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Abstract Mine waters are often severely detrimen-
tal to nearby waterbodies and can even disturb the cir-
culation regime of a lake. We investigated the recent
sediment record of a small, presently meromictic
lake, which receives sulphate and metal-rich waters
from a closed polymetal mine. We wanted to examine
the overall impacts of mining on the lake and detect
the onset and development of meromixis. Our hypoth-
esis was that the loading from the mine would lead to
notable geochemical and palaeoecological changes,
and that we could identify the shift in the circulation
regime using multiple proxies. We cored the deep-
est part of the lake and obtained discrete samples for
the geochemical and diatom analyses. We detected
clear shifts corresponding to the periods before, dur-
ing, and after mining in the main proxies. Sulphur
and metalloids associated with acid mine drainage
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increased during mining, and the dominant cyclotel-
loid species changed in the diatom assemblage. The
onset of meromixis seems to have occurred during the
closure of the mine in late 1980s as the redox condi-
tions in the tailings changed. Our findings highlight
the impacts of saline mine waters on lake circulation,
and the wide-ranging consequences of releasing mine
waters into the aquatic environment.

Keywords Palaeolimnology - Mine environment -
Diatoms - Stratification - Sulphate

Introduction

The global demand for minerals is growing signifi-
cantly as governments and businesses aim to reduce
their greenhouse gas emissions (e.g. IEA, 2021).
Growing concern over supply chain risks has led the
European Union to adopt the Critical Raw Materials
(CRM) Act, which aims to increase and streamline
the production of several minerals in the EU (Euro-
pean Commission, 2023). Finland has had a strong
mining sector for centuries, with several metal mines
in or nearly in operation and numerous companies
prospecting for potential mine sites at present (Vasara
et al., 2023). However, mining activities can also be a
significant point source of contaminants particularly
for the aquatic environment. These contaminants can
be metals, salts, and chemicals used in mining pro-
cesses, and their effects can persist long after mining
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operations have ceased (e.g. Ek and Renberg, 2001;
Salonen et al., 2006; Fischer et al., 2020). In addi-
tion to the environmental impacts of active mines, 32
closed or abandoned mines with potentially harmful
drainage waters or acid-producing wastes have been
identified in Finland (Tornivaara et al., 2018).

Lakes can be classified as holomictic or meromic-
tic depending on whether the waters circulate or not
(Hakala, 2004). In the boreal climate zone, lakes are
typically dimictic, a type of holomictic which means
that the water column circulates during spring and
autumn and is thermally stratified during summer and
winter (Wetzel, 2001). Saline, dense mine waters can
disturb this circulation pattern and lead to meromixis,
where the water column is separated into two layers
of different density by a chemical gradient (Moncur
et al., 2006; Boehrer & Schultze, 2008; Kehusmaa
et al., 2023). In a meromictic lake, only the upper
layer (mixolimnion) circulates, while the bottom layer
(monimolimnion) is isolated from the atmosphere and
turns anoxic, consequently accumulating substances
in chemically reduced form from the mixolimnion
(Boehrer et al., 2017). Mine pit lakes sometimes
turn or are purposefully made meromictic (Schultze
et al., 2017), but natural lakes whose mixing regime
has been disturbed due to mine waters are poorly
documented. Meromixis caused by high-electrolyte
mine waters can be considered a part of the emerg-
ing threat of freshwater salinisation, which affects dif-
ferent freshwater habitats worldwide with potentially
serious ecological and economic consequences (e.g.
Kaushal et al. 2021; Cunillera-Montcusi et al. 2022).

Long-term monitoring data from lakes are often
lacking, but the reference conditions of a lake, the
impacts of mining, and potential recovery since the
cessation of mining can be investigated from lake
sediments with a palaeolimnological multi-proxy
approach (Smol, 2010, 2019; Bennion et al., 2011).
The anoxic conditions of the bottom water in mero-
mictic lakes prevent biogenic disturbance of the
sediment, which makes meromictic lakes ideal palae-
olimnological archives, particularly if the lake accu-
mulates seasonal laminae (Zolitschka et al., 2015).
The mining of sulphide ores often results in acid
mine drainage (AMD), which can be observed as
elevated concentrations of toxic substances such as
sulphur and trace metals in lake sediment (Salonen
et al., 2006; Blowes et al., 2014; Moncur et al., 2014;
Sivarajah et al., 2019) and can potentially lead to
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eutrophication in the lake through disturbances in
the phosphorus cycling (Caraco et al., 1989; Lamers
et al., 2002).

In addition to chemical and physical properties,
lake sediment records preserve biological remains
that can be used as proxies when investigating past
environmental changes. Diatoms (class Bacillari-
ophyceae) are a large group of unicellular microalgae
commonly used in palaeolimnological studies (e.g.
Battarbee et al. 2001; Smol and Stoermer 2010). They
are species-rich and are found ubiquitously in aquatic
environments around the world. Differentiation
between species is based on the morphology of their
siliceous cell walls (frustules) which preserve well
in sediments. Different species have different envi-
ronmental tolerances and optima, which makes the
study of diatom species assemblages and their shifts
attractive when investigating the past water quality
of a lake (e.g. Duda et al. 2023; Stenger-Kovics et al.
2023).

In this study, we investigate the recent sedi-
ment record of the presently meromictic Valkeinen
located near the closed Kotalahti Ni-Cu mine. We
aim to identify and assess the impacts of the mine
on the lake, with a particular focus on detecting the
onset and development of meromixis in the sediment
record. Combining diatoms with geochemical prox-
ies, such as downcore element concentrations, accom-
panied with a reliable dating of the sediments, gives
us a comprehensive view of the pre-mining, active
mining, and post-mining conditions of the lake eco-
system. We hypothesise that the lake was previously
holomictic, and that the diatom species assemblages
and sediment geochemistry both reflect the mine
associated phases, but they, and the onset of mero-
mixis, can be identified more reliably with a com-
bination of these proxies than by using either proxy
alone.

Materials and methods
Study site

Valkeinen is a small headwater lake situated in East-
ern Finland (Fig. 1). Annual mean air temperature in
the area is+3.7 °C, and annual mean precipitation
is 611 mm (Finnish Meteorological Institute 2021).
The lake has a catchment area of 0.93 km? and a
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Fig. 1 Map of Valkeinen and Kotalahti mine. White areas are forested. Data obtained from the National Land Survey of Finland
topographic database 04/2018 (CC BY 4.0) and the Finnish Environment Institute (2014a)

maximum depth of 16 m (Finnish Environment Insti-
tute 2014a, 2014b). The catchment is mostly forests
and semi-natural areas (77%) and inland waters (21%)
(Finnish Environment Institute 2014b). Valkeinen is
presently meromictic, with a chemocline at ca. § m
water depth. The lake water is circumneutral, with
slightly lower pH in the monimolimnion. Electrical
conductivity is ca. 500-600 uS cm~! in the mixolim-
nion and ca. 600-700 uS cm™! in the non-circulating
monimolimnion. Temperature fluctuates seasonally in
the mixolimnion, while the monimolimnion is ther-
mally stable at ca. 4 °C. The present water quality of
the lake is described in more detail in Kehusmaa et al.
(2023).

Valkeinen receives water from the closed Kotalahti
Ni-Cu mine as surface runoff (Fig. 2). According
to Turunen et al. (1960), there has been small-scale
industrial activity in the Kotalahti area preceding the
mine at least from the beginning of the nineteenth
century, first a flour mill, and later a sawmill. The
ore deposit was discovered in 1954, the mine and
related buildings were constructed in 1957-1959,
and the mine was in operation from 1959 to 1987
(Turunen et al., 1960). The ore deposit was in a Sve-
cokarelian (ca. 1877 Ma) ultramafic—mafic intrusive
complex, and the main ore minerals were pyrrhotite,

pentlandite, chalcopyrite, and pyrite (Papunen &
Koskinen, 1985). The ore contained on average
0.66% Ni, 0.26% Cu, and 3.76% S (Puustinen, 2003)
and was mined from three underground mines and
two open pit mines to the north-west of Valkeinen
(Réisdnen et al., 2015). One of the open pit mines
was filled with tailings waste after a cave-in during
the operation. The underground mine was deepened
in 1971 from the 250 m level to 600 m level (Papunen
& Koskinen, 1985), and during the last years of active
mining the exceptionally sulphide and Ni-rich “Jussi”
orebody located under the tailings area was exploited
(Puustinen et al., 1995). In total, 13.7 Mt of rock was
mined, and the 75 ha tailings area contains 9.4 Mt of
material (Rdisdnen et al., 2015).

After mining ceased, the underground mines were
flooded with surface water and sulphate-reducing
bacteria were used to decrease metal concentrations
in the overflow water (Vestola & Mroueh, 2008).
The tailings area was covered with soil to reveg-
etate the area (Riisdnen et al., 2015). Most of the
waters from the tailings area flow north, first to wet-
land basins, then to a treatment plant, before being
piped to Oravilahti, a bigger waterbody north-east
of Valkeinen (ISAVI 2014). Seepage waters from
the tailings area have near-neutral pH and contain
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Fig. 2 Aerial photographs of Valkeinen and the Kotalahti area before mining (1952), during mining (1967), and after mining (1997).
Photographs obtained from the geodata portal Paikkatietoikkuna of the National Land Survey of Finland (CC BY 4.0)

on average 3000 mg L' SO,, and 1600 ug L™' Nj,
whereas Cu concentrations are low (Kauppila &
Riisdnen, 2015).

Sediment coring and analyses

The deepest part of Valkeinen was cored in Febru-
ary 2018 through ice. The surface sediment was
cored using a HTH gravity corer (Renberg & Hans-
son, 2008), and 1-cm subsamples were extruded into
plastic bags in the field. The 1-cm subsamples were
stored in a freezer at —18 °C until further process-
ing. For '*’Cs dating and geochemical analyses, the
frozen subsamples were melted and ~30 g of homog-
enised wet sample was measured to resealable plas-
tic bags. A small amount of the remaining subsample
was transferred to 15 ml plastic centrifuge tubes to be
used for subfossil diatom assemblage analyses.

The '*’Cs dating was done at the Geophysical
Laboratory of the Geological Survey of Finland. The
laboratory conducts measurements within Pb shield-
ing using a multichannel gamma-ray spectrometer
(Brightspec) with Nal(T1) scintillation detector. Lakes
in Southern Finland and Sweden often show a pro-
nounced '*’Cs peak originating from the fallout of
the 1986 Chernobyl accident which can mask the
peak of the 1963 nuclear bomb tests (e.g. Klaminder
et al., 2012; Ojala et al., 2017; Appleby et al., 2023).
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Although the '*’Cs dates are of limited use beyond
these peaks, they have been used as the sole dating
method in studies focusing on recent events (e.g.
Parviainen et al., 2012; Vihidkuopus et al., 2020).
As the active years of the Kotalahti mine coincide
with the 137Cs peaks, and there was no need for exact
chronology for the pre-mining sediment, the '*’Cs
approach was deemed a suitable dating method. The
chronology of the sediment record was extrapolated
from the two dates obtained from the '*’Cs activity,
although the identification of the 1963 peak was more
uncertain.

Diatom slides were prepared according to the
procedure of Battarbee et al. (2001). At least 300
diatom valves were identified to species level from
selected samples (n=20) with an optical microscope
at 1000 x final magnification. The floras of Krammer
& Lange-Bertalot (1986, 1988, 1991a, b), Krammer
(1992), Lange-Bertalot & Moser (1994), and Houk
(2003) were used for species identification. The data-
bases of Porter (2008), Spaulding et al. (2021), and
Guiry & Guiry (2025) were used for updated nomen-
clature. Chrysophyte cysts were also counted from
the same views as diatoms to obtain the ratio of dia-
tom frustules to chrysophytes (Smol, 1985; Werner &
Smol, 2005).

Individual rarefaction was used to normalise taxo-
nomical richness between samples (Birks & Line,
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1992; Spellerberg & Fedor, 2003). Rarefaction was
calculated with PAST software version 3.21 (Ham-
mer et al., 2001), and C2 software version 1.7.7 (Jug-
gins, 2007) was used for plotting the diatom stra-
tigraphy. The diatom species turnover, i.e. gradient
length, was analysed using detrended correspondence
analysis (DCA; Hill & Gauch Jr. 1980) using detrend-
ing by segments and without downweighting of rare
species (Birks, 2010). Based on the moderate gradi-
ent length, variation within the diatom samples was
further explored with correspondence analysis (CA,
Hill 1973). Rare species were downweighted in this
analysis, and the geochemical data were passively
plotted on the ordination diagram as supplementary
data. The multivariate ordinations were performed on
square root-transformed diatom data using CANOCO
software version 4.56 and CanoDraw version 4.14
(ter Braak & gmilauer, 2002). All taxa were included
in statistical analyses, but only taxa with a relative
abundance of over 3% in any sample were included in
the stratigraphical and ordination plots.

For geochemical analysis, the subsamples (n=20)
were sent to the accredited external laboratory Euro-
fins Environment Testing Finland Oy (SFS-EN ISO/
IEC 17025:2017). The topmost diatom sample 1-2
cm was substituted for the 2-3 cm sample for geo-
chemical analysis due to insufficient sediment mate-
rial. The samples were freeze-dried and then analysed

with inductively coupled plasma optical emission
(ICP-OES) and inductively coupled plasma mass
spectrometry (ICP-MS) after microwave-assisted
nitric acid (HNO;) digestion according to the U.S.
Environmental Protection Agency method 3051A
(USEPA, 2007). A total of 33 elements, of which 15
were selected for further consideration, were analysed
from the sediment samples. The accuracy and preci-
sion of the results was assessed with a blank sample,
a certified reference material (SRM 1573a—Tomato
Leaves), and a replicate sample (Table 1). Molar
ratios of Mn/Fe and S/Fe were calculated to obtain
additional information about the redox conditions in
the sediment (Makri et al., 2021; Rothe et al., 2015),
and K/Zn was used as a proxy of industrial pollution
(Salminen et al., 2021).

Results
Sediment characteristics and dating

The sediment of Valkeinen was mainly brown
organic-rich mud (gyttja). The top part of the sedi-
ment core was black and had a sulphidic smell, with
occasional lighter horizontal layers. From ca. 20
cm downwards, the sediment was brownish, with
occasional darker possibly sulphidic layers. A clear

Table 1 The results of the

laboratory quality control Element Blank sample CRM (Tomato Original sample Replicate
. Leaves) (3940 cm) sample (3940

tests fqr the geochemical cm)
analysis. Accuracy was
assessed with a blank Al <15 212 18,200 18,400
fj:tl::;la(gg%‘j’ifgference Ca <50 46,900 6230 6430
precision with a replicate Mg <10 10,700 3150 3160
sample. All measurements K <50 26,600 1390 1520
inmg kg™! Na <50 108 219 240

P <20 1940 9820 9840

As <0.03 0.104 2.8 291

Fe <50 284 60,800 60,600

Mn <1 222 2700 2690

Ti <2 2.5 471 510

S <20 9030 6840 6700

Co <0.05 0.54 13.3 13.9

Cu <0.3 4 43.1 44.8

Ni <0.3 1.3 384 40.9

Zn <1 24.4 60.8 60.2
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marker horizon for the age of the sediment sequence
was detected from the '*’Cs analysis (Fig. 3a). The
prominent peak (877 Bq kg™!) in the '3’Cs concen-
tration at sediment depth 8-9 cm represented the
Chernobyl nuclear accident of the year 1986, and the
slightly elevated values at 15-19 cm sediment depth
were possibly related to the nuclear weapons tests of
the 1950s and 1960s. The elevated activity of 15 cm
sediment depth was dated to the year 1963 (Fig. 3a,
Klaminder et al. 2012). Based on the *’Cs analy-
sis, the linear accumulation rate (LAR) of sediment
in Valkeinen was ca. 2.6 mm year~! for the top part
(0-9 cm) and ca. 3 mm year™! for the 9-15 cm part.
The 3 mm year™! accumulation rate was also used for
the bottom part of the sediment sequence. The active
mining phase of 1957 to 1987 was therefore at sedi-
ment depth 8-16 cm, and, according to the LAR, the
bottom samples represented the late nineteenth cen-
tury (Fig. 3b). The exact dates below the 1986 hori-
zon were, however, uncertain due to possible post-
depositional changes in the '*’Cs record.

Sediment geochemistry

The concentrations of most elements of interest (Al,
Ca, Mg, K, Na, P, As, Fe, Mn, Ti, S, Co, Cu, Ni, Zn)
and element molar ratios (Mn/Fe, S/Fe, K/Zn) were
quite stable in the pre-mining bottom half of the sedi-
ment sequence (Figs. 4, 5). From sediment depth 19
cm to 8 cm, typical mining-related elements such as
S, Co, Ni, Zn, and, to a lesser degree, Cu, increased,
while silicate-derived Ti and Al decreased. Ni and Co
showed prominent peaks at 8§ cm sediment depth. In
the top 7 cm of the sediment sequence, most of the
mining-related elements decreased, while silicate-
derived Ti, Ca, Mg, K, and Na increased, some par-
ticularly at depth 5 cm. P concentration was similar to
Ti but increased in the two topmost samples. Redox-
sensitive Fe and Mn exhibited rather similar trends in
concentration from the bottom until the depth of 17
cm, after which their concentrations shifted to oppo-
site trends. Mn/Fe and S/Fe ratios likewise increased
from sediment depth 19 cm towards the top, until a

a
O 1 1 1 1 1 1 1 1 1 ]
5
1986
10
b
0
1513 1963
— 57
£
S 1986
< 20 104
a
a
z P 71963
3 < 204 o
Q.
3 .
30t 251 .
301 of
35
N+ 40 T T T T r r T T T T T T
0 200 400 600 800 1000 1880 1900 1920 1940 1960 1980 2000
37Cs (Bq kg™) Year

Fig. 3 a '*’Cs concentration of short core discrete samples, b age-depth model of the core. The grey dashed line indicates more

uncertain dates
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sharp decrease in the depth of 7 cm was followed
by stable values in the top samples. K/Zn ratio had
a slight overall decreasing trend from the bottom to
the top but showed more fluctuation from the depth
of 19 cm towards the top, with a sharp increase in the
topmost sample.

Diatom analysis
The analysed diatom samples of Valkeinen were

dominated by planktonic cyclotelloid species (Fig. 6).
The most abundant species in most samples was a
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small, faint cyclotelloid most reminiscent of Discos-
tella pseudostelligera (Hustedt) Houk & Klee 2004.
Other common cyclotelloid species were Pantocseki-
ella rossii (Hakansson) K.T.Kiss & E.Acs 2016 and
Lindavia radiosa (Grunow) De Toni & Forti 1900.
D. pseudostelligera dominated pre- and post-mining
samples but decreased during the active mining phase
at 15-10 cm sediment depth, where P. rossii was the
dominant species. Small fragilarioid species, such
as the Staurosira construens Ehrenberg 1843 com-
plex and Pseudostaurosira brevistriata (Grunow)
D.M.Williams & Round 1988, were also rather
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Fig. 6 The diatom species assemblages of Valkeinen. Only
species with>3% relative abundance are shown. Species are
grouped according to their habitats into planktonic (blue bars)
and benthic (brown bars). Additional line graphs are corre-
spondence analysis (CA) sample scores for axis 1 and 2, chrys-

abundant. S. construens increased after the onset of
the mining and had a maximum abundance in the top-
most sample. Together, cyclotelloids and fragilarioids
accounted for at least 70% of identified valves in all
but one sample (15 cm). Rarefaction-estimated taxo-
nomical richness varied from 23 taxa at the depth of 8
cm to 44 taxa at 13 cm. Chrysophyte cysts were found
in all samples, and their ratio to diatoms (C/D ratio)
was lowest at 5—7 cm, which coincided with the dom-
inance of the small cyclotelloid species and low rich-
ness in the diatom species. Synurophyte algae scales
were present in samples below the depth of 9 cm.

Ordinations

The DCA-based species gradient length of the dia-
tom samples was 2.18 standard deviation (SD) units.
The CA sample scores of the first and second ordi-
nation axes remained relatively stable in the lower
part of the core (Fig. 6). The most notable changes
in the sample scores were in the topmost 19 cm and
10 cm in the second and first axis, respectively. In the
ordination diagram (Fig. 7), samples 39-17 cm plot

ophyte cysts-to-diatoms (C/D) ratio, and taxonomic richness
(rarefaction). Asterisk denotes slides with synurophyte algae
present. Samples with darker background indicate active min-
ing. Age is calculated from the linear accumulation rate (LAR)
of sediment

mainly to the upper left quadrant, samples 15-10 cm
to the lower left quadrant, and samples 9—1 cm to
the right side of the diagram based on their diatom
assemblages. The bottommost sediment samples in
the upper left quadrant are characterised by higher
abundances of elements typical of silicates, such as
Al and Ti, and lower abundances of typical mining-
related elements such as S, Cu, and Zn, compared
to the other two groups. The samples in the lower
left quadrant differ from the uppermost samples, for
example, by their higher abundance of Mn and lower
abundance of Ni.

Discussion
Pre-mining
The mixing regime of Valkeinen may have been
irregular even before the onset of mining at Kotalahti.
Although most lakes in the boreal region are dimic-

tic, irregular circulation is a common phenomenon in
small, sheltered headwater lakes such as Valkeinen

@ Springer
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Fig. 7 Correspondence analysis ordination diagrams of
Valkeinen, a diatom samples, b diatom species with> 3% rela-
tive abundance, with planktonic species plotted with blue dots,
benthic species with brown triangles, and samples with grey

(Hongve, 2002; Hakala, 2004; Simola & Arvola,
2005). This is indicated by the remarkable abundance
of cyclotelloid species (Fig. 6), which have been
linked to stronger stratification in lake water (Riih-
land et al., 2015; Edlund et al., 2022). Diatom species
richness in Valkeinen is relatively low throughout the
sequence compared to other, mainly shallower lakes
from the same region in Finland (Tammelin et al.,
2017) due to the abundance of the small cyclotelloid
D. pseudostelligera, whose domination of the assem-
blages is reminiscent of the most anthropogenically
salinised lakes of Tammelin et al. (2017) and Tamme-
lin & Kauppila (2018). Cyclotelloids are competitive
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under the species, ¢ diatom samples plotted with grey dots and
passively plotted supplementary geochemical data plotted with
black vectors

in stratified lakes because their small size and buoy-
ant shape enable them to more easily remain in the
surface water compared to, e.g. Aulacoseira species,
which are heavier and more cylindrical in shape and
therefore rely on currents to stay near the surface
(Riihland et al., 2015). Cyclotelloid species are also
more efficient in nutrient uptake, which gives them
a further advantage during summer stratification as
surface waters become depleted of nutrients (Ptac-
nik et al., 2003; Winder et al., 2009; Riihland et al.,
2015).

The whole sediment sequence is likely influenced
by human activities in the area, but conditions
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in the lake were stable before the onset of mining
activities, as several element concentrations, includ-
ing those derived from silicate mineral inputs, such
as Ca, Mg, K, and Na (Fig. 4), and ratios (Mn/Fe, S/
Fe, K/Zn, Fig. 5) are constant in the bottom part of
the sequence. The pre-mining diatom assemblages
likewise show little variation, as the bottom samples
form a distinct group in the upper left quadrant of
the ordination, and are associated with the silicate-
derived elements, particularly Al and Ti (Fig. 7).
The pre-mining concentrations of S are very high
in Valkeinen compared to lakes in southern and
central Finland (Fig. 4) (Merildinen et al., 2010;
Vihédkuopus et al., 2020; Mékinen et al., 2023),
even those with high background concentrations of
sulphur and metals (Mékinen et al., 2010). Mn, Ni,
and Cu concentrations of Valkeinen correspond to
the high background concentration lakes of Miki-
nen et al. (2010), while Fe and Zn exhibit lower
concentrations. The small-scale industrial activity
in the Kotalahti area before mining may have led to
increased erosion and metal mobility from the sul-
phide minerals in the bedrock in the area (Papunen
& Koskinen, 1985; Turunen et al., 1960).

Active mining phase

The active mining phase of 1957-1987 at Kota-
lahti mine is clearly discernible in the geochemis-
try (Figs. 4, 5) and diatom assemblages (Fig. 6) of
Valkeinen, incipiently from the depth of 19 cm and
more clearly from 17 cm upwards. There are, how-
ever, no clear indications of a meromictic mixing
regime in the lake during active mining based on
the diatom assemblages and water sampling data
(Table 2). Nevertheless, the diatom assemblage
shift is likely driven by the S and metal loading
and consequent changes in light and mixing condi-
tions, as the lake still had low epilimnetic P concen-
tration and electrical conductivity (EC) but a high
mean Secchi depth of 5 m comparable to the heav-
ily mine impacted lakes Orijdrvi and Maiérjarvi in
SW Finland (Salonen et al., 2006; Tuovinen et al.,
2012). The dominant diatom species D. pseudostel-
ligera decreases sharply (Figs. 6, 7), and the assem-
blages become more reminiscent of the generally
shallower and less human-impacted (i.e. holomictic)
oligo-mesotrophic lakes in the region (Tammelin
and Kauppila 2018). Changes in water quality thus
seem to have given an advantage to heavier diatom

Table 2 Water quality measurements from Valkeinen (Finnish Environment Institute, 2023; Kehusmaa et al., 2023)

Date Depth (m) Temp (°C) 02 (%) P (ug/) Fe (ug/l) pH EC (mS/m) Colour
(mg/1
Pt)
February 1973! 1 1 85 9 n/a 6.6 5.6 23
10 2.8 54 n/a n/a 6.3 53 20
11 2.9 55 12 71 6.4 5.6 20
October 1987> 1 7.1 n/a 10 40 7.0 54.5 30
February 19967 1 0.9 52 13 <5 6.9 429 20
6 33 50 13 <5 6.9 423 20
10 3.6 44 n/a n/a 6.8 43.2 20
15 43 0 520 580 6.7 72.4 100
September 20082 1 10.9 86 6 20 74 n/a 15
6 10.8 84 8 20 74 n/a 15
10 4.7 <2 n/a n/a n/a n/a n/a
15 4.2 <2 390 710 6.9 n/a 70
October 20172 2 6 79 270 <30 7.9 42.1 n/a
9.5 49 3 194 <30 7.0 62.2 n/a
10 4.5 3 465 390 6.8 62.6 n/a
13 4.1 446 310 6.7 62.7 n/a

"Max water depth at site of measurement 12 m

2Max water depth at site of measurement 16.1 m
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species with higher light and nutrient requirements,
allowing them to outcompete D. pseudostelligera.
For example, the larger cyclotelloid L. radiosa has
been shown to have higher growth rates in high light
compared to small-celled stelligeroid species (Malik
et al., 2017), whereas large-celled spring-blooming
Aulacoseira species have been linked to stronger
spring overturns (Rautio, 2000; Riihland et al., 2015).
However, the growth rates of D. pseudostelligera may
have also been affected by changes in the composi-
tion of the phytoplankton community in Valkeinen, as
highlighted by Malik and Saros (2016), based on the
shift in the C/D ratio trend during the active mining
phase, possibly indicating more favourable conditions
for chrysophytes. The diatom assemblage also shows
increases in species such as P. rossii and Achnanthid-
ium minutissimum (Kiitzing) Czarnecki 1994, which
have been linked to metal pollution (Cattaneo et al.,
2004; Salonen et al., 2006; Tuovinen et al., 2012).

In sediment geochemistry, the active mining is
reflected in the increased concentrations of S and
metals typical of acid mine drainage (AMD) (Fig. 4)
(Blowes et al.,, 2014; Nordstrom et al., 2015). S
is generally released from the oxidised sulphides
exposed during the mining, the waste rock and tail-
ings, as well as chemicals used in ore processing, and
typically accumulates into lake sediments from the
beginning of the mining (Salonen et al., 2006; Maiki-
nen et al., 2010; Nordstrom et al., 2015). S begins to
increase immediately and steadily in the sediments
of Valkeinen as well, reflecting the high S concentra-
tions of the Kotalahti ore minerals, such as pyrrhotite
(Fe,_,S), pentlandite ((Fe,Ni)ySg), and chalcopyrite
(CuFeS,), and indicating rapid onset of sulphur and
metal inputs to the lake from the mine site (Turunen
et al., 1960; Papunen & Koskinen, 1985).

S is transported to the lake as soluble sulphate
species, some of which may be adsorbed to Fe and
Al oxyhydroxides either as surface runoff or in shal-
low groundwater. While sulphate loading may not
always result in a corresponding increase in sedi-
ment S content, especially at the top of the sediment
due to S cycling (e.g. Eimers et al., 2006; Holmer &
Storkholm, 2001), a strong correlation has been found
between sulphate supply and sulphate reduction in
sediment in suitable conditions (Zhou et al., 2022). A
part of the sulphate entering the lake may be incor-
porated in the plankton and be found in the seston in
the basin. In the lake sediment, pore water, and the
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immediately overlying water, sulphate reduction may
occur and S can be incorporated in the sediment as
Fe monosulphides that, although susceptible to oxi-
dation, are fairly persistent in sediment and may also
scavenge other metal species. Further diagenesis may
gradually convert the monosulphides to pyrite which
is an even more stable phase. During the active min-
ing phase, conditions favourable for sulphate reduc-
tion likely existed a few centimetres inside the sedi-
ment at first, before conditions in the basin turned
even more reducing. A part of both sulphate and the
newly reduced S may transfer to the organic S pool
(Holmer & Storkholm, 2001; Phillips et al., 2023).
Some reduced S will be reoxidised in the oxic zone
in the sediment and even under anoxic conditions and
lost back in the overlying water. In anoxic conditions,
roughly half of this reoxidised sulphide returns to the
sulphide pool via thiosulphate (Jgrgensen, 1990).

Ni and Co peak at the end of the mining, possibly
indicating the flooding of the mine shafts and the end
of tailings deposition and consequent oxidation and
mobilisation of these metals into Valkeinen (Vestola
& Mroueh, 2008; Riisdnen et al., 2015). Cu con-
centrations fluctuate more during the active mining
phase and increase modestly with less than twofold
increases compared to pre-mining concentrations.
This reflects the overall lower concentrations of Cu
compared to Ni in the Kotalahti ore and tailings waste
and the slower oxidation speed of the main Cu min-
eral, chalcopyrite, compared to the other sulphide ore
minerals at Kotalahti (Papunen & Koskinen, 1985;
Heikkinen et al., 2009; Lindsay et al., 2015; Réisdnen
et al., 2015).

Although elements derived from silicate mineral
inputs remain relatively constant during the mining
phase, there is a notable decrease in Ti and a slight
decrease in Al (Fig. 4), which might suggest that ero-
sion from the lake catchment area has decreased (Ber-
trand et al., 2024). However, as the concentrations are
closed sum data, it is more likely that the increase in
the concentrations of S and the trace elements associ-
ated with mining has “diluted” the share of minero-
genic elements in the elemental composition of the
sediment (Bertrand et al., 2024). This is also appar-
ent in the ordination, where the diatom samples of the
active mining phase are associated with higher sedi-
ment concentrations of S, Mn, As, and trace metals,
and lower concentrations of minerogenic elements
(Fig. 7). Additionally, the HNO; extraction method
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used for the geochemical analysis is not intended to
accomplish total decomposition of the sediment sam-
ples, and the dissolution of some refractory minerals,
such as quartz, silicates, and titanium dioxide, from
the samples may be incomplete (USEPA, 2007). The
method also typically requires the addition of hydro-
chloric acid to better recover elements such as Al, Fe,
and Mg. Differences in the exploited orebodies and
evolving mining operations during the lifecycle of the
Kotalahti mine might also partly explain the slight
changes and fluctuations in the accumulation of sili-
cate minerals to Valkeinen.

The behaviour of Fe and P suggests enhanced
oxygen depletion during the active mining phase in
Valkeinen, whereas no apparent signs of eutrophica-
tion were identified before the closure of the mine.
The S/Fe ratio is high, indicating that the Fe is
increasingly found in sulphides rather than as oxides
or oxyhydroxides in the sediment (Rothe et al., 2015).
The P concentrations are lower than before mining,
suggesting that oxidised Fe fractions are no longer
sufficient to bind P into the sediments, and possibly
leading to P release from the sediments into the water
column (Jilbert et al., 2020; Lanka et al., 2024). The
lower sediment P concentrations of the active min-
ing phase could, thus, be a result of post-depositional
mobilisation, upwards migration, and lateral transport
of P to shallower areas of the basin (Moyle & Boyle,
2021). According to Zhao et al. (2024), there is con-
siderable heterogeneity in the P cycling of a lake: in
shallow areas, internal loading is enhanced and varies
more between seasons, whereas in deep and stratified
basins internal P loading is restricted to the near-bot-
tom water layer and has a limited impact on the nutri-
ent cycle of the lake as a whole. If any internal load-
ing took place in Lake Valkeinen during the active
mining phase, it had to be limited to the deepest part
of the lake based on the very low P concentrations
recorded in the bottom water (Table 2).

Post-mining

The cessation of active mining at Kotalahti leads to
notably different geochemistry in the sediments of
Valkeinen, which, together with the biotic changes,
most likely indicates the onset of meromixis in the
lake. The tailings area was dried by ditching in the
summer of 1987 and gradually covered afterwards
with soils, till, plant debris, peat, and sediment

ditched from the nearby lake Oravilahti (Riisidnen
et al., 2015). The ditching probably increased the
influx of electrolytes into Valkeinen, which is visible
as increased EC in the surface water of the lake by
October 1987 (Table 2) The shift in the redox con-
ditions of the tailings area and an increase in both
minerogenic and biogenic material likely explains the
sharp increase in Fe and Ti, and a decrease in Mn,
trace metals, and to a lesser degree S, in the sedi-
ments of Valkeinen following the closure of the mine
(Fig. 4). These changes are also visible as a sudden
drop in the element ratios of S/Fe and Mn/Fe (Fig. 5).
Mn/Fe ratio is often used as a proxy of past lake water
oxygenation because of the differing sensitivity of
these elements to redox changes, whereby a lower
Mn/Fe ratio is ideally thought to indicate reducing
conditions (e.g. Makri et al. 2021). The interpretation
of this proxy is, however, not straightforward if there
is persistent bottom water anoxia or higher detrital
input, both of which could also have influenced the
accumulation of Mn and Fe in Valkeinen at this time.

The closing of the Kotalahti mine and subsequent
salinisation is also apparent in the diatom assem-
blages of Valkeinen. D. pseudostelligera increases
back to the pre-mining abundances and P. rossii and
L. radiosa decrease, among others, consequently
leading to a minimum in species richness in the
studied samples. Diatoma tenuis appears in the 8
cm sample which corresponds to the year 1987 and
the ditching at the tailings area. D. tenuis has been
linked to elevated EC, together with small cyclotel-
loids and elongated pennate taxa (Tammelin et al.,
2017). The amount of chrysophyte cysts also drops,
and the 9 cm sample is also the last one with certain
synurophyte algae (possibly Mallomonas sp.) pre-
sent, which occur throughout the lower part of the
sediment sequence, further pointing towards a drastic
change in the ecological conditions of the lake. As a
group, both chrysophytes and synurophytes are most
diverse in slightly acidic waterbodies with low pro-
ductivity and conductivity (Nicholls & Wujek, 2015;
Siver, 2015; Korkonen et al., 2020), and their sharp
decrease or disappearance likely indicates a relatively
quick shift towards a more electrolyte-rich water col-
umn after the closure of the mine, as the amount of
chrysophytes is at its maximum during the end of the
active mining phase (Fig. 6).

More recent attempts to manage the Kotalahti mine
site are reflected in the uppermost samples of the

@ Springer



Hydrobiologia

Valkeinen sediment sequence. The mine filled with
water by 1994, after which the effluents have been
treated with passive methods, including wetlands, a
treatment plant for waters piped into the nearby lake
Oravilahti, and the use of sulphate-reducing bacte-
ria (SRB) in one of the underground mines. For the
SRB treatment, organic amendments (pig manure)
were added in the mine shaft in 1996-1997, and the
process has successfully reduced the concentrations
of metals and increased pH in the flooded mine (Ves-
tola & Mroueh, 2008). These practices are also vis-
ible in the decreasing trace metal concentrations of
Valkeinen, particularly in Co, Ni, and Zn (Fig. 4), and
in the increasing K/Zn ratio (Fig. 5), which has been
used to represent the ratio of minerogenic to indus-
trial matter in sediment (Jilbert et al., 2020; Salminen
et al., 2021). The source of the temporary increases in
Zn and Cu, corresponding to the year 1998, could be
the manure used in the organic amendments (Gourlez
et al., 2024). S concentrations have not decreased as
effectively and are still 3.5-fold in the two top sam-
ples (mean S 25500 mg kg~!) compared to pre-min-
ing samples (mean S 7383 mg kg~!). This reflects the
poor management of S and SO, from the mine wastes,
as the environmental permits are more lenient with
these substances compared to metals (ISAVI 2014).
In recent decades, sewage sludge has also been used
to cover the tailings area (ISAVI 2014). The addi-
tion of the sludge and the simultaneous decrease in S
loading could have led to an increased availability of
Fe oxides and oxyhydroxides able to bind P, explain-
ing the increase in P concentrations in the topmost
sediment samples (Fig. 4). These dynamics probably
contribute to the current high P concentrations in the
lake water, which were first seen as P-enriched bot-
tom water by the 1990s and later followed by elevated
epilimnetic P in the 2010s (Table 2, Kehusmaa et al.
2023).

Even though the diatom species richness and the
amount of chrysophyte cysts increases in the most
recent samples, the phytoplankton community does
not revert to the pre-mining composition nor appear
to find an equilibrium in the now meromictic water
column (Fig. 7). The salinisation and subsequent
eutrophication of the water column (Table 2) is
reflected in the topmost samples of Valkeinen as an
increase in fragilarioid species, such as F. rumpens
and the S. construens complex, and a simultaneous
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decrease in D. pseudostelligera. Small fragilarioids
are cosmopolitan, opportunistic species, with a broad
tolerance for, e.g. salinity and nutrients, which makes
them competitive in unstable conditions (Weckstrom
& Juggins, 2005), in contrast to cyclotelloid species
which are generally thought to compete well in oligo-
trophic conditions (e.g. Saros & Anderson 2015) and
tolerate metals poorly (Salonen et al., 2006; Tuovinen
et al., 2012). Despite the high recent epilimnetic P
concentration of Valkeinen (Table 2, Kehusmaa et al.,
2023), the post-mining diatom assemblages differ
from other currently eutrophic lakes in the region
(Tammelin et al., 2017). The diatom assemblages
thus seemed relatively unaffected by the onset of
internal P loading, while epilimnetic P concentration
remained low, but will likely show a more intensive
response in the future, following the notable recent
increase in epilimnetic P.

At present, Valkeinen is meromictic, with a chem-
ocline at 8—10 m depth, and the EC and pH values
have seemingly been relatively constant since the
sampling of 1996, whereas P has increased (Table 2;
Kauppila et al., 2017; Kehusmaa et al., 2023). The
inflow from the mine still has elevated concentrations
of substances such as S, SO,, Ni, and Zn, and the lake
is eutrophied in addition to being meromictic. Mn,
Fe, and P exhibit elevated concentrations below the
chemocline, suggesting higher solubility in the anoxic
water or internal loading of these elements from the
sediment. These findings indicate that the mine load
is still impacting Valkeinen heavily, and even if the
loading were to stop completely, the lake would not
necessarily revert to holomixis in several decades
(Kehusmaa et al., 2023).

Conclusions

We identified distinct pre-, active, and post-mining
phases in the geochemistry and diatom assemblages
of Valkeinen, a boreal lake receiving surface runoff
from the closed Kotalahti Ni-Cu mine. Our results
show that mines can affect the aquatic environment
in complex and subtle ways, which makes com-
prehensive and long-term environmental monitor-
ing and management vital to reduce the negative
impacts of mining. Focusing on toxic metal con-
centrations and their management is not sufficient;
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care must also be taken with minimising saline and
eutrophying effluents from both active and legacy
mine sites, particularly in areas with lakes or other
small, fixed waterbodies. In addition, the biggest
impacts might not occur during active mining but
can instead happen after closure as changes take
place, e.g. in the land use of the mine area, or in the
redox conditions of tailings areas. In Valkeinen, the
shift to meromixis seems to have happened during
the closure of the mine several decades ago, but the
eutrophication of the lake is a more recent phenom-
enon. Our study also reinforces the usefulness of
palaeolimnological investigations of mine impacted
lakes when monitoring data is lacking. For infer-
ring changes in lake mixing regimes, we highlight
the necessity of multiple proxies, as pinpointing
the onset of meromixis from the sediment record of
Valkeinen with certainty required both geochemical
and ecological proxies.
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