may be explained by either: a) mixing with older, deeper ground
waters (if local flow direction changes) or b) mixing with rapidly percolating soil water
during large or prolonged rain events or snowmelt.

In light of all this, ground water fluxes operating in coal mme sites are important to the
overall geochemical system.

Pinder and Jones (1969) provide a method of estimating the

ground water component of stream discharge, by using the chemical characteristics of stream
water and surface runoff from the surrounding area. The following equation 2.1 I relates the
flow rate (Q) to the concentrations (C, in ppm), where TR = total runoff (stream flow), OR =
direct runoff and GW

=

ground water):
(2.11 )

In order for this relationship to hold, the density of ground and surface water must be equal,
and no chemical reactions take place when the two waters meet. This method of calculating
ground water contributions to surface stream flow will only be successful if the geochemical
differences between ground and surface waters are clearly distinct. Wangaloa waters may be
modelled in this way, if the differences between surface and ground waters prove to be
significant.

Bird et al. (1990) describe how stream water acidity and geochemistry are a result of runoff
pathways dictated by a complex combination of vegetation cover, soils, geology, climate and
land use.

These pathways have been described in more detail by Anderson and Oietrich

(200 I), who show that in a steep sandstone catchment with colluvial soils, at time of high
flow, 7% of stream flow does not encounter bedrock. This has an important influence on the
amount of solutes transported, as the lower the runoff, the higher the proportion of which is in
contact with bedrock and the higher the contact time for water/rock interaction and solute
loading.
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In some geological situations, the permeability of soils and subsurface materials is such that a
high proportion of stream flow is from groundwater.

Chen et al. (2003) address the

hydrological characteristics of the Nebraska sand hills, and while they have a higher
permeability than the substrates of Wangaloa, they estimate that 86% of stream flow is
groundwater derived. This highlights the possibility that Wangaloa stream flow is partly, if
not dominantly, provided by ground water.

2.3.2 TRANSPORT OF TRACE METALS/CONTAMINANTS

In addition to ground water tluxes, the water table is also an important factor in determining
ground water contamination.

During a study of slag near a former sulfuric acid factory,

Schmitt et al. (2002) found that alteration of sulfides is re-activated when the water table
drops, allowing sulfide bearing slag to be in contact with O 2.

In support of this theory,

Olyphant et al. (1991) found significant differences between ground water in the saturated and
unsaturated zones of sulfide-rich coal mine wastes. During times of high rainfall/snowmelt,
some coal mines exhibit an increase of heavy metal transport and a decrease in pH due to the
flushing of the altered material above the water table (e.g. August et aI., 2002). Olyphant et
al. (1991) found large variations in geochemistry in ground waters of both the unsaturated and
saturated zones, with total dissolved solids fluctuating on order of magnitude scales.

Bonta et a!. (l992b) discuss ground water chemistry following rehabilitation of coal mine
watersheds, and although the studied watersheds did not experience AMD, some concepts
may be relevant to Wangaloa. They found that ground water quality was highly variable
across sites due to the heterogeneity of substrates, and that mining and reclamation efforts
affected the relative dominance of cations and anions, which mayor may not be the case in
AMD contexts. Bonta et al. (1992b) concluded that mining also increased the concentrations
of Fe, Mn, pH and dissolved solids, while Kim (2003) found that alkalinity; calcium and
magnesium in ground waters were particularly increased in freshly disturbed deposits.

Metal contaminants in ground water may be transported by two main mechanisms: dissolved
particle transport (controlled by solubility) or absorption onto colloids (often controlled by
rates of solute transport to the solid interface) (Stumm and Morgan, 1996; Deutsch, 1997).
McCarthy and Zachara (1989) highlight the importance of colloids to transport of dissolved
constituents in groundwater, describing them as poorly understood yet "highly critical" in
facilitating contaminant transport.
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presence of clay material in aquifers implies that not all colloids are mobile, and that this
makes quantifying the amount of colloids available for contaminant transport very difficult.

Mn, Ni and Fe have close relationships in ground water systems. Larsen and Postma (1997)
describe the mechanism of Ni release from pyritic sandstone rock to ground waters:
accumulates on Mn oxides during pyrite oxidation.
becomes deficient and oxidation of Fe

21

slows.

Ni

When the water table rises, oxygen

The mobilised Fe 2 1 can reduce the Mn

oxides, releasing the Ni that was absorbed to their surfaces.

Bacterial activities have also

been considered as a significant mechanism for the reduction of Mn oxides and subsequent
Mn 2 ' release and migration in ground waters (Gounot, 1994), although their function is
greatly enhanced by the presence ofN0 2- (Vandenabeele et al., 1995).

Study of acid sulfate soils in Finland by Astriim (200 I) concludes that during periods of high
runoff, there was a significant increase in levels of AI, Cu, Mn, Ni and Zn in stream flow that
could be traced to extensive leaching of the acid sulfate soils. This is reinforced by Olyphant
et al. (1991) who found that surface runoff in a pyritic coal refuse dump was acidified by the
dissolution of hydrated iron sulfate minerals. The transport of dissolved sulfate in surface
water has been studied by Sanger et al. (1994), who suggest that soils on lower slopes have a
much greater suifate absorption capacity than those on upper slopes, due to the lower ratio of
organic matter to mineral matter on lower slopes. Sanger et al. (1994) suggest that higher
mineral contents lead to increased sulfate absorption, as organic material has a lower
absorption capacity, and the potential to leach sulfate.

The relationship between Al and

sui fate is also important. Nordstrom (1982) suggests that acid rain inputs (analogous to AMD
inputs) can induce a cyclic pattern of Al release and retention in soils. Nordstorm suggests
that this occurs via the behaviour of sulfate, which, upon acid input, will be accumulated in
soils in proportion to the aluminium content (present as kaolinite, gibbsite etc.).

With

continued acid addition, basic aluminium suifates will form, acting as storage for sulfate until
the water table rises, bringing water of higher pH so that Al sui fates dissolve and revert back
to clays, releasing sulfate.

In an acidic schist catchment, forested and with a thick soil cover, Grimaldi et al. (2004)
found that overland flow accounted for 25% of Ca, 29'Yo of Mg and 37% of K export. In an
environment such as Wangaloa, with relatively shallow soils and little vegetation, one might
expeet overland flow to account for higher proportions of transported base cations, as there is
little potential for adsorption or uptake.
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2.3.3 USING

GEOCHEMICAL

TRACERS

TO

MODEL

GROUND

AND

SURFACE WATER MOVEMENT
"Stream water chemistry can be described as a mixture of geochemically
distinct packages of water derived from precipitation inputs, specific parent
materials and key soil horizons."

(Billett and Cresser, 1996)

Billett and Cresser (1996) conducted a thorough investigation of soil and stream water quality
during a variety of rainfall events, and their results may be implemented as a method of
sourcing surface waters in other locations if thc parent materials and soils are of significantly
different geochemical composition.

They also mention that spatially important soil types

within a catchment may not be important controls on stream water quality depending on their
retention/leaching characteristics.

Land and Ohlander (1997) report a study in which two piezometers were sampled to
investigate geochemical changes with water table fluctuations. They were able to confirm
changes of ground water movement through the aquifer by analysing Ca/SI' ratios, as the
Ca/SI' increased with increasing age, due to water/rock interactions. Study of ground water
and overland flow by Grimaldi et al. (2004) used chloride as a tracer in an acidic schist
watershed, although not to indicate sonrce of water, but residence time in soils or ground
waters. A study by Litchfield et al. (2002) in the Taieri Basin (30 km north of Wangaloa)
shows that surface waters have lower ion concentrations than ground waters, except where
surface waters are influenced by sea water. They find that with increasing contact with schist,
ground waters increase in Ca

21

,

Mg

21

and HC0 3 ' concentration. Although Wangaloa ground

waters are also in contact with surficial loess, the dominance of Taratu Formation quartz
gravels ensures that Wangaloa ground waters contain similar proportions of major cations to
those discussed in Litchfield et al. (2002).

This study aims to see if ground and surface

waters can be modelled using tracers such as these, to discover major sources of
contamination.

Whether Wangaloa waters are suitable for ground and surface water trace

work depends upon the range of geochemical signatures seen at the site.

2.3.4 EXAMPLES OF SURFACE/GROUND WATER CHEMISTRY IN COAL
MINES
Table 2.1 presents examples of surface and ground water from acid mme drainage
contaminated lignite coal mines. The Witbank and Friar Tuck coal mines exhibit the most
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acidity, with Oatlands and Zukun ft mines approaching neutrality.
The examples shown in
Table 2.1 approximately cover the pH range exhibited at
the Wangaloa coal mine
rehabilitation project. Few trends can be seen within these data sets,
as variables such as flow
regimes and the neutralising capaci ty of host rocks at each site are
influential.
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00

of 5 contaminated stream
Green valley mine site surface water data from Brake et al. (200 I) is an average
1:1 bIe 2.1. Examples of ground and surface water chemistry in coal mines.
surface water data from Banks
Wisotzky and Obcrmann (2001). R. Hipper. Ynysarwed and Longycarbycn
sites. Zukunft ground water data is an average of 17 measurements. from
ed Solids. EC = Electrical
Dissolv
Friar Tuck mine data from Olyphant et al. (1991). TDS = Total
et al. (1997) and references therein. Blcsbokspruit data from Bell et al. (2002).
mal," unless otherwise stated.
Conductivity, US == Unsaturated zone, S := Saturated zone. All values in
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2.4 OVERBURDEN/SOIL CHEMISTRY
The success of a rehabilitation project ean mostly be measured by its ability to prevent further
contamination of waterways and to turn the land into an area of praetical use. Therefore, the
measure of mine soil quality can be based on serving two separate purposes: firstly, the
retention of nutrients and metals from leaching into surface and ground waters, and secondly,
providing an encouraging environment for the re-establishment of vegetation. Some of the
most important factors impinging on the establishment of vegetation in mine sites include a
lack of water, lack of nutrients and compaction of soils (Neel et aI., 2003).

However, it is

important to keep in mind that all types of vegetation are suited to different conditions, and so
specific geochemical criteria as a measure of mine soil quality is inappropriate.

2.3.4 SOIL GENESIS IN MINE ENVIRONMENTS
Often, one of thc most challenging aspects of coal mine rehabilitation is the establishment of
vegetation, which directly relies on the quality of rehabilitation mine soils.

Researchers

generally agree that the main pedogenic processes controlling mine soil properties in the early
stages of genesis are dissolution, leaching, oxidation of pyrite and the incorporation of
organic matter (Roberts et aI., 1988; Haering et al., 1993; Schaaf et aI., 1999; Neel et aI.,
2003). Other workers (such as Parker et al., 1987, and references therein; Topp et al., 2001)
insist that an active microtlora is essential for the development of mine substrates into soil.
The rate of genesis appears to be dependent on the chemistry, grain size and initial sulfide and
clay contents of the parent material (Neel et aI., 2003).

Although weathering processes

initially occur rapidly (Haering et aI., 1993), strong differences between water and elemental
behaviour in mine soils compared to background soils are still prominent after 50 years
(Schaaf et al., 1999).

Several works have investigated soil genesis

111

lignite mine environments, but one of the

most encouraging is the work of Gonzalez-Sangregorio et al. (1991) in Galicia, Spain. They
find that three years after liming and planting with various grasses, significant accumulation
of organic matter occurred, rising from 1.4% to 2.3%. Gonzalez-Sangregorio et al. (1991)
also report that total N and organic P concentrations increased with age of soil, and suggest
that the reasons for this rapid soil genesis include the favourable characteristics of the parent
material (sandy-loam textured mixture of lignite, kaolinite clay and some weathering products
of granite and shale), encouraging climate eonditions and intense rhizosphere activity.
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Unfortunately, in most mining environments, overburden is not as mineralogically rich as in
Galacia, and in most cases (including the Wangaloa open cast coal mine), topsoil has not been
put aside for rehabilitation.

In the Appalachian coal mining region, Haering et al. (1993)

studied overburden characteristics for six to eight years.

Two years after mine soil

construction, surface horizons showed enrichment in organic matter, and four years after mine
soil construction, discernible subsurface horizons were evident.

In the first three years of

mine soil genesis, pH, Mg and Ca all decreased due to leaching of exposed carbonates, but
slowly rebounded to normal levels after 6 years. Extractable Fe tripled after the first year but
then remained constant.

Physical features of substrates before and after mining are in most cases, greatly different.
King (1988) discusses increased bulk densities at the surface of the subsoil, due to
compaction. This creates an impermeable surface and may result in water logging of plant
roots.

King also highlights the loss of soil microstructure, which creates a difficult

environment for roots to establish.

Roberts et al. (1988) show that the silt-sized fraction

experienced significant volume increase in many developing mine soils within two years of
establishment.

Using nitrogen isotopes, Reeder ([ 988) studied nitrogen transformations in mine spoils as
compared to local topsoil.

Reeder identified that one of the main problems with nutrient

availability in mine soils is that they typically have a much lower microbial population,
resulting in five times less plant-available (mineralised) nitrogen than in topsoil. In topsoil,
NH 4 is immobilised by microbes, while in mine spoils, NH/ is oxidised to NO]", which is
easily leached from the profile (Reeder, 1988; Johnson and Williamson, 1994).

2.3.5 SOIL/OVERBURDEN AND SURFACE WATER INTERACTIONS
Overburden in opencast coal mines has great potential to influence surface water quality
because of its highly disturbed state and high potential for erosive transport by water. The
interaction of the biosphere with substrates has a strong impact on the way that the soil/water
relationship behaves (Grimaldi et aI., 2004). A study by Abel et al. (2000) took place at a
former lignite mine in East Germany, within a sand, silt and gravel host formation with
overburden slopes that lacked soil formation and vegetation.

They measure overburden

erosion rates that may be loosely applied to Wangaloa, although Wangaloa may contain less
silt. Abel et al. (2000) suggest erosion rates of 300 tonnes per hectare per year for rill erosion
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and 900 tonnes per hectare per year for gully erosion.

This has potential to release large

amounts of sulfidic material and AMD products to waterways,

Because of the artificial nature of spoil deposits, resulting mine soils are highly spatially
variable over short distances (Buczko et aI., 2001; Elberling et al., 2003; Usher and Hodgson,
2003). Gerke et al. (2001) attempt to model spatial heterogeneity in the Lusatian (Germany)
lignite mining district. They find that physical and chemical heterogenity is important not
only at a local scale, but on a larger scale due to the induced temporal differences in oxidation
and acid leaching.

Eventually, the oxidation of sulfides and subsequent precipitation or

dissolution of secondary minerals can lead to a local release or retardation of solutes,
affecting the final geochemistry of runoff.

Billett et al. (1996) also show how large

magnitude variations in pH, Ca and Mg along a stream bed prove that even small scale
variation in substrates have a large impact on stream water geochemistry.

One of the

important aspects of mine soils is spatial heterogeneity. In a highly disturbed environment
such as Wangaloa, where overburden composition changes on a metre-by-metre scale (Rufaut
et aI., 2004), it is possible that large fluctuations in stream water chemistry will be seen on a
small spatial scale.

2.3.6 EXAMPLES OF SOIL/OVERBURDEN CHEMISTRY IN COAL MINES
Table 2.2 below shows examples from overburden or mine soil from three lignite mines.
Langer et al. (1999) report data from alluvial quartz gravels similar to those found at
Wangaloa. Sharma et al. (2004) describe a lignite mine rehabilitation project in the Indian
(Thar) Desert with low AMD, whose soils contain much lower biological activity, organic
carbon, nitrogen, phosphorus and potassium, but more calcium, magnesium, sodium and
sulfur than the regional topsoil. Data from the Blesbokspruit mine in Witbank, South Africa
represents mine spoils that exhibit more AMD than the other sites, and contains much higher
levels of exchangeable base cations.
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Table 2.2. Examples of soil/overburden chemistry in coal mines. Overburden gravel data from the Giles Creek
rehabilitation project in West land, New Zealand (Langer et al., 1999). Mine spoil data from a lignite/overburden
mix at the Giral mine, India (Sharma et al., 2004). Blesbokspruit mine spoil data, South Africa from Bell et al.
(2002). Ex = Exchangeable. All values in 111 rk T- 1 unless otherwise stated.
Overburden Gravels,
Mine spoil, Giral mine
Giles Creek
5.6
H ( H units
Carbon (Yo)
Nitro en (Yo)
Available N
CEC (me/lOO ,)
Ex. Ca
Ex.M
Ex. K
Ex. Na
Olsen-P
Bra '-I'
Sulfate
Tntal Zn
Total Cn
Total Ni
Total Mn
Total Sr
Total Pb

2.4 PIT LAKES
Pit lakes are relatively new phenomena arising with an increase in bulk mining technology
and large earth-moving implements. Most international examples are less than 25 years old
(Miller et al., 1996), and while New Zealand has many small pit lakes created by historic
mining, few have been environmentally managed or rehabilitated.

New Zealand has

relatively few examples of lignite mine pit lakes, with Weaver's opencast mine in Huntly
being the only completed pit lake rehabilitation project to date. However, many New Zealand
coalmines are now opencast (e.g. Stockton, Kai Point, Ohai etc.), and it is therefore expected
that the number of pit lakes will rise in the future (Solid Energy, 2004). In particular, local
coal mines including Kai Point and Ohai lignite mines are likely to become pit lakes once
mining ceases (Pers. Comm., D Craw 08/02/05). Pit lakes differ to natural lakes because the
mining process and the typically exposed nature of their surroundings leads to the lake water
containing mineral species which have been readily leached from the host rock (Eary, 1999;
Stevens et al., 2002).

They are also unique because they are often deep, have shallow

sediments and are surrounded by high walls which create a micro-climate unlike that
elsewhere in the region (Stevens and Lawrence, 1998).

Results of previous studies on pit lake water quality have been collated by Eary (1999), and
indicate that typical, moderately acidic pit lakes generally have the following characteristics:
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•

High major metals (Fe, AI, Mn), increasing rapidly at pH <4.5

•

Moderately high divalent metals (Cd, Cu, Pb and Zn), especially below pH 4.5

•

Low metaloids (As and Se)

•

Major solute is S04, due to inputs from the oxidation of iron sulfides

2.4.1 PHYSICAL PROCESSES

Stratification
Pit lakes generally possess a relative depth much greater than those of natural lakes (Castro
and Moore, 2000). This makes pit lakes prone to stratification, which occurs in deep lakes
with long residence times, containing waters of varying temperature and density. This results
in two or more layers of water being adjacent but having different properties (Berner and
Berner, 1996). Liquid water is most dense at 4°C, and different types of stratification occur
depending upon ambient air temperature. Winter stratification occurs when the surface water
cools towards 4°C and becomes dense, sinking to the bottom and creating a homogenous
water body, while new surface water cools even further, becoming less dense and thus
remaining at the surface (Stevens and Lawrence, 1998; Ward and Robinson, 2000).

Well

sheltered lakes have a reduced mixing effect of wind and the stratification may become stable
(Berner and Berner, 1996). During the spring, when surface water warms and approaches
4°C, bottom waters become less dense and rise to the surface, resulting in spring turnover. In
the summer, lakes may again become stratified when surface water warms well above 4°C,
leading to increasing density with depth and a stable stratification (Berner and Berner, 1996;
Ward and Robinson, 2000). Summer stratification may be avoided in shallow lakes due to the
mixing effects of wind (Lam pert and Sommer, 1997). The ecological effects of stratification
include the lack of oxygen in the lower waters of the lake, allowing phosphorus and
ammonium to be released into waters, which may be turned over during the spring turnover
and create algal blooms (Ward and Robinson, 2000). Some examples of pit lake stratification
occur when large volumes of warm salty ground water enter the lake through its base, and
being denser than the cooler water above, may remain permanently stratified (Stevens and
Lawrence (1998).

Principal factors which lead to and contribute to lake nuxuig are temperature changes,
inflowing water, out-flowing water and wind (Berner and Bemer, 1996).

However, m

assessing lake mixing factors, it is important to assess how high the pit lake walls are. In
some cases, high pit lake walls can provide a microclimate, reducing wind and solar radiation
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(Stevens et al., 2000). Previous investigation of the Wangaloa main pit lake was undertaken
by Craw (February, 2001). One dissolved oxygen and temperature profile of 9m was made,
and found little ehange in DO or temperature, indieating a lack of summer stratification.

Evaporative concentration
For lakes with long residential times, evaporative concentration can be a critical factor for
chemistry (Eary, 1998). While lakes in a humid environment may experience dilution effects
(Stevens et al., 2002), lakes in semi-arid climates generally experience an increase in all
constituents over time due to evapo-concentration (Miller et al., 1996). Barker et al. (2004)
found that evapo-concentration processes acting in an area containing sulfide and sulphate
minerals to increase levels of Zn, Ni, Cu and major cations in a Central Otago alluvial gold
mine pit lake. Eary (1998) suggests that near neutral pH, Ca-Na-S04-Cl dominated lakes are
a result of evapo-conccntration processes acting upon lakes with 2",('" >

"'nlblinity.

2.5.2 CHEMICAL PROCESSES
From their creation, pit lakes evolve towards geochemical equilibrium with the minerals in
the hydrological system they are in contact with, as well as those contained in the pit wall
(Stevens et aI., 2002). Examples from Nevada, United States, indicate that pit lakes in high
sulfide rock areas tend to have lower water quality than others, depending upon the amount of
available calcareous rocks to neutralise the resulting acid (Miller et al., 1996). The extent of
acid production depends upon the amount of sulfide minerals and/or ferrous ions that the
ground and surface water 'secs' while making its way to the lake. If a lake is in contact with
a source of carbonate, such as carbonate, dolomite, carbonaceous sedimentary rock, or
carbonate veins, most of the acidity produced may be neutralised, depending on the level of
contact. If only small amounts of carbonate are available, the lake may remain neutral until
the carbonate is used up, and if the waters are in little/no contact with carbonate, it is likely
that no buffer capacity is present (Castro and Moore, 2000).

The main mechanisms for buffering acid waters are as follows: hydrogen sui fate buffering
(2.55<pH<4.3), iron buffering (2.55<pH<3.5), aluminium buffering (4.5<pH<5.5), carbonic
acid buffering (4.3<pH<8.2) and solid phase buffering which occurs via ion exchange, surface
complexation and mineral transformations (Totsche et al., 2003; Uhlmann et al., 2004).
Organic matter diagenesis has also been suggested to increase pH by carbon oxidation via
sulfate and iron reduction (Blodau et al., 2000; Macdonald et al., 2004). Both Blodau et al.

(2000) and Kleeberg (1998) suggest that the rate of organie matter deposition limits carbon
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oxidation, and thus removal of sulfate and iron from the lake system (see section 2.5.3). In
some cases, no internal buffering systems may be capable of maintaining lake pH.
Investigations carried out at a post-mining pit Senftenberg (Germany) estimate the future lake
to be acid due to acidic ground waters entering the area from other acid mining lakes in the
district. In this case, little/no control on acidity is expected from internal processes, as the
incoming t1ux of acid will be too great to overcome (Werner et al., 2001). As with surface
and ground waters, acidic pit lakes tend to contain elevated concentrations of cationic metals
(e.g. AI, Cd, Cu, Fe, Mn, Pb and Zn) (Eary, 1999).

In many lake systems, the only mineral limiting the solubility of S04 is gypsum (Langmuir,
1997). However, high gypsum solubility means that high concentrations of S04 are relatively
common in pit lakes (Eary, 1999).

The large amounts of S04 present mean that

concentrations of Ba and Sr are often low, controlled by the solubilities of barite (BaS04) and

celestite (SrS04) (Eary, [999). In lakes with pH < 6, it appears that Al sulfate minerals are
the main limiting factors of Al solubility, and include minerals such as basaluminite
(AI4(OH)IOS04), jurbanite (A[OHS0 4) and alunite (KAb(S04h(OH)<»

(Eary,

1999).

Ferrihydrite (Fe(OH)3) has been considered as the main limiting factor of Fe solubility in
acidic environments (Langmuir, 1997), as previous concentrations based on goethite
(FeOOH) solubility tended to severely underestimate actual Fe concentrations in acidic
systems (Eary, [999). Eary (1999) suggests that Mn solubility is controlled by manganite
(MnOOH) in systems with pH < 6.

2.5.3 BIOLOGICAL PROCESSES
Lakes can be classed as oligotrophic (low concentration of nutrients, P

'O' < I0flgL-I)

or

eutrophic (high concentration of nutrients, P,o, >30llgL-1) (Lampert and Sommer, 1997).
Berner and Berner (1996) describe oligotrophic lakes as low in organic matter, with clear
water which is well oxygenated at depth, and usually relatively deep compared to eutrophic
lakes.

Eutrophic lakes, conversely, are high in organic matter, murky with suspended

phytoplankton and are often oxygen depleted at depth. Some lakes may be mesotrophic, that
is, intermediate between oligotrophic and eutrophic.

There are many factors that int1uence limiting factors for lake productivity, including light,
temperature, and nutrient deficiencies (Stumm and Morgan, 1996).

Although most inland

lakes are phosphorus-limited, some estuarine and coastal lakes can be nitrogen-limited
(Stumm,2004). Woeltl et a1. (2000) suggest that it is often not the extreme pH environment
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of pit lakes, but their low nutrient characteristics that inhibit the growth of phytoplankton.
They found that during an algal bloom in a lignite mine pit lake, nutrient concentrations were
3.5 mgf." soluble reactive phosphorus and 0.15 mgl.." dissolved inorganic nitrogen.
Schindler (1977) suggests that all lakes are ultimately phosphorus-limited, because natural
processes can compensate for nitrogen and carbon deficiencies; e.g. in the case of carbon, by
the uptake of dissolved C02.

These long-term processes eventually correct deficiencies,

meaning that phytoplankton growth is again proportional to the amount of supplied
phosphorus.

Schindler also indicates that it is possible for algae to correct their own

deficiencies over the long term.

Stumm (2004) describes how nitrogen and phosphorus are taken up in a fixed ratio from lake
waters during photosynthesis, as shown in reaction 2.12 below:

106C0 2 + 16NO J - + HPO}- + 122H 20 + 18H' (+ trace elements, energy)
Production 1
t Respiration
CIII(,H26]011lINI6PI + 13802 (algal protoplasm)
(2.12)

Average daily primary production in temperate zones has been calculated by Smith (1979) to
be closely correlated with the concentration of total phosphorus (r2

=

0.94), as shown in

reaction 2.13 below:

Primary production rate (mgCm-Jd- l )

=

IOAP,ul (ugl..") -79

(2.13)

2.5.4 NEUTRALISATION/REMEDIATION
Several neutralisation agents may be used to neutralise acidity in coal mine pit lakes, two of
the most common being limestone (calcite; CaCOJ) or quicklime (calcium oxide; CaO).
Catalan and Yin (2003) compare the use of both, and conclude that while quicklime initially
produced higher pH values after dosing, tailings treated with limestone showed longer term
improvement in pH, due to the buffering capacity of limestone.
dissolution in acid waters to produce the reaction shown in (2.14):
21
CaCO] + 2H' <=> Ca + H20 + C02

Limestone undergoes

(2.14)

The CO 2 produced from the dissolution of calcite can contribute to the bicarbonate buffering
system as shown in reaction (2.15):
(2.15)
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Once acidity is neutralised, and if high levels of suIfate are available, limestone reacts with
sulfate to precipitate gypsum (CaS04-2H20), as shown in reaction (2.16):
(2.16)
(Reaction mechanisms from Langmuir, 1997)

Figure 2.2 below shows the relative proportions of carbonate species in fresh water that is in
equilibrium with the atmosphere. At pH 6.3, the levels of HC0 3 ' and H2C0 3 are equal, and
increasing pH shows little change in HCO l ' concentration until highly basic conditions,
indicative of pH buffering. Below pH 6.3, bicarbonate concentration drop off rapidly, and at
pH -4.65, the concentration of Ht ions exceeds that of bicarbonate.

At this point, the

buffering capacity of calcite is lost. In areas with calcareous lithology, bicarbonate ions can
be re-supplied from the surrounding rock and the buffering capacity re-established, while in
non-calcareous settings the buffering capacity is simply lost (Berner and Berner, 1996).
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Figure 2.2. Carbonate speciation diagram as a function of pH (assumes total carbonate is IO"}M).
Concentrations ofOIT and H- are independent or total carbonate and so are shown as dashed lines (from
Langmuir, 1997; pg 156).
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Rates of calcite dissolution are dependent on several variables, including the rate of transport
of reactants to the mineral surface, rate of transport of products away from the surface, and
the pH of the solution (Alkattan et al., 1998; Fredd and Fogler, 1998; Arvidson et al., 2003;
Burns et al., 2003). Most workers report that calcite dissolution rates from small grains are
faster than rates from larger crystals (Ramisch et al., 1999; and references within). Alkattan
et al. (1998) and Alkattan et al. (2002) report that rate constants for all physical forms of
calcite increase with increasing temperature, within the range 25-80°C. In-sill! rates of calcite
dissolution in the field have been found to be several orders of magnitude lower than those
calculated in the laboratory, a phenomenon which could be brought about by the presence and
interference of other ions (Wicks and Groves, 1993). Especially for species such as MgC0 3
and CnCl- (which have common ions with CaC03), the inhibiting effect on calcite dissolution
is drastic (Buhmann and Dreybrodt, 1987). Manganese may also inhibit the dissolution rates
of calcite, as reported by Arvidson et al. (2003) and Lea et al (200 I). Manganese appears to
induce changes in the size, morphology, and distributions of etch pits in calcite crystals.
Arvidson and workers (2003) found that at concentrations ranging from 1.5-2.0 ulvl Mn, total
numbers of etch pits on calcite crystals were greatly reduced, and large parts of the crystals
retained their integrity, as opposed to crystals in pure (Mn free) solutions.

Aqueous magnesium and phosphate have been previously demonstrated to inhibit calcite
dissolution at neutral to basic pH (Sjoberg, 1978; Buhmann and Dreybrodt, 1987). It is likely
that this inhibition is caused by competition between the ions and attacking acid for
adsorption to the mineral surface (Compton and Brown, 1994). More recently, a study by
Alkattan et al. (2002) has investigated the importance of P0 4 and Mg as calcite dissolution
inhibitors at low pH. Contrary to unambiguous results at high pH, the presence of Mg at low
pH was found to have little or no affect on the dissolution of calcite. Conversely, aqueous
phosphate (which is a strong inhibitor at high pH) inhibited the dissolution of calcite even at
low pH. However, Alkattan et al. (2002) emphasise that the inhibition by P0 4 ' at low pH was
reduced, and not likely to affect most natural processes.

Lea et al. (2001) completed an

extensive study into the effects of solution CO/', Mn 2+ and Sr 2+ on calcite dissolution. The
study was conducted at a constant pH of 9, and discovered that, in support of previous work,
the addition of cationic impurities changed etch pit morphology. While mechanisms of these
changes were not identified, it was suggested that these changes were driven by an
interference with arrival rates of reactants at the calcite mineral surface.
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Coatings of secondary minerals on calcite grains can inhibit dissolution by reducing mass
transfer between the primary mineral and the solution.

This effect is time-dependent, as

secondary minerals accrete with time (AI et aI., 2000).

In particular, the effect of gypsum

(CaS04) on calcite solubility has been recognised as important in most freshwater systems
(Stumm and Morgan, 1996). Booth et al. (1997) and Wilkins et al. (200 I) conducted research
that highlights the importance of sulfuric acid in CaCO) rich freshwater systems, which
induces the nucleation and precipitation of inert gypsum coatings on calcite surfaces. They
found that the gypsum coating strongly adheres to the calcite mineral surface, reducing both
etch pit creation and dissolution. Gypsum armouring serves to inhibit the dissolution rate of
calcite, by shielding the mineral surface from further acid attack.

Although neutralisation by limestone has proven to be effective in some situations (Rosso,
1977; Sherlock et aI., 1995 and references therein), some workers such as Sengupta (1993),
Castro et al. (1999), Blodau et al. (2000) and Castro and Moore (2000) suggest that dosage
with limestone or other bases is not sufficient. Instead, it is thought that neutralisation of
acidic waters with high suifate and dissolved metals simply produces neutral waters high in
sulfate and dissolved metals which are still inappropriate for domestic or agricultural use
(Castro et aI., 1999). However, limestone dosing was effective in the case of Lake Gardsjon.
Lake Gardsjon is a naturally acidic lake which had 110 tonnes of finely ground limestone
added in 1982, of which only 84'/"'0 had dissolved after two and a half years (Hultberg and
Grennfelt, 1986). The limestone addition resulted in a sharp increase of pH from 4.7 to 7, and
a corresponding increase in alkalinity.

Woeltl et al. (2000) found that increasing acidity does not always reduce biornass in pit lakes,
and that even in the most acid lakes, phytoplankton may thrive given adequate nutrient
supply.

This has implications for the neutralisation of pit lakes using biological agents.

Initial research by Tuttle et al. (1969) suggested the use of microbial sulfate reduction as a
remediation method for acid mine waters. In AMD environments (usually characterised with
abundant SO/- and Fe

21
)

it unlikely that the production of reduced sulfur minerals is limited

sol, but

limited by the quantitative and qualitative properties of organic matter

(Wicks et aI., 1991).

Castro et al. (1999) report a study which indicates that increasing

by Fe

21

or

suIfate-reducing bacteria (by additions of organic waste products) generates sulfides, leading
to significant reduction of suifate, iron and arsenic concentrations, and significant rises in pH
approaching neutrality. Another study by Frommichen et al. (2003) supports this by trialling
microcosm treatments of various organic and inorganic sources of carbon, resulting in acidity
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consumption and a rise in pH. Further from this, Chabbi and Rumpel (2004) found that the
addition of organic to pit lake sediments not only increased pH, but changed their particle size
distribution to become more encouraging to plant growth. Blodau et a!. (2000) investigate
lignite opencast mine sites in Brandenberg, Germany, and report that 30 years after mine pit
flooding, carbon was utilised at the same rate as nearby natural lakes, thereby fulfilling the
lake's internal neutralisation requirements. Often, lakes exhibit higher pH in sediment pore
waters than in the water column, indicating a hidden neutralising capacity (Schindler. 1985).
Reaction 2.17 below has been described by Schindler (1985) and Blodau et a!. (2000) as
being the mechanism for which microbial reduction of iron and suifate takes place, removing
acidity from solution:

(2.17)

As long as biological processes are not limiting, an addition of suifate will also push the
reaction forward, increasing the rate of iron and sui fate reduction (Schindler, 1985). After the
reduction takes place, iron may exchange for suIfur in the reduced sediment and release small
amounts of acid, as shown by reaction 2.18:

Fe

2t

+ H,S -+ FeS + 2H t

(2.18)

Rapid, artificially-induced neutralisation of pit lakes results in a short-term maturation of
lakes, skipping the iron buffer system (low diversity, low productivity, allochthonous carbon
sources) and the aluminium buffer system (less acid, higher diversity and productivity, some
nutrient limitations). In lakes such as these, total biomass is controlled by the bioavailability
of nutrients, especially phosphorus (Nixdorf et al., 2003).

2.5.5 PREDICTING/MODELLING QUALITY
Iu the past there has been difficulty predicting the behaviour of pit lakes, due to uncertainty
regarding the wide range of factors controlling the inputs, outputs and cycling of certain
elements (Miller et al., 1996). Kempton et a!. (2000) warns that while short-term infilling
estimates of pit lake water quality are useful, long term quanti tied predictions are generally
inappropriate because of uncertainties in climate, wall-rock oxidation, water/wall-rock
reaction and groundwater composition and stability.

Eary (1998) goes on to suggest that

models which attempt to predict long-term pit lake chemistry tend to overestimate alkalinity
generation. In general, the actual concentrations of trace metals in lakes are not represented
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well by studies of mineral solubilities; so that geochemical models may have to rely on pit
wall rock leaching experiments to accurately predict trace metal concentrations (Eary, 1999).
Trends in equilibrium and chemistry are useful in creating models, however it is important to
include suspended particle chemistry, redox transformations, alteration processes and
sediment mineralogy to refine and improve predictions (Eary, 1999). Study by Totsche et al.
(2003) proves that while specific information about the individual ground water meehanics
and strength of the buffer systems at each lake is required, knowledge of the general buffer
systems in acid lakes enhanees the predictability of pH and water quality in mine pit lakes.

The prediction of water chemistry in nunc lakes using a method called "the nunc wall
technique" has been created by Morin and Hutt (200 I) by collating and studying previous
prediction attempts since the late 1960s. They explain how key input criteria are unit-surface
area production rates, total reactive rock-surface area, and time-varying reaction-product
retention and flushing.

This technique goes some way to address the issues raised by

Kempton et al. (2000) and Eary (1999).

One of the major inputs to pit lakes is groundwater. rates and quantities of which are not
easily measured. Marinelli and Niccoli (2000) present a series of steady state equations for
estimating ground water inflow to a mine pit lake. The equations they present are discussed
in more detail in Appendix Dii, with estimations for ground water flow into the main pit lake
at Wangaloa.

Phillips and Wheaton (1999) used chemical and hydrological estimates of

several components of the water balance and sediment geochemistry to evaluate the
groundwater behaviour affecting a coal strip lake in south eastern Montana. Although levels
of major cations and sulfate in the lake were very high, the pH of the ground water was
buffered by carbonate formations. Improvements in water quality observed in the lake over
the study were the results of dilution by surface runoff, microbial action and redox reactions
occurring in the lake; thus these factors appear to be important in the study of any lake
modelling project.

2.5.6 EXAMPLES OF COAL MINE PIT LAKE CHEMISTRY
Table 2.3 gives an example from a coal mine pit lake in East Germany, and also shows
previous analysis carried out at the Wangaloa pit lakes in February/March 200 I.

The

Cospuden lake analysis shows much lower pH than the Wangaloa lakes, and has much higher
concentrations of metals as a result. Conversely, the Eastern American data shows an average
pH much higher than the other pit lakes, but has more iron and sulfatc. The Wangaloa lakes
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exhibit higher pH and lower concentrations of dissolved metals.
seem to be dissolved and not attached to colloidal matter.

Excluding iron, all metals

Johnson's Lake is similar in

concentration to the main lake for most metals except iron and manganese.

Table 2.3. Examples of coal mine pit lake chemistry. Cospuden, East Germany data is an average of three
sampling dates and three sampling depths (0, 0.6, Im) from (Woeltl et al., 2000). Data from Western Interior,
Eastern Interior and Appalachian Coal Basin is an average of 15 lakes from Wicks et al. (1991). Two pit lakes at
the Wangaloa open cast coalmine site (Main Lake, Top Lake) are also shown (Chemsearch 20()!). Johnson's
Lake is downstream of Wangaloa coal mine, and is shown for comparison (Chemsearch, 2001). D = Dissolved
fraction, TR = Total Recoverable. All values in m rL- 1 unless otherwise stated.

Cospuden
Lake
waters
H

H units
Tern erature QC
Dissolved ox Jen

\V Interior,
E Interior,
Appalachian
Coal Basin
6.27

Main Lake
\Vangaloa
D

Top Lake
Wanguloa

D

TR

J

Turbidit· NTU)
Suspended Solids
( >nf

3

)

Nitrate + nitrite
Ammonia
Phos hate
Sulfllte
Chloride
Potassium
Sodium
Calcium
Ma znesium
Aluminium
Iron
Co er
Nickel
Zinc
Man zanese

Arsenic
Total inor ranic C
Total or zanic C

66
460
450

250
2200
0.t4
tA
3.7

20
560
25

26

2.6 THE ROLE OF WETLANDS IN ACID
ENVIRONMENTS
2.6.1 WETLANDS AS A REMEDIATION TOOL
Wetlands are of great importance to the rehabilitation of acid mme drainage environments
because of their natural ability to immobilise metals by one of four methods: adsorption,
biological uptake, precipitation as oxyhydroxides and precipitation as sulfides (Sjoblom,
2003). They also have potential to filter suspended solids and retain them by physical means
(Lottermoser, 2003).

Wetlands are useful from a rehabilitation perspective as they are

economically viable, low maintenance and require little infrastructure (August et al., (2002).
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The reduced use of energy and chemicals at a site usmg natural remediation, and the
possibility of using them to dispose of organic waste improves resource use and general
sustainability (Sjoblom, 2003). Other researchers (e.g. Cole and Lefcbvre, 1991) point out
that while wetlands can improve pH and reduce levels of trace metals in the water transport
system; they also provide valuable and unique habitats for both plants and animals.

As a

result, wetlands have often been employed in acid mine drainage environments as remediation
measures. However, there are some important factors that impact the effectiveness of wetland
remediation systems, including: site heterogeneity, wetland age, variable metal loading rates,
size of wet land, and seasonal impacts on hydrological conditions, reactions and microbial
activity (Tuttle et aI., 1969; Brugham et al., 1995 and Mitsch and Gosselink, 2000). In effect,
the ability of wet lands to improve water quality in an acid mine drainage system is dependant
on the individual site. This site specific behaviour is shown by examples of contaminant
removal from surface waters presented by Haslam (2003; and references within). Wetlands
have been proven to remove 25-97% of nitrogen, 20-99% of phosphorus, 82-99% of iron, 998% of manganese and 54-98% of the suspended solids in solution.

Sasaki et al. (2003) track the movement of contaminants through a wetland receiving AMD.
In the upstream portion of the wetland, dissolved Fe and Mn was removed from solution by

the precipitation of oxides, while organic matter also helped to remove dissolved Cu and Zn.
In the centre of the wetland, heavy metals were removed during uptake by vegetation, while
in the lower reaches, increased activity of sulfate reducing bacteria and high clay abundance
achieved low-level metal removal.

August et al. (2002) study a group of wetlands receiving AMD in the Rocky Mountains, and
prove that the seasonal variation in pH, iron, zinc, manganese and sui fate concentrations is a
function of water flow; the higher the flow, the higher the concentration of transported metals,
sulfate and acidity. They also found that during times of low flow, the wetlands effectively
removed iron (>95%) and zinc (65%), while manganese retention was lower and highly
seasonal. During times of high flow, it seemed that the retention capability of the wetIands
was overwhelmed.

Studies have also made the link between wet lands and a reduction in sulfate export (e.g.
Dillon and LaZerte, 1992). Sulfur metabolism occurs in wetIand sediments due to anoxia
created by high water tables, and it appears that the frequency of aeration of these sedimenrs
is the most important condition dictating relative S accumulation and SO/- runoff (Devito
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and Hill, 1999).
including

The frequency of aeration is in turn controlled by hydrologic factors

catchment

physiography,

groundwater

connections,

soil

characteristics and depth, rainfall and geology (Devito and Hill, 1999).

water

retention

Devito and Hill

(1999) found that the results of S042- cycling at one wetland cannot be extrapolated to another
without prior knowledge of its hydrogeology.

2.6.2 EXAMPLES OF WETLAND CHEMISTRY IN COAL MINES
Table 2.4 below gives an indication of wet land soil and water chemistry in the Burning Star
No 2. Mine which utilises the Herrin coal seam in Perry County, lllinois.

Notice that

conductivity in wetland waters is high, indicating a high dissolved load, and that water
hardness and soil exchangeable calcium are high compared to the other exchangeable base
cations. Organic matter in wetland soils is high, even though the wet lands were only 10-12
years old.

Table 2.4. Examples of wet land chemistry (average of data from five wetlands) in the Burning Star No. 2 mine
in Perr Count, Illinois (Cole and Lef'ebvre, 1991). All values in m rL-\ unless otherwise stated.
Wetland waters
Wetland soils

Tem erature Cc)
Conductivit ( S
Saliuit ' ( t)
Alkalinitv (m 'L- 1 CaCO,)
Total hardness m L-1CaC 0 3 )
Nitrate + nitrite

16.5
5.6
63
79.8

Ammonia

Phos hate
Sulfate
Chloride

26

Potassium
Calcium
Ma znesium

137
6530
9.8

Iron
Co er

19.7

Aluminium

Man ranese

2.6.3 MEASUREMENT OF Eh IN WETLANDS
Eh, or redox potential, is a numerical measure of the intensity of oxidising or reducing
conditions, with positive potentials representing oxidising conditions and negative potentials
representing a relatively reducing environment (Hem, 1985).

Eh can be measured

independently or theoretically from pH, by using equation 2.19 shown below (from
Langmuir, 1997):
Eh
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=

0.88 - 0.059pH

(2.19)

Independently measured field Eh can be extremely valuable in environments where the
variables are well known or under control (Stumm and Morgan, 1996). Measuring Eh in the
field often does not return values that one would expect by calculating then theoretically.
Sometimes the presence of the electrode disturbs the system, as some redox couples do not
behave in a reversible fashion at the metal electrode surface (Hem, 1985). Other difficulties
with measuring Eh in the field are the slow kinetics of most redox couples which results in a
disequilibrium, and mixed potentia Is which commonly occur in natural waters (Langmuir,
1997).

2.6.4 EFFECT OF BIOLOGICAL DECAY ON WATER QUALITY
Although not directly related to opencast coal mining, a brief discussion of how decaying
organic matter may affect ground and surface water quality is appropriate because many areas
within the Wangaloa coalmine have been used to bury the initial Pinus radiata crop that was
planted in 1981 (discussed further in section 3.4.3). Little research has been undertaken into
decay of Pinus radiata under anaerobic conditions, but the following discussion may be
loosely applied.

High rates of decay of woody debris appear to be favoured in wet conditions high in nitrogen
(Lambert et al., 1980). Arthur et al. (1993) found that after 23 years, tree trunk mass in a
hardwood forest decreased by 90'Yo and that nutrient release ranged from 31% (nitrogen) to
93% (potassium), although they state that decay rates are higher relative to rates of conifer
tree decay. Krankina et al. (1999) use evidence from Scots pine decay to suggest that early in
the decomposition process, high rates of nutrient release are due to the sloughing of bark,
after which the release of nutrients level off. Results from Lambert et al. (1980) support this,
showing an early pulse in the release of Ca, Mg, K and P from fir trees. The decay of Norway
spruce logging residues has been studied by Palviainen et al. (2004), who found that after
three years of decay, 90% of K had been removed from residue, with 8% of Ca, 55% of Fe
and 61 % of AI. In contrary to the work of Lambert et al. (1980), this indicates that Ca is
preferentially retained within tree residues when compared to Fe, Al and particularly K,
which are preferentially leached. Graham and Cromack (1982) show that N:P ratios increase
with increasing spruce tree decay, meaning that P is preferentially leached from tree trunks
relative to N during decomposition, also supporting the work of Lambert et al. 1980). High

pH has been reported by Tsutsuki and Ponnamperuma (1987) to favour bacterial activity,
resulting in rapid decomposition in anaerobic soils. They also found that high amounts of
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active iron and manganese delays the attainment of a reduced state, delaying nutrient release.
However, Schipper et al. (1994) point out that the presence of decomposing plant material
(including Pinus radiata needles) provides labile carbon which promotes denitrifying bacteria
and consequently releases NO, as N 2, which is lost to the atmosphere.
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