Environ Earth Sci (2010) 60:1425-1437
DOI 10.1007/512665-009-0278-z

ORIGINAL ARTICLE

Geoecology of ecosystem recovery at an inactive coal

mine site, New Zealand

Cathy G. Rufaut - Dave Craw

Received: 25 March 2009/ Accepted: 18 August 2009 / Published online: 3 September 2009

© Springer-Verlag 2009

Abstract Ecological restoration of the Wangaloa coal
mine in southern New Zealand is hindered by a range of
geoecological factors. The site has some substrate acidifi-
cation (down to pH 1) and acid rock drainage with dis-
charge waters initially down to pH 4, although this has
since risen to ca. pH 6. Surface and ground waters develop
elevated sulfate (up to 700 mg/kg) during oxidation of
pyrite in coal and quartz in waste rock. Coal has elevated
boron content (up to 450 mg/kg) and surface waters on
coal-rich waste rock have up to 6 mg/L dissolved boron.
Evaporation causes formation of salt encrustations domi-
nated by gypsum with minor boron salts. Boron is bio-
available and may be at toxic levels (>200 mg/kg) in some
plants. Quartz-rich waste rock is readily eroded, and
develops a cm-scale low-nutrient quartz pebble armouring
layer with low water retention properties. All waste rocks
including loess siltstone have low nutrient contents, and
low moisture retention properties, that are barely sufficient
for plant establishment. Native plants introduced to the site
during rehabilitation have grown on loess substrate (up to
fivefold increase in height over 3 years), with poor or no
growth on coal-rich and quartz-rich substrates. In contrast,
natural colonisation of manuka (Leptospermum scoparium)
has been most effective at revegetation on even the most
hostile substrates. This natural revegetation has been
facilitated by islands of manuka established accidentally
during 60 years of mining history. Manuka from local
genetic stock is most viable for this revegetation, and
introduced manuka seedlings have had a 70% mortality
rate. Natural plant colonisation is the key step in overall
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ecosystem recovery, and invertebrates rapidly colonise
beneath new shrubs irrespective of the nature of the sub-
strate from vegetation islands that have high invertebrate
numbers and species richness.
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Introduction

Mining inevitably causes disturbances of the land surface
and associated biota. In the past, most mine sites were
abandoned, and natural rehabilitation processes were relied
upon to develop new ecosystems on the disturbed land
(Roberts et al. 1981; Bradshaw 1983; Russell and La Roi
1986; Bell 2001; Prach and Pysek 2001; Wanner and
Dunger 2002). All disturbed land will develop new and
sustainable ecosystems eventually, but considerable erosion
and dispersal of mine site materials may take place before
that occurs (Munshower 1994; Wong 2003; Pensa et al.
2004). In addition, nearby human populations are becoming
progressively less tolerant of long-term disturbed sites in
their midst. Hence, rapid development of new ecosystems
on mine sites is now a high priority for any mining venture,
and commonly a regulatory condition imposed before
mining starts (Bell 2001; Prach and PySek 2001; Pensa et al.
2004). Nowadays, planning of the rehabilitation stage is
part of the overall mine plan before the mine opens and
simple steps, such as stockpiling topsoil for subsequent
plant establishment, can facilitate rapid ecosystem restora-
tion (Carroll et al. 2000; Holmes 2001; Bell 2001; Pensa
et al. 2004). Planning of the rehabilitation activity can be
considerably enhanced by a close knowledge of the natural
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processes of rehabilitation that occur on disturbed lands,
because the natural processes are normally the most effi-
cient and effective for a particular site (Russell and La Roi
1986; Holmes 2001; Bell 2001). This study examines nat-
ural ecosystem recovery in the context of subsequent and
related anthropogenic restoration activity, all on the same
mine site.

The nature and speed of natural ecosystem recovery
depends on the physical and chemical constraints imposed
by the geology of the mine site. Sites may be affected by a
combination of many factors, such as low-nutrient rocks,
elevated concentrations of metals, the presence of mine-
related toxins, steep and unstable slopes, and harsh climatic
conditions (Russell and La Roi 1986; Mench et al. 2003;
Neel et al. 2003; Widerlund et al. 2004; Craw et al. 2006;
Mains et al. 2006). In addition, natural ecosystem recovery
depends on availability of suitable colonising species that
can contribute to the required biological succession (Rob-
erts et al. 1981; Russell and La Roi 1986; Prach and Pysek
2001; Wanner and Dunger 2002). There is therefore a
complex set of inter-relationships between geology and
ecology that arises during mine site rehabilitation and these
control the success and rate of new ecosystem development
(Roberts et al. 1981; Davis et al. 1997; Wanner and Dunger
2002; Craw et al. 2006). Knowledge of these geoecological
inter-relationships is key in developing a management
strategy for rapid and successful anthropogenic mine-site
rehabilitation.

This study describes a wide range of geological site
factors that contribute to, or restrict, ecosystem recovery at
an abandoned coal mine site. Most of the ecosystem
recovery was natural, and site rehabilitation has been
interrupted and locally enhanced by recent anthropogenic
activity facilitating accelerating ecosystem recovery. A key
aim of this paper is to identify and compare the different
geological factors at the site that affect ecosystem recov-
ery, so that the relative significance of these various factors
can be quantified. In-depth accounts of the nature of sev-
eral individual geoecological factors at this site have been
published previously (Craw et al. 2006, 2007; Begbie et al.
2007), but this paper is the first attempt at linking and
integrating all these factors. Knowledge of the inter-rela-
tionships and relative significance of the various geoeco-
logical issues at a mine site is important for management of
anthropogenic site restoration, so that key issues can be
addressed rapidly and resources are not wasted on less
important or irrelevant issues.

General setting

The coal mine site used for this study (Fig. 1) is at
Wangaloa in southern New Zealand (169°54'E; 46°17'S),
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3 km from the east coast (Pacific Ocean). The site occurs in
rolling hills with locally steep relief (ca. 120 m), with a
cool temperate maritime climate. Rainfall is 700-
1,000 mm/year, and mean annual temperature is ca. 12°C.
Rainfall is distributed evenly through the year, but periodic
dry spells occur for up to a month at a time, especially in
summer. These dry spells result in abundant evaporational
drying of bare land surface and formation of mineral
efflorescences (Begbie et al. 2007).
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Fig. 1 Maps of the Wangaloa mine site, showing geoecological
features relevant to the rehabilitation programme. a Hydrogeology
map, showing the main surface and ground water features and
drainage directions, and the wetlands, and main areas of waste rock
within the drainage system. b Paste pH results for 229 substrate points
over the mine site, measured in 2003. ¢ Principal vegetation cover in
and around the site, with the main patches of naturally regenerated
native shrubs indicated. Dashed box shows the location of the eastern
portion of Fig. 3
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Rehabilitated loess slopes.

Fig. 2 Photographs of the Wangaloa site, showing some key features
of geoecological significance. a Poorly vegetated quartz-rich sub-
strates (white, centre) that have not been recontoured in the Eastern
waste rock pile (Fig. la), showing erosion rills. Wetland in
foreground has tall (4 m) manuka that has colonised from a forest
remnant nearby, and slopes in the background have loess-rich
substrate that has been cleared of weeds and planted in native shrubs.
b Quartz-rich waste rock on the acid slope (Fig. 1a), with a cement of

The mine was developed in the Late Cretaceous Taratu
Formation, which consists mainly of conglomerate with
minor sandstone, siltstone and mudstone, and numerous
coal seams ca. 10-m thick (Harrington 1958). The Taratu
Formation at Wangaloa has been extensively eroded over
the past 5 million years, as the area lies between two active
faults that are causing localised uplift. The mined coal
seam at Wangaloa is in the hinge of a shallow northeast
plunging anticline (Fig. 1a). Low sea levels during the last
glacial period (ca. 14 ky) exposed glacial silt from the
nearby Clutha River near the shoreline, and this was blown
onshore to form a blanket of silt (loess) over the topogra-
phy (Bruce 1973). This loess veneer is up to 5-m thick,
especially on leeward slopes and where local reworking
has concentrated it into colluvial channels incised into the
underlying Taratu Formation. Loess consists of quartz,
albite, muscovite and chlorite derived from the Otago
Schist basement inland from Wangaloa. Coal exposed at
the surface went on fire at several localities, probably
because of spontaneous combustion of piles of eroded fine
coal at outcrops. Remnants of resultant baked sediments

pyrite in one piece (centre). Acid from oxidation of this pyrite has
killed grass in the immediate surrounds. ¢ Coal-rich waste rock with
scattered quartz pebbles, forming a substrate hostile to plant growth.
Native plantings have little growth or have died, but colonisation of
manuka from a nearby bush patch (rear) is occurring. d Healthy
native plantings (Hebe spp. and Griselinia littoralis) on loess
substrate, with adventive grasses suppressed by herbicide

and paralavas are widespread in the Wangaloa area, and
form a significant part of the waste rock locally.

Loess and other surficial materials were removed as
overburden when the mine was opened in the 1940s, and
deposited in waste dumps on site. As the mine developed,
most waste rock at the mine site consisted of Taratu
Formation conglomerate made up of quartz pebbles (up to
2 cm) with a matrix of finer-grained quartz, muscovite,
and kaolinite (Fig. 2a). This material was deposited on
top of the loess in places, and waste dumps rich in quartz
pebbles now cover several hectares (Fig. la, b). Coal in
the main seam at Wangaloa is rich in sulfur (typically
4-5 wt%) that is partly dispersed through the organic
matter (Suggate 1959), and is partly present as pyrite
(Begbie et al. 2007). Pyrite also cements quartz con-
glomerate immediately above the coal seam (Fig. 2b).
Pyrite oxidation products include gypsum, jarosite, and
iron oxyhydroxide, and these commonly occur as surface
coatings on coal fragments and associated quartz pebbles
in the vadose zone of waste rock piles. Unsaleable high-
ash coal was also deposited in waste dumps with some
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Fig. 3 Map of natural revegetation by predominantly manuka
colonisation on a range of waste rock substrates at the western edge
of the mine site (Fig. Ic)

admixed quartz pebbles (Fig. 2c), and mineral efflores-
cences are common on this waste rock.

Mining activity created wetlands on the site, as waste
rock dumps grew progressively across the natural drainage
system (Fig. 1a). The largest of these, the upper wetland
and southern wetland (Fig. 1a) have formed behind quartz-
rich waste rock piles. The lower wetland lies at the foot of a
major waste rock pile (eastern overburden; Fig. 1a) and
this wetland formed behind a natural landslide downstream
of the site.

The mine was closed in 1989, leaving a depression
partially filled with waste rock piles, and cliffs (high walls)
of quartz conglomerate to the north and south (Fig. 1a).
Low points in the site became lakes, with the lowest part of
the mine forming the largest lake (Main Lake; Fig. 1a) that
discharges excess water to a wetland (Lower wetland;
Fig. 1a). By that time, some of the waste rock dumps had
become partially revegetated by natural colonisation
(Figs. 2a, c, 3; Craw et al. 2007). In addition, in preparation
for closure some of the site and surrounds were planted as
pine plantation forest (Pinus radiata; Fig. 1c) in the 1980s.

@ Springer

in the Main Lake having water with pH between 4 and 5
(Black and Craw 2001).

A more concerted effort for rehabilitation of the site
began in 2000, with the aim of re-establishment of native
vegetation to form a recreational area. Pine trees were
removed, waste rock was partially recontoured, and
adventive weedy shrubs (mainly gorse, Ulex europaeus)
were removed (Fig. 2a). Patches of naturally regenerated
native bush were retained in this process (Figs. lc, 3).
More than 70,000 New Zealand native plants were em-
placed over the unvegetated parts of the site in individual
peat-rich blocks containing slow-release fertilizer, begin-
ning in 2003 (Fig. 2c, d). Weeds were controlled with
herbicides where necessary, to limit competition with the
plantings (Fig. 2d).

Methods

Observations and field and laboratory data were collected
for a wide range of geoecological factors at the site
between 2002 and 2007, in order to evaluate the success of
the anthropogenic rehabilitation, and to compare these
rehabilitation results to natural regeneration of ecosystems
that had been occurring on the site beginning in the 1940s.
Details of methods for most of the data collection and
analysis have been published previously (Craw et al. 2006;
Rufaut et al. 2006; Begbie et al. 2007), and a summary is
provided here.

Water samples from a range of streams, lakes, bore-
holes, and wetlands (Fig. 1a) were collected for major ion
analysis and limited trace metal suites (Begbie et al. 2007).
Dissolved sulfate was analysed via ion chromatography,
and alkalinity was determined by potentiometric titration.
Chloride analysis was done with a FOSS Tecator Fluid-
Injection Analyser (FIAstar 5000). Cations were analysed
using a Varian SpectrAA 220 FS atomic absorption spec-
trophotometer. Detection limits for cations and sulfate were
1 mg/L, for alkalinity was 1.2 mg/L, and for chloride was
0.06 mg/L. Samples for trace elements analysis were fil-
tered on site (0.45 um) and collected in acid-washed plastic
bottles with nitric acid added in the field for preservation.
Total dissolved B analyses were done by ICP-MS, with
detection limit of 0.005 mg/L. Copper, As, Pb, and Zn
analyses were obtained by flame atomic absorption spec-
troscopy (Black and Craw 2001). Water pH was deter-
mined in the field using a portable Oakton meter calibrated
with standard pH solutions.

Samples of substrates were taken mainly from the upper
30 cm, and there are negligible chemical differences
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between surface samples and deeper (>50 cm) samples in
the same substrate type. Paste pH of substrates over the site
(Fig. 1b) was obtained from distilled water slurries of
substrates over the disturbed part of the site (Fig. 1b).
Slurries and measurements were made in the field by the
method of Sobek et al. (1978). Total sulfur (S) contents of
coals were determined using a Carlo Erba Elemental
Analyser EA 1108, and total B contents were determined
by Eschka fusion followed by ICP-MS analysis (Craw et al.
2006). Total N, Olsen P, major cations, CEC, organic
matter, and pH were determined by standard soil methods
(Blakemore et al. 1987). Substrate moisture content was
estimated from fresh samples that were weighed, dried at
105°C for 16 h, and then re-weighed to calculate a mois-
ture factor.

Invertebrate diversity on vegetated, unvegetated and
rehabilitated surfaces was determined from random col-
lections of substrate cores (7 cm width; 0-5 cm depth),
which included leaf litter. Invertebrates were extracted
from sampling cores over 48 h under a 60 W lamp bulb
positioned 20 cm above the core (Rufaut et al. 2006).
Extracted invertebrates were collected live on plastic discs
floating on top of water in collection jars. Substrate
invertebrates were separated into different orders and
counted. Beetles were examined in more detail on naturally
revegetated hillslopes to obtain an idea of the types of
species that may colonise adjacent areas of rehabilitated
waste rock (Fig. 1c). Beetle species diversity and abun-
dance were determined on litter samples collected from
beneath vegetation dominated by native trees, mostly ma-
nuka (Leptospermum scoparium) and/or kanuka (Kunzea
ericoides), in differing sized patches that remained after
mining and rehabilitation earthworks were completed
(Fig. 1c). The beetles were removed from the litter in heat
extraction funnels over 48 h, using 150 W light bulbs
positioned 40 cm above the litter.

Foliage samples from a range of plants introduced during
the anthropogenic rehabilitation in 2003 were sampled in
2004 after 1 year of growth. These samples were washed to
remove dust, oven dried, powdered with a steel grinder,
digested with nitric and hydrochloric acids, and analysed for
P, B, Zn and Cu by ICP-MS (Craw et al. 2006). Growth
success of a selection of introduced plants was quantified by
observations of mortality, and measurement of heights of
surviving plants in 2003 and again in 2006 (Todd et al. 2009).

Results
Acid rock drainage

Most substrates exposed during the site rehabilitation have
moderately acid paste pH over the site (pH 3.6-5.4;

Fig. 1b). This range is more acid than background soils
developed on Taratu Formation rocks elsewhere in the
region, which are typically weakly acid (pH 5-5.5). In
addition, some substrates have more acid paste pH, ranging
from 3.6 down to 1 (Fig. 1b). Coal-bearing waste rock
dumps are typically strongly acidic, with pH near 3. The
most acid substrates developed after the 2003 paste pH
survey (Fig. 1b), on a slope immediately north of the
Upper wetland (Fig. 1a). Recontouring of this slope as part
of the rehabilitation operation exposed quartz-rich waste
rock with a cement of pyrite (Fig. 2b). Sulfuric acid from
oxidation of that pyrite acidified surrounding substrate on
the cm scale (Fig. 2b), and rainwater runoff spread this
acid downslope so that within a year, the whole lower part
of the slope had pH near 1 (Begbie et al. 2007).

The sulfur-bearing substrates on the site cause acidifi-
cation of the surface and ground waters over the whole site,
although acidification is less intense than for the acid slope
described above. This water—rock interaction shows up in
major ion concentrations of waters, particularly with the
proportion of dissolved sulfate (Fig. 4). Background waters
are dominated by chloride (Figs. 4a, 5a) from marine

S04
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HCO3 ' cl

HCO; ' cl

Fig. 4 Ternary diagrams showing relative proportions of principal
dissolved ions in surface and ground waters and lakes at the
Wangaloa site. Incoming water is dominated by chloride, and most
site waters show varying degrees of sulfate dissolution from substrate
acidification (Fig. 1b)
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Fig. 5 Geoecological features of water chemistry at the Wangaloa
site. a Variations in dissolved chloride and pH. b Variations in
dissolved sulfate and dissolved boron

aerosols in rain (Craw and Beckett 2004). Most of these
waters are dilute (Cl~ < 50 mg/L), but some incoming
groundwater has ClI™ near 100 mg/L (Fig. 5a). This back-
ground chloride is progressively overwhelmed by dissolved
sulfate when the waters come in contact with the various
substrates on the mine site, and dissolved sulfate ranges up
to 700 mg/L (Figs. 4b, 5b). These waters eventually make
their way to lakes on the site (Fig. 1a), and lake waters are
dominated by dissolved sulfate (Fig. 4c). However, the
lake waters have only moderate concentrations of sulfate
and chloride because these waters are a mixture of all site
waters (Figs. 4c, 5a, b). The substrates contain negligible
carbonate minerals, so the water—rock interaction does not
yield significant dissolved carbonate in any site waters
(Fig. 4b, c).

Despite the dominance of dissolved sulfate, not all the
site waters are acid, and there is a wide range of surface
and ground water pH, from 3 to 7 (Fig. 5a). Main lake
water had pH near 4 at the start of the rehabilitation pro-
gramme, and that rose erratically to near 6 by 2006 (Begbie
et al. 2007). The rise in lake pH was assisted by addition of
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Fig. 6 Geoecologcal features of solids and plants at Wangaloa site.
a Concentrations of sulfur and boron in the coal seam (Fig. 1a) and in
coal-rich waste rock substrates in which plants are being established.
b Phosphorus and boron contents of plants growing on the three
principal substrate types

hydrated lime in 2002, and the higher pH had stabilized by
2004 even though water residence time in the lake is only
2 years (Begbie et al. 2007).

Elevated boron concentrations

The coal extracted from the main seam in the Wangaloa
mine has elevated boron content (up to 450 mg/kg; Craw
et al. 2008) although B concentrations are variable
(Fig. 6a). Likewise, coal fragments in waste rock piles at
the site also have elevated B contents (Fig. 6a). These
elevated B contents are typical of coals formed in a mar-
ginal marine setting (Goodarzi and Swaine 1994; Craw
et al. 2006), and accompany the high sulfur contents that
also arise in a marginal marine setting (Fig. 6a). Weath-
ering of coal fragments in the waste rock piles liberates
both sulfur and boron, and these elements are locally
concentrated by evaporation to even higher levels as gyp-
sum-rich efflorescences on coal fragments and adjacent
waste rock particles. Boron occurs as boric acid and/or
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colemanite (Ca;B¢O;,-5H,0) in these efflorescences (Craw
et al. 2006).

Boron in coal and associated efflorescences on waste
rock piles is readily mobilised into solution during rain
events, and ephemeral ponds have 3-6 mg/L dissolved
boron. The locally high levels of boron at the surface of
waste rock piles are diluted in streams and groundwater
(Fig. 5b). In addition, adsorption of boron to iron oxyhy-
droxide precipitates formed from oxidation of pyrite in the
waste rock results in further attenuation of boron (Craw
et al. 2006). Consequently, lakes on the site which receive
surface and ground waters have dissolved B near 1 mg/L
(Fig. 5b).

The elevated levels of boron in the surficial zone of the
coal-bearing waste rock are transferred to the plants
growing on that waste rock. These plants have B contents
in their foliage up to 200 mg/kg dry weight, distinctly
higher than the same species growing on loess and quartz-
rich substrate (Fig. 6b). The distinction between quartz-
rich and coal-rich substrates is not clear-cut, as coal
fragments occur in both types, to some degree. Hence,
there are boron sources in some quartz-rich waste rock,
and elevated boron contents arise in some plants on
quartz-rich waste rock as well (Fig. 6b).

Nutrients

The waste rock and adjacent mine site substrates are
essentially variably disaggregated rocks that have been
highly disturbed by mining activity (to 1989) and sub-
sequent recontouring (2002), so negligible soil develop-
ment has occurred in these substrates. Nutrient availability
is therefore limited to those directly released from the
rocks. However, leaf litter accumulation has occurred
beneath natural revegetation patches, which facilitates
additional ecosystem development (Rufaut et al. 2006;
Craw et al. 2007). Apart from this litter, plants are
becoming established in essentially barren rock material,
and traditional soil nutrient parameters are not strictly
applicable to this material. Nevertheless, a general indi-
cation of nutrient status of the substrates can be obtained
with these traditional soil parameters, and some data are
presented here in comparison to primitive soils in the fully
vegetated large patch of regenerating native forest on the
north side of the site (Fig. 1a). Available nutrient levels in
all substrates on the site are generally low but adequate for
growth of vegetation. The loess and quartz-rich substrates
contain negligible organic matter. Coal, by definition, has a
high organic content, but the availability of this organic
matter for plant growth is poorly known (Vetterlein et al.
1994).

Loess contains the most nitrogen, and although these
levels are variable, they commonly exceed the total N
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Fig. 7 Nutrient status of the three principal substrate types at
Wangaloa mine site, compared to a fully regenerated forest patch
on the margin of the site. a Total nitrogen and Olsen phosphorus.
b Cation exchange capacity, and percentage of moisture present in
substrate samples

levels in the regenerating forest (Fig. 7a). In contrast, most
quartz-rich and coal-rich substrates have low total N,
although a few coal samples have anomalously high total N
(Fig. 7a). The N in loess and quartz-rich substrates is
located predominantly in muscovite (Pitcairn et al. 2006),
whereas the N in coal-rich substrates is contained in the
organic component of coal (up to 0.8 wt% N; Suggate
1959). The availability of these geological N sources to
plants is poorly known, but the natural revegetation pro-
cesses occurring at the site demonstrate that some of this N
is being released.

Plant-available phosphorus, measured as Olsen P, is
similar in all substrates, and similar to that of the regen-
erating native forest (Fig. 7a). Quartz-rich waste rock has
the lowest Olsen P (Fig. 7a), but this is largely a result of
dilution of sample material by inert quartz. The matrix
material in the quartz-rich substrates, in which plants
extend their roots for nutrient uptake, has similar Olsen P
to the other substrates when analysed without quartz pebble
dilution (Craw et al. 2007). Accessory apatite is the main
source of P in the quartz-rich and loess substrates, and
some P is dispersed through the organic matter in coal, to
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locally high levels (up to 120 mg/kg; Fig. 7a). There is
negligible difference in P contents of plants, introduced
during rehabilitation of the site, on the three different
substrates (Fig. 6b). These plants were introduced with
P-bearing fertilizer in 2003 and the effects of minor dif-
ferences in P contents of the substrates may not have been
fully apparent a year later, although differences in substrate
boron contents were apparent in plants at that time
(Fig. 6b).

Cation exchange capacity (CEC) of the substrates is
similar to that of the developing soil in the regenerating
native forest, although the waste rocks display considerable
variability (Fig. 7b). Potassium and sodium from weath-
ering of muscovite and albite are the most abundant cations
available in the loess and quartz-rich substrates. The
apparently low CEC of many quartz-rich substrate samples
(Fig. 7b) arises because of dilution by quartz pebbles (see
above), and the matrix of this material commonly has high
CEC. Likewise, some high-ash coal fragments in the coal-
rich waste rock piles have abundant muscovite and clays,
and high CEC (Fig. 7b). Dissolution of gypsum, formed
during weathering of coal, releases Ca from coal-rich
substrates.

The high degree of anthropogenic disturbance of the
mine site resulted in open textures and high porosities and
permeabilities in all substrates. These physical effects,
combined with the negligible organic matter in the soil and
low clay contents, has resulted in substrates with poor
water retention properties (Fig. 7b). This has been exac-
erbated by the lack of vegetation cover, so that the sub-
strate surfaces dry rapidly after rain events, and this drying
process extends to at least a metre in low-rainfall seasons.
Loess has higher clay content than the other two waste
rocks, and consequently has the highest measured moisture
contents of the site substrates (Fig. 7b). The measured
moisture contents of all three substrate types is distinctly
lower than those of soils in the regenerating native forest
(Fig. 7b).

Revegetation

Natural regeneration of vegetation on the site has been
most effective on loess substrate. The first waste rock piles
constructed during initial mine development in the 1940s
were dominated by the loess that capped part of the original
topography. These waste rock piles have been almost fully
revegetated by natural colonisation, mainly with native
species (Rufaut et al. 2006; Craw et al. 2007). Likewise,
disturbed parts of the site that have not been mined and still
retain their loess cap have undergone natural revegetation,
albeit mainly with exotic weed species. In contrast, natural
revegetation of quartz-rich and coal-rich waste rock has
been less successful, and introduced native plants have
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grown more poorly than those on loess substrate (Fig. 8).
Natural revegetation of the different waste rock types by
native plants is dominated by colonisation by manuka
(L. scoparium), and the following descriptions focus on this
species. Other species that accompany, and locally suc-
ceed, manuka are indicated in Table 1.

Quartz-rich waste rock piles are more readily eroded
than loess, and manuka colonisation has been poor on steep
slopes (Fig. 2a). Erosion of this type of waste rock leads to
preferential removal of fine matrix material, leaving a
substrate with an armouring layer of quartz pebbles up to
5-cm thick. This high porosity, low nutrient layer prevents
establishment of seedlings. Erosional rills in the waste rock
piles locally accumulate finer grained material with more
available nutrients, and manuka can establish in these rills
(Fig. 2a). However, this establishment can be temporary, as
large rain events cause erosion and/or burial of the colon-
ising plants. The flat tops of quartz-rich waste rock piles,
from which the waste was dumped, have been less prone to
erosional processes, and these have become more effec-
tively colonised where ongoing human disturbance (e.g.,
roads) was minor.

All the above colonisation-inhibiting processes can be
mitigated by the presence of admixed loess in the surficial
zone of quartz-rich waste rock. Lumps of loess-rich
material as small as 50 cm across can act as a nucleus for
manuka colonisation on even the steepest slopes in quartz-
rich waste rock. Litter from shrubs growing on a patch of
loess-rich substrate helps to bind the surface zone of
adjacent quartz-rich substrate. This litter also facilitates
new colonisation by manuka, or colonisation by moss in
the shade of established plants, followed by new manuka
establishment. These mechanisms have facilitated manuka
colonisation of sloping surfaces in the Eastern waste rock
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Fig. 8 Comparison of height increase in individuals of planted shrubs
on different substrates, with data extracted from Todd et al. (2009).
Shrubs were measured in 2003 and again in 2006. Line indicates
where no growth has occurred. Dead plants are excluded
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Table 1 Description of bush patches sampled for litter-dwelling beetles at the Wangaloa coal mine

Habitat category Area (m?) No. of plant Canopy species Habitat category Area (m?) No. of plant Canopy
species’ species’ species
Natural forest 92,800 47 Kamahi® Single tree
ST1 25 1 Kanuka
Large bush patch ST2 24 1 Kanuka
LP1 11,500 22 Kamahi ST3 25 1 Kanuka
LP2 8,800 19 Kamahi ST4 32 1 Kamahi
LP3 5,600 16 Kanuka ST5 31 1 Tree fuchsia
ST6 25 1 Manuka
Small bush patch ST7 20 1 Manuka
SP1 410 3 Kanuka® ST8 25 1 Kanuka
Sp2 870 10 Kanuka ST9 25 1 Kanuka
SP3 410 11 Manuka® ST10 30 1 Manuka
SP4 590 7 Manuka ST11 31 1 Tree fuchsia
SP5 390 14 Kanuka ST12 16 1 Manuka
SP6 220 5 Manuka ST13 24 1 Manuka
SP7 420 12 Manuka ST14 20 1 Manuka
SP8 150 11 Kanuka ST15 20 1 Manuka
SP9 200 8 Kanuka ST16 25 1 Manuka
ST17 20 1 Manuka
ST18 8 1 Lemonwood®

* Weinmannia racemosa (Cunoniaceae), ®Kunzea ericoides (Myrtaceae), ‘Leptospermum scoparium (Myrtaceae), 9Fuchsia excorticata
(Onagraceae), °Pittosporum eugenoides (Pittosporaceae), "Number of canopy and understorey plant species

piles (Fig. la; Craw et al. 2007) and on the western edge of
the site (Fig. 3).

Most naturally regenerated manuka was avoided during
site recontouring in 2002, and this vegetation now form
patches of shrubs of varying height (Fig. 3). These patches
are surrounded by, or adjacent to, areas of waste rock that
have lesser degrees of natural regeneration or were com-
pletely devegetated during the rehabilitation process
(Fig. 3). Pine trees planted in the initial stages of mine
closure (1980s) also inhibited natural regeneration and
growth of colonising manuka. With removal of these pine
trees, manuka that was present grew rapidly to enhance the
integrity of native shrub patches (Fig. 3).

Despite the widespread natural colonisation by manuka
on the site in general, large areas of bare waste rock per-
sisted to, and beyond, the time of site rehabilitation (2002).
These areas are underlain by quartz-rich and coal-rich
waste rock (e.g. Fig. 2c). Most areas that have been bare
for several decades have some scattered manuka shrubs
(Fig. 3), commonly as small individuals or patches centred
on fine grained material washed into shallow rills. Even
after rehabilitation and the extensive native plantings,
many of these areas remain bare, a high proportion of
introduced native plants have died, and the surviving
introduced native plants have shown poor growth (Fig. 8).

It is notable that >70% of introduced manuka plants have
died since 2003 (Todd et al. 2009). However, manuka
seedlings are actively colonising these bare substrates
around, and up to 100 m from, the patches of naturally
regenerating manuka that have been developing since the
1940s (Figs. 2c, 3). This colonisation began immediately
after site recontouring in 2002, but accelerated after 2005.
In places, this natural colonisation of manuka is crowding,
and locally out-competing, the introduced native plantings.

Invertebrate colonisation

Invertebrate assemblages on 40- to 50-year-old naturally
revegetated loess were more diverse than on loess-rich and
coal-rich waste rock, respectively. Invertebrates were less
diverse on naturally revegetated quartz-rich waste rock
compared to loess-rich waste rock (Fig. 9) because of a
sparse plant cover (see above). Unvegetated quartz-rich
waste rock areas, sampled up to 4 m from the nearest
vegetation, had few invertebrates (Fig. 9), and some sam-
ples contained no invertebrates. By comparison numbers
on unvegetated loess-rich waste rock were more than ten
times higher (Fig. 9), but no sampling sites were more than
50 cm from vegetation. Invertebrate diversity was low on
quartz-rich waste rock recently rehabilitated with plantings.
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rock substrates, and the grey box is for unvegetated plots. Dashed line
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However, numbers of individuals were comparable to
naturally revegetated substrates, and showed rapid coloni-
sation by Collembola specifically. Although the abundance
of Collembola spp (springtails) and Acari spp (mites)
strongly dominated all sites at which invertebrates were
present, other groups were more common on loess-rich
waste rock type, such as Coleoptera (beetles) and Hyme-
noptera (ants), than either naturally revegetated or reha-
bilitated quartz-rich waste rock. Some groups, such as
earthworms, amphipods, and centipedes were present only
in loess-rich substrate. Details of invertebrates present
along a gradient of waste rock types is listed by Rufaut
et al. (2006).

Beetles appeared much more abundant in and near relict
bush patches on loess (Fig. 1c), in contrast to the variably
revegetated waste rock sample sites described above. These
bush patches have well-established trees and most have a
range of understorey vegetation (Table 1), and abundant
leaf litter compared to a negligible or absent litter layer on
waste rock. A total of 81 beetle species from 24 families
were identified from the studied bush patches (C. Rufaut,
unpublished data). Beetle species richness and abundance
was greatest for large (>1,000 mz) bush patches (Table 1),
but even single relict trees had more than 20 beetle species
established beneath them (Fig. 10a). The overwhelming
majority of beetles were native (90% of species and 98%
of individuals collected), but adventive beetle counts
were locally elevated in small patches and single trees
(C. Rufaut, unpublished data),
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Discussion
Principal issues hindering ecosystem recovery

Ecosystem recovery at the Wangaloa site is largely
dependent on establishment of vegetation on the waste rock
piles. Once some vegetation is established, plant litter and
moss ensure that the substrate becomes covered, and col-
onisation by invertebrates can occur from the nearest bush
patches. Hence, the first plants to become established on a
substrate are the key to subsequent ecosystem recovery.
This first plant establishment can be by natural colonisation
or by deliberate planting. However, these first plants must
survive, and there are several issues which may affect this
plant survival, as outlined below.

Substrate acidification and acid mine drainage was per-
ceived to be one of the main environmental issues at the site
when rehabilitation commenced in 2000. Many areas of
waste rock that had remained unvegetated or poorly vege-
tated before that time had distinctly low pH substrates
(Fig. 1b). Acid mine substrates can inhibit nutrient uptake
and enhance toxic metal uptake by plants, resulting in poor
germination and death of seedlings, and death of larger
plants (Bradshaw et al. 1982; Bullock and Bell 1997; Wong
2003). Kaolinite is abundant in the matrix of quartz-rich
waste rock, and accompanying coal-rich waste rock, so
acid-mediated dissolution of this mineral may contribute to
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uptake of toxic levels of Al by plants (Bradshaw et al. 1982;
Kochian 1995; Bullock and Bell 1997; Turnau et al. 2007).
However, Monterroso et al. (1998) suggest that Al toxicity
at coal mines is limited by detoxifying effects of dissolved
ions such as Mg2+, Ca2+, and SO42_. The latter two ions are
abundant in the coal-rich substrates at Wangaloa, as indi-
cated by ephemeral gypsum efflorescences on coal frag-
ments, and these are readily redissolved in rain events to
yield high sulfate in mine waters (Figs. 4c, 5b).

Unstable steep slopes of some substrates, particularly
quartz-rich waste rock, are a major inhibitor of natural
plant colonisation (Fig. 2a). Surface erosion of these steep
slopes develops an armour zone of quartz pebbles that
inhibits seedling establishment (Craw et al. 2007). Rec-
ontouring of some of these quartz-rich waste piles in 2002
helped to ameliorate this issue over large areas of the site,
and there has been widespread natural revegetation since
then (Fig. 3). However, this substrate disturbance event
locally exposed pyrite to oxidation at the surface, and
exacerbated acidification of the substrate. The acid slope
above the Upper wetland (Fig. 1a) is an extreme example
of this, as all introduced vegetation died when pH 1 sub-
strates developed (Fig. 2b).

Elevated boron concentrations in coal fragments in
waste rock, particularly the coal-rich substrate areas
(Fig. 6a) translate into elevated boron concentrations in
plants growing on those substrates (Fig. 6b). Boron
reached toxic levels in some plants, including pine trees
planted in the 1980s (Craw et al. 2006). There is no
physical evidence of boron toxicity in plants at the site
(Craw et al. 2006). However, there has been high mortality
and poor growth of plants introduced in 2003, and boron
toxicity cannot be discounted. In particular, introduced
plantings of the native shrub Griselinia littoralis (broad-
leaf) have had high mortality on coal-rich substrate, pos-
sibly because of boron toxicity (Slack et al. 2008; Todd
et al. 2009). Conversely, Stass et al. (2007) suggest that
moderate amounts of available boron helps to limit Al
toxicity and that boron deficiency contributes to Al toxicity
effects in soybeans, so some degree of elevated boron in
coal-rich substrates may not necessarily be a negative
feature for revegetation.

Key factors facilitating natural ecosystem recovery

One of the more spectacular features of this rehabilitation
programme is the large amount of natural colonisation of all
waste rock types by manuka (L. scoparium) (Figs. 2c, 3).
This colonisation is particularly noticeable on recontoured
substrates where introduced plants did not thrive, or which
died (Fig. 2c). However, this colonisation has occurred
throughout the history of mining and subsequent languish-
ment of several parts of the site (Fig. 3; Craw et al. 2007).

Natural colonisation by manuka has occurred despite the
apparent hindrances to vegetation establishment by some
substrate types (outlined in the previous section).

Once the natural colonisation occurred, natural ecosys-
tem recovery ensued, as indicated by invertebrate numbers
and diversity data (Figs. 9, 10). This natural ecosystem
recovery occurred on all colonised waste rock, and inver-
tebrate data are essentially independent of substrate type.
Since the majority of observed invertebrate groups feed
either on plants or in the decomposer cycle, their popula-
tions are structured around the condition of the flora, not the
substrate. Therefore, the invertebrate data patterns observed
are linked to plant assemblage spatial patterns, rather than
the underlying waste rock type per se (see also Pizl 2001;
Wanner and Dunger 2002; Davis et al. 1997). Rapid
invertebrate recolonisation of vegetated mine sites, as
illustrated at Wangaloa by the invasion of Collembola on
planted surfaces <1 year old, has been noted elsewhere as
well, involving similar invertebrate groups (Greenslade and
Majer 1993; Dunger et al. 2001; Wanner and Dunger 2002).

Natural colonisation by manuka is primarily limited by
the available seed sources. Hence, the most effective col-
onisation has occurred adjacent to, and within 50 m of,
forest on the margins of the site and islands of already-
established manuka (Figs. 1c; 3). The islands consist of
bush patches that became established at various times in
the history of the mine, and have survived mine-related
earth-moving and subsequent rehabilitation activity. The
importance of nearby seed sources for plant colonisation
and ecosystem recovery at mine sites has been emphasized
by others (e.g. Prach and PySek 2001), and McClanahan
(1986) showed that numerous small islands are better than
a small number of large islands for seed dispersal and
colonisation. Habitat islands are also important sites of
species richness and sources for colonisation by other
ecosystem components such as invertebrates, as shown in
this study (Figs. 9, 10) and elsewhere (Holt et al. 1995;
Cook et al. 2002; Lovei et al. 2006). Importantly, the beetle
data from manuka/kanuka islands show dominant sources
of native rather than exotic invertebrates, and that bigger
islands favour lower counts of exotic invertebrates. Direct
transfer of small islands of established vegetation and
associated ecosystem, including soil, from newly disturbed
ground to waste rock piles has been trial run successfully
(Ross et al. 2000).

Natural colonisation by manuka at the Wangaloa site has
been more successful for ecosystem recovery than deliber-
ately introducing seedlings of the same species, as less than
30% of manuka seedlings introduced to disturbed ground had
died by 2006 (Todd et al. 2009). The local manuka at
Wangaloa has had several million years of history of estab-
lishment and re-establishment on the site after natural fires
and erosion affected the area repeatedly (above). For
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example, fire has been suggested to be an important agent in
developing local genetic variations in manuka (Bond et al.
2004). In addition, the local acidification, high boron, and
low-nutrient quartz-rich substrates have been issues to con-
tend with throughout the evolutionary history of manuka on
the site. Hence, use of local genetic stock is clearly an
important factor in vegetation re-establishment on sites with
significant negative chemical and physical issues. It is
undoubtedly more cost-effective to facilitate revegetation
with local genetic stock than to attempt extensive modifi-
cation of substrate chemistry at a site.

Provided water discharge criteria are met, there is no
advantage to the ecosystem recovery process in acid neu-
tralisation, substrate nutrient additions, or boron suppres-
sion at the Wangaloa site, and same principle applies to
many other mine site rehabilitation projects around the
world. In particular, local genetic stock of L. scoparium is
extremely tolerant of all the above issues, and is well
known as a coloniser of disturbed land (Stephens et al.
2005). Essentially identical L. scoparium occurs in Aus-
tralia and Tasmania (Thompson 1989), and the Lepto-
spermum genus is widespread elsewhere around the world,
with at least 83 species recognized (Dawson 1997). Hence,
colonisation of local genetic stock of this shrub genus
should be facilitated wherever mine site rehabilitation is
planned, particularly via shrub islands. Ecosystem recovery
will follow rapidly and naturally after this Leptospermum
colonisation.

Conclusions

The Wangaloa coal mine site is undergoing effective
revegetation via natural and anthropogenic processes. The
site was extensively recontoured in 2003 to limit erosion of
waste rocks of varying types, and over 70,000 native plants
have been introduced. There have been geoecological
controls on site recovery, as different substrates, formed
from different rock types disturbed in the mining operation,
have been revegetated at different rates. Plant establishment
on loess siltstone substrate has been most successful, and
these parts of the site are now largely revegetated, mainly
by anthropogenic plantings and adventive weed incursion.
Substrates rich in quartz pebbles and coal fragments have
been more difficult to revegetate because of localised
acidification, elevated boron, desiccation, low nutrient sta-
tus, evaporative salt encrustations, or some combination of
these issues. Some areas of these substrates are still com-
pletely barren, and all or most introduced plants have died.

Natural colonisation of chemically and physically chal-
lenging substrate areas has been occurring locally through-
out the mine life. Most of this natural colonisation has
been done by manuka, a widespread shrubby species
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(Leptospermum scoparium). Natural colonisation of recon-
toured waste rock occurred most rapidly around islands of
pre-existing manuka that have developed on the site during
and after mining. The local genetic stock of L. scoparium has
been extremely successful at colonisation, whereas intro-
duced plants of the same species have had more than 70%
mortality on all compositions of disturbed substrates.

There has been rapid buildup of both numbers and
diversity of invertebrates in and around manuka patches on
the site. Invertebrate numbers and diversity are unrelated to
substrate composition. Hence, establishment of vegetation
is the key to full ecosystem recovery, irrespective of the
chemical and physical makeup of the substrate. Since
manuka from local genetic stock can apparently colonise
all substrates irrespective of acidity, boron content and
nutrient status, expensive substrate modification is unnec-
essary for ecosystem recovery at this mine site. The same
principle applies for all mine sites where suitable tolerant
local shrubs are available, and facilitation of colonisation
by, for example, formation of vegetation islands, will be a
more cost-effective and successful mine site rehabilitation
strategy leading to ecosystem recovery.
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