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Contaminative drainage from mine sites, and particularly from mine waste deposits,
may pose risks to surface waters. Therefore, mine site risk assessment and manage-
ment require knowledge of the whole series of processes from mine drainage forma-
tion to contaminant transport and the eventual ecological effects. This paper summa-
rizes some of the recent studies by the Geological Survey of Finland covering these
issues. The studies have included investigations of the mineralogical and geochemi-
cal changes in the tailings and variation in tailings effluent quality, the influence of
sedimentation dynamics on contaminant distribution in lake sediments, and the use of
sediment chemistry and biota to evaluate the environmental impact of the loading. The
results demonstrate that even though sulphide oxidation in tailings may already start
during the active disposal of tailings, the main impacts of mine drainage on surface
waters are typically associated with the post-mining period of AMD generation. This
underlines the importance of the proper design and after-care of tailings facilities. In
addition, wind-driven bottom currents were observed to have a major influence on the
sedimentation dynamics in shallow lakes, which are typical in Finland, and thus also
on the contaminant distribution in lakes, further affecting the aquatic impacts of the
mine site.
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INTRODUCTION

Low quality mine drainage resulting from mine
waste is a world-wide environmental problem caus-
ing deterioration of downstream groundwater and
surface water systems and affecting aquatic biota.
The process largely responsible for the problem is
the weathering of sulphide minerals in the sulphide-
bearing mine waste, starting once the materials are
exposed to atmospheric oxygen and water. The
quality of the drainage is, nevertheless, controlled
by a series of mineralogical and geochemical reac-
tions in the waste area, and the outcome of these
reactions is reflected in the seepage waters surfacing
through tailings dams (Blowes et al. 2003, Lotter-
moser 2007, Heikkinen 2009). The seepage quality
further changes due to precipitation and dilution
during transport to the receiving water body (Chap-
man et al. 1983, Réisdnen et al. 2005). Ultimately,
currents and sedimentation dynamics dictate how
the contaminants are distributed in the water body
and in its sediments and whether metal-rich layers
form that might pose a risk to aquatic life. What is
more, the processes and effluent quality, and thus
the severity of the impacts, may change with time.
Deeper knowledge of all these processes provides
tools for risk assessment and risk management at
mine sites.

Geochemical methods can be widely applied to
support the assessment and management of risks
at mine sites. These methods can be used in char-
acterising the nature and spatial distribution of the
impacts, and in defining the mechanism of con-
taminant loading from the mine waste (Blowes &
Jambor 1990, Johnson et al. 2000, Heikkinen et al.
2002). In addition, the prevention and mitigation of
unwanted impacts are often based on knowledge of
geochemical processes (Hedin et al. 1994, DeVos et
al. 1999, Riisdnen & Juntunen 2004). Combining
geochemical studies with investigations on aquatic

biota further enables the assessment and delineation
of impacts in the receiving water bodies (Cattaneo
et al. 2008, Patterson & Kumar 2000, Reinhardt et
al. 1998).

This paper summarizes some of the recent in-
vestigations carried out at the Geological Survey of
Finland (GTK) that have aimed at the characterisa-
tion and management of the environmental impacts
of sulphide mine sites (Figure 1) using geochemi-
cal methods. These studies have covered the factors
affecting metal (e.g. Ni, Cu, Zn, Cd, Pb, Co, Fe)
release and effluent quality in tailings, the mecha-
nisms controlling heavy metal and metalloid distri-
bution in aquatic sediments and the use of ecologi-
cal indicators with geochemical data to define the
response of aquatic biota to mine drainage. In this
paper, implications for the risk management of mine
sites are also presented.
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Figure 1. Locations of the mine sites referred to in the paper.

GEOCHEMISTRY OF TAILINGS SOLIDS AND SEEPAGE WATERS - GEOCHEMICAL
CONSTRAINTS FOR MITIGATION

Approximately 139 Mt of sulphide-bearing tailings
have been deposited at closed, abandoned or active
mine sites in Finland as a result of ore processing
(GTK’s unpublished database of sulphide mine
sites). A number of the tailings facilities are located
close to lakes or rivers, posing a potential risk to
aquatic life if their management fails (see Chapter
4). Knowledge of the geochemical processes and
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their driving forces in the tailings is a key to find-
ing solutions to prevent the formation of low quality
drainage at existing and future mine sites. Recent
studies at GTK have applied both mineralogical and
geochemical investigations to examine the factors
that result in low quality drainage from tailings im-
poundments (Heikkinen & Raiisdnen 2008, 2009,
Heikkinen 2009).
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Influence of tailings material and process chemicals on tailings drainage quality

The primary factor influencing effluent quality in
tailings areas is the mineralogical composition of
the tailings. This was clearly seen in a study by
Heikkinen et al. (2009), in which seepage quality
was compared between two types of sulphide mine
tailings: low-sulphide tailings from Hitura Ni mine
and high-sulphide tailings from Luikonlahti Cu-Zn-
Co-Ni mine (Figure 1).

In general, the low-sulphide Hitura tailings,
which had a moderate buffering capacity due to the
presence of carbonates and Mg silicates, produced
circumneutral, net alkaline mine drainage, whereas
the effluents from the high-sulphide Luikonlahti
tailings (ST), with a low buffering capacity, were
mainly acidic (Figure 2a). At Luikonlahti, magne-
site tailings (MT) from talc processing covered the
sulphide tailings, resulting in neutral seepages from
parts of the impoundment (Figure 2a). The metal
content of all the seepages was high, but the dis-
tribution of the metals followed that of the metal
sulphides in the tailings, their susceptibility to
weathering and mobility of metals (Hitura: high Ni;
Luikonlahti ST: high Zn, Ni, Cu, and Co; Luikon-
lahti MT: high Ni and As).

The seepage pH and metal content nevertheless
varied between the seepage points within a single
tailings area due to variation in the intensity of
mineral weathering along the seepage flow paths
(Heikkinen et al. 2009). For example, flow through

the most oxidized, unsaturated sulphide tailings at
Luikonlahti produced the most acidic seepages,
high in metals, particularly Al and Cu, suggesting
advanced weathering of sulphides and also silicates
(“Upper seepage”; Figure 2a). In contrast, where
the flow path ran through the saturated, unaltered
tailings, the seepages were less acidic and mainly
contained Zn from relatively easily weathering sul-
phides (“Toe seepage”, Figure 2a; Heikkinen et al.
2009, cf. Jambor 1994).

In addition to tailings mineralogy, the input of
process chemicals markedly influenced the effluent
quality. This was seen as higher SO,* concentrations
in the seepages from the Hitura tailings than from
the Luikonlahti site (Figure 2b), despite the higher
Fe sulphide content and the more intense sulphide
weathering at Luikonlahti. The Fe:SO, ratio of the
Hitura seepages additionally suggested that the sul-
phuric acid used in ore processing was a more likely
source of SO,* than sulphide weathering at Hitura
(Figure 2b).

Data on tailings effluent quality are used to de-
sign water treatment facilities (Réisdnen & Jun-
tunen 2004, Réisdnen 2009). The examples from
Hitura and Luikonlahti (Heikkinen et al. 2009) il-
lustrate that the goals and designs for treatment typ-
ically require case-specific approaches, also taking
into account the variability within the site.
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Figure 2. a) Variation in the seepage water quality from neutral to acid mine drainage in the low-sulphide Hitura tailings and the high-sulphide
Luikonlahti tailings presented with a Ficklin diagram (Plumlee et al. 1999) showing the sum of dissolved heavy metals (ug/L) plotted against pH;
b) Diagram of Fe versus SO, (mg/L) in the Hitura and Luikonlahti seepages. The diagonal black line indicates the Fe:SO, ratio produced by pyr-
rhotite weathering, which is typically one of the primary sources of Fe and SO, in tailings effluents.
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Influence of tailings design and disposal technique on the formation of mine drainage from
tailings impoundments

As described above, the presence of sulphide min-
erals in the tailings is a challenge for the storage of
mining waste. However, the design of the impound-
ment and the disposal technique ultimately deter-
mine whether the sulphide minerals are exposed
to weathering and whether mine drainage starts to
form. These factors were examined at the Hitura
and Luikonlahti tailings impoundments using a 3D
approach that employed selective extractions and
pH measurements, together with visual observa-
tions and mineralogical knowledge, to assess the
progress and spatial distribution of weathering in
active tailings areas (Heikkinen & Réiisdnen 2009,
Heikkinen 2009).

The 3D study showed that sulphide oxidation
with subsequent metal release may occur in the un-
saturated border zones close to the earthen dams
and at the tailings surface in active impoundments,
despite the continuous operations (Heikkinen &
Riisdnen 2009). The latter was particularly so
if there had been a delay in the burial of fresh Fe
sulphide-rich tailings, for example due to a shift in

the discharge point or a temporal cessation of dis-
posal. In the Hitura low-sulphide tailings, oxidation
had commenced in the unsaturated shallow tailings
when the tailings were left uncovered after disposal
had ceased.

The metals released in sulphide oxidation were
largely retained in the shallow tailings by second-
ary precipitates (e.g. Fe oxyhydroxides) that had
formed as a result of the oxidation (Heikkinen &
Réisdanen 2008, 2009). At Hitura, this mechanism
effectively prevented the downward transport of
metals in the circum-neutral conditions. At Luikon-
lahti, however, sulphide oxidation had resulted in
such acidic conditions that metals were no longer
retained in the precipitates. In fact, at Luikonlahti
the oxidized layers are potential sources of metals if
pH-Eh conditions change.

Based on the study, means to prevent sulphide
oxidation need to be addressed in planning tailings
dams and tailings disposal (Heikkinen 2009). One
option is to keep sulphide-rich tailings saturated in
all phases of disposal, if possible.

Variation in the quality of tailings effluents over time

The retardation of sulphide oxidation in tailings
over time may change the drainage quality in the
long-term (Alakangas et al. 2010). The metal con-
tent and pH of tailings effluents may also vary in
the short-term, both seasonally and annually, due
to local hydrological conditions, setting constraints
for water treatment design. For example, seasonal
variation in water quality, such as changes in the
pH and sulphate concentration, has been observed
to control trace metal adsorption on secondary pre-
cipitates (Kumpulainen et al. 2007). At the Luikon-
lahti mine site, the quality of tailings seepage wa-
ters was monitored 2-3 times per year from May
2003 to May 2007 (years 2003-2006; Heikkinen
et al. 2009). The results of the monitoring revealed
marked fluctuations in pH and metal content be-
tween seasons and sampling years (Figure 3). Over-
all, the lowest concentrations of metals occurred in
late June, after the discharge peak due to snow-melt
and spring rains, whereas the highest concentrations
were measured prior to this event. The magnitude of
the fluctuations was clearly influenced by the length
of the flow path in the tailings, as the variation was
more distinct at the seepage point located in the up-
per section of the tailings dam (“Upper seepage”)
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than at the monitoring point at the toe of the dam
(“Toe seepage”; Figure 3).

In addition, the Luikonlahti case showed that
changes in the impoundment structure may cause
additional variation in the seepage water chemistry
(Heikkinen et al. 2009, Réisdnen 2009). At Luikon-
lahti, the increase of the thickness of the alkaline
magnesite tailings during the monitoring period, at
the end of the mining operations, was observed to
reduce the metal content and increase the pH val-
ue of the seepages (Figure 3). Furthermore, seep-
age waters changed from net acidic to net alkaline.
According to Réisdnen (2009), the decrease in the
metal content in the upper and toe seepages varied
from 40% to 99%, depending on the metal and seep-
age point.

This variation poses challenges both for the mon-
itoring programme and the water treatment design.
To estimate the annual load and to dimension the
water treatment design, frequent monitoring of the
seasonal and annual fluctuations is needed. How-
ever, based on the Luikonlahti example, the final
decision of the treatment system design may only
be made after finalizing the closure of the tailings
impoundment (Heikkinen 2009).
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Figure 3. Diagram showing an example of the effect of local hydrological conditions and structural changes in the tailings impoundment seen in
the metal concentrations (mg/L) and pH in the Luikonlahti tailings seepage waters between May 2003 and May 2007. a) ‘Upper seepage’ from the
upper section of the tailings dam and b) ‘toe seepage’ from the toe of the dam. (Modified after Heikkinen et al. 2009).

INFLUENCE OF SEDIMENTATION DYNAMICS ON CONTAMINANT DISTRIBUTION IN
MINE-IMPACTED LAKES

In Finland, potential contaminants from a mine
site often end up in a lake basin. Understanding
the transport and accumulation of the contaminants
in lake basins is essential in assessing the risks to
aquatic systems from mine sites. In general, the
main hypothesis is that gravitative particulate set-
tling or geochemical focusing causes the transport
and accumulation of contaminants towards the
deepest parts of the basin (Hékansson & Jansson
1983, Rowan et al. 1992, Schaller & Wehrli 1997,
Lindstrom et al. 1999). This type of sediment focus-
ing is manifested in deep lakes, but the hypothesis
needs re-evaluation in shallow lakes, where wind-

driven bottom currents become dominant in the
sedimentation dynamics.

In Finland, the mean depth of lakes is only 6 m
and the wind-driven bottom currents may thus sig-
nificantly affect the sedimentation dynamics and
the accumulation of contaminants. Therefore, this
type of information is valuable, for instance, in the
risk assessment of mine sites with potential con-
taminative drainage to lakes. The question is topical
in Finland, which has the greatest continuous lake
area in Europe, and better tools are thus needed for
environmental monitoring to evaluate contaminant
transport and accumulation in the lake basins.

Case study from Lake Pyhéajirvi

Lake Pyhéjarvi in Western Finland has received ef-
fluents from the Pyhdsalmi Zn-Cu mine (Figure 1).
The effect of the wind-driven bottom currents on the
sedimentation dynamics and metal accumulation in
the lake was studied. Lake Pyhéjarvi represents an
average lake in Finland in terms of depth (D_ =
6.6 m,D_ =27 m, A= 126 km?). The study con-
sisted of two parts: 1) estimation of the spatial dis-
tribution of gyttja deposits in the basin by means
of echo soundings (survey line distance 70—130 m),
and 2) analysis of element concentrations in the top
sediment (< 10 cm, 1-cm slices).

Interpolation data on gyttja thickness, which
was interpreted from echo sounding profiles, were
combined with bathymetric data into a single map
(Figure 4). According to the 2D (Figure 5) and 3D

figures, transport/erosion areas occur in the deep-
est parts of the lake basin (> 20 m), whereas gyttja
mainly accumulates in the flanking area (at 10-20
m depth) of the deep. The inverse relationship ob-
served between accumulation and basin depth con-
tradicted the simple sediment focusing hypothesis,
which means that factors other than gravitative par-
ticulate settling should be taken into account. The
dune-like morphology of the gyttja accumulations
and longitudinal erosion areas with respect to the
basin deep refers to the action of wind-driven bot-
tom currents. The bottom currents have been most
effective in the main lake basin of Lake Pyhijarvi,
but their impact on sedimentation seems to have
been less efficient in the Kirkkoselka basin, near the
mine, because of the shorter fetch (Figure 6a and b).
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Figure 4. Diagram showing the relationship between maximum As concentrations (yellow circles) in the top sediment profile (< 10 cm; see Figure
6b) and sediment dynamics in the central part of Lake Pyhéjarvi. Sediment thickness is presented in a 3D view with 35 times vertical exaggera-
tion. The green colour indicates erosion areas and red accumulation areas (cf. Figure 6a). Line A-B shows the cross section of the echo soundings
presented in Figure 5. Basemap © National Land Survey of Finland, licence no. MML/VIR/TIPA/217/10.
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Figure 5. Cross section of the echo soundings of sediment thickness in the central part of Lake Pyhéjérvi (location is presented in Figure 4) showing
the accumulation and erosion zones. The accumulation area is located at 10—-15 m depth, whereas the erosion zone is at > 20 m depth.
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Figure 6. The spatial distribution of a) maximum Zn concentrations and b) maximum As concentrations in the top sediment profile (< 10 cm) of
Lake Pyhéjarvi. The outfall of the lake is NW from the Pyhédsalmi mine. The thickness of the gyttja layer is expressed as a coloured surface and
water depth as contours. Basemap © National Land Survey of Finland, licence no. MML/VIR/TIPA/217/10.

The greatest Zn concentrations in Lake Pyhéjérvi
occur in the vicinity of the Pyhdsalmi mine (Figure
6a), but the bottom currents have spread the Zn-
bearing sediments throughout the lake. On the other
hand, the distribution of As seems to be depend-
ent on the internal processes of the basin, because
the greatest As concentrations occur in the central
part of the lake, where the sedimentation driven by
bottom currents has been strongest at the depth of
10-15 m (Figures 4 and 6b). The high As concen-
trations in Pyhéjérvi can probably be linked to the
properties of the catchment area, because As con-
centrations in the Pyhéjérvi and Kolima catchments
and lake sediments are typically high (Lahermo et
al. 1996, Mikinen 2004).

The example from Lake Pyhdjarvi shows that
sedimentation dynamics should be taken into ac-
count in mine site risk assessment to evaluate the
spreading of potential contaminants in aquatic en-
vironments. In particular, the selection of sediment
sampling points should be based on knowledge of
the sedimentation dynamics in the basin, because
the deepest parts of the lake may be a focus of ero-
sion rather than accumulation. If the sampling is
systematically directed to the deepest parts of the
lake without knowledge of the accumulation or ero-
sion systematics, the results may give a distorted
picture of the drifting and accumulation of contami-
nants in the basin.

CHARACTERISATION OF THE AQUATIC IMPACTS OF SULPHIDE MINE SITES BASED ON
SEDIMENT CHEMISTRY AND AQUATIC BIOTA

Once the formation of metal-rich mine drainage, its
transport in the watershed, and distribution in lake
basins has been examined, the possible ecological
effects should be investigated. Finnish mines rare-
ly cause mine drainage that could result in acute
ecological effects in surface waters, but the accu-

mulation of metals in sediments may lead to con-
centrations that exceed the threshold effect concen-
trations. Aquatic impacts may, therefore, occur in
the sediments rather than in water. In addition, the
archival nature of sediments, i.e. the preservation
of information on past environmental conditions in
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old sediment layers, is valuable for studies on mine
sites. Geochemical studies of sediments are there-
fore essential in the characterisation and manage-
ment of the aquatic impacts of mines in Finland.
Sediment-derived information on background
or reference conditions is especially important for
mine site research. Observations of changes in bi-
ota in conjunction with geochemical measurements
are essential, because ecological effects may be
suppressed in mining environments even if metal
concentrations increase. Such a lack of ecological
effects may be due to the adaptation of species to lo-
cally elevated background (natural) concentrations
or alternatively to low metal bioavailability (Chap-
man 1996). Various numerical methods are avail-
able to relate the ecological signals to geochemical
data and to study the statistical significance of the
co-variation (e.g. Legendre & Legendre 1998). Fur-
thermore, sediment-derived local background data
can be used as a reference in assessing and identi-
fying possible mining-related changes. Otherwise,
natural gradients or changes caused by factors un-

related to mining may be mistaken for mine water
impacts.

Two main groups of ecological indicators in sedi-
ments have been utilized in the recent mine impact
studies at GTK: siliceous diatom algae and testate
amoebae (Kihlman & Kauppila 2010). Together,
they span a range of habitats within the aquatic
system, providing a complementary view of the
ecological impacts. Both groups are abundant and
preserve well in sediments, have a ubiquitous oc-
currence, are sensitive to environmental gradients,
and show assemblage shifts with environmental
pressures. While diatoms live in several habitats in
a water body, testate amoebae are often locally de-
rived and live in the uppermost few millimetres of
the sediment, providing a high temporal and spa-
tial resolution for studies on profundal conditions.
Ecological analyses are combined with chemical
determinations employing different leaches and the
relationships between biota and these geochemical
proxy records are then studied with the aid of suit-
able numerical methods.

Spatial and temporal delineation of the environmental effects of sulphide mine sites

Results from recent GTK sediment studies at mine
sites support the observations from tailings areas
that the nature and intensity of metal releases from
mines varies considerably over time, as does the pH
of the effluents (Kauppila et al. 2006, Kihlman &
Kauppila 2009a). The changes are related to both
the phase of mining operations and the degree of

weathering in the waste materials. The resulting
ecological effects also depend on the characteristics
of the mine drainage at any given time (Figure 7;
Kihlman & Kauppila 2010). Similarly, the spatial
extent of both the chemical and ecological changes
in sediments may change over time (Kihlman &
Kauppila 2009b).
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Figure 7. A principal components analysis (PCA) ordination plot summarizing the temporal evolution of mine impact seen in the species assem-
blages of a) testate amoebas and b) diatoms. Different types of mine drainage result in distinct species compositions. Sediment core from Lake

Kirkkojarvi, Haveri.
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At the Luikonlahti Cu-Zn-Co-Ni mine, the onset
of the mine and the actual mining activities had only
minor effects on the sediment geochemistry and as-
semblages of testate amoebae (Kihlman & Kaup-
pila 2009a). However, the situation changed after
the closure of the mine due to the onset of acid mine
drainage (AMD). This led to the peaking of metal
concentrations in the sediment and major ecological
changes. In the most recent sediments, faunal shifts
reflected the change towards more neutral drainage
that resulted from the switch to talc production at
the mill, as described above. A similar pattern of
temporal changes in the composition of mine wa-
ters and ecological consequences was also observed
in the study on the closed Cu-Au mine of Haveri
in Y16jarvi (Figure 1; Kihlman & Kauppila 2010),
where short-term peaks in sediment metal concen-
trations with contemporaneous ecological shifts
were detected and dated to the post-mining period
(Figure 7). The recent study of the Pyhdsalmi Zn-
Cu mine showed that the management actions have
reduced metal loading and the associated ecological
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effects since the peak loading phase in the 1970-
80s, and the mine effluents presently consist largely
of Ca and SO,* (Kihlman & Kauppila 2009b).
Geochemical methods also have been used in
the spatial delineation of mine effects. At Haveri,
metals and the associated ecological effects on tes-
tate amoebae have spread widely in the lake basin,
while in Luikonlahti the ecologically relevant im-
pact was limited to the Petkellahti bay area. Outside
the bay, ecological changes were almost undetect-
able (Figure 8, right panel). On the other hand, a
spatial gradient was also observed in the natural
assemblages from the pre-mine samples in Luikon-
lahti (species favouring certain habitats). Sediment
studies are often the only means of obtaining this
type of pre-mining information that should be taken
into account when investigating mining impacts. At
Pyhésalmi, the spatial extent of the major mine im-
pact has been rather limited, even in the peak load-
ing phase, although metals have spread widely in
the lake basin at less extreme concentrations.
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Figure 8. Selected geochemical gradients in the top sediments of the Petkellahti Bay at Luikonlahti (left) and the associated pre- to post-disturbance
shifts in sediment testate amoeba assemblages (right). EF = top-bottom enrichment factors. Green dots = pre-disturbance PCA Axis 1 scores, red
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Separating the effects of different environmental stressors

In most cases, other stressors besides those caused
by mining are present that could affect the biota in
aquatic systems. Even in the most remote areas,
atmospheric deposition and climatic shifts have
changed biotic assemblages. Detecting the actual
mine impact can be quite challenging if the signals
of other environmental factors such as nutrient en-
richment and sedimentation conditions dominate.

In a study on the Hitura Ni mine (1970-2009),
the sediment record from a heavily modified fluvial
lake was analyzed to investigate the possible ef-
fects of the mine on the Kalajoki River (Kauppila
2006). The results clearly showed that the lake en-
vironment and diatom assemblages had profoundly
changed in 1979, when the water level of the lake
was increased by 1.5 m and the then extensive mac-
rophyte stands were cut. Due to these hydrological
management actions, the early effects of the mine
could not be studied and the pre-disturbance sedi-
ments were no longer valid as reference samples.
Instead, the period of decreasing metal and nutri-
ent loading after 1979 was investigated. Both met-
als and nutrients had a statistically significant effect
on diatom algae, even though metal and phospho-
rus concentrations in sediments had not decreased.
These effects were statistically independent of each
other, an example of a case where the effects of dif-
ferent stressors could be separated.

In certain cases, different stressors cause similar
ecological effects. This is not surprising, because
opportunistic taxa often thrive in various stressed
environments. In studies on the aquatic impacts of
the Haveri Cu-Au and Parosjarvi W-Mo-As mines,
metal contamination resulted in ecological changes
characteristic of nutrient enrichment in the recipient
lakes (Parviainen et al. 2006, Kihlman & Kauppila
2010). At Haveri, these stressed diatom assemblag-
es showed a poor fit to the phosphorus gradient, and
at Parosjarvi the diatom species having the highest
correlations with sediment [As] were those with
high phosphorus optima in the inference model.

In studies on the Luikonlahti mine, the effects
of many environmental stressors were recognized
(Kauppila et al. 2006, Kihlman & Kauppila 2009a).
Spatial gradients in the surface sediments suggested
the impact of several environmental variables, such
as those reflecting the overall geochemical condi-
tions (e.g. S, Fe, redox conditions) or an increase in
inputs of organic matter and nutrients. However, Al
was the only factor that was significantly associated
with the horizontal species gradient in the bay, re-
ferring to a decrease in pH resulting from AMD, the
direct toxic effects of Al, or smothering of sediment
biota by Al precipitates.

Do reference sites exist in mine-impacted lakes?

Recent sediment studies in mining environments
have highlighted both the importance of local refer-
ence data and the difficulties in determining suitable
reference samples and sites. A vast array of envi-
ronmental gradients that are completely unrelated to
mining may cause spatial and temporal gradients in
biotic assemblages. These should be separated from
the actual mine water impacts.

For example, in the studies on Luikonlahti (Kihl-
man & Kauppila 2009a) and Pyhdsalmi (Kihlman &
Kauppila 2009b), sediment characteristics and the

associated assemblages of testate amoebae of the
suggested remote reference sites were fundamen-
tally divergent from the pre-mining subsamples of
the impacted areas. At Haveri (Kihlman & Kauppila
2010), the suggested reference site, chosen to repre-
sent the independent effect of eutrophication, turned
out to be contaminated by mine-derived metals, de-
spite the upstream location. In addition, the differ-
ent water depth at the reference site caused some
fundamental differences between the faunal assem-
blages of these sites, even before the mine impact.

Studying lake recovery from mine loading

Sediment studies can also be employed to examine
the recovery of a lake from mine water loading, be-
cause of the temporal record sediments provide. In
the Lake Pidisjérvi example from the Hitura mine,
decreasing Ni loading from the mine was correlated
with changes in diatom assemblages, even though
sediment metal concentrations had not decreased
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(Kauppila 2006). The assemblages still differed
markedly from the pre-mining samples, to a large
degree because of the drastic modifications made to
the lake basin in 1979, and it is unrealistic to expect
that the species compositions will ever approach
these earlier assemblages.



In the Haveri case, both diatoms and testate
amoebae showed signs of recovery after the peak
metal loading phase (Figure 7; Kihlman & Kaup-
pila 2010). However, a simultaneous change in the
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trophic status of the lake has also affected the biotic
assemblages, changing the assemblages towards a
different direction, independent of the mine impact.

CONCLUSIONS

Recent mine site environmental investigations at
GTK have focused on the mechanisms controlling
mine drainage formation in tailings areas, factors
affecting the distribution of metals in receiving lake
basins, and the impacts of mine drainage on surface
water bodies. These studies have provided several
insights into the problem, including the following:

* Tailings effluent quality is site-specific, and
may show seasonal and annual variation due
to local hydrological conditions, but also due
to changes in material disposal. This variation
should be taken into account in designing tail-
ings water treatment.

* Sulphide oxidation in tailings areas may al-
ready start during active disposal, particularly
in the border zones of the impoundment and if
there is a delay in the burial of high-sulphide
tailings. This requires special attention in the
planning of tailings facilities and disposal.

* In shallow lakes, wind-driven bottom currents
may control sedimentation and also the dis-
tribution of mine-derived metals in the sedi-
ments.

* The nature of the ecological effects of mine
drainage varies in relation to changes in efflu-
ent characteristics through different phases of
mine operation.

e Major impacts of mine drainage on surface
waters are often transient and date to the post-
mining period of AMD generation; most of the
mining impacts can thus be avoided by dili-
gent remediation of tailings facilities.

¢ In most cases, other stressors besides mine
drainage have affected aquatic biota near mine
sites.

* Sediment studies often provide the only means
of taking the pre-mining conditions and natu-
ral gradients into account when examining the
environmental effects of mines.

These studies have shown that mine site risk assess-
ment clearly benefits from this type of a multidisci-
plinary approach.
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