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Abstract

Acid sulfate soils can cause significant economic, environmental, and
health-related issues due to acidification and metal leaching. This the-
sis investigates the presence of acid sulfate soils in the county of Vistra
Gotaland — a region in which the presence of acid sulfate soils has been
unknown. A literature review was performed which indicated that acid
sulfate soils should occur in organic-rich sediment near drained lakes.
Soil sampling and pH measurements at 14 sites around western Vistra
Goraland revealed three potential acid sulfate soils and one active acid
sulfate soil. The three potential acid sulfate soils occurred adjacent to
drained lakes and the active acid sulfate soil occurred close to a drained
wetland. All soils were hosted in, or below, organic-rich sediment. Iso-
tope analysis by ICP-SEMS revealed increased amounts of sulfur in
three of the acid sulfate soils. While the presence of acid sulfate soils
in Vistra Goétaland is now confirmed, their extent remains unknown.
Future studies are encouraged to delimitate the extent and impact of
acid sulfate soils in Vistra Gotaland.

Sammanfattning

Sura sulfatjordar kan orsaka betydande ckonomiska, miljo-missiga,
och hilsorelaterade problem genom forsurning och metallakning.
Denna uppsats undersdker forekomsten av sura sulfatjordar inom
Vistra Gotalands ldn — vari férekomsten av sura sulfatjordar hitcils
varit okdnd. En litteraturstudie genomférdes som indikerade att sura
sulfatjordar borde forekomma i sediment innehéllandes organiske
material nira sinkta sjoar. Genom jordprovtagning och pH-mitningar
vid 14 platser runtom vistra Vistra Gotaland pédvisades tre potentiella
sura sulfatjordar och en aktiv sur sulfatjord. De tre potentiella sura
sulfatjordarna fanns intill sinkta sjéar och den aktiva sura sulfatjorden
fanns nidra en drinerad vdtmar. Alla jordar forekom i, eller under,
sediment innehallandes organiskc material. Vidare visade en
isotopanalys med ICP-SFMS forhéjda svavelhalter i tre av de sura
sulfat-jordarna. Aven om férekomsten av sur sulfatjord i Vistra
Gotaland nu dr bekriftad, sd ir utbredningen fortfarande okind.
Framtida stu-dier uppmuntras avgrinsa utbredningen och péverkan av
sura sulfatjordar inom Vistra Gétaland.



Abbreviations

Elements

As — Arsenic

Ba — Barium

Be — Beryllium
Cd - Cadmium
Co — Cobalt

Cr — Chromium
Cu — Copper

Fe — Iron

Hg — Mercury
Mn — Manganese
Ni — Nickel

P — Phosphorus
Pb — Lead

S — Sulfur

Sr — Strontium
V — Vanadium
Zn - Zinc

Sediments

Cl - Clay

fS — fine Sand

GCI - Gyttja Clay

Pt — Peat

Si—Sile

Ts — Topsoil

yES — young Fluvial Sediment
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1. Introduction

Acid sulfate (a.s.) soils and their adverse ef-
fects have drawn scientific interest since at least
the 18" century when, as noted by Pons (1973),
Linnaeus first described them as argilla vitriola-
cea — or clay with sulfuric acid — during his time
in the Netherlands. The term acid sulfate soils
was first popularized two centuries later, after
the first international acid sulfate soils sympo-
sium was held in 1972 (Fanning, Rabenhorst &
Fitzpatrick, 2017), although the term had been
used sporadically before (e.g. Moormann, 1963;
Tanaka & Navasero, 1966).

An a.s. soil is generally defined as a sediment
that contains sulfides to such an extent that the
soil’s pH has dropped, or can drop, below 4 due
to the production of sulfuric acid [H2SO4]
caused by oxidation (Boman et al., 2018). Swe-
den applies the general definition above, with
the addition that the pH must drop below 3 in
organic soils (e.g. peat and gyttja) for it to count
as an a.s. soil. A more detailed definition of the
Swedish classification of a.s. soils is presented in
Boman et al. (2018).

A.s. soils are commonly divided into poten-
tial a.s. soils and active a.s. soils.

Potential a.s. soil is established when or-
ganic-rich sediment settles in the presence of
sulfate-reducing bacteria (Queensland Govern-
ment, 2019). The bacteria oxidize the organic
matter by consuming oxygen, and if the oxygen
gets depleted, the bacteria proceed to reduce sul-
fate [SO4*] and Fe’**, to sulfide [S*] and Fe**
respectively. The sulfide and Fe** can then react
to form iron sulfides like pyrite [FeS,] (Becher,
Sohlenius & Ohrling, 2019).

Active a.s. soil is formed when the potential
a.s. soil is exposed to atmospheric oxygen
(Nordmyr, Astréom & Peltola, 2008). The iron
sulfides get oxidized which produces sulfuric
acid, hydrogen ions [H'], and iron precipitate
[FeOOH]] (Becher et al., 2019).

In short, active acid sulfate soils are the oxi-
dized products of potential acid sulfate soils. Ac-
tive a.s. soils can severely damage their environ-
ment by heavily reducing soil pH, which in-
duces the leaching of metals. The potential a.s.
soils cause no adverse effects as long as they are
kept under reducing conditions (Queensland
Government, 2019).

As mentioned, the reduced pH in the soil in-
creases weathering and, subsequently, the leach-
ing of metals (Sohlenius & Oborn, 2004).
Drainage from a.s. soils can therefore acidify
and pollute aquatic environments such as lakes,
watercourses, and estuaries which can be highly
harmful to the biota. For instance, Uhro, Hil-
dén & Hudd (1990) linked the decline of fish
species in the Kyrénjoki River estuary to the
drainage of a.s. soils, and Jezierska & Witeska
(2006) summarized the deleterious effects of
metal accumulation in fish living in polluted
waters. Adding to the problematic nature of a.s.
soils, Pousette (2007) highlighted the geotech-
nical challenges of handling spoil from excava-
tions, and Filtmarsch, Astrom & Vuori (2008)
discussed the potential correlation between met-
als and neurodegenerative disorders like Alz-
heimer’s disease and Parkinson’s disease. It is
clear that a.s. soils can cause significant eco-
nomic, environmental, and health-related is-
sues, which is why the mapping of these soils is
important.

Most of the a.s. soil-mapping in Sweden has
been performed along the coasts of Norrbotten
and Visterbotten counties in northern Sweden.
Rapid post-glacial rebound in the area has up-
lifted vast tracts of land which were once cov-
ered by the Littorina Sea 9,800 — 3,000 cal yr
BP. The Littorina Sea was a brackish stage of the
Baltic Sea’s development defined by an increase
in salinity from previous stages (Bjorck, 2015).
Periods of increased productivity coupled with



a more pronounced halocline meant that the
degradation of organic matter caused anoxic
conditions at the seafloor (Bjérck, 2015). This
likely means that extensive amounts of potential
a.s. soil was developed in the favorable condi-
tions of the Littorina Sea, which is also substan-
tiated by the large quantities of a.s. soils that
have been, and continue to be, uplifted from the
Baltic Sea in northern Sweden. Most of the a.s.
soils are therefore located below the highest
reach of the Littorina Sea — the Littorina limit.

Southern Sweden, in comparison, has seen
relatively little documentation of acid sulfate
soils. A few studies in the Milaren region have
confirmed the presence of sulfidic soils, i.e. soils
containing sulfides (Sohlenius, Persson, Lax,
Andersson & Daniels, 2004), and a.s. soils
(Bayard & Karlsson Mood, 2014; Lax, 2005;
Sohlenius & Oborn, 2004; Oborn, 1989). A.s.
soils have also been discovered in the counties
of Skane and Blekinge (Abjérnsson, Stenberg &
Sohlenius, 2018; Oborn, 1989). Of special re-
mark is the confirmed presence of the first active
a.s. soil outside of the Baltic Basin, in Falken-
berg (Gustafsson, 2019; Kling Jonasson, 2020;
Lindgren, 2020). This discovery demonstrates
the need for a survey of a.s. soils on the west
coast.

The unknown extent of a.s. soils is worrying
as the west coast is already the most acidified
region in Sweden (Fig. 1) due to acid rain and
logging (Linsstyrelsen i Vistra Gotalands Lin,
2019). Unaccounted for a.s. soils could seri-
ously be damaging the biota. They could also
severely hamper several of Sweden’s environ-
mental targets. That is why studies from regions
of similar geology and climate — like the Norwe-
gian coast, and areas along the St. Lawrence
River in Canada — could be important tools in
deducing where a.s. soils occur (see chapter 2).

The geographical delimitation of this thesis
is constrained to the western part of Vistra Go-
taland county (Fig. 2), and will henceforth be
referred to as WVG (Western Vistra Gétaland).
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Fig. 1. Acidified lakes > 1 ha in Sweden, categorized into
four regions: SWS = Southwestern Sweden, NI = Nort-
land’s Inland, NC = Norrland’s Coast, and EMS = East
and Middle Sweden.

After: Sveriges Miljomal (n.d. b).

Topographically, the majority of WVG is
characterized by Mesozoic fissure valleys, apart
from the ‘Dalsbo Plain’ — a plain located at the
indent of western lake Vinern (Trafikverket,
2012). Like all of Sweden, WVG was covered by
the Fennoscandian ice sheet during the Weich-
selian glaciation. After the deglaciation of this
ice sheet, and in conjunction with the melting
of the Laurentide and Antarctic ice sheets, the
absolute sea level rose by 30 m (Andrén et al.,
2011; Bjorck, 2015; Lambeck & Chappell,
2001). The sea level rise was a major driving
force behind the Littorina Transgressions in to-
day’s Baltic Sea. Around the same time, Swe-
den’s west coast was similarly inundated. The
resulting transgression on the west coast is called
the Tapes transgression, as opposed to the Lit-
torina transgressions on the east coast (Bjorck,
2015). Rising sea levels due to the Fen-
noscandian ice sheet’s retreat and the, later,
Tapes transgression, as well as the geomorphol-
ogy of the fissure valleys and the anthropogenic
impact, all seem to have influenced the deposi-
tion and formation of a.s. soils on Sweden’s west
coast.

The fissure valley floors of WVG are primar-
ily covered by clay and silt. Clay, silt, and ex-
posed bedrock account for approximately 78.2
% of WVG’s land surface below the marine
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Fig. 2. Marine limit map of Sweden. The light blue area
represents the parts of Sweden which were at some point
inundated after the retreat of the Fennoscandian ice sheet.
The red stripes represent WVG’s area (below the marine
limit).

Hogsta Kustlinjen © Sveriges geologiska undersékning
(SGU); Lin, kommuner, FA-regioner och LA-regioner ©
Statistiska centralbyrin (SCB).

limit. The remaining percent consist of till (7
%), peat (6.2 %), sand (5.6 %), gyttja (0.3 %),
and miscellaneous (2.7 %). In southern Sweden,
a.s. soils often occur in areas mapped as different
types of gyttja soils by SGU (Becher et al.,
2019). They can also occur in clay, silt, and
peat, as well as in soils adjacent to drained or
partially drained lakes. Even sand and sandy
sediments are of interest when exploring for a.s.
soils on the west coast (Kling Jonasson, 2020),
which means that over 50 % of the soils in WVG
could host a.s. soils. However, the impact from
such amounts would be extremely noticeable.

Still, the numbers do indicate that areas of a.s.
soils that are large enough to impact the biota,
or local communities, could exist.

1.1. Aim and research questions

Acid sulfate soils are problematic sediments
because they can acidify, and leach metals to,
their surrounding environment. Mapping of a.s.
soils in Sweden has primarily occured in
Norrbotten and Visterbotten. Recent reports of
a.s. soils in southern Sweden have highlighted
the need for a survey of these soils in less ex-
plored parts of the country. Vistra Gétaland is
one of Sweden’s largest counties, both by area
and population, but the presence of a.s. soils has
not been investigated.

First, this thesis aims to compile and review
references, both domestic and international, of
a.s. soils in similar environments to the Swedish
west coast. Secondly, this thesis aims to investi-
gate the existence of a.s. soils in Vistra Gotaland
by collecting soil samples and analyzing them,
in order to further elucidate where, and how,
a.s. soils can form on the west coast.

The main research questions of this thesis
are:

* Isit possible to assess where a.s. soils
could occur in Vistra Goétaland by
examining similar regions with a.s.
soils?

= Do a.s. soils exist in Vistra Goétaland?
* Ifa.s. soils exist, where do they occur
and is it possible to estimate their ex-

tent?

» [Ifa.s. soils exist, is it possible to esti-
mate their impact



2. Literature Review

Literature related to acid sulfate soils on the
west coast of Sweden is scarce. Therefore, this
part of the thesis aims to compile and review
information relevant to a.s. soils in western
Vistra Gotaland (which is the geographical de-
limitation of this thesis). By expanding the lit-
erature search to areas of similar geology and
climate — a larger picture of the formation, lo-
cation, and consequences of a.s. soils can be ob-
tained.

Regions of similar climate and geology to
WVG include, but are not limited to, the Nor-
wegian coast — especially the southern coastline
—and parts of the Canadian east coast — partic-
ularly the St. Lawrence River area. Addition-
ally, the compiled material in this chapter could
prove a beneficial resource of information on
a.s. soils in Sweden, Norway, and Canada.

2.1. Coastal Norway

The coast of southern Norway, particularly
around Oslofjorden, is in many aspects the
most accurate analogy for WVG, mainly due to
their shared climate and geological history
stemming from their proximity. However,
within the context of a.s. soils, the entirety of
the Norwegian coast is fairly comparable to
Sweden’s west coast as the regions were both in-
undated by the sea after the retreat of the Fen-
noscandian ice sheet and, to a lesser extent, by
the Tapes transgression (Fjeldskaar &
Bondevik, 2020). The highest sea level often
acts as a delimiter for a.s. soils on the Swedish
east coast and a similar delimitation is therefore
appropriate for the west coast. Additionally,
Norwegian valley floors are often covered by
marine deposits (Fig. 3) similarly to the fissure
valleys of western Vistra Gotaland, further em-
phasizing their similar geology.

However, a.s. soils are rarely mentioned in
Norwegian literature. Andersson & Hansen
(2019) stated that “the occurrence of [a.s.] soils

. in Norway on any scale is unknown”, but
preliminary surveying during a pilot project in
Alta, northern Norway, has since uncovered the

presence of a.s. soils in Finnmark county (An-
dersson, Hansen & Flem, 2021; SGU, 2020;).
The soils occurred (Andersson et al., 2021):

* below peat

= in areas less than 10 m above sea level
* in areas with a low surface gradient

* in lagoonal environments

= in fine sand to fine silt

However, they stress that the occurrence of a.s.
soils is not given even though an area fulfills

B Bedrock B (Glacio-) Fluvial & Lacustrine deposits

Shore deposits B Miscellaneous
Marine deposits B Tidal deposits
M Till Water
B Moraine
W DPeac

Fig. 3. Simplified map of the depositional environments
and landforms in south Norway.

Losmasser © Norges geologiske undersokelse; Europe
coastline © European Environment Agency.



any of these conditions. Even so, similar envi-
ronments in WVG could be of interest when
exploring for a.s. soils. Areas of peat, sand, and
silt are quite abundant in all of WVG (Fig. 4),
and lagoonal environments were probably not
uncommon when the Fennoscandian ice sheet
retreated and the fissure valleys became inun-
dated.

Indications of sulfidic soil in southern Nor-
way primarily come from reports on fish kills.
Huitfeldt-Kaas (1922) attributed adverse soil
conditions to fish kills when he commented on
the mass death of salmon and trout in Frafjor-
delven in southern Norway. He explained that
there had been a dry autumn in 1920, but heavy
precipitation followed in November and the

B Bedrock
Sand
Clay

B Till

B Peat

B Gyuja
Water

B Glaciofluvials D

B Miscellaneous Q J

B Lowered lakes

Fig. 4. Simplified surficial map of WVG.

Jordarter 1:25 000 — 1: 1 000 000 © SGU; Hogsta Kus-
tlinjen © SGU; Vattenytor © Sveriges meteorologiska
och hydrologiska institut (SMHI); Lin, kommuner, FA-
regioner och LA-regioner © SCB.

color of the otherwise clear river changed to a
yellow brown. Two weeks after the rain event,
all the fish in the river were dead. Huitfeldt-
Kaas described this fish death as seemingly anal-
ogous to incidents in northern Sweden in 1914,
as detailed by Hogbom.

In the summer of 1914, a change of color in
several Swedish water bodies, in conjunction
with fish death were observed (Hogbom, as
cited in Huitfeldt-Kaas, 1922). The water be-
came crystal clear or showed greenish hues.
This is noteworthy because crystal clear water
can be a diagnostic tool for a.s. soils as the low
pH causes suspended material to flocculate and
sink. Likewise, a green-blue, milky color might
be caused by aluminium precipitate when acid
water meets water with a higher pH (Becher et
al., 2019). Due to these reports, Hégbom sur-
veyed some watercourses. Huitfeldt-Kaas sin-
gled out Hégbom’s results from Avafjirden and
Girde-fjirden in Visterbotten as especially in-
teresting. The waterbodies were surrounded by
assorted gyttja and svartlera — an archaic Swe-
dish term for sulfide soil (Svartlera, n.d.). The
dry summer resulted in lower water levels and
oxidation of the soils, which then acidified their
environments, thus leaching metals to the water
and likely causing the fish kills. Although it
should be noted that Hogbom attributed the
fish kills to suffocation due to humus particles
blocking the fish’s gills.

As mentioned, Huitfeldt-Kaas (1922) com-
pared the fish kills in Norway with those stud-
ied by Hogbom. Chemical analysis of the water
in Frafjordelven revealed considerable amounts
of sulfuric acid and a large proportion of sul-
fate, thus, he concluded that it was likely that
the fish died of vitriol (sulfuric acid) poisoning
from the adjacent mires.

It is not possible to ascertain the existence of
a.s. soils around Frafjordelven from the litera-
ture alone, but it does provide an argument for
a more thorough investigation of the area, or of
similar areas.



Huitfeldt-Kaas (1922) also briefly men-
tioned a similar fish kill event in 1911, which
Dahl (1923) later expounded upon when he de-
scribed the fish kills of 1911, 1912, and 1913
in Klepp municipality. A period of drought had
occurred during the summer of 1911 when a
sudden downpour occurred — three days later,
% of the fish had died. The same pattern re-
peated itself in 1912 and 1913. Water samples,
taken in conjunction with the fish kills, re-
vealed high concentrations of sulfuric acid and
iron in the water. Dahl also identified that
drainage channels recently had been con-
structed in a mire adjacent to the watercourse.

The nearly identical circumstances sur-
rounding all these events, i.e. intense drought,
followed by rain and subsequent fish death,
coupled with the fact that this sequence of
events is an indicator of a.s. soils (e.g. Callinan,
Sammut & Fraser, 2005; Uhro et al., 1990),
presents a somewhat probable case for the exist-
ence of acid sulfate soils in southern Norway.
This hypothesis is also strengthened by the con-
firmed presence of a.s. soils in Alta and Falken-
berg. Still, the lack of specific testing for a.s.
soils makes it impossible to ascribe the cause of
fish death to these soils.

It needs also be mentioned that acid precip-
itation had started to become a problem in the
early 20" century in Norway. The precipitation
of sulfur increased throughout the century and
culminated during the 80’s and mid-90’s, after
which there was a sharp decline (Milje-
direktoratet, 2020).

Several of the previously mentioned reports
acknowledged the influence of acid rain on fish
health. Yet, they concluded that the effect from
acid rain alone would not have been sufficient
to cause the fish deaths.

2.2. The St. Lawrence River area,
Canada

From a global perspective, Canada has a
fairly similar geology and climate to Norway

and Sweden. On a more regional note, espe-
cially in the interest of acid sulfate soils, the Ca-
nadian east coast is somewhat analogous to
parts of WVG and Norway. The St. Lawrence
lowlands are particularly interesting due to the
now drained Champlain Sea.

The Champlain Sea was a massive embay-
ment of the Atlantic Ocean and formed after
the last glacial maximum when a major change
in climate caused an eustatic sea level rise
(Gadd, 1988). The sea extended up the St. Law-
rence Valley into southern Quebec and eastern
Ontario (Karrow, 2006). This transgression of
brackish to nearly normally saline seawater pro-
duced depositional conditions akin to that of
the transgression on the Scandinavian west
coast, as evidenced by the occurrence of quick
clays in Vistra Gétaland, coastal Norway, and
the St. Lawrence lowlands (Persson, 2014;
Rankka et al., 2004).

The presence of a.s. soils in the St. Lawrence
River area was confirmed by Ross and Ivarsson
(1981). They found that the soil occurred in the
de ’Anse soil series of the Gleysol great group
(after the Canadian soil classification system).
In a subsequent study, De Kimpe, Laverdiére
and Barril (1988) stated that soils belonging to
the de I’Anse soil series in Quebec developed in
tidal marshes below 15 m a.m.s.l. along the
south shore of the St. Lawrence river. They also
specified that the de ’Anse soils in Quebec are
acid sulfate soils. In Sweden, gleysols are prev-
alent adjacent to drained lakes (Gleysol, 2000)
but beyond that, they are scarce (SLU, 2020).
Today, there are at least 89 partially drained
lakes in WVG (Fig. 4; Svenskt Vattenarkiv,
1995). The areas surrounding these lowered
lakes are therefore of high interest, especially if
the water levels continue to fall, thus oxidizing
potential a.s. soils and turning them into active
a.s. soils.

It should be emphasized that a.s. soils also
occur in other parts of eastern Canada that
might be geologically similar to WVG, and not



exclusively around the St. Lawrence river. For
instance, a.s. soils have been confirmed in the
Acadia soil series of the Gleysol great soil group
on Nova Scotia (Department of Agriculture and
Marketing, 1991; Ross & Ivarsson, 1981).

2.3. The Swedish west coast

Sulfidic soils are thought to be relatively un-
common along the west coast of Sweden
(Sohlenius, 2011), but very few areas have been
actively investigated. One confirmed locality
lies in Falkenberg municipality.

Malfunctioning pumps during construction

in Falkenberg led to the first recorded discovery
of active a.s. soils on the Swedish west coast
(Kling Jonasson, 2020; Lindgren, 2020). The
active a.s. soil was located in paleolake Ramsjon
in silty fen peat. Potential a.s. soil was found as
well and occurred in clay. Kling Jonasson
(2020) interpreted the formational environ-
ments as shallow protected lagoons and shallow
protected bays, respectively.
The fissure valley landscape of WVG could
have accommodated numerous such bays and
lagoons during the retreat of the Fennoscandian
ice sheet 13,000 - 12,000 cal yr BP (Fig. 5), and
to a lesser extent during the Tapes transgression
10,000 — 7000 cal yr BP.

There does not appear to be any further ex-
plicit research regarding a.s. soils on the west
coast. However, indications of a.s. soils do exist
in assorted literature. Alén (1888) took three
clay samples from two construction sites in
Gothenburg. He noted that two of the samples,
which were from the same location but at dif-
ferent depths, appeared blueish gray with dark
flames or stripes. Both samples contained or-
ganic material but only the shallower presented
rust. The third sample also contained organic
material but showed no pronounced flaming.
When Aldén added hydrochloric acid [HCI] to
the samples, all three developed a pronounced

smell of hydrogen sulfide [H.S].

Kynnéfiall

] 25 s 75 10 125 km
[PUPOY PP I SR W W—

Fig. 5. Sea level during the retreat of the Weichselian ice
sheet over WVG’s fissure valley landscape 12,000 cal yr
BP. The ice sheet is represented in white in the upper
right corner of the map. Blue areas are submerged
beneath the sea. Lightblue areas are present day lakes.
Black gridlines designate coordinates in SWEREF 99
TM and brown gridlines designate latitude and longitude
in the reference system SWEREF99.

Strandnivikartan © SGU; GSD-Oversiktskartan ©
Lantmiteriet.

Other sources of information are archeolog-
ical reports. Munkenberg (2001) briefly men-
tions a blue — almost black — clay which turned
grey when oxidized, and Aldén Rudd (2016)
found a brownish black silt with dark flames.
Both a rapid change in color after oxidation, as
well as dark bands are indicative of a.s. soils
(Becher et. al., 2019). Incidentally, the location
mentioned by Munkenberg (2001) was visited
during soil sampling for this thesis (see 4.5, site
B21011).

Lastly, Geotechnical memorandums might
provide valuable information on where to ex-
pect sulfidic soil, as such characteristics are

sometimes noted (C. Ohrling, personal com-
munication, April 26, 2021).



2.4. Conclusions

Western Sweden, eastern Canada, and
coastal Norway share a similar climate and ge-
ology, and have all at some point been inun-
dated by the Atlantic Ocean. The highest shore-
lines from these transgressions seem to be good
initial delimitators for a.s. soil deposition. The
confirmed presence of a.s. soils in lagoonal de-
posits in Alta and Falkenberg, and in gleysolic
tidal deposits in Quebec, imply that a.s. soils in
WVG are most likely to occur in organic-rich
sediments — mapped as different peats and gyt-
tjas by SGU - around drained or partially
drained lakes. However, due to how few refer-
ences featured confirmed a.s. soils, this result is
tenuous.

3. Method

3.1. Selection of sampling sites with
GIS

Soils mapped by SGU as gyttja, gyttja clay
(or clay gyttja), peat, peat bog, fen peat, and
clay—silt, as well as lakes with lowered water
levels, were of primary interest. Soil and lake
data were therefore limited to such features
with basic geoprocessing tools in ArcMap (ver-
sion 10.6.1). It should be noted that of the
peats and peat bogs, only areas larger than 2,5
ha were considered. Additionally, the peats and
peat bogs had to be adjacent to areas of clay—
silt (C. Ohrling, personal communication,
March 18, 2021).

Data of secondary interest included metal
concentrations (Al, Cd, Co, Cu, Mn, Ni, and
Zn) in stream plants recorded by SGU, together
with water protection areas and Natura 2000
sites. These data were not as critical to the se-
lection of the sampling sites, meaning they were
mostly considered during comparison of sites
with similar data of primary interest.

31 potential sampling sites were ultimately
selected (Fig. 6). The 31 sites were then ranked
from 1 (high priority) to 3 (low priority) by

comparing primary and secondary data, as well
as evaluating the accessibility by car and on
foot.

3.2. Collection of field samples and
measurements of soil pH

Samples were collected at least 10 m from
any manmade objects or till features. The soil
profiles were extracted in sections of 10 cm with
an Edelman auger, after which the pH of each
section was measured with the WTW pH 3110
meter. The pH meter was calibrated once a day
by a two-point calibration. As a general rule,
soil extraction ceased when two sections in a
row, from below the water table, showed a pH

WVG
Ranking:
e |

o 2

3

Fig. 6. The 31 proposed sampling sites in WVG. The
lightblue area represents WVG below the marine limit.
The darkblue area represents lake Vinern.

Hogsta Kustlinjen © SGU; Lin, kommuner, FA-regioner
och LA-regioner © SCB.



greater than 6.

At least one waterlogged soil sample from
each location was brought back to test for po-
tential a.s. soil character. Every such sample was
thoroughly mixed to homogenize it, after which
the pH was measured once again.

3.3. Determination of potential a.s.

soil character with H20»-leaching

Samples B21001 through B21005 were ana-
lyzed nine days after they were taken in the
field. Samples B21006 through B21009 were
analyzed after eight days. Samples B21010 and
B21011 were analyzed after five days, and sam-
ples B21012 through B21014 were analyzed af-
ter four days.

Following the procedure in Sullivan, Ward,
Toppler & Lancaster (2018), 2 g from each
sample was added to a test tube. Diluted so-
dium hydroxide [NaOH] (aq) was added to 33
% hydrogen peroxide [H,O5] (1) until the solu-
tion reached a pH of 4.5. 5 ml of the solution
was added to each sample. The samples were
stirred and left to react. In case of a strong re-
action, diluted water was added to the sample
to prevent the mixture from boiling over. The
samples were left to rest for 60 minutes after the
reaction had subsided. Lastly, after the samples
had rested, they were stirred once more, after
which the pH was measured. If the pH regis-
tered below 3, the soil was marked as a potential
a.s. soil.

It should be mentioned that the nature of
peat renders this method somewhat unreliable
and that peat samples should be aerated for at
least 9 weeks to ascertain if they are a.s. soils. It
is unclear if samples taken from soil layers be-
low peat cause similarly unreliable results.

3.4. Isotope analysis by ICP-SFMS

Soil samples from sites B21001, B21002,
B21003, B21005, B21007, B21011, and
B21012 were sent to an accredited laboratory
for analysis. Each sample was analyzed by ICP-
SFMS to assess its respective quantity of As, Ba,
Be, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, P, Pb, S,
Sr, V, and Zn.

4. Results

Of the 31 proposed sites, 14 sites were vis-
ited (Fig. 7). Of these 14 sites, three were po-
tential a.s. soils and one was an active a.s. soil.
Results from each of the four a.s. soils are pre-
sented in more detail, while the remaining 10
non-a.s. soils are shortly summarized.

B21006

%

B21007

B21004
<)

) @
1) o B21003
@ B21013
<B21012 ® B21002
e
_— & B21001

Ranking: D ® B21014
e 1 {?
o 2

® 3

Fig. 7. The 14 sites where pH measurements were done
on soil profiles.

Hogsta Kustlinjen © SGU; Lin, kommuner, FA-regioner
och LA-regioner © SCB.



4.1. Site B21003 — Active a.s. soil

over potential a.s. soil

Site B21003 was located 29 m a.m.s.l. in a
field in a tributary valley to the Géta Alv valley
(Fig. 8). The extracted soil column was 1.9 m
in total. The soil tended toward gyttja clay be-
tween 0.35 m — 0.9 m after which the remain-

der of the column was clay. Specks of rust ap-
peared at 0.6 m which turned into pea-sized
rust granules at 0.95 m. The rust granules dis-
appeared at 0.9 m. The water table was reached
at a depth of 0.95 m.

The pH was very low in the upper 1.0 m and
rose steadily below the water table (Fig. 9). A
soil sample was taken at a depth of 1.5 m and
after homogenization, the sample had a pH of
5.8. After the sample had been leached with the
H>O:, the pH was 1.7.

The results of the ICP-SFMS are presented
in Table 1.

Fig. 8. Sampling site B21003 marked by a black
circle with a dot. Visited 2021-05-26.

3 4 5 6 7 8 Coordinates (SWEREF 99 TM):
G, o N: 6441923
E: 336100
0.2 Ortofoto 4 band 16 m © Lantmiiteriet.
0,4 [
0,6 |
0>8 B Tab]e 1.
Sample from site B21003. Results of the
h 1t P
Depth (m) ICP-SFMS. mg/kg dry matter (dm).
L2r Element mg/kg ‘ Element mg/kg
1.4 As 6.21 Mn 418
6 | Ba 91.7  Ni 26.3
L8 Be 1.22 P 789
| Cd 0.160 Pb 16.1
2 ¢ Co 120 S 13500
C .8 S 43.
Fig. 9. pH of the soil column extracted at f 33 f 3.5
site B21003. The horizontal dash marks Cu 27.3 A 60.7
the water table and the diamond shape Fe 32000 Zn 93.2
marks where the soil sample for further H 1
analysis was taken. 8 <
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4.2. Site B21002 — Potential a.s. soil
Site B21002 was located 15 m a.m.s.l. adja-
cent to a lowered lake which drained into Gota
Alv. The lake was surrounded by farmland (Fig.
10). The extracted soil column was 1.4 m in to-
tal and consisted entirely of gyttja clay. Pea-
sized rust granules appeared at 1.1 m and per-
sisted throughout the remainder of the column.
The water table was reached at a depth of 1.1
m.
The pH was relatively stable throughout the
column (Fig. 11). A soil sample was taken at a
depth of 1.4 m and after thorough blending, i.e.
homogenization, the sample had a pH of 6.2.
After the sample had been leached with the
H>O:, the pH was 2.2.
The results of the ICP-SFMS are presented

in Table 2.

Fig. 10. Sampling site B21002 marked by a black
circle with a dot. Visited 2021-05-26.
Coordinates (SWEREF 99 TM):

N: 6432906
E: 331231
02 r Ortofoto 4 band 16 m © Lantmiteriet.
0,4 |
0,6 | Table 2.
Depth (m) Sample from site B21002. Results of the
0,8 | ICP-SFMS. mg/kg dm.
Element mg/kg | Element mg/kg
Lr As 4.76 Mn 348
12 L Ba 65.8 Ni 16.5
’ Be 0.896 P 646
14 L Cd <0.1 Pb 11.7
v Co 10.6 S 6970
Fig. 11. pH of the soil column extracted Cr 21.2 St 37.4
at site B21002. The horizontal dash marks Cu 12.6 \Y4 48.0
the water table and the diamond shape Fe 23700 Zn 72.8
marks where the soil sample for further ’
analysis was taken. Hg <1
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4.3. Site B21005 — Potential a.s. soil

Site B21005 was located 42 m a.m.s.l. in a
forested area between a large lake and a smaller,
overgrown lake (Fig. 12). The forest primarily
consisted of deciduous trees. The extracted soil
column was 1.95 m in total and the upper 1.0
m consisted of peat. There was gyttja clay be-
tween 1.0 m — 1.2 m and clay from 1.2 m to
1.9 m. The remainder consisted of fine sand.
Rust granules appeared at 1.7 m. The water ta-
ble was reached at a depth of 0.55 m.

The pH was low in the upper profile and
steadily rose below the water table (Fig. 13). A
soil sample was taken at a depth of 1.9 m, but
the pH after homogenization was not recorded.
After the sample had been leached with the
H,0:, the pH was 2.6.

The results of the ICP-SFMS are presented
in Table 3.

Fig. 12. Sampling site B21005 marked by a white
circle with a dot. The lakes have been lowered.

3 4 5 6 7 8 Visited 2021-05-26.
| € pH Coordinates (SWEREF 99 TM):
N: 6448147
0.2 E: 319882
04 | Ortofoto 4 band 16 m © Lantmiiteriet.
0,6
08 | Table 3.
Sample from site B21005. Results of the
Depth (m) 1 | ICP-SFMS. mg/kg dm.
L2 ¢ Element mg/kg | Element mg/kg
14 | As <3 Mn 169
16 L Ba 72.2 Ni 11.9
Be 0.534 P 296

BT cd <0.1 Pb 7.88

23 Co 7.58 S 489
Fie. 13. bH of the soil col 4 Cr 20.2 Sr 28.3
ig. 13. pH of the soil column extracte
at site B21005. The horizontal dash marks Cu 2.93 \4 36.5
the water table and the diamond shape Fe 14000 Zn 31.9
marks where the soil sample for further H

Iysi ken g <1
analysis was taken.
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4.4. Site B21007 — Potential a.s. soil

Site B21007 was located 64 m a.m.s.l. be-
tween two hillocks in a field adjacent to a coun-
try road not too far from a lowered lake (Fig.
14). The extracted soil column was 1.7 m in to-
tal and consisted entirely of gyttja clay. There
was a substantial amount of organic material
throughout the profile. The water table was
reached at a depth of 1.2 m.

The pH was relatively stable throughout the
column but tended to increase with depth (Fig.
15). A soil sample was taken at a depth of 1.6
m and after homogenization, the sample had a
pH of 6.5. After the sample had been leached
with the H,O,, the pH was 2.6.

The results of the ICP-SEMS are presented
in Table 4.

0 R R E e e EE e e

0,2

04

0,6

0,8 F

Depth (m)
1 F

1,2 |

1.4

1,6 +

1,8
v

Fig. 15. pH of the soil column extracted
at site B21007. The horizontal dash marks
the water table and the diamond shape
marks where the soil sample for further
analysis was taken.

Fig. 14. Sampling site B21007 marked by a white
circle with a dot. The lowered lake is in the bot-
tom left of the map. Visited 2021-05-26.
Coordinates (SWEREF 99 TM):

N: 6482943

E: 334963

Ortofoto 4 band 16 m © Lantmiteriet.

Table 4.
Sample from site B21007. Results of the
ICP-SFMS. mg/kg dm.

Element mg/kg ‘ Element mg/kg

As 3.53 Mn 718

Ba 122 Ni 22.1
Be 1.14 P 838

Cd <0.1 Pb 13.5
Co 14.2 S 1790
Cr 26.5 Sr 48.9
Cu 18.9 \% 60.2
Fe 33700 Zn 88.8
Hg <1
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4.5. Non-a.s. soils

Samples from sites B21001, B21004,
B21006, B21008, B21009, B21010, B21011,
B21012, B21013 and B21014 were not a.s.
soils. The pH of each respective soil column is
presented in Fig. 16 and the pH of each soil
sample after H,O,-leaching is presented in Fig.
17. Samples from sites B21001, B21006,
B21010, and B21014 consisted of gyttja clay.
Samples from sites B21004, B21011, B21012,
and B21013 consisted of clay. The sample from
B21008 consisted of silt and the sample

B21006 B21008
3 4 5 6 7 8 3 45 6 7 8
0 prreree 0 e
0,2 04
0,4 | 0,8 |
0,6 1,2 F
0.8 16 |
1 b
v 2y
B21011 B21012
3 4 5 6 7 8 3 45 6 7 8
0,8 04
1,6
0,8
2,4 |
1,2
32
4 L 1,6
4,8 2
v v

0,2
0,4
0,6
0,8

1,2
1,4

0,6
1,2
1,8

2,4

3,6

0,4

0,8

B21001

3 45 6 7 8
aaaziassaniaasisnsieas

B21009

3 45 6 7 8
""""'I'"""'T""'"T“""T""'""

B21013

3 45 6 7 8
R aiiiaansrassaes i niany Y

0
0,4
0,8
1,2
1,6

2,4
2,8
3,2

0,2
0,4
0,6

0,8

1,2

0,4
0,8
1,2

1,6

B21004

3 45 6 7 8
T

B21010

345 6 7 8

B21014

3 45 6 7 8
aiiiaaasrassansiianiany 3

Fig. 16. pH of the soil columns which were not a.s. soils. The y-axis is the depth (m) and the x-axis is the pH. The
horizontal dash marks the water table (note that the water table was not reached at site B21011) and the diamond shape
marks where soil samples for further analysis were taken (note that two samples were extracted at B21004). Coordinates
(SWEREF 99 TM): B21001: N: 6421298 E: 324913; B21004: N: 6448508 E: 330639; B21006: N: 6485425 E: 333586; B21008: N:
6514029 E: 352215; B21009: N: 6517554 E: 348844; B21010: N: 6388192 E: 323381; B21011: N: 6388566 E: 322755; B21012
N: 6429829 E: 310555; B21013: N: 6426134 E: 333068; B21014: N: 6409613 E: 314937
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Table 5.

s 4 681 Results of the ICP-SFMS for three non-a.s. soils.
Z B21001 B21011 B21012
Element mg/kg mg/kg mglkg
2 As <3 7.30 4.57
Ba 99.1 84.9 72.9
X Be 0981 139 135
2 Cd <0.1 <0.1 <0.1
1 Co 11.3 15.4 13.6
0 Cr 22.7 38.6 43.9
%@0\ @""\ QQ»;-” \@b SIS IH L@ Cu 11.8 20.6 19.3
PO R R R R Fe 19900 33900 30300
Hg <1 <1 <1
Fig. 17. pH of soil samples after H2O-leaching. The dashed line Mn 324 560 381
marks the pH limit for classification of potential a.s. soils by Ni 16.2 284 30.8
H,O:-leaching. P 536 860 802
Pb 11.6 18.2 17.9
from B21009 consisted of clay—silt. The re- gr ;;57 ;Zol 111(2)223
sults from the isotope analysis are presented in vV 45.7 69.5 66.6
Table 5 and the soil types of each entire soil T 72.4 71.0 88.2
profile are presented in Table 6.
Table 6.
Soil types of soil columns with no a.s. soil. Depth in meters.
B21001 B21004 B21006 B21008 B21009
Depth Soil Depth Soil  Depth Soil Depth Soil Depth Soil
0.1-1.3 GCl' 0.1-0.3 Ts 0.1-0.2 Ts 0.3-0.5 Cl-Si 0.2-3.6 Cl-Si
0.3-3.2 Cl' 0.2-05 £S! 05-1.9 fS
0.5-0.6 Si' 1.9-2.0 Si
0.6-0.9 GCI*?
Table 6.
Continued.

B21010 B21011 B21012 B21013 B21014
Depth Soil  Depth Soil  Depth Soil  Depth Soil Depth Soil
0.1-0.3 Ts 0.1-0.2 Ts 0.1-0.2 Ts 0.1-0.3 Ts 0.2-0.3 Ts
03-1.2 GCl 0.2-5.0 cl 0.2-2.0 cl 03-1.1 yES (S & Si) 03-2.1 GCl

! Presence of rust. ? Presence of rust granules. > Extremely unstable. Possible quick clay. 4 Presence of shells.
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5. Discussion

5.1. Spatial distribution and temporal
formation

Acid sulfate soils exist in Vistra Gotaland,
Sweden. They occur in organic-rich sediments,
often near drained or partially drained lakes, in
soils mapped as gyttja clay (or clay gyttja) by
SGU. They may also occur in, or below, peat.
Peat and gyttja account for 6.5 % of WVG’s
surface area, which translates to approximately
57,000 ha. Furthermore, a continued lowering
of the water level in waters, due to drought or
drainage, could expose additional potential a.s.
soils. For instance, a two meter reduction of the
water level in all major water bodies in WVG
could expose up to 1,100 ha of land. In addi-
tion, the coast of Vistra Gétaland is being up-
lifted by about 4 mm/a (Vesta, Agren, Steffen,
Kierulf, & Tarasov, 2019), thereby exposing
additional land. Drought and drainage could
also influence a.s. soils in peats, thus turning
potential a.s. soils into active a.s. soils through
oxidation.

The existence of peat or gyttja does not guar-
antee the presence of a.s. soils. Gyttja samples
from sites B21001, B21006, B21010, and
B21014 were not a.s. soils, meaning that gyttja
and peat-hosted a.s. soils make up less than
57,000 ha in WVG.

There is a seemingly sporadic nature to the
spatial extent of a.s. soils, which becomes espe-
cially evident at neighboring sampling sites.
Both sites B21001 and B21002 were adjacent
to Géta Alv and both soil columns consisted en-
tirely of gyttja clay. Only B21002 proved to be
an a.s. soil. Similarly, samples from sites
B21006 and B21007 both consisted of gyttja
clay which was deposited in paleolake
Histefjorden, but only B21007 was defined as
an a.s. soil. Although in this case, the gyttja clay
at B21006 was overlain by silt and fine sand
while B21007 consisted entirely of gyttja clay.

This somewhat arbitrary distribution seems

to agree with Andersson et al. (2021) who
stated that a.s. soils are not given, even though
an area fulfills the host conditions. The intrica-
cies of where a.s. soils form are beyond this the-
sis’ scope, instead a more overarching process
will be discussed.

Kling Jonasson (2020) concluded that the
a.s. soils in Falkenberg, south of Vistra Go-
taland, were formed during the Tapes transgres-
sion. This is not the case for sites B21005,
B21007, and possibly B21003. There was no
relative sea level rise in northern Vistra Go-
taland during the Tapes transgression due to
the more rapid post-glacial rebound (Passe,
2003). The eustatic sea level rise resulted only
in a decreasing regression. A transgression be-
came noticeable first at the more central coastal
latitudes where the relative sea level was stable,
or even rose by a few meters (Miller & Rob-
ertsson, 1988). The magnitude of the Tapes
transgression increased southward, and in
southern Vistra Gotaland the sea level rose by
about 10-12 m (Pisse, 2001).

Site B21007 is located in the upper central
part of WVG at 64 m a.m.s.l. (Figs. 7 and 14)
and sampling revealed potential a.s. soil. How-
ever, the gyttja clay contained substantial
amounts of organic material which might have
skewed the results of the H,O,-leaching some-
what. The site is too far north, too far inland,
and too elevated to have been reached by the
Tapes transgression. The area was, however, in-
undated by the sea after the retreat of the ice
sheet about 13,000 cal yr BP (SGU, n.d.), and
later by the Yoldia Sea (havet.nu, 2019). It was
ultimately cut off from the sea 11,000 — 10,000
cal yr BP to form lake Histefjorden (SGU,
n.d.).

Histefjorden was partially drained in the
1860’s to expose arable land (Aronsson, 1998;
Svenskt Vattenarkiv, 1995). It was at this time
that the gyttja clay at site B21007 was bared,
which means that the soil has been exploited for
up to 150 years. Likely, enough time passed to
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neutralize any active a.s. soil, leaving only po-
tential a.s. soil in the undisturbed, reduced con-
ditions below the water table.

Similarly, site B21005 is located in central
WVG, near the coast, at 42 m a.m.s.l. (Figs. 7
and 12) and sampling revealed potential a.s.
soil. The Tapes transgression did not affect site
B21005 as it only reached about 35 m a.m.s.l.
at this location. The area was inundated after
the retreat of the ice sheet 13,000 cal yr BP and
became cut off from the sea again 11,000 —
10,000 cal yr BP to form lake Hallungen (SGU,
n.d.).

Hillungen was partially drained in 1876
(Svenskt Vattenarkiv, 1995) and became Lilla
Hillungen and Stora Hillungen. Site B21005
sits between these lakes and seems to have been
relatively undisturbed since the partial drain-
ing.

The sample from Hillungen is only tenta-
tively classified as a potential a.s. soil since the
nature of peat makes the H,O,-leaching
method somewhat unreliable (C. Ohrling, per-
sonal communication, May 5, 2021). Then
again, the sample did not consist of peat, but of
clay which was overlain by gyttja clay and peat.
This raises the question if the peat affected the
results in any way. Since this can’t be ruled out,
doubt remains.

Continuing, site B21003 is located further
south, at 29 m a.m.s.l. (Figs. 7 and 8) and sam-
pling revealed active a.s. soil. This area was also
inundated by the sea after the retreat of the ice
13,000 cal yr BP (SGU, n.d.). There might
have occurred a very slight transgression, but
the sea level was generally stable at this site dur-
ing the Tapes transgression (Fig. 18A). The area
likely became a lake, or a shallow protected bay
or lagoon 10,000 — 7,000 cal yr BP (Fig. 18B).
Thereafter, the water level must have slowly
subsided as it seems the site hosted some form
of wetland, with a north—south crossing water-
course, until at least 1841 (Fig. 18C). [t appears
that the wetland was drained, and that the

watercourse was rerouted to accommodate
farmland, some time before 1897 (Fig. 18D).
This means that the active a.s. soil might have
existed between 120 — 180 years.

Lastly, site B21002 is located just southwest
of B21003 at 15 m a.m.s.l. (Figs. 7 and 10).
Sampling revealed potential a.s. soil in gyttja
clay. The area was likely submerged from
13,000 cal yr BP until the early 1800’s, when
construction of the Géta Canal took place or,
more likely, until 1910 — when the adjacent
lake was partially drained (Svenskt Vattenarkiv,
1995). This means that any active a.s. soil was
neutralized in a span of 110 years, leaving po-
tential a.s. soil in the waterlogged section.

It is difficult to say why the a.s. soil was still
active at site B21003 when there were only po-
tential a.s. soils at sites B21002 and B21007,
since all three were gyttja clays. The deposi-
tional environments of all three sites were also
similar, i.e. lakes and protected bays, and they
have been exposed for roughly the same amount
of time (110 — 180 yrs).

One difference between the a.s. soils in
WVG and the a.s. soils on the east coast and in
Falkenberg is the depositional environment.
Most a.s. soils on the east coast were formed in
the Littorina Sea and the a.s. soils in Falkenberg
were formed during the Tapes transgression.
The majority of a.s. soils in WVG, however,
were likely formed in lakes or lagoons which
were established after the Fennoscan-dian ice
sheet’s retreat 13,000 — 12,000 cal yr BP.

5.2. Isotope analysis

Samples from sites B21002, B21003, and
B21007 showed elevated amounts of S, which
is common for a.s. soils. The sample from site
B21005, however, did not contain significant
amounts of S relative the other three samples.
Instead, it contained a similar amount to
B21012, which was not classified as an a.s. soil
due to a too high pH after H,O,-leaching (Fig.
17), and only double the S amount of B21001,
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Fig. 18. Site B21003 hosted active a.s. soil in gyttja clay over potential a.s. soil in clay. The site is marked with a red dot
in map B, C, and D. A) Shore displacement curve from site B21003, after SGU (n.d.). B) Sea level at site B21003 9,000
cal yr BP. The area likely functioned as a protected bay or lagoon. Blue areas are submerged beneath the sea. Lightblue
areas are present day lakes. Black gridlines designate coordinates in SWEREF 99 TM and brown gridlines designate
latitude and longitude in the reference system SWEREF99. Strandnivikartan © SGU; GSD-Oversiktskartan ©
Lantmiteriet. C) Historical map from 1841 depicting site B21003. Generalstabskartan: Vinersborg J243-42-1 (1841) ©
Lantmiteriet. D) Historical map from 1890-97 depicting site B21003. Hiradsekonomiska kartan: Lilla edet J112-42-21

(1890-97) © Lantmaiteriet.

which was also a non-a.s. soil. The soil sample
from site B21012 did however contain shells
which most certainly buffered the sample, and
sample B21001 was just above the limit of the
leaching procedure (Fig. 17). Thus,
though the S content of sample B21005 was sig-

even

nificantly lower than the three other a.s. soils’
S content, and closer to the two non-a.s. soils’,
the amount was likely high enough to cause the
acidification rather than an error in the
method.

Any other immediate discussion or conclu-
sions of the isotope analysis lies outside the

scope of this thesis.

5.3. Potential impact
Site B21002, B21005, and B21007 hosted

potential a.s. soils. These soils will only advers-
ely impact their surroundings if their water ta-
bles are lowered.

Site B21002 is located adjacent to Gota Aly
from where 700,000 people receive their drink-
ing water (Goteborgsregionen, 2019). The river
has an average flow rate of 0.5 X 10° I/s (Gote-
borgs Stad, 2021), which means that any drain-
age from a.s. soils likely would be diluted rela-
tively quickly. However, Géta Alv is lined with
heavy industry and agriculture which adds to
the pollution. An influx of leached metals from
a.s. soils due to drought or drainage, would ex-
acerbate the pollution. Gothenburg’s raw water
intake is closed approximately 100 days/year
due to poor water quality (Géta dlvs vatten-
vardsforbund, 2015). The leading

cause,
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however, is biological waste. Metal concentra-
tions, meanwhile, are consist-ently within the
margins for safe drinking water. It is therefore
questionable if a.s. soils could impact the water
quality of Gota Alv in an impactful way. A big-
ger concern is dredging masses, which could
create a.s. soil hot spots if deposited on land.
350,000 cubic meters of dredging mass from
Gota Alv is currently being extracted to expand
a terminal in Gothenburg’s harbor (Géteborgs
Hamn, 2018). The terminal will be embanked
to prevent toxic leakage to the Gota Alv estuary,
but care should be taken of the corrosive nature
of a.s. soils which could weaken the structural
integrity of concrete and other construction
material (Concrete Pipe Asocciation of Austral-
asia, n.d.).

Site B21005 is located between Lilla Hil-
lungen and Stora Hillungen. Stora Hillungen
is a water protection area and the source of
drinking water for Stenungsund municipality.
The lake is also rich in fish. A continued lower-
ing of Lilla Hillungen could cause some adverse
effects, in the form of leached metals, in north-
ern Stora Hillungen. Acidification, however, is
unlikely as Stora Hillungen’s lakebed consists
of shell-rich clay which acts like a buffer
(Hopen, 2007).

The gyttja clay at site B21007 was part of a
vast region of gyttja clay, spanning several cul-
tivated fields. Crops grown on a.s. soils have
been studied, but the ramifications are not yet
well understood (Filtmarsch et al., 2008).

Lastly, site B21003 was an active a.s. soil and
thus the most immediate issue. The field at this
site did not appear to be limed (Fig. 9), which
would have lessened any adverse effects in the
upper soil horizons, but again, effects from a.s.
soils on crops are poorly understood.

Western Vistra Gotaland is already one of
Sweden’s most acidified regions (Fig. 1) due to
acid precipitation and a weathering-resistant
bedrock (Linsstyrelsen, n.d.). Liming efforts in
Vistra Gotaland culminated in 1993 when

35,000 ton liming material was used, according
to Lansstyrelsen (n.d.). Liming continues till
this day but budget issues in 2019 has left sev-
eral lakes and wetlands unlimed (Sport-
fiskarna, 2020). A.s. soils are not mentioned in
the latest acidification and liming report by
Vistra Gotalands county administrative board
(Linsstyrelsen i Vistra Goétalands Lin, 2019),
likely due to their unknown presence.

The now confirmed presence, but unknown
extent, of a.s. soils, coupled with a cut to liming
efforts and the already poor buffer capacity of
watercourses in WVG — could seriously impact
the biota. A.s. soils could also hamper several of
Sweden’s 16 environmental targets, especially
the Only natural acidification, Thriving lakes
and watercourses, and Quality groundwater ob-
jectives (Sveriges Miljomal, n.d. a).

5.4. The literature review

A lot of the literature, especially the Norwe-
gian literature, was difficult or time consuming
to obtain as it was often regionally locked. A
few promising references could not be collected
in time due to this (e.g. Vigerust, 1965;
Vigerust, Haugbotn, Forbord, & Njgs, 1972;
Odelien, 1966; Qdelien, Haddeland, Njelstad,
& Selmer-Olsen, 1973; GQien, 1971).

Still, much of the material could be accessed
and it was encouraging that the conclusions
from the literature review corresponded well
with where a.s. soils were found in WVG, i.e.
in organic-rich sediments and near drained or
partially drained lakes. This suggests that the
formational environments of a.s. soils in eastern
Canada, coastal Norway, and the west coast of
Sweden could be somewhat similar. Combining
research on a.s. soils from these three regions
could prove beneficial to the understanding of
the overarching formational environments of
a.s. soils in each respective region.

5.5. Sources of error
Of the 14 extracted soil columns, six did not
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contain any gyttja (B21004, B21008, B21009,
B21011, B21012, and B21013). Because the
sites were not randomly selected, i.e. areas of
gyttja were sometimes prioritized in the selec-
tion process, there could be some bias towards
these sediments as hosts for a.s. soils.

Furthermore, it was sometimes difficult to
achieve the highest calibration of the pH meter.
The calibration works on a four-step scale
where three is the highest calibration and zero
is the lowest (and error means unsuccessful cal-
ibration). When measuring the pH of sites
B21010 — B21014 a calibration score of two
was achieved, and during the H,O,-leaching, a
score of one was achieved. Still, this is not
deemed to have majorly impacted any of the re-
sults.

Lastly, the H,O,-leaching method should be
performed as quickly as possible after sampling
(Sullivan et al., 2018). The samples were stored
in a sealed chip tray for around one week before
sampling. Oxygen in the chip tray might have
prematurely caused the acidification of some
samples.

6. Conclusions

1. Acid sulfate soils exist in Vistra Gotaland,
Sweden. Of the four confirmed a.s. soils,
three were potential a.s. soils and one was
an active a.s. soil. They occurred in organic-
rich sediments, often near lowered lakes,
chiefly in soils mapped as gyttja clay (or clay
gyttja) by SGU. All four locations were an-
thropogenically drained between 110 — 180
years ago.

2. Organic-rich sediments, i.e. peat and gyttja,
account for 57,000 ha of western Vistra
Gorta-land’s surficial sediments but not all
gyttjas and peats are hosts to a.s. soils.
Thus, even though the presence of a.s. soils
is confirmed, the extent remains unknown.

3. Unaccounted for a.s. soils, coupled with a
cut to liming efforts and the already poor
buffer capacity of watercourses in WVG —

could impact the biota and hamper Swe-
den’s environmental targets.

4. Literature from Norway and Canada could
successfully be used to assess where a.s. soils
were likely to be found in WVG. This sug-
gests that the formational environments of
a.s. soils in eastern Canada, coastal Norway,
and the west coast of Sweden could be
somewhat similar.
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