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Abstract

Mining in the Kizel coal basin (Perm Region, Russia) ceased 20 years ago; however, AMD with high levels of total iron
(Fe,ya) and trace elements still affects the rivers. In this study, we attempted to estimate inter-annual and seasonal vari-
ability of AMD-related surface water contamination using Sentinel-2 images from 2016 to 2019. The acid mine water
index (AMWI), which is a normalized difference of spectral reflectance in the red and blue bands, was calculated from
Sentinel-2 images. We compared the AMWI values with measured Fe,,,| concentrations in the surface water. A statistically
significant (at a 0.05 significance level) Spearman’s rank correlation between AMWI and Fe,,,, concentration was found for
5 out of 7 surface water sampling points. We found that surface water contamination reaches a seasonal maximum in July,
1-1.5 months after the end of the snowmelt high water period. Excessive summer rainfalls also contributes to increased
contamination, causing contamination to possibly spread more than 200 km from the AMD sources. In contrast, arid summer
conditions were associated with a substantially decreased AMD discharge and Fe,,; concentrations in the surface water. The
main uncertainties in our results are associated with the effect of contaminated bottom and bank sediments and suspended
sediments on the spectral characteristics of the water surface, and the relatively coarse (10 m) spatial resolution of Senti-
nel-2 images. However, despite the data and method limitations, our results show that Sentinel-2 images have substantial
potential for monitoring AMD-related contamination of surface water.

Keywords Coal mining areas - Acid mine water - Surface water contamination - Inter-annual and seasonal variability -
Remote sensing data - Spectral indices

Introduction water. This process is intensified by increased surface run-

off during snowmelt and heavy rainfalls (Maximovich and

Surface water contamination caused by acid mine drainage
(AMD) is one of the biggest environmental problems caused
by the mining of coal and other sulphide-rich mineral depos-
its (Sarmiento et al. 2009). When AMD flows into natural
water, precipitates (mostly ferric hydroxide and hydrosulfate
and aluminium hydroxide) (Valente et al. 2009; Menshikova
et al. 2020; Wolkersdorfer et al. 2020). The sediments are
considered to be a secondary pollution source and can spread
downstream for long distances (Powell et al. 1988; Siddharth
et al. 2002, Tao et al. 2012). Besides AMD, the leaching of
waste rock dumps also contributes to the pollution of surface
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Pyankov 2018).

AMD and runoff from rock dumps are typical for coal
mining areas worldwide (Burrell et al. 2000; Donovan et al.
2003; Okamoto et al. 2006). Abandoned mines can also be
pollution sources, since they are often flooded with ground-
water. AMD from underground coal mines can persist for
more than 100 years, with little change in chemical compo-
sition (Demchak et al. 2004; Johnson and Hallberg 2005).

Earth remote sensing (ERS) data can substantially
improve environmental monitoring in coal mining areas.
Imaging spectroscopy can be considered as a substantial
addition or alternative to conventional methods (based on
chemical analyses) and as an efficient way to estimate AMD-
related contamination (Kopackova 2019). Many researchers
have successfully used ERS data to detect AMD, to assess
the spectral characteristics of secondary minerals formed
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during acidification and to estimate the degree of surface
water pollution (Anderson and Robbins 1998; Raval 2011;
Seifi et al. 2019).

Landsat (MSS) satellite images have been used to assess
the environmental settings in mining areas and to detect
large sources of AMD since the 1970s (Alexander et al.
1973; Wobber et al. 1975). It was found that AMD as well as
technogenic sediment formed during acidification had higher
spectral reflectance in the wavelength range 650-750 nm,
compared with neutral water or bottom sediments (Anderson
1994; Anderson and Robbins 1998). A relationship between
the spectral characteristics of contaminated water and meas-
ured pH and Fe,,; concentrations was found, and proposed
to be used for satellite-based or airborne monitoring of mine
water pollution of rivers (Alexander et al. 1973; Anderson
and Robbins 1998).

The development of hyperspectral imaging (in particu-
lar, AVIRIS, HYPERION, and HyMap sensors), substan-
tially expanded the opportunities for remote sensing of
water pollution. Swayze et al. (2000) applied the AVIRIS
hyperspectrometer to determine secondary minerals con-
taining oxides and hydroxides of iron (indicators of AMD)
that are formed as precipitates in acid water. The collection
of spectral libraries based on field measurements allowed
AMD-affected areas to be identified with image processing
algorithms (Riaza et al. 2011). The most detailed analysis of
the spectral characteristics of contaminated water has been
performed using the HyMap hyperspectrometer. Two spec-
tral reflectance peaks (between 570 and 640 nm, and about
700 nm) of water contaminated by AMD have been found
(Riaza et al. 2015). Thus, the red and red edge spectral bands
are crucial in detecting AMD-related contamination and in
separating polluted water from pure water.

Several studies have focused on the quantitative assess-
ment and mapping of surface water pH in the AMD-
affected areas with HyMap hyperspectrometer data (Wil-
liams et al. 2002; Zabcic et al. 2009, 2014; Kopackova
2014), based on the detection of secondary minerals that
form at different pHs; the results showed the potential of
hyperspectral imagery application as an efficient way to
monitor AMD.

The Sentinel 2A/2B satellites, launched by the European
Space Agency (ESA) in 2015 and 2017, have great potential
for monitoring of AMD-related contamination of surface
water and its seasonal variation (Kopackova 2019). They
provide the data in 8 rather narrow visible and near-infrared
(VNIR) spectral bands with a spatial resolution of 10 and
20 m. Another important advantage of the Sentinel-2 mis-
sion is its high frequency of obtaining images (in temperate
latitudes—every 2-3 days in clear sky conditions). How-
ever, only a few studies have focused on the use of Senti-
nel-2 images for AMD detection and water quality monitor-
ing in coal mining areas (Seifi et al. 2019; Kopackova 2019).
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So, this study was undertaken to assess the advantages and
limitations of the Sentinel-2 satellite data for monitoring
AMD-related pollution of surface water in a coal mining
area, using the abandoned Kizel coal basin as a case study.
Satellite-based assessment of the seasonal variability of
water contamination, associated with weather and hydro-
logical environments, was also a focus of this study.

Study Area

The Kizel coal basin stretches for 100 km along the western
slope of the Ural Mountains and is characterized by a tem-
perate humid climate. Average annual temperature ranges
from O to 2°C with a minimum in January (— 14 to —16°C)
and maximum in July (+ 16 to + 18 °C). Average annual pre-
cipitation is 800-900 mm (WorldClim 2.0, Fick and Hijmans
2017). The coal basin area falls within three large basins of
the Yayva (with the North Vil’va tributary), the Kos’va, and
the Chusovaya (with the Us’va and the South Vil’va tributar-
ies) Rivers (Fig. 1). These three rivers are tributaries of the
Kama Reservoir. The annual flow cycle is characterized by a
maximum in April or May (related to snowmelt runoff) and
two minimums in winter and at the end of summer.

Industrial coal mining in the Kizel coal basin began
in the late nineteenth century. By 1959, it had reached a
maximum (over 12 million t/year). Subsequently, produc-
tion began to decline due to the poor quality of coal (in
particular, high sulfur levels) and hard mining conditions.
Between 1993 and 2000, coal mining was halted and all
of the mines in the Kizel coal basin were abandoned. The
long-term operation of the mines has led to environmen-
tal problems: land disturbance, air pollution, alteration of
hydrochemical and hydrological regimes of the rivers, and
pollution of surface water and groundwater (Maximovich
and Khayrulina 2014; Maximovich and Pyankov 2018;
Menshikova et al. 2020).

The mines were completely flooded within 3—10 years
after their abandonment, which has led to AMD discharges.
There are currently 19 AMD sources in the Kizel coal
basin, with an average annual discharge of about 25,000
m?>/h for the period 2007-2013 (Maximovich and Khay-
rulina 2014; Menshikova et al. 2020). The AMD has total
mineralization up to 35,000 mg/L and extremely high
concentrations of Fe, ., (up to 3500 mg/L), Al (up to
190 mg/L) and several trace elements (Maximovich and
Pyankov 2018).

The basins of large tributaries of the Kama Reservoir,
such as the Yaiva, the Kos’va, and the Chusovaya Rivers,
are all affected by the closed mines of the Kizel coal basin.
When AMD interacts with surface water, precipitates con-
sisting mainly of iron and aluminum hydroxides form and
accumulate on the river bottom (Figs. 2 and 3). It spread for
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hundreds of kilometers downstream up to the Kama Res-
ervoir (Maximovich and Pyankov 2018). The runoff from
waste rock dumps is considered to be a second source of
river contamination in the Kizel coal basin. Its contribution
to the total contamination is estimated at ~5 % (Maximovich
and Pyankov 2018).

Since 2000, the Ural Center of Social and Environmen-
tal Monitoring (UCSEM) has been regularly sampling and
analysing surface- and ground-water in the Kizel coal basin.
Samples are collected and analysed 4—6 times a year during
a warm period at 17 AMD sources, as well as at 39 sampling
points in polluted rivers (State reports, 2006-2018). The
hydrochemical monitoring data for 2006-2018 is published
on an online web map service (http://kub.maps.psu.ru/); the
main hydrochemical characteristics of the contaminated riv-
ers are shown in Table 1.

The small rivers flowing through the Kizel coal basin
(downstream of the AMD sources) are characterized by
high concentrations of dissolved and suspended contami-
nants, exceeding natural values by hundreds of times. Thus,
seven AMD sources affect the Bol’shoi Kizel River, a tribu-
tary of the North Vil’va River (Fig. 1). The Bol’shoi Kizel
River has a “rusty” color (Fig. 3a) due to high concentra-
tions of Fe ., (225.5 mg/L). The Bol’shaya Grem’achaya
River, flowing through the southern part of the coal basin,
is also extremely contaminated (Fe,,,,; is 366.3 mg/L) by one
powerful AMD source and 20 waste rock dumps. However,
unlike the Bol’shoi Kizel River, its contamination has tended
to decrease over time (State reports, 2006-2018).

These small rivers are tributaries of larger rivers (the
North Vil’va and South Vil’va). The concentration of con-
taminants in them is substantially reduced due to natural
removal processes and dilution, but it remains quite high (up
to 42.6 mg/L for Fe,) and optical characteristics of water
are greatly altered (Fig. 3b, d). According to the chemical
analysis, Fe (III) hydroxide gives the rusty color to the water.

In the Kos’va River basin, there are six AMD sources, and
the main ones are located in close proximity to the river. So,
downstream of the AMD sources, the water is acid (mean
pH is 5.3) and strongly contaminated (Table 1; Fig. 3c). The

Fig.2 Contaminated bottom
sediments (a) and AMD source

(b)

.
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concentrations of the main pollutants (Fe,,;, Al, and trace
elements) are reduced downstream by several times. How-
ever, some reach the Kama Reservoir, and were deposited
in the gulf of the Kos’va.

Data and Methods
Overview of the Data Sources

In this study, we used four main data sources to assess the
opportunities for satellite-based monitoring of AMD-related
contamination of surface water and its seasonal variability
in the Kizel coal basin. Their main characteristics are shown
in Table 2.

Each data source has some limitations. For the Senti-
nel-2 images, the main limitation was the low frequency of
cloudless images, ranging from two (in 2019) to six images
over the warm season. The images taken during periods of
heavy rainfall were also excluded from the analysis, since
strong water turbidity increases reflectance in the red spec-
tral band, making it hard to distinguish from water contami-
nated by AMD (Raval 2011).

The hydrochemical monitoring data of UCSEM (Moni-
toring..., 2006-2018) was obtained for nine sampling
points located in six rivers (Table 1; Fig. 1). Due to the
low sampling frequency (4-5 times per year), matching of
hydrochemical data with Sentinel-2 images is challenging.
Furthermore, some of the sampling dates fall on periods of
overcast (mainly in autumn). Therefore, only three samples
for each year could be matched with the dates when Senti-
nel-2 images were obtained.

Water samples for determining Fe,,; were collected in
containers made of polymer material and acidified to a pH
of less than 2 with hydrochloric acid for preservation. The
photometric method with o-fenatropilom was used for labo-
ratory-based analysis of Fe,,; concentration.

In this study, we used the data provided by the UCSEM,
which includes chemical analysis of surface water in the
Kizel coal basin. Only the data on Fe,,, concentration
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Fig.3 High-resolution images (obtained from ArcGIS imagery web service) of the rivers and sediments contaminated by acidic mine water in
the Kizel coal basin: the Bol’shoi Kizel (a), the North Vil’va (b), the Kos’va (¢) and the South Vil’va (d)

(without discriminating on Fe”* and Fe?*) were available.
Due to the lack of data on Fe*™ and Fe®* concentrations
and their transformation in contaminated surface water, we
performed a measurement of Fe*™ and Fe>* in the Kos’va
River. It was found that below pH 6.3—7.5, the concentra-
tion of Fe?* in the river water was less than 0.05 mg/L
(Table 3). The contribution of Fe* to the total iron con-
centration in the river water reaches 99 %. So, we assumed
that the Fe,,,, concentrations in the surface water, meas-
ured by the UCSEM (State reports, 2006-2018), is approx-
imately equal to the Fe3* concentration. The hydrological
data were obtained from three gauges (Fig. 1). No such
data was available for the North Vil’va and South Vil’va
Rivers. Thus, we had to use observations from the nearest
hydrological gauges located on the Yayva and Us’va Riv-
ers as analogues.

The precipitation data was obtained from the same hydro-
logical gauges and one weather station. Their main limita-
tion is the low observation density.

Satellite-Based Assessment of AMD-Related Surface
Water Contamination

The main feature of the spectra of water contaminated by
AMD is a strong increase of reflectance in red and red
edge bands (between 650 and 800 nm) compared with blue
and green bands (Anderson 1994; Anderson and Robbins
1998). So, several spectral indices based on this difference
were developed to distinguish acid water and iron oxide
precipitates associated with acid conditions from neutral
water and precipitates. The simplest among them is the
iron oxide index, which was used to detect ground- and

@ Springer
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Table 2 The main characteristics of the data sources

Data source Data provider Download URL

Estimated character-
istics

Period of availability Temporal resolution

Sentinel-2 images ESA https://earthexplorer. ~ 2016-2019 2-6 cloudless images  Spectral characteris-
usgs.gov/ per year (only for tics of contaminated
summer-autumn surface water
low-water period)

Hydrochemical moni- USCEM (State http://kub.maps.psu. ~ 2016-2018 4-5 samples per year  pH, total solid content,
toring of surface reports, 2006-2018) ru/ (in Russ.) (during the warm concentration of Fe,
water period). Al and trace elements

(Table 1)

Atmospheric precipi- Russian hydro-mete-  https://rp5.ru/ 2016-2019 Every 12 h Precipitation amount
tation data orological service (in (in Russ.)

Hydrological data (Roshydromet) https://gmvo.sknii 2016-2019 Every 24 h Water discharge in

vh.ru (in Russ.) rivers
2+ 3+

Table3 F © a|.1d Fe Name of sampling point Fe?*, mg/L  Fe’ mg/L  pH Distance

concentrations in the Kos’va
. . . from the

River depending on distance nearest

from AMD source and pH AMD

values source, km
AMD sources 951.6 34 2.5 -
The Kos’va River, downstream of AMD sources 358.9 3.1 6.2 0.005
The Kos’va River <0.05 10.7 6.3 4.6
The Kos’va River, near Peremskoe village <0.05 0.27 6.5 65.0
The Kos’va River, near Nikylino village <0.05 0.133 7.5 84.0
surface- water contaminated by AMD (Yu et al., 2006). Red — Blue
. . . . AMWI = ———,
After the Sentinel-2 images became available, a new index Red + Blue

called Dg_; amp) Was suggested to improve identification
of precipitates were formed in acidic and neutral conditions
(Kopackova 2019). The Dg_, (smp) index is calculated as

Ds_aamp) = (Dseo = Degs) + (Drg3 = Drgo)

where Ds¢, Dggs, D793, and Dg, are the spectral reflectance
values in the corresponding bands (3, 4, 5, and 7) of the Sen-
tinel-2 images. This index accounts for the key features of
the spectra of acid water and precipitates, but its calculation
can be performed only with 20 m spatial resolution (required
for resolution of the red edge bands). This spatial resolution
may be insufficient to correctly assess the spectral character-
istics of rivers having widths less than 20 m. So, the use of
10 m bands (blue, green, red, and near infrared only) may be
preferable for some rivers of the Kizel coal basin, namely the
North Vil’va and the South Vil’va, which are 15-30 m wide.

In a previous study, we suggested the spectral index called
AMWTI (Acid Mine Water Index) to assess AMD-related
water contamination and its long-term changes in the Kizel
coal basin (Berezina et al. 2018). AMWI was calculated as
follows:

where Red and Blue are spectral reflectance in the red
and blue bands respectively. This study was based on the
full Landsat archive. We found that the AMWTI values
increased with increasing iron concentrations in the sur-
face water. The revealed long-term changes in the AMWI
were generally consistent with the available data on the
intensity of the mine water inflow into the rivers in the
1990s and 2000s (Berezina et al. 2018).

The main limitation of the method was the 30 m spa-
tial resolution of the Landsat images. Therefore, it was
implemented only for large rivers with a width of 100 m
or more, whereas the most contaminated rivers have a
width that are less than 50 m. The frequency of obtain-
ing cloudless Landsat images allowed us to assess only
inter-annual variability of the river’s contamination, but
seasonal variability remained unexplored. In addition,
water turbidity, shallow water, ripples, and aquatic veg-
etation can influence AMWI values and distort their rela-
tionship with Fe,, concentration in the water. Thus, the
use of Sentinel-2 images, which have higher spatial and
temporal resolution than Landsat images, may improve the
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identification of the river’s contamination and especially
its seasonal changes.

Satellite Data Processing

In total, 18 images from Sentinel-2 satellites (Level 1 C
product) were downloaded for the Yaiva and Kos’va Riv-
ers basins and 16 images for the South Vil’va River basin.
All images were obtained between June 5 and Septem-
ber 16. June images were only analyzed in 2019, since an
early decline of spring floods that year, and consequently,
a decrease in water turbidity was observed.

Preprocessing of the images included transformation
from digital numbers to the top-of-atmosphere (TOA)
reflectance values and image-based atmospheric correction
according to the dark object subtraction method (Chavez
1996). It was carried out with the semi-automated clas-
sifier plugin module of the Qgis 3.10 software package.

Then, AMWI was calculated for seven sections of
contaminated rivers, located near water sampling points
(Fig. 1; Table 1). The sections have areas that range from
1 to 275 ha (depending on the channel’s width), and their
length ranges from 1.2 to 12 km. They were selected to
reduce the influence of external factors that affect AMWI
values (especially excluding shallow water areas). In addi-
tion, AMWI was calculated for two sections with pure
water located in the Kama and Shirokovskoe Reservoirs,
which were not affected by the AMD (Fig. 1). The exam-
ples of the spectra of surface water with different degrees
of contamination are presented in Fig. 4.

To assess the correlation between AMWI values and the
hydrochemical/hydrological data, we calculated the Spear-
man’s rank correlation coefficients (p), since the obtained
observation series were very short (8-9 values of AMWI
and Fe, concentration), and their distribution does not
correspond to the normal law.

Weather and Hydrological Data

The volume of mine water flowing into the rivers and the
amount of surface water contamination substantially varies
through a hydrological year (Sarmiento et al. 2009). These
variations are determined by hydrometeorological conditions,
primarily by the amount of atmospheric precipitation over
the previous period and river flow variability. In addition to
flow data, we considered the dates of the spring flood peaks
(Table 4). Variations in the spring flood peak and dates can
also affect mine water drainage and pollutant concentrations
(see the "Results" section for more details).

@ Springer

Results

Correlation between AMWI Values and the Fe,,,
Concentration in Surface Water

To assess the applicability of Sentinel-2 satellite data in
identifying AMD-related water pollution, we compared the
AMWTI values with the Fe,, concentrations in surface water
for the period 2016-2018. Table 5 shows mean, median, and
extreme values, and Fig. 5 presents the temporal variability
of the AMWI and Fe,,; concentrations in water.

The highest concentrations of Fe, (mean and maxi-
mum) were observed at point 5 (Kos’va River near AMD
sources). However, the maximum AMWI values are typi-
cally in the South and North Vil’va Rivers (at points 2 and
9), where the concentrations of Fe,,, in the water was
respectively 1.5 and 3 times less than at point 5. For other
sampling points, the AMWI values decreased by decreasing
the Fe,, concentration. Point 4 (the Yayva River near the
mouth) is considered to be the least contaminated due to the
high flow rates and long distance from the AMD sources
(~220 km).

Temporal variability in Fe, concentration and AMWI
values has a high degree of consistency. For 5 out of the
7 sampling points, the Spearman’s p between AMWI and
Fe,., concentration in surface water is statistically signifi-
cant at the 0.05 significance level (p=0.82...0.96), despite
the short length of the observation series (8-9 values). No
statistically significant correlation between AMWI and Fe,
concentration was found at points 4 and 5 (see Table 1).

The inconsistency between high Fe, ,, concentration and
relatively low AMWI values at point 5 may be because the
Kos’va River near point 5 is very shallow (Figs. 2a and 3c),
and bottom sediments can strongly affect AMWI values.

Inter-annual and Seasonal Variability of the AMWI
and Water Contamination

The Spearman’s p between all pairs of observation points for
the period 2016-2019 (Table 6) were calculated to assess
the synchronicity (coherence) of AMWI variability in the
studied rivers. First, there was a statistically significant (at
a 0.05 significance level) positive correlation between the
AMWI values at the points located within the Yaiva basin
(points 2—4) and the Kos’va (points 5-7) Rivers. At these
points, changes in the AMWI occurred synchronously due
to pollutant input from one cluster of AMD sources. At the
same time, the AMWI values at point 5 (the Kos’va River
near the town of Gubakha) did not correlate with the obser-
vations downstream in the Kos’va River. The correlation
between AMWTI values and Fe,, concentrations at this
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Fig.4 The sampling areas for AMWI assessment and the spectra of Yaiva River, b the Yaiva River, near the confluence with the Vil’va
contaminated water (based on the Sentinel-2 image obtained at July River, ¢ the Vil’va (south) River, downstream of the contaminated
18, 2017): a the Vil’va (north) River, near the confluence with the tributary

Table 4 Several hydrological characteristics of 20162019 at the hydrological gauges in the Kizel coal basin

WMO ID of Maximum water discharge (m/s) and date of the peak of spring flood Precipitation amount over May —
hydrological September (mm)
gauge

2016 2017 2018 2019 2016 2017 2018 2019
76,130 913 (22.04.2016) 1030 (06.05.2017) 959 (23.05.2018) 1248(11.05.2019) 371 500 348 478
76,690 674 (24.04.2016) 782 (06.06.2017) 772 (23.05.2018) 895 (14.05.2019) 211 530 330 540
76,685 349 (19.04.2016) 562 (04.05.2017) 485 (21.05.2018) 521 (10.05.2018) 268 527 474 500
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Table 5 The comparison of average, median, and extreme values of the concentration of Fe, with AMWI values (calculated from Senti-

nel-2 images) for the AMD-affected rivers

No. of sampling Avg., median, and maximum concentra- AMWTI values

point (see Table 1)  tion of Fe, (mg/L) for 2016-2018

No. of images = mean/median ~ Max (date of image) =~ Min (date of image)
2 4.6/3.5/20.0 16 0.37/0.45 0.58 (23.07.2018) —0.06 (19.08.2016)
3 1.4/1.3/4.0 16 0.18/0.19 0.48 (18.07.2017) —0.11 (19.08.2016)
4 0.62/0.44/1.88 14 0.06/0.03 0.32 (05.06.2019) —0.15(19.08.2016)
5 13.5/14.5/24.0* 15 0.18/0.18 0.33 (19.08.2018) —0.02 (19.08.2016)
6 1.3/1.5/2.5 16 0.16/0.17 0.27 (05.06.2019) 0.0 (19.08.2016)
7 1.19/0.83/2.52 15 0.14/0.16 0.28 (05.06.2019) —0.04 (19.08.2016)
9 9.4/9.2/16.8 16 0.39/0.38 0.62 (13.07.2016) 0.14 (15.07.2018)
*The highest values are highlighted
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point was also weak (Fig. 5), unlike the downstream obser-
vation points.

When comparing the AMWI values between the Yaiva
(points 2—4) and the Kos’va (points 5-7) River basins, statis-
tically significant correlations were revealed in most cases,
except at point 5. This indicates that the seasonal variability
of water contamination in the Yaiva and the Kos’va Rivers
was determined by the same patterns.

The AMWI values for the South Vil’va River (point 9)
have statistically significant negative correlation with most
observation points in the Yaiva and the Kos’va River basins.
Thus, the inter-annual and seasonal variability of mine water
inflow to the South Vil’va River significantly differs from
that of the Yaiva and Kos’va Rivers.

The variability of the AMWI values for the four sampling
points on the North Vil’va, the Yaiva, the Kos’va, and the
South Vil’va Rivers for 20162019 is shown in Fig. 6. The
flow at the hydrological gauges is also given to assess its
correlation with AMWI variability.

There was a statistically significant positive correlation
(at the 0.01 significance level) between the flow rate and
AMWI values (the Spearman’s p was 0.83 and 0.73, respec-
tively) for the Yaiva River (points 3 and 4). For point 6, the
correlation of AMWI with the flow rate at the hydrologi-
cal gauge was also statistically significant (p=0.69), unlike
at point 5 (Spearman’s p is —0.15). Statistically significant
negative correlation was found between AMWI and the flow
rate for the South Vil’va River (R= —0.83). However, it is
important to note that these correlations were only relevant
for the summer low-flow period.

The period under consideration (2016-2019) was char-
acterized by strong fluctuations in the amount of precipi-
tation and rivers runoff for the Kizel coal basin (Table 4).
The spring flood in 2016 peaked 15-20 days earlier than
the mean dates, according to long-term observations (Geor-
gievsky, 2015). The summer of 2016 was extremely hot and
dry; the maximum daily temperature exceeded 30° C during
15-20 days in July and August and the amount of precipita-
tion was only 40-50 % of the mean climatic values. This led
to a substantial decrease in flow (by 1.5-2 times comparing

with monthly mean flow over August). However, water out-
flow from the mines was also substantially reduced. As a
result, the minimum concentration of Fe, ., and the low-
est AMWI values, according to the Sentinel-2 images, were
observed in the Yaiva and Kos’va Rivers in August 2016.

In contrast, the first half of summer 2017 was 2-3° colder
than mean climatic values, and the amount of precipitation
exceeded climatic values by 1.5-2 times. Water inflow
into the mines and, consequently, the AMD discharge was
greater than in the same time period in 2016. In mid-July,
the Fe,,; concentration in the rivers reached their maximum.
According to the Sentinel-2 image obtained July 18, 2017,
the AMWI values were close to their maximum for the entire
considered period (2016-2019). In August and September,
atmospheric precipitation, river runoff, and then the AMD
discharge all decreased, which led to a decrease of AMWI.

In 2018, the spring flood peak was observed in the last
third of May, while the summer of 2018 was characterized
by close to average temperatures and precipitation. Conse-
quently, no substantial anomalies were observed in river
flow. The maximum AMWI for the Yaiva and the Kos’va
Rivers were observed in July, i.e. in the first half of the sum-
mer low-flow period, because the AMD discharge decreased
slower than the river flow. In August and September, the
AMD discharge also substantially fell, leading to decreased
AMWI values and lower concentrations of Fe, ., in the sur-
face water.

In 2019, the spring flood peaked near the middle of May.
Then, there was a rapid decline in the river’s flow, which
reduced turbidity. This allowed us to assess AMWI for the
North Vil’va, Yaiva, and Kos’va Rivers, and AMWI values
were high according to the images obtained on June 5-6,
2019 (Table 5). AMWI then decreased slightly by mid-July.
The second half of summer, 2019 within the Kizel coal basin
was extremely cloudy and wet; the precipitation amount
exceeded climatic values by 2.5 times in August. No cloud-
less images were obtained after July 20 until mid-autumn.

The fluctuations of the AMWI and Fe,, concentra-
tions for the South Vil’va River substantially differ from the
same for the Yayva and Kos’va Rivers (Fig. 6¢). The highest

Table 6 Spearman’s p between

- " Point number 2 4 5 6 7 9

the values of AMWTI in various

sampling points (the number of 2 1.00 0.89 0.81 0.01 0.65 0.84 - 0.87

points according to the Table 1) 5 0.89% 1.00 0.92 ~0.14 0.73 0.83 ~0.82
4 0.81 0.92 1.00 0.24 0.80 0.77 -0.90
5 0.01 ~0.14 0.24 1.00 0.35 0.35 ~0.12
6 0.65 0.73 0.80 0.35 1.00 0.80 -0.75
7 0.84 0.83 0.77 0.35 0.80 1.00 ~0.60
9 - 0.87 -0.82 -0.90 -0.12 -0.75 -0.60 1.00

Statistically significant values (at a 0.05 significance level) are highlighted

*The highest values are highlighted
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concentration of Fe,,; was observed during the dry summer
of 2016. In subsequent years, flow rates were higher and
AMWI values were substantially lower (with some excep-
tions during the summer of 2018). This variability can be
explained by peculiarities of the AMD in the basin of the
Vil’va River. During the summer season, the AMD discharge
was relatively stable, and the concentration of Fe,,, in the
river increased with decreasing river levels.

Water Contamination Evolution Downstream
from AMD Sources, According to the Sentinel-2 Data

A comparison of the AMWI values with Fe,, concen-
tration at sampling points located on the Bol’shoi Kizel,
North Vil’va, Yaiva, and Kos’va Rivers shows a substantial
decrease of contamination with increasing distance from the
AMD sources. This phenomenon is due to sedimentation
of the pollutants and dilution by pure water coming from
tributaries. The bulk of the Fe(IIl) hydroxide and trace ele-
ments were transported and accumulated as sediment in the
rivers, creating a zone of highly contaminated bottom sedi-
ments that can become sources of secondary pollution as
the hydrochemical and hydrodynamic environments change.

Sentinel-2 images provide a continuous assessment of
contamination decrease downstream from AMD sources,
in contrast to point-based hydrochemical observations. We
analyzed changes in surface water contamination along the
North Vil’va and the Yaiva Rivers using Sentinel-2 images
obtained when the AMWI values were high (July 18, 2017),
moderate (July 30, 2018), and low (August 19, 2016). The
AMWI was calculated for sections located 10 km from each
other, and from the confluence of the contaminated Bol’shoi
Kizel River with the Vil’va River to the mouth of the Yaiva
River (Fig. 7).

The AMWI values increased along the first 40—60 km
downstream from the confluence of the Bol’shoi Kizel
River with the Vil’va River. On July 18, 2017, the maximum
AMWI values were observed at a greater distance from the
AMD source. This might have been due to progressive oxi-
dation of Fe?* cations downstream of the AMD source, as
well as the small width and shallow water level of the river
(which can allow bottom sediments to substantially affect
the AMWI values).

With a low AMD discharge (e.g. August 19, 2016), pol-
lutants mainly oxidize and form sediments before the con-
fluence of the Vil’va and Yaiva Rivers. This is also related
to slower flow during low-flow periods. In these environ-
ments, only a small portion of the pollutants reached the
Yaiva River (Fig. 7b), and the concentration of Fe,,, in the
Yaiva River near the mouth was close to the same as pure
water. Buzzi et al. (2016) discovered similar rapid oxidation

of precipitated sulphate salts after dry, warm periods and
low water levels for the Odiel River in Spain.

With a high AMD discharge (e.g. July 18, 2017), much of
the contaminants reached the Yaiva River, where they were
gradually diluted and settled. However, the AMWI values
exceeded zero when the Yaiva River flows into the Kama
Reservoir. According to the hydrochemical data, the con-
centration of Fe,, in the water at the mouth of the Yaiva
River (more than 220 km from the AMD sources) reached
1.88 mg/L.

With an average AMD discharge (e.g. July 30, 2018), the
AMWI values for the Vil’va River were very high (>0.5);
however, they sharply decreased (to zero) downstream of its
confluence with the Yaiva River. The AMWI values were
below zero at the mouth of the Yaiva River. This indicates
that the contaminants generally did not reach the Kama
Reservoir.

Discussion
Data and Method Limitations

The use of Sentinel-2 images for AMD mapping and surface
water quality assessment in mining areas has both advan-
tages and substantial limitations. The main advantages are
public access to the data, its relatively high temporal resolu-
tion (3—4 images per week in cloud-free conditions) and the
availability of 10 spectral bands in the VNIR region, which
provides great potential to identify AMD-related water con-
tamination and precipitates (Seifi et al., 2019). Nevertheless,
the use of Sentinel-2 images for monitoring of AMD-related
contamination is strongly limited by their coarse spatial res-
olution (10-20 m). So, only two studies (Kopackova 2019;
Seifi et al. 2019) have focused on the use of Sentinel-2 data
for AMD mapping, and neither considered water quality.
Cloudiness is also a substantial limitation for the use of Sen-
tinel-2 images. For example, only two cloudless images were
obtained for each sampling point during the entire summer
season of 2019.

Airborne hyperspectral data (Zabcic et al. 2009, 2014;
Riaza et al. 2011, 2015; Buzzi et al. 2016) provide higher
spatial and spectral resolution, which is crucial for identify-
ing secondary AMD-related minerals, but its use is limited
to local areas. In its turn, the use of Sentinel-2 images is
most suitable for monitoring AMD for large-scale areas with
enough wide (>20 m) contaminated rivers and a low density
of ground-based monitoring network. The investigated Kizel
coal basin met all of the listed criteria.

The AMWI index, proposed in (Berezina et al. 2018)
and used in this study, also has some substantial limitation
for water quality assessment, despite the discovered strong
correlation with Fe,, concentrations in surface water. The
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Fig.7 Decreasing of AMWI values downstream the Vilva and Yaiva Rivers: a Sentinel-2 image obtained on July 18, 2017 (natural colors RGB);
b changes of the AMWI values along the Vilva and Yaiva Rivers, calculated on the images for different dates

nature of the spectral characteristics (the degree to which it
reflects the water vs. suspended, bottom, or bank sediments)
presents the main uncertainty, greatly affecting interpreta-
tion of AMWI values. In accordance with Gammons et al.
(2005), one can assume that in quasi-neutral environments,
the suspended particles of hydrous ferric oxide (HFO) domi-
nated the total Fe load. Therefore, AMWI values and their

@ Springer

seasonal fluctuation may be mainly determined by the con-
centration of suspended HFO.

The contribution of bottom/bank sediments to the sea-
sonal variability of the AMWI values may be less pro-
nounced than that of suspended HFO. It is important to
note that the highest AMWI values were observed 60-70
km downstream of the AMD sources (Fig. 7b), whereas the
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areas with dry and strongly contaminated bottom sediments
(Fig. 2b) were located closer to them. The open bottom sedi-
ments have lower AMWI values than contaminated water
with suspended HFO. So, the maximum observed values
of AMWI (up to 0.6) may be associated with contaminated
water, rather than bottom sediments.

Also, if the spectra was formed mainly by bottom and
bank precipitates, then the maximum AMWTI values would
be observed during low-flow periods, e.g. in August and
September, when the largest areas of bottom sediments
are uncovered. Actually, the highest AMWI values were
observed in July, and then they sharply decreased as water
outflow from the mines decreased. Olias et al. (2004) and
Sarmiento et al. (2009) also highlighted the substantial con-
tribution of rainfall and flooding to seasonal fluctuations of
concentrations of iron and other metals in the surface water.

The inverse correlation between AMWI values and iron
concentrations discovered in the South Vil’va River (unlike
positive correlations in the North Vilva and Kos’va Rivers)
may be because the South Vil’va River is shallower. Con-
sequently, the contribution of contaminated bottom/bank
sediments on the spectral characteristics of water surface in
South Vil’va River may be higher than for other rivers. Addi-
tional field investigations are needed to confirm/reject this
hypothesis. Another limitation of the method is the influence
of turbidity and wind-induced waves on AMWTI values.

Seasonal Changes of AMD Intensity and River
Contamination

We have discovered some patterns in inter-annual and sea-
sonal variability of the AMD-related contamination of the
rivers in the Kizel coal basin based on combining Senti-
nel-2 images with hydrochemical monitoring data. The
minimum degree of contamination was observed at the
end of the dry and hot summer of 2016. This is probably
due to the substantial decrease in the discharge of AMD
sources, as well as the decrease in the rivers’ flow speed.
In such environments, the oxidation and sedimentation rate
of pollutants increased. In turn, the highest concentrations
of Fe,, were observed 1-2 months after the spring flood,
when the rivers flow decreased more rapidly than the AMD
discharge. In general, the volume of mine water flowing into
the rivers can be much higher in wet summer seasons. The
similar effects of increased AMD discharges induced by
heavy rainfall events was previously identified in US (US
Environmental Protection Agency 1994) and Spain (Olias
et al. 2004; Sarmiento et al. 2009) based on hydrochemical
sampling data. Buzzi et al. (2016) also applied remote sens-
ing data (HyMap images) to assess seasonal variability of
AMD. They found that the changes in the water level of a
river (due to precipitation) explain the geochemical evolu-
tion of the precipitates from AMD from dissolved pyrite

weathering products. Similar effects were found for the riv-
ers in the Kizel coal basin.

Conclusions

Despite the above-mentioned limitations and uncertainties,
our results confirm the efficiency of using Sentinel-2 images
to monitor AMD-induced river contamination in coal min-
ing areas. Spatial and temporal resolution of satellite data
allowed us to assess the inter-annual and seasonal variability
of contamination, even though the hydrochemical monitor-
ing data was fairly sparse and unrepresentative. Statistically
significant correlation between Fe,, concentration and the
spectral characteristics of the water surface estimated by
Sentinel-2 images was confirmed for most of the sampling
points. The correlation was significant except when the sam-
pling point was far from the AMD sources (over 200 km) or
in close proximity to them. Thus, Sentinel-2 images can be
considered as the important data source to improve water
quality monitoring system in the Kizel coal basin.

In comparison with other remote-sensing based studies
of AMD, our approach is only applicable for relatively large
contaminated rivers with widths exceeding 20 m. Addition-
ally, the discovered correlation between Fe,,, concentration
and AMWI values is only relevant for quasi-neutral water in
which the Fe** strongly predominates over Fe>*. Yet, if these
limitations are satisfied, our method can be used to monitor
AMD in other coal basins and sulfide deposits. Currently,
this method is being used to study seasonal pollutant migra-
tion and accumulation for the Kos’va River.
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