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Acid sulfate soils (ASS) are commonly found in many coastal areas worldwide and typically develop from
artificial draining of sulfidic sediments, which release acidity and metals, causing unfavuorable effects on
recipient watercourses. This study estimates the actual amounts of metals and elements carried to the Gulf of
Bothnia and the Baltic Sea by stream water yearly. The combined load from the many small streams and ditches
was found to be proportionally high related to the size of their catchment, emphasizing the importance of
including numerous small streams in the understanding of pollution in fresh water and marine environments.
This study shows that Cd concentrations in the majority of the studied rivers exceed the Environmental Quality
Standard set by the European Union (EU). This causes lowered ecological and chemical status according to the
European classification system. Many potentially toxic elements discharge yearly to the Baltic Sea in large
quantities from the study area: Thousands of tons of Al and Mn, tens of tons of Co, Cu and Ni, and hundreds of kg
of Cd. A challenge for the estimation was irregular, or even missing, data for many rivers, which highlights
careful planning of monitoring programs. While the current land use on ASS requires efficient drainage, the
national and European strategies and legislation aim towards improved status in water bodies and forbid

pollution of the environment. Therefore, the land use and water protection policy conflict.

1. Introduction

Acid sulfate soils (ASS) develop on fine-grained sulfidic sediments in
many coastal areas worldwide. Due to land reclamation for agriculture
and forestry, building of infrastructure, dredging watercourses etc., the
sediments are drained and the sulfides are exposed to oxygen. Aided by
microbes, the sulfides oxidize to sulfuric acid, causing the soil pH to drop
below 4.0, which is a diagnostic criterion for an ASS consisting of
mineral soil materials (for organic soil materials, the pH limit is < 3.0;
Boman et al., 2023). Upon the oxidation and drop in pH, many minerals
dissolve, and acidity and potentially harmful elements are released in
large quantities (Peltola and Astrom, 2002; Haraguchi, 2007; Sukit-
prapanon et al., 2018; Mattback et al., 2022). This does not only cause
problems for agriculture (Palko, 1994), but also for the recipient water
courses where the acid metal discharge drains to; the water courses
draining ASS often suffer from lowered water quality (Astrom and
Bjorklund, 1995; Green et al., 2006; Enio et al., 2020). A visible and
spectacular result from poor water quality is seen as occasional large fish
kills (Sammut et al., 1995; Sutela et al., 2012) but the main effect is seen
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as overall negative impact on the ecology and ecosystems (Hudd and
Leskeld, 1998; Russell and Helmke, 2002; Amaral et al., 2012; Toivonen
et al., 2020). The metals are transported to river estuaries, which are
important reproduction sites of many fish species in boreal environ-
ments (Lehtonen and Hudd, 1990), and precipitate in the brackish water
(Nystrand et al., 2016). Enrichment of potentially toxic metals is visible
in the sediments with potential detrimental effects on marine biota
(Wallin et al., 2015; Virtasalo et al., 2020). These metal-enriched sedi-
ments also form new threats in dredging operations (Johnson et al.,
2022), as well as in future drainage operations as the land uplift (about
8 mm/year in coastal areas of western Finland) reveals new areas in the
shallow archipelago. For these reasons, ASS are commonly referred to as
“the nastiest soils in the world” (Dent and Pons, 1995).

International water frameworks, agreements and legislation
regarding the study area include the Water Framework Directive (2000/
60/EC), the Marine Strategy Framework Directive (2008/56/EC) and
the HELCOM (Helsinki-Commission). These policies and agreements
commit countries to achieve good ecological and chemical status of all
water bodies in the European Union (EU) and to protect the Baltic Sea
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from pollution. The drainage of sulfidic sediments and subsequent
development of active ASS with a potential high load of acidity and
hazardous substances is regarded as the main hindrance from achieving
the goals regarding water protection in the study area (Teppo et al.,
2022). Therefore, knowledge of the amount of pollution that is released
from ASS is of great importance in understanding environmental
challenges.

The aim of this study is to examine the total yearly load, calculated
using different approaches, of selected elements carried to the Baltic Sea
from a drainage area of rivers and streams in a region in western
Finland; this area is known for the high occurrence of ASS (Geological
Survey of Finland, 2023). Furthermore, studies on streams draining
catchments between the rivers are also included because the numerous
and difficult monitored small streams have in previous studies shown to
contribute with a relatively large load (Toivonen et al., 2019). The
studied suite of elements both include those that are highly mobilized
from ASS and some elements that are not.

2. Materials and methods
2.1. Study area

The study area consists of the drainage areas of 17 rivers (total
drainage area 17 614 km?), as well as the numerous smaller drainage
areas (including some larger islands) between the rivers draining to the
Baltic Sea (total drainage area 2408 km?, Fig. 1). The study area roughly
corresponds to the administrative regions of Ostrobothnia and South
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Ostrobothnia in western Finland, which are known for the occurrence of
ASS (Palko, 1994; Geological Survey of Finland, 2023). Part of the study
area is located within the so-called maximum extent of the Littorina Sea,
which has been mapped for ASS occurrence by the Geological Survey of
Finland (GTK, Edén et al., 2023; Geological Survey of Finland, 2023)
and where the majority of ASS in Finland are present (Edén et al., 2023).
The mapped area and calculated probability of ASS is visualized in
Fig. 1. The parent material of the ASS in Finland are typically
fine-grained sediments deposited during the Littorina and post-Littorina
Sea-stages (8000 — 0 BP) that have been uplifted up to 100 m above
current sea level due to post-glacial isostatic uplift (up to 8 mm/year in
the study area). The majority of ASS are, however, commonly present
below c. 60 m above current sea level (Geological Survey of Finland,
2023). Due to microbial reduction of sulfate to sulfide during sedi-
mentation, these sediments have an S-content of 0.54% on average
(Astrém and Bjorklund, 1997), mainly in the form of iron sulfides
(Boman et al., 2010). Especially during the latter half of the 20th cen-
tury, intensive land use in the form of drainage for agriculture and
forestry has lowered the ground water table in the water-logged sedi-
ments. As a result, the sulfides in the drained part of the soil have
oxidized into sulfuric acid, creating active ASS with detrimental effects
on the water quality in the area (Astrém and Bjorklund, 1995, Saarinen
et al., 2010). About one-fifth of the study area within the mapped area
by GTK (within the Littorina and post-Littorina area, Fig. 1) consists of
ASS (cf. Edén et al., 2023).
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Fig. 1. Left: The location of the study area, locations of the drainage areas and sampled streams and rivers, and the locations of the runoff monitoring points (A, B and
C). Right: The mapped area and results of the calculated probability of acid sulfate soils (ASS) related to the study area.
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2.2. National monitoring data

National monitoring data for the period 2010 - 2019 (Finnish
Environment Institute, 2022) on water quality in rivers (drainage area >
100 km?) was used. This data set is referred to “data set 1” in the text.
Aluminum, Cd, Co, Cu, Mn, Ni, and U are good indicators on the impact
from ASS due to the high rates of mobilization and release from these
soils (Astr()m and Bjorklund, 1995; Sundstrom et al., 2002; Nystrand and
Osterholm, 2013). Even though some elements may occur in small-size
particulate fractions in some areas (Nystrand et al., 2012), element
concentrations analysed on filtered (0.45 pm) water samples are widely
used in water research and is operationally defined as “dissolved” and
potentially harmful for biota. However, the availability of data on dis-
solved fractions varies in the national monitoring data. Therefore, data
on both total and dissolved element content was chosen due to the often
sparse information on dissolved fractions. The mentioned elements
prevail mainly in dissolved form if the pH is low (Nystrand and
Osterholm, 2013). During sampling events when both total and dis-
solved fractions have been analysed, the sample showing the lower
content was chosen (usually the dissolved fraction). Data on some
additional potentially harmful elements (As, Cr, and Pb) was also
collected, even though these are not considered to leach from ASS in any
larger extent compared with other soils (Astrbm and Bjorklund, 1997;
Peltola and Astrém, 2002; Sundstrom et al., 2002; Roos and lo\strém,
2006; Nystrand and Osterholm, 2013). For these elements, results only
from unfiltered samples were used due to the generally meagre avail-
ability of results from filtered samples, as well as because the dissolved
fraction of the mentioned elements does not reflect well the total con-
centrations (Nystrand and Osterholm, 2013).

2.3. Water sampling and analysis

To obtain data that is more comparable between the rivers, addi-
tional water sampling from the same sites as in the national monitoring
program was performed by the authors for three years (spring 2016 and
2019, and autumn 2017) from each river. This water sampling was
performed during a short period (2 days) each year so that the hydro-
logical conditions would be as similar as possible, and the results be-
tween rivers more comparable. This data is referred to “data set 2” in the
text. pH and electric conductivity (EC) were measured in situ, and
samples for element analysis (Al, As, Cd, Co, Cr, Cu, Mn, Ni, Pb, and U
with ICP-OES/MS) were filtered (0.45 um) and acidified with ultrapure
HNOs. For five rivers, unfiltered samples were also analysed during
spring 2016 and autumn 2017 (n=10) for the comparison of dissolved
vs. total fractions. A selection of streams (n=29, drainage area <
100 kmz, also “data set 2”) found in the near-field (draining catchments
between the rivers) were also sampled during the same time as the
rivers. The choice of which streams to sample was strived to be repre-
sentative for the area in terms of soil types, land use and geography, but
with the requirement of easy accessibility by car close to the mouth of
the stream.

2.4. River discharge and calculation of element load

Data on river discharge, available for nine of the studied rivers, was
collected from the national monitoring data. For those rivers where
discharge is not monitored (n=8), estimated river discharge for the
period was acquired from the Finnish Environment Institute based on
watershed simulation and forecasting system (Vehvilainen and Huttu-
nen, 2001; Vehvilainen et al., 2005). The national monitoring data also
includes runoff measurements in smaller catchments, which is better
suited to fit the hydrological behaviour of the streams draining the
catchments between the rivers. Three monitoring points, measuring the
daily runoff in catchments with a size of 6.1, 8.1, and 11.6 km? (A, B,
and C, respectively, in Fig. 1), were chosen to represent the runoff in the
streams. The monitoring point closest to each sampled stream was
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chosen to represent the runoff for the stream. The rivers (n=17) repre-
sent a total drainage area of 17 614 km?. A runoff-weighted average for
each river and element was calculated separately for data set 1 and 2.
The yearly mean quantity for each river and element was estimated by
multiplying the runoff-weighted average with the mean discharge for
the study period. For the streams draining the catchments between the
rivers in data set 2, a runoff-weighted average was calculated separately
for the small streams (drainage area <10 km? n=15, represents a
drainage area of 1453 kmz) and large streams (drainage area 10 —
99 km?, n=14, represents a drainage area of 955 km?). Estimating the
exact drainage area of the sampled small streams is difficult. However,
based on the data on runoff at the closest monitoring point (A, B, and C
in Fig. 1) and the discharge measured in situ, the sampled small streams
have a drainage area of approximately 7.7 km2 The sampled large
streams have a drainage area of 506 km?2. The calculated loads from the
small and large streams are combined and represent the load from the
catchments between the rivers (2408 km?).

3. Results
3.1. Availability of national monitoring data

The availability of data on water quality in the national monitoring
data is irregular; for some elements in the rivers with larger catchment
sizes, sampling and analysis have been performed about 13 times/year,
evenly spread throughout the seasons (Fig. 2), which gives promise of
representative results. On the other hand, the sparse data often found for
the rivers with smaller catchments foreshadows a risk of less represen-
tative results for these rivers (e.g., Figs. 3 and 4); the timing and fre-
quency of sampling are irregular throughout the study period and the
choice of analysing total or dissolved contents varies, thus amplifying
the risk of biased results. For one river, # 6 (Munsalanjoki River, Fig. 1),
there is complete lack of information on water quality in the national
monitoring data for the study period.
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Fig. 2. Total and dissolved (0.45 um) Cd and Pb levels and sampling events in
Kyronjoki River, and environmental quality standard (EQS) for Cd (0.1 pg/1).
Data set 1 denotes the national monitoring data and data set 2 denotes the
authors’ data.
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Fig. 3. Total and dissolved (0.45 um) Cd and Pb levels and sampling events in
Sulvanjoki River, and environmental quality standard (EQS) for Cd (0.1 pg/1).
Data set 1 denotes the national monitoring data and data set 2 denotes the
authors’ data.
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Fig. 4. Total and dissolved (0.45 um) Cd and Pb levels and sampling events in
Kovjoki River, and environmental quality standard (EQS) for Cd (0.1 pg/l).
Data set 1 denotes the national monitoring data and data set 2 denotes the
authors’ data.
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3.2. pH and concentrations of potentially toxic elements in the studied
streams and rivers (data set 2)

The sampled small streams (drainage area <10 kmz, n=15) showed a
pH-range of 3.5 to 6.7 (median 5.7). The large streams (drainage area 10
-99 kmz, n=14) showed a pH-range of 4.4 to 6.8 (median 5.8). 37% of
the sampling events in the small and large streams displayed pH 5.5 or
below. The rivers showed a pH-range of 4.5 to 6.6 (median 5.8). 33% of
the sampling events in the rivers displayed a pH 5.5 or below. The
calculated runoff-weighted averages of Cd in 12 of the 17 rivers in data
set 1 (Table 1) and in 10 of the 17 rivers in data set 2 (Table 2) exceed the
Environmental Quality Standard (EQS). The runoff-weighted average of
the streams also exceeds the EQS (Table 3). The calculated runoff-
weighted averages of Al exceed 500 pg/l in all but one of the studied
rivers (Table 2). Since the load related to stream size is directly depen-
dent of the runoff-weighted average, the differences in the concentra-
tions between rivers and the near-field is visualized in Fig. 6.

3.3. Yearly load of elements (AL As, Cd, Co, Cr, Cu, Mn, Ni, Pb, and U)

The yearly load (t) of elements carried from the study area to the
Baltic Sea during 2010 — 2019 based on data set 1 is as follows: Al 7975,
Mn 1657, Ni 70, Co 35, Cu 25, Cr 9.2, As 4.9, Pb 3.3, U 1.0, and Cd 0.6
(Table 1). Because data from river # 6 is missing, results from data set 2
are used for this river. The load (t) calculated from data set 2 compared
with the results above is generally lower; 25 - 100% compared with data
set 1: A1 4197, Mn 1280, Ni 63, Co 23, Cu 16, As 4.9, Cr 3.9, Pb 0.82, U
0.64, and Cd 0.51 (Table 2).

For the rivers where the dissolved fraction was compared with the
total fraction (data set 2), the share of the mean dissolved fraction
(0.45 um) for each element was as following (%): Ni (96), Mn (90), Cd
(89), Co (88), Cu (84), As (83), Al (62), U (62), Cr (50), and Pb (36). The
minimum and maximum pH in these sampled rivers was 4.5 and 6.4,
respectively.

The combined load from the near-field, i.e., the areas between the
rivers drained by numerous streams, is for many elements equal to, or
even larger than, the load from the largest river (Fig. 5, Table 3). The
load of the ASS-related elements Al and Cd carried by the streams is
about 25% of the total load, and about 20% for Cu, Mn, Ni, and U. A
remarkable result regarding the rivers is that the small rivers do not
contribute with a high share of the total loads but instead, contribute
with the largest loads per km? (Fig. 6 and Table 2).

For part of the study area, rivers # 1 — 4, the yearly load of some ASS-
related elements has previously been calculated (Toivonen et al., 2019)
using the same methods of sampling, analyses, and runoff-weighted
averages as described in Sections 2.3 and 2.4. The results in Toivonen
et al. (2019) describes the situation during 2007, a period characterized
by extremely poor water quality and fish kills (Sutela et al., 2012; Toi-
vonen et al., 2013). The load carried by the four rivers was 2.1 — 4.8
times greater for Cd during 2007 compared with data set 2 ( Fig. 7), and
2.5 — 4.4 times greater for Ni (data not shown).

4. Discussion

4.1. Suitability and reliability of the data and comparability between data
sets

Effects of discharge from ASS are known to show great short- and
long-term variations due to changes in the hydrological conditions,
changes in land use, element depletion in soil, climate change etc.
(Osterholm and /istrém, 2008; Toivonen et al., 2013). This is also
obvious in the rivers in the current study (Figs. 2 — 4). Therefore, a
variation in the frequency or timing of sampling may cause problems in
the comparability between rivers and between data sets when calcu-
lating the load. For a river with analysis results evenly spread
throughout the study period (e.g., river # 9, data set 1, Fig. 2), the



Table 1

River number (River names in Fig. 1), drainage area, average runoff, number of samples (n), runoff-weighted average and yearly total load for analysed elements for each river based on data set 1.

Data set 1 (2010-2019)

River info
Drainage

River area
number km?

1 788

2 2054

3 864

4 292

5 4122
6* 120

7 196

8 223

9 4923
10 504

11 144

12 500

13 140

14 992

15 542

16 1098
17 113
Total 17,614

Average
runoff
1/s/km?
9.4

8.6

8.9

6.2

8.8

7.1

9.9

10

River
number

—
= o

e e e
NO s WN

Total

Al

n
19
71
60
12
131

21
42
135
26
30
54
20
134
25
148
11

24
25
14

131

13
24
133
24
24
55
15
53
13
145

Runoff-
weighted
average
ug/l
764
358
1009
1260
1556
1592
1855
4880
1706
2470
10,355
3039
943
1963
1597
1133
1633

Runoff-
weighted
average
ug/1
0.81
0.88
0.65
0.68
0.89
1.0
0.68
1.3
1.19
0.92
1.0
0.94
0.62
0.93
1.1
0.74
0.76

Load
t/y
178
200
245
72
1784
35
113
341
2367
314
410
429
53
592
279
491
72
7975

Load
t/y

0.19
0.49
0.16
0.04
1.0

0.02
0.04
0.09
1.7

0.12
0.04
0.13
0.03
0.28
0.20
0.32
0.03

Mn

w

56
43

133

19
134
15
15
49

132

148

Cr

24
25
14

132

13
24
133
24
25
55
15
53
13
145

Runoff-
weighted
average
ng/1
178

95

184
266
391
317
201
687
423
479
2501
400
146
275
136
146
110

Runoff-
weighted
average
g/l
1.1
0.65
1.3

2.2

1.6
1.20
1.5

1.9

2.3

2.0

1.9

3.0

1.4

2.0

2.5

2.0

1.7

Load
t/y
41
53
45
15
449
7.4
12
48
587
61

56
8.2
83
24
63
4.8
1657

Load
t/y

0.25
0.36
0.32
0.12
1.8

0.03
0.09
0.14
3.3

0.25
0.08
0.42
0.08
0.59
0.44
0.86
0.08
9.2

Ni

33
34
24
12
132

22
33
142
34
31
68

61
26
148
11

Pb

23
25
14

132

13
24
133
24
25
55
15
53
13
145

Runoff-
weighted
average
ug/l
6.9

4.3

7.2

9.2

14

14

14

43

15

36

146

25

14

15

5.9

3.8

11

Runoff-
weighted
average
ng/1
0.38
0.22
0.47
0.42
0.59
0.14
0.7
0.97
0.84
0.90
0.66
0.69
0.64
0.85
0.79
0.69
0.84

Load
t/y
1.6
2.4
1.7
0.52
16
0.32
0.86
3.0
21
4.6

3.6
0.79
4.4
1.0
17
0.47
70

Load
t/y
0.09
0.12
0.11
0.02
0.67
0.003
0.04
0.07
1.2
0.11
0.03
0.10
0.04
0.26
0.14
0.30
0.04

Co

10
18

12
16

19

20

Runoff-
weighted
average
ug/l
3.2

1.5

4.3

6.8

7.3

5.8

8.2

25

6.9

19

91

14

4.0

5.8

4.5

1.4

3.6

Runoff-
weighted
average
ug/1
0.12
0.09
0.13
0.21
0.21
0.20
0.29
0.47
0.24
0.31
1.1
0.35
0.19
0.21
0.16
0.13
0.21

Load
t/y
0.75
0.81
1.1
0.39
8.4
0.14
0.50
1.7
9.6
2.5

1.9
0.22
1.7
0.79
0.61
0.16
35

Load
t/y
0.03
0.05
0.03
0.01
0.24
0.005
0.02
0.03
0.33
0.04
0.04
0.05
0.01
0.06
0.03
0.06
0.01
1.0

Cu

22
23
13

130

12
23
131
24
24
29
15
53
15
144

Cd

33
35
24
12
131

20
33
142
34
31
68
21
61
26
148
11

Runoff-
weighted
average
ug/l
2.4

2.0

2.4

2.6

4.4

3.7

6.5

9.1

6.1

9.1

14

8.5

5.2

6.8

3.8

3.1

4.6

Runoff-
weighted
average
ug/1
0.05
0.03
0.08
0.11
0.10
0.17
0.15
0.33
0.12
0.22
1.3
0.23
0.14
0.11
0.06
0.05
0.16

Load
t/y
0.56
1.1
0.58
0.15
5.1
0.09
0.40
0.64
8.4

0.57
1.2
0.29
2.1
0.66
1.4
0.20
25

Load
t/y
0.01
0.02
0.02
0.01
0.12
0.004
0.01
0.02
0.16
0.03
0.05
0.03
0.01
0.03
0.01
0.02
0.01

* data from data set 2
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Table 2
River number, drainage area, average runoff, runoff-weighted average, yearly total load and load/km? for analysed elements for each river based on data set 2. The number of samples is n=3 for each river and element
except for Co, U, As, Cr, and Pb where n=2.

Data set 2 (authorsdata 2016-2019)

Rivers
River info Al Mn Ni Co Cu
Runoff- Runoff- Runoff- Runoff- Runoff-
Drainage Average weighted weighted weighted weighted weighted
River area runoff average Load Load average Load Load average Load Load average Load Load average Load Load
number km2 1/s/km2 ug/1 t/y t/km2 ug/1 t/y t/km2 ug/1 t/y kg/km2 ng/1 t/y kg/km2 ng/1 t/y kg/km2
1 788 9.4 526 122 0.16 174 40 0.05 4.3 1.00 1.3 1.6 0.36 0.46 1.8 0.41 0.53
2 2054 8.0 319 166 0.08 99 52 0.03 3.3 1.7 0.83 0.91 0.47 0.23 1.8 0.94 0.46
3 864 8.3 778 175 0.20 214 48 0.06 6.2 1.4 1.6 1.7 0.39 0.45 33 0.73 0.85
4 292 5.7 823 43 0.15 212 11 0.04 7.8 0.41 1.4 3.4 0.18 0.61 2.8 0.15 0.51
5 4122 8.3 699 758 0.18 293 318 0.08 9.3 10 2.4 3.7 41 0.98 2.2 2.4 0.58
6 120 6.2 1502 35 0.29 317 7.4 0.06 14 0.32 2.7 5.8 0.14 1.1 3.7 0.09 0.73
7 196 9.0 1394 78 0.40 285 16 0.08 13 0.75 3.8 4.6 0.25 1.3 33 0.18 0.93
8 223 9.2 2892 187 0.84 684 44 0.20 42 2.7 12 15 0.97 4.4 5.7 0.37 1.7
9 4923 8.6 831 1112 0.23 339 454 0.09 18 24 4.8 6.0 8.1 1.6 4.5 6.0 1.2
10 504 8.2 1751 229 0.45 600 79 0.16 43 5.7 11 16 2.1 4.1 6.5 0.85 1.7
11 144 8.8 3540 141 0.98 778 31 0.22 64 2.6 18 33 1.3 9.1 7.6 0.30 2.1
12 500 10 1823 274 0.55 289 43 0.09 21 3.2 6.4 8.6 1.3 2.6 6.1 0.92 1.8
13 140 13 680 38 0.27 125 7.0 0.05 13 0.71 5.1 3.3 0.18 1.3 5.2 0.29 21
14 992 10 1220 376 0.38 254 78 0.08 18 5.4 5.5 6.3 1.9 1.9 4.8 1.5 1.5
15 542 10 828 142 0.26 87 15 0.03 6.4 1.1 2.0 1.8 0.31 0.57 3.1 0.53 0.97
16 1098 12 661 275 0.25 77 32 0.03 3.9 1.6 1.5 1.2 0.51 0.46 1.7 0.69 0.63
17 113 12 1082 45 0.40 92 3.8 0.03 7.5 0.31 2.7 2.4 0.10 0.88 2.7 0.11 0.99
Total (rivers) 17,614 4197 1280 63 23 16
Load compared to data set 1 (%) 52 77 89 64 67
As Cr Pb U Cd
Runoff- Runoff- Runoff- Runoff- Runoff-
weighted weighted weighted weighted weighted
River average Load Load average Load Load average Load Load average Load Load average Load Load
number ug/1 t/y kg/km2 ug/1 t/y kg/km2 ug/1 t/y kg/km2 ug/1 t/y kg/km2 ug/1 t/y kg/km2
1 0.74 0.17 0.22 0.64 0.15 0.19 0.17 0.04 0.05 0.08 0.02 0.02 0.05 0.01 0.02
2 0.83 0.43 0.21 0.5 0.26 0.13 0.09 0.05 0.02 0.08 0.04 0.02 0.02 0.01 0.01
3 0.60 0.14 0.16 0.7 0.16 0.18 0.37 0.08 0.10 0.09 0.02 0.02 0.08 0.02 0.02
4 0.82 0.04 0.15 1.1 0.06 0.21 0.17 0.01 0.03 0.19 0.01 0.04 0.09 0.005 0.02
5 0.77 0.84 0.20 0.8 0.87 0.21 0.14 0.15 0.04 0.14 0.15 0.04 0.08 0.08 0.02
6 1.0 0.02 0.20 1.2 0.03 0.23 0.14 0.003 0.03 0.20 0.005 0.04 0.17 0.004 0.03
7 0.89 0.05 0.25 0.8 0.04 0.23 0.22 0.01 0.06 0.15 0.01 0.04 0.15 0.01 0.04
8 1.4 0.09 0.40 0.70 0.05 0.20 0.09 0.01 0.03 0.22 0.01 0.06 0.33 0.02 0.10
9 1.2 1.7 0.34 0.75 1.0 0.20 0.13 0.18 0.04 0.15 0.20 0.04 0.13 0.17 0.03
10 1.4 0.19 0.38 0.80 0.10 0.21 0.11 0.01 0.03 0.20 0.03 0.05 0.26 0.03 0.07
11 2.4 0.09 0.66 0.91 0.04 0.25 0.12 0.005 0.03 0.37 0.01 0.10 0.62 0.02 0.17
12 1.4 0.21 0.42 1.3 0.20 0.39 0.26 0.04 0.08 0.18 0.03 0.06 0.21 0.03 0.06
13 0.69 0.04 0.28 0.88 0.05 0.35 0.31 0.02 0.12 0.13 0.01 0.05 0.14 0.01 0.06
14 1.3 0.40 0.40 1.3 0.39 0.40 0.24 0.07 0.07 0.16 0.05 0.05 0.14 0.04 0.04
15 1.0 0.17 0.32 1.0 0.18 0.33 0.23 0.04 0.07 0.09 0.02 0.03 0.06 0.01 0.02
16 0.71 0.30 0.27 0.66 0.27 0.25 0.21 0.09 0.08 0.07 0.03 0.03 0.04 0.02 0.02
17 0.84 0.03 0.31 1.1 0.05 0.40 0.26 0.01 0.10 0.12 0.01 0.05 0.11 0.004 0.04
Total (rivers) 4.9 3.9 0.82 0.64 0.51
Load compared to data set 1 (%) 100 42 25 60 90
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Fig. 7. The yearly load of Cd in the current study (data set 1 and 2) compared
with the load during 2007 (Toivonen et al., 2019) in rivers # 1 — 4.

calculations can be considered to represent the yearly load well. How-
ever, for river # 11 and # 4 (Figs. 3 and 4), the relatively few sampling
events may cause lower or higher results by coincidence depending on if
sampling has been performed at the beginning of the study period, late
in the study period, during periods of high/low flow, choice of analysing
filtered or unfiltered samples, etc. The strategy in monitoring programs
has also been to identify and study periods with poor water quality.
Therefore, more frequent sampling and preference of filtering samples
have occurred during periods with acidic water compared with periods
with better water quality, causing an overrepresentation of data with
poor water quality. An example of discrepancy in the results between the
data sets can be seen in river # 11, where total Cd has been analysed a
few times (once/year) at the beginning of the study period (2010 —
2012), and with increased frequency (3 - 6 times/year) 2016 — 2019,
while dissolved Cd has been analysed 1 — 2 times/year only during 2010
- 2016. The results in data set 2 are based only on a few sampling oc-
casions 2016 — 2019, a period when Cd-levels appears to have been
generally lower for river # 11 (Fig. 3). This explains the difference in the
results between the data sets for Cd for the river in question in Fig. 5. For
elements mainly occurring in dissolved form in the study area, e.g., Cd,
Co, Mn, and Ni where the dissolved fraction is close to, or more than
90% of, the total fraction, the choice of using data on both total and
dissolved concentrations plays a minor role in the outcome of the results.
For Al, As, Cu, and U, the dissolved fraction is lower (62 — 84%) and may
cause a greater margin of error when both fractions are used in the
calculations. The use of both total and dissolved fractions in the calcu-
lations was motivated by the benefit of a large data pool (minimizing
coincidental factors) outweighing the disadvantage of lack of compa-
rability. For Cr and Pb, the dissolved fraction is considered too low (50
and 35%, respectively) for allowing the use of both dissolved and total
fractions. In addition, analysis results on the dissolved fraction are
scarce, as with the situation with As. Therefore, only total concentra-
tions were used for As, Cr, and Pb in data set 1, while only the dissolved
fraction was available in data set 2. The reasons above explain to a great
part why there is greater difference between the results from data set 1
and 2 for e.g., Al, Cr, Pb, and U (25 - 60%) than for Cd, Co, Mn, and Ni
(88 — 96%).

Comparing the load between rivers gives a greater margin of error
when using data set 1 due to the variability in the timing and frequency
of sampling between the rivers. Data set 2 is based on consequent timing
of sampling and amount of data for each river, which increases the
overall comparability between the rivers. The disadvantage in data set 2
is the small number of samples, which increases the risk of coincidental
factors, e.g., local rain events affecting one river but not the other etc.
For many elements, the calculated load according to data set 2 is lower
compared with the results from data set 1. This is mainly because data
set 2 is based on sampling late during the study period (2016 — 2019),
and concentrations of several elements in many rivers show a declining
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trend towards the end of the study period (e.g., Fig. 3). To summarize,
when taking into consideration the factors mentioned above, both data
set 1 and 2 give comparable and representative results on the yearly load
of elements transported to the Baltic Sea from the study area.

4.2. Acid sulfate soils: effects on pH and a source of pollution

Acid sulfate soils have in many studied been identified as the main
cause of water acidification, metal pollution and subsequent detrimental
effects on biota in western Finland (Astrom and Bjorklund, 1995; Hudd
and Leskeld, 1998). Even though it is impossible to give an exact
threshold to water quality with detrimental effects, pH 5.5 or below can
be regarded as a crude threshold to harmful water quality. In the current
study, 37% of the sampling events in the streams and 33% in the rivers
performed by the authors 2016 — 2019 (data set 2), displayed a pH 5.5 or
below. Combined with Al concentrations commonly exceeding 500 ug/1,
a crude threshold for harmful water quality in acidic environments
(Earle and Callaghan, 1998), this study confirms that discharge from
ASS frequently causes unfavourable conditions in water courses and
estuaries.

Quantification of elements released from ASS in the study area has
been studied previously in Sundstrom et al. (2002). The area in the
mentioned study was somewhat larger than the current study area, the
sampled ditches were scattered throughout the study area and drained
exclusively ASS, and the load represents the amounts released to higher
order streams. The water samples used were unfiltered and collected
during various hydrological conditions 1990 — 2000. The result in the
current study agrees well with Sundstrom et al. (2002) regarding the
load of Cd, Mn, and Ni, but lower amounts of Al, Co, and Cu are found in
this study. This may be due to the use of both filtered and unfiltered
water samples in the current study (see Section 4.1), causing lower re-
sults. For As, Pb, and Cr, the results in the current study are significantly
higher, probably reflecting the fact that the streams and rivers sampled
in this study represents all soil types and other pollution sources found in
the study area instead of exclusively ASS (focus on fine-grained ASS),
which was the case in Sundstrom et al. (2002). Even though the study
area and approach differ between the current study and the study by
Sundstrom et al. (2002), this study confirms that ASS are the main
source of several potentially toxic elements (Cd, Ni etc.) found in
streams, while elements (As, Cr, and Pb) not associated with ASS are not
released in any significant amounts. Most of the elements found in high
concentrations are also transported in large quantities all the way to
estuaries in the Baltic Sea.

The severity of the pollution may vary greatly between years,
depending on the hydrological conditions. Even though there is great
short-term variation in water quality, there are signs that the water
quality is slowly improving since the latest large fish kills that occurred
2006 and 2007; some metals in many of the studied rivers indicate
decreasing levels with time (Figs. 2 — 4). Toivonen et al. (2013) also
found a rising trend in pH in river # 2 (Ahtivinjoki) 1970 — 2010,
indicating an ongoing depletion of the acidity in ASS. Focus in this study
lies on the total load of potentially harmful elements from ASS to the
Baltic Sea, and the trends in water quality that follows possible depletion
of acidity, climate change etc. was not in the scope of this study. How-
ever, long-term trends in water quality may be important in the un-
derstanding of the total effects of ASS on the environment and should be
addressed in future studies.

4.3. Significance of small streams

The areas between rivers that are drained by numerous small streams
were found to contribute with 17 — 27% of the total load to the Baltic Sea
regarding the ASS-related elements Al, Cd, Cu, Mn, Ni, and U, even
though the drainage area is only 12% of the total drainage area. Some of
the rivers with small catchments also contribute with a relatively large
load when taking the size of the drainage area into account (Fig. 6). This
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is a result of the different distribution of ASS, which occur mainly in
areas below the highest coastline of the Littorina Sea (90 m above cur-
rent sea level in the study area). This cause a higher occurrence of ASS in
near-coastal drainage areas, thus affecting more the streams and rivers
with a higher proportion of such drainage areas. The share of the load of
As, Cr, and Pb (10 — 12%), elements leached from ASS to a lesser extent,
is closer associated to the size of the drainage area. These findings
confirm the importance of understanding the total load carried by small
unmonitored streams.

4.4. Protection of waters

The Environmental Quality Standard (EQS) according to the Envi-
ronmental Quality Standards Directive (EQSD, 2013/39/EU) for the
studied streams and rivers is 0.1 pg/1 for Cd (dissolved fraction, Figs. 2 —
4) and 4.0 ug/1 for Ni (bio-available fraction), for annual averages.
When considering the calculated runoff-weighted averages (Tables 1
and 2), Cd-levels exceed the EQS in 12 of the 17 studied rivers in data set
1 and in 10 of the rivers in data set 2. Cadmium levels also exceed the
EQS in most of the studied small streams between the river catchments,
which exhibits a runoff-weighted average of 0.3 pg/l (catchments <
10 km?) and 0.2 ug/1 (catchments 10 — 99 km?, Table 3), respectively.
For Ni, the EQS is modelled as a bio-available fraction, which has not
been performed on the samples used for this study. However, according
to the latest classification of the chemical status in Finnish water courses
(Teppo et al., 2022), Ni-levels in the area commonly exceeds the EQS. An
EQS is also set for Pb according to the mentioned legislation and is
similarly calculated as a bio-available fraction. Because Pb is not an
element that is typically leached from ASS in any greater amounts, the
total and dissolved concentrations in the study area are usually below
the EQS (1.2 pg/1). No EQS is set for Al, even though Al is abundantly
leached from ASS (Tables 1, 2 and 3, Sundstrom et al., 2002, Nordmyr
et al., 2006) and is considered the main toxic element in acidic envi-
ronments (Gensemer and Playle, 1999). The lack of an EQS may be
because EQS are usually set for harmful substances directly created by
human activities (pesticides, industry etc.) and not for elements occur-
ring in naturally high concentrations. Also, Al exists in a variety of
chemical forms, and is not necessarily toxic in certain circumstances
even if found in high concentrations (Nystrand et al., 2012). The toxicity
of Al is, consequently, something that needs to be addressed in future
strategies and legislation regarding protection of waters.

Protection of waters is governed by national programs, strategies,
and legislation, which are based on, among other things, the Water
Framework Directive (2000/60/EC). The aim is to prevent environ-
mental pollution and to achieve at least a good status for surface and
ground waters. Pollution of waters is prohibited according to the Finnish
national legislation. Activities that may cause changes in the aquatic
environment, risk of pollution of ground water, deterioration in the
ecological status of a water body or damage to fish stocks are subject to a
permit according to national legal acts (Environmental Protection Act,
527/2014 and Water Act, 587,/2011). Many water courses in the study
area have a lowered status mainly due to the acidity and harmful sub-
stances released from ASS, and one of the most important goals in water
protection in the study area is to reduce the environmental impact from
ASS (Teppo et al., 2022). These soils are easily cultivated once they have
been limed and are highly valued for their excellent crop yields.
Therefore, there is a strong social, economic, and political pressure to
maintain the productivity of these soils, which requires efficient
drainage. However, no permits are usually required for drainage oper-
ations in areas with sulfidic sediments or ASS in e.g., agriculture or
forestry, while permits are required only in larger dredging-operations
(>500 m®). Therefore, there is a conflict between land use policy on
ASS and water protection policy.

Attempts to reduce the harmful consequences of the draining and
land use on ASS while maintaining high productivity have been made.
Since Finland joined the EU in 1995, farmers have been able to obtain
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economic support for various mitigation methods, including surface
liming, lime-filter drainage and controlled subsurface pipe-drainage
(/istr('jm et al.,, 2007). The present strategy for water protection in-
cludes several measures to attempt to reduce the impact from ASS, but
the achievement to improve the ecological and chemical status in water
bodies is challenging due to high costs (Teppo et al., 2022). Also, the
lack of cost-effective mitigation methods is obvious because no method
has so far proven to be able to counteract the environmental risks
associated with drainage operations, nor to reduce the existing load
from ASS to any greater extent at reasonable costs. It is therefore likely
that the water quality in the study area will continue to be strongly
affected by discharge from ASS for a long time, and changes in water
quality will be more dependent on meteorological factors, long-term
natural depletion of acidity in ASS and changes in land use rather
than on applied mitigation methods (Osterholm and Astrém, 2004;
Osterholm and Astrt’)rn, 2008; Toivonen et al., 2013; Salo et al., 2021). If
the status of water bodies is to be improved in a reasonable near future,
new measures or mitigation methods that are cost effective enough to be
applied on large enough areas are needed, as well as avoiding activities
that cause oxidation of new sulfidic materials and creation of active ASS.

5. Conclusions

It is well known that the rivers in coastal areas in ASS landscapes
carry large amounts of potentially toxic elements. This study calculates
the yearly amounts reaching the Gulf of Bothnia in the Baltic Sea to tens,
hundreds or even thousands of tons, depending on the element. Due to
the low pH, large proportions of the elements occur in toxic small-sized
fractions. This study further points out the significance of the combined
load from the numerous small streams, which contribute up to one
fourth of the total load, even though they drain only 12% of the area. For
many of the studied streams and rivers, the concentrations of the
potentially harmful elements Cd and Ni exceed the Environmental
Quality Standard (EQS) set by the European Union. Interests between
land use policy and water protection policy diverge, and the load caused
by land use and drainage operations on ASS in the study area conflicts
with National legislation as well as the goals in the Water Framework
Directive set by the European Union. The timing of sampling, choice of
analysed elements and choice of analysing filtered or unfiltered samples
play a major role in the outcome of the study. Therefore, careful plan-
ning and consistent sampling of water courses is crucial in the under-
standing of the impact from ASS.
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