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ABSTRACT

Acid sulfate soils (AS-soils) refer to soils or fine-grained sulfide-bearing sediments that can
produce acidity through sulfide oxidation. AS-soils do not pose a risk under waterlogged
conditions, but when exposed to oxygen, negative environmental and economic impacts are
generated. AS-soils oxidation results in sulfuric acid production, water bodies acidification,
elements mobilization within the soil and into water bodies, adverse effects on biota,
infrastructure damages, and potential deleterious effects on human health. Studying AS-soils
presents a significant challenge due to their widespread impacts, highlighting the need for
efforts to mitigate their environmental consequences. This doctoral thesis investigated the
geochemical and mineralogical characteristics of AS-soils in northern Sweden, aiming to
enhance understanding of their characteristics and weathering processes and thus contribute
to developing environmental management strategies.

AS-soils represent a global concern due to their extensive distribution, mainly in coastal areas
that were once covered by saline or brackish water. In Sweden, AS-soils are distributed along
the coastline and are derived from post-glacial sediments enriched with Fe sulfides. In the Baltic
Sea, sulfide-bearing sediments are exposed to oxygen due to post-glacial isostatic uplift or
groundwater table lowering. In Sweden, AS-soils are already oxidized, posing environmental
risks that are further intensified in northern regions due to a greater rate of isostatic uplift. AS-
soils are characterized by the accumulation of elements in a transition zone (TZ) between
oxidized and reduced sediments. The oxidized zone (0Z) is distinguished by low pH values (< 4),
element depletion, and the precipitation of Fe (oxy)hydroxide and Fe hydroxysulfate secondary
minerals as common products of sulfide oxidation. In contrast, the reduced zone (RZ) represents
the AS-soil parent material and consists of unoxidized black, fine-grained laminated sediments,
characterized by a high total organic carbon content, high S content, and abundance of primary
Fe sulfide minerals. Groundwater fluctuations influence soil redox conditions and pH, causing
the transformation of unoxidized sediments into oxidized ones. This zone transformation
induces the dissolution and reprecipitation of minerals, leading to element mobilization.

This study analyzed AS-soils in Luled, northern Sweden, from a geochemical and mineralogical
perspective. Research on soil and groundwater was conducted in one waterlogged (SW) and one
oxidized (SN) AS-soil profile located in S6dra Sunderbyn, in the vicinity of the Lule River.
Elemental distribution over the different zones was analyzed, identifying depletion and
accumulation zones, and assessing the mobilized elements as potential contaminants in soil and
water bodies. Mineralogical analyses were conducted through techniques such as scanning
electron microscopy (SEM), X-ray diffraction (XRD), and microprobe, which were applied with
the aim of identifying primary and secondary minerals, their composition, textures,
morphologies, and distribution over the zones, and their impact on soil chemistry under
weathering conditions. Furthermore, sequential extraction experiments were performed to
associate the elements with each of the soil fractions and to quantify the potential elements
released under oxidation. Additionally, interactions between groundwater and subsoil were
evaluated, identifying sources and element mobilization pathways, acting as potential
contaminants.



The results demonstrated that both AS-soil profiles have the potential to generate acidity and
mobilize elements upon exposure to oxygen, posing a negative environmental impact. Different
S species were identified across the soil profiles. In unoxidized samples, S mainly occurs as
primary Fe sulfide, metastable Fe sulfide, and organic S. Framboidal pyrite, the most abundant
sulfide mineral and the primary acidity contributor, precipitated under anoxic-euxinic conditions
through microbial sulfate reduction (MSR), as evidenced by negative 634S values. In contrast,
oxidized samples predominantly contain S in secondary Fe hydroxysulfate minerals, such as
jarosite or schwertmannite, which display negative §3*S values indicative of sulfide oxidation
processes, associated with their precursor sulfide.

Incubation experiments over the profiles showed that pH decreases the most in samples with
high S content, but not necessarily with high TOC content. In this research, it is demonstrated
that framboidal pyrite is highly reactive and prone to rapid oxidation even with short periods of
exposure to oxygen. Compositional maps obtained by microprobe analysis indicated that
framboidal pyrite is a source of Cu, Mn, Mo, and Ni. These trace elements are typically
distributed within the framboids, except for Mn, which surrounds the framboids, creating a Mn-
rich rim. The labile and more stable organic fraction is strongly associated with Cu, Mo, and S,
which are susceptible to mobilization during weathering. Despite past oxidation and element
mobilization occurring in the OZ, this zone still exhibited a high percentage of elements with
potential to be removed as shown in the extraction experiments. The most soluble phases and
pore water contribute with high concentrations of Cd, Cu, Mn, Mo, and S, indicating their high
potential for environmental release.

Seasonal variations result in groundwater fluctuations exposing the sulfide-bearing sediments
to oxygen as the water table decreases, leading to oxidation and acidification. In contrast, during
high water table periods, secondary mineral dissolution and element mobilization take place.
These fluctuated redox conditions were evidenced by variations in §°¢Fe groundwater values,
due to dissolution and transformation of Fe phases. The SN well registered high concentrations
of Al, Co, Fe, Mn, Ni, S, and Zn in May and October, during low groundwater table periods. In
contrast, the SW well remained waterlogged, preventing oxidation and acidity generation. The
difference between the wells is evidenced by 634S values, with the SW well showing strong 34S
enrichment from active MSR, while the SN well reflects dominant sulfide oxidation and limited
MSR activity.

This study shows the environmental risks associated with sulfide oxidation in northern Sweden
and demonstrates that maintaining sulfide-bearing sediments under waterlogged conditions is
essential to limit oxygen exposure, reduce acid generation, maintain alkaline pH levels, and
minimize the release of dissolved elements, thereby mitigating negative environmental impacts.

Keywords: framboidal pyrite, acidity, element mobilization, groundwater, organic matter.
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1. Introduction

1.1 Acid sulfate soils: Definition and Formation

Acid sulfate soils (AS-soils) are fine-grained sediments enriched with Fe sulfides, which can
generate acidity through sulfide oxidation (Oborn, 1989). Under waterlogged conditions, these
reduced sediments remain stable and are referred to as potential acid sulfate soils (PAS-soils).
However, when exposed to oxygen, the sulfides oxidize, producing acid and transforming the
sediments into active acid sulfate soils (AAS-soils) (Dent and Pons, 1995). AS-soils profiles exhibit
different zones according to their different oxidation degrees: a reduced zone (RZ), a transition
zone (TZ), and an oxidized zone (0Z) (Fig. 1a).

AS-soils are found worldwide, particularly in coastal regions, anoxic wetlands, tidal swamps, and
lake sediments (Van Breemen, 1980; Dent and Pons, 1995; Andriesse and van Mensvoort, 2002;
Becher et al., 2019). In Europe, they are mostly concentrated around the Baltic Sea. For instance,
AS-soils cover approximately 2,000 km? in the northern Swedish counties of Norrbotten and
Vasterbotten (Swedish Geological Survey, SGU). Moreover, AS-soils were also confirmed in
regions of southern Sweden (Nyman et al., 2023). Around 1,400 km? is agricultural land affected
by AS-soils (Oborn, 1994).
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Fig. 1. (a) Modified image of an AS-soil profile in Vasterbotten (SGU). The soil profile differentiates the
unoxidized, reduced sediments that form the potential AS-soil from the oxidized sediments that
constitute the Active AS-soil. (b) Map of Sweden illustrating the extent of the Littorina Sea phase during
the Quaternary. The distribution represents the potential areas in which AS-soil can be found. Reference
system: SWEREF 99 TM© Swedish Land Survey and SGU. Modified from Lindstrom, 2017.

11



AS-soils along the Swedish coastline originated from post-glacial sediments enriched in Fe
sulfides during the Littorina Sea phase (7500-4000 BP), a brackish phase in the history of the
Baltic Sea (Sohlenius, 1996). These parent sediments developed under anoxic to euxinic
conditions, characterized by high concentrations of TOC, Mo, and S (Alvarellos et al., 2024). In
such oxygen-depleted marine environments rich in organic material, biogeochemical processes
drive the reduction of SO4%~ and Fe®*, leading to the formation of Fe sulfides.

Sulfate-reducing bacteria play a key role in this process by using organic matter as an electron
donor to reduce SO4* to H,S (Berner, 1983; Berner, 1985). During this microbial reaction, the
organisms derive energy by oxidizing organic matter to CO,, while simultaneously reducing S04~
to H,S, as shown in Equation 1.

S0, 2- (aq) + 2CH,0 (s) ~ 2HCO™ 3 @) + HZS(g) (1)

The H,S can migrate upward, downward, or laterally or react with dissolved Fe?* to form Fe
sulfides (Berner, 1985). The amount of pyrite that will be precipitated is limited by the supply of
organic matter decomposition, dissolved SO4%, and dissolved Fe (Berner, 1983).

Under anaerobic environments, microbial reduction of Fe(oxy)hydroxides occurs while organic
matter decomposes (Lovely and Phillips, 1986) (Eq. 2).

FeOOH ) + 3CH,05) — Fe?* (aq) T 3C0, @ T 2H,0 (2)

Once Fe?* and H,S have formed, they can react with each other to form Fe sulfides (Berner, 1983;
Berner, 1985) (Eq. 3 and 4).

Fe** uq)+ H2S(g) — FeSs +2H* 3)

FeS() + HZS(g) - FeS; () + 2H* (4)

1.2 Sulfide oxidation and environmental impact

AS-soils can become exposed to oxygen through both natural processes and anthropogenic
activities. Natural factors include extreme drought conditions (Fanning et al., 2017) and post-
glacial isostatic uplift, which can raise land at rates of 9—10 mm per year in regions such as the
northern Bothnian Bay (Johansson et al., 2004; Kaniuth and Vetter, 2004). Human-induced
changes, including agricultural drainage (Oborn, 1989), deforestation, and infrastructure
development, can also lower groundwater table levels, thereby generating sulfide minerals
oxidation (Dent and Pons, 1995). In northern Sweden, a combination of isostatic uplift and
anthropogenic lowering of the groundwater table, primarily through cultivation and
construction, has led to the exposure of formerly submerged sediments above sea level
(Osterholm and Astrom, 2004; Boman et al., 2010).

The zone at which oxidation processes begin, termed the oxidation front, is situated between
the OZ and TZ (Fig. 2). The TZ in the AS-soil profile contains partially saturated sediments that
are sensitive to fluctuations in groundwater levels. These fluctuations impact soil redox
conditions and pH, facilitating the transformation of unoxidized sediments into oxidized ones.
This process leads to mineral dissolution, mobilization of elements and subsequent
reprecipitation, and depletion of certain elements (Alvarellos et al., 2024). Elements such as Cd,
Co, Ni, S, and Zn become more mobile under acidic conditions, and can leach into water bodies
or redistribute within the soil profile, especially as pH levels increase in the TZ, as shown in
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Alvarellos et al (2024). Previous studies have reported the accumulation of elements such as Co,
Fe, Mn, Ni, S, and Zn in the TZ (Sohlenius et al., 2015; Sohlenius and Oborn, 2004). Additional
research has also documented the mobilization and subsequent accumulation of Co, Ni, and Zn
within sulfide-bearing sediments in Finnish coastal areas, particularly in the TZ (Astrém, 1998).

Seasonal groundwater variations, driven mainly by rainfall and snowmelt, affect water and soil
chemistry by dissolving and precipitating minerals (Johnston et al., 2003; Vithana et al., 2015).
During periods of groundwater table decline, sulfide-bearing sediments are exposed to oxygen,
leading to oxidation and acidification. In contrast, a rising groundwater table can lead to
secondary minerals dissolution, facilitating the elements’ mobilization.

The pyrite oxidation by oxygen and water generates sulfuric acid and Fe(lll)precipitates, as
shown by the following reaction (Nordstrom, 2011) (Eq. 5):

15 7
FeS, + T 0, + EHZO - Fe(OH)3(S) + 2H,50, (5)
Zone Acid sulfate soil profile Geochemical processes
pH<4 Secondary mineral
Fe (oxy)hydroxide precipitation 07
Fe hydroxySUIfate Efflorescent salt
dissolution

____________________________ Oxidation e
t

Water table fluctuation front Semlideoaiaion

Mineral dissolution
Co* | N# | SO2 | Zn** L TZ
¢ ¢ ¢ ¢ re-precipitation

Element accumulation

Transition (TZ) Oxidized (OZ)

pH>7 :
Pyrite Parent material formed by:
Monosulfide

Organic S -Sulfate reduction RZ

-Fe sulfide precipitation

Reduced (RZ)

AS-soil parent material

Fig. 2. lllustration of an AS-soil profile with the geochemical processes occurring in
each of the distinct zones, driving the sulfide oxidation, elements mobilization, and
accumulation, as well as the dissolution and precipitation of mineral phases.
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The oxidation of sulfide-bearing sediments generates a significant negative impact on the
surrounding environment. Common consequences include compositional changes in soil and
water, acidification of adjacent soils and water bodies, corrosion of infrastructure (White et al.,
1996), element mobilization into the environment (Astrom, 1998; Astrom, 2001a; Astrom,
2001b; Groger et al., 2011), and deleterious effects on human health (E.g., multiple sclerosis,
Astrom and Roos, 2022). The resulting release of metals and dissolved SO4*~ poses ecological
risks by harming vegetation and aquatic life, while also contaminating both groundwater and
surface water systems (Dent and Pons, 1995).

AS-soils also have ecological implications, particularly in the Baltic Sea, where they have been
observed notably concerning fish growth (Hudd and Kjellman, 2002). In terrestrial and aquatic
environments near AS-soil areas, elevated metal concentrations have been detected in crops
and aquatic plants, with Al, Co, Mn, and Ni among the most frequently observed elements
(Faltmarsch et al., 2008; Ohlander et al., 2014). Additionally, studies from southern Sweden have
documented high concentrations of metals, including Al, Co, and rare earth elements (REE) in
both water and sediment samples affected by AS-soils (Shahabi-Ghahfarokhi et al., 2022).

Climate plays a critical role in the development of AAS-soils, particularly in high-latitude regions
such as the Arctic and Antarctica, where sulfidic sediments are often covered by permafrost. The
presence of permafrost greatly reduces leaching (Gjorup et al., 2020). In Antarctica, where a
semiarid polar climate governs seasonal thawing, monitoring of the active layer reveals that
sulfurization and oxidation processes are tightly coupled with climatic variability and permafrost
dynamics (Michel et al., 2012). Similarly, in the Russian Arctic, recent findings demonstrate that
climate-driven permafrost thaw significantly enhances sulfide oxidation (Kemeny et al., 2023).
Thawing processes expose previously frozen, sulfide-bearing sediments to oxygen, triggering
oxidation. In both polar regions, permafrost acts as a critical environmental barrier. Its
degradation under changing climatic conditions is accelerating the formation of AAS-soils, with
negative environmental impacts.

1.3 Isotopes

Geochemical processes including sulfide oxidation, element mobility, and redox-driven
transformations in AS-soils can be distinguish through stable isotopic analysis, particularly using
5°%Fe and 634S signatures. The combined use of Fe and S isotopic compositions serves as a
geochemical tracer for enhancing the understanding of biogeochemical processes. While both
isotopic systems may indicate processes such as pyrite oxidation and secondary mineral
precipitation, S isotopes are particularly effective in tracing parent materials, whereas Fe
isotopes more directly capture redox dynamics (Seal et al., 2000; Bottrell et al., 2008; Odri et al.,
2020).
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Isotopes are atoms of the same element with identical atomic numbers but different masses
due to varying numbers of neutrons. The delta (8) notation is used to quantify the relative
difference in isotope proportions, as shown in equation 6. Certified reference materials are used
in the & notation; for instance, 63*S values are reported relative to the IAEA-S1 (International
Atomic Energy Agency, Austria) or the V-CDT (Vienna Canyon Diablo Troilite) scale, while 6°¢Fe
values are referenced against the IRMM-014 (Institute of Reference Materials and
Measurements, Belgium). These 6 values, expressed in per mil (%o), represent deviations in
isotope ratios relative to these standards and can provide insights into geochemical processes.

Equation 6

R
§¥R = (M - 1) «1000 (6)
RSTD

Rsample: Isotopic ratio in the sample (Heavy isotope / light isotope).

RsTD: Isotopic ratio in the international standard.

1.4 Research aim and scope

Given the significant environmental impacts associated with the oxidation of AS-soils and the
limited research on mineralogy, element behavior in solid and aqueous phases, and the role of
organic matter in the study area, this research aims to enhance the understanding of AS-soils in
Lulea, northern Sweden. By integrating geochemical and mineralogical analyses, the study will
provide a comprehensive perspective on the processes occurring in AS-soils, offering valuable
insights for the development of models and management strategies for these soils.

The specific objectives of this research were:

e Mineralogical and geochemical characterization of AS-soils in northern Sweden (Paper
1).

e Provide an understanding of geochemical processes in AS-soils between primary and
secondary minerals and soil chemistry (Papers I, Il & IV).

e |dentify the source and mobilization of elements that can be potential contaminants in
soil and water bodies (Papers Il & lll).

e Evaluate the interaction between the groundwater and the subsoil related to natural or
artificial processes (Papers Il & V).
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2. Methodology

2.1 Study area

The research on AS-soils was conducted in S6dra Sunderbyn, situated 10 km north of Lulea along
Sweden’s coastline (Fig. 3). The region is characterized by a flat topography, with an average
elevation of 5 meters above sea level. Coniferous forests dominate the landscape, alongside
areas of agriculture, housing, and industry. The Lule River, which flows 460 km from the
Scandinavian Caledonian Mountains in northwest Sweden to the Gulf of Bothnia in the
southeast, is the primary water body in the area. The river’s drainage basin covers 24,900 km?.
Annual precipitation ranges from 400 to 700 mm, with a low evapotranspiration rate (Raab and
Vedin, 1995). Approximately 45 % of the precipitation falls as snow, which accumulates during
the winter months and typically melts in May (Drugge et al., 2003).
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Fig. 3. Satellite image of the study area and the distribution of the two analyzed wells (SN and SW). SWEREF 99 TM Coordinates.
Site 1: N 7299828; E 817950. Site 2: N 7299729; E 817897. Google Earth image. (Alvarellos et al., 2025a).

The geology of the region is dominated by Precambrian crystalline and metamorphic rocks, aged
between 1.8 and 2.7 billion years, which are overlain by till and postglacial sediments (sgu.se).
Quaternary deposits are primarily composed of silty and clay-rich soils, which are associated
with the presence of AS-soils. In northern Sweden, these fine-grained materials are frequently
covered by fluvial or wave-washed sediments (Sohlenius et al., 2004).
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At the sampling site, the soils are mainly composed of clay and silt, forming arable land (Fromm,
1965). AS-soils in northern Sweden have been identified in both agricultural and forested areas
(Sohlenius et al., 2015). Postglacial sulfidic sediments, commonly found in clay and silt-rich
areas, are often covered by young fluvial deposits or peat layers, which prevent oxidation
(Sohlenius et al., 2015). The AS-soil profiles examined in this study consist of fine-grained (Clay
and/or silt) sediments with varying oxidation degrees, underlain by sandy deposits.

2.2 Sampling and sample preparation
Two soil profiles were selected for soil and groundwater sampling: one oxidized (SN) and one
waterlogged (SW), separated by 100 m (Fig. 4).

2.2.1 Soil sampling

Soil sampling was conducted in June 2022 using a trailer-mounted hydraulic drill to extract two
core samples, each with a diameter of 50 mm and a length of 1.2 m. At each site, two boreholes
were drilled, one specifically for immediate measurements to minimize the effects of rapid Fe
sulfide oxidation. The SW and SN profiles extended to depths of 5.3 m and 6.0 m, respectively.
To ensure representative sampling and obtain sufficient material for laboratory analyses, each
core was divided into 15 cm sub-samples. Physical and chemical parameters were analyzed,
including pH, total element concentration, total organic carbon (TOC), and Fe and S isotopic
compositions. In addition, four sub-samples from distinct zones (0Z, TZ, RZ) were selected for
detailed mineralogical and chemical characterization. Epoxy sections were prepared following
detailed procedures outlined in Alvarellos et al. (2024).

2.2.2 Groundwater sampling

Biweekly groundwater sampling was conducted during the ice-free season, from May 2023 to
June 2024, at monitoring wells SN and SW. Samples were collected using a peristaltic pump and
filtered through 0.2 pum Whatman cellulose nitrate membranes. Detailed procedures for
equipment preparation and groundwater sampling are provided in the manuscript by Alvarellos
et al. (2025b). Field parameters recorded included pH, EC, LDO, and temperature. Additional
laboratory analyses were performed to determine total element concentration, dissolved
organic carbon (DOC), element speciation, and Fe and S isotopic compositions.

1- Oxidized profile 2- Waterlogged profile
(SN)-6m (SW)-53m

— — —— __ X Wiatef table " ——— === L UL i g Lule River
L

0 25 m
References
Silty and clay-rich Silty and clay-rich - Silty and clay Sand
oxidized sediments partially oxidized sediments reduced sediments

Fig. 4. Schematic diagram of the spatial distribution of the two soil profiles and the different zones according
to their oxidation degree (Modified from Alvarellos et al., 2024).
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2.3 Geochemical and mineralogical analysis

Table 1. Summary of the different methods, analyzed parameters, and their analytical
purposes in AS-soils, as applied in different scientific papers.

L. Reference
Method /Parameter Objective
paper
pHf and pHi were measured in solid samples. pH, EC, LDO, To differentiate and classify the AS-soil zones and
and T° were recorded during each groundwater sampling materials. To determine pH, EC, LDO, and T° in 1,1
event. groundwater wells.
o . . To determine the total elemental content in soils and
Quantitative element screening of solid and water phases . . .
using a sector field inductively coupled plasma mass its concentrations in water samples. To calculate the (A1
. ecgtrometr (CPoSFMS) y coupled p speciation of HCOs™, CI, F, S042", 5%, PO, NH4*, and o
P 4 ' NOs™ in groundwater.
Quantitative carbon analysis in solid and water phases To quantify TOC in solid samples and DOC in LI
using IR detection. groundwater. T
Scanning electron microscopy — energy dispersive To identify mineral phases, textures, zonation, and Ll
spectroscopy (SEM-EDS) chemical composition in OZ, TZ, and RZ samples. !
. . To identify and quantify mineral phases, particularly
X-Ray diffract XRD .. . ! 1,1
ay diffraction ( ) silicates, in OZ, TZ, and RZ samples.
. L . To perform quantitative microanalysis of As, Cd, Co, Cr,
Field emission gun electron probe microanalyzer (FEG- P q . y .
EPMA) Cu, Fe, Mn, Mo, Ni, Pb, S, and Zn, and to map pyrite 1]
composition.
. . To evaluate element release and its association with
Sequential extraction procedure e . . Il
specific soil fractions.
Quantitative element screening from pore water using To assess the bioavailability of elements in pore water "
ICP-SFMS. under oxidizing conditions.
Quantification of Fe and S isotopes in solid and water . . . A
) . . . To differentiate geochemical processes occurring in
phases using a multi-collector inductively coupled plasma \Y

mass spectrometry (MC-ICP-MS)

solid and aqueous phases
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Depth (cm)

3. Results

3.1. Geochemical characterization of solid phases

The soil profiles are composed of silty and clayey sediments exhibiting varying degrees of
oxidation, as observed by measuring the pHf. In both profiles, the sediments were divided into
three distinct zones based on their oxidation state: Reduced (pH>7), Transition (pH 4-7), and
Oxidized (pH<4) (Fig. 5a). Beneath these zones, sandy sediments were present at the bottom of
both profiles. These sands showed no signs of oxidation and had low S content (<0.01 %),
suggesting no risk of acid generation.

Following the incubation experiment, the OZ samples showed no significant changes over time
and maintained pH values below 4, confirming that these sediments were already fully oxidized.
In contrast, over the TZ and RZ, it was possible to distinguish layers with significant decrease in
pH during the incubation experiment. Both profiles displayed a significant sediment thickness
(SW: 225 cm; SN: 432 cm), highlighting the potential to develop AAS-soils if the unoxidized layers
are exposed to oxygen (Fig. 5b).

SW Profile SN Profile SW Profile SN Profile
Al

—— pHiat 100 week - pHi at 19t week

2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9

A sa
L\% 0z
i1 :

==y o[ Py

Aﬂ\/. ) /

A’i\ """""""""""""""" AK’*A\1 """"""""""" Tz
X

550

Sand Sand Sand

600

Fig. 5. (a) Field pH (pHf) measurements over the SW and SN soil profiles. (b) Variation of the incubation pH (pHi) at the
10" and 19*" week over the soil profiles (Modified from Alvarellos et al., 2024).

19
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3.1.1 Reduced Zone (RZ)

The RZ consists of unoxidized black-grey laminated sediments, characterized by alkaline pH
values (>7) and high contents of TOC and S. The RZ represents the AS-soil parent material. In the
RZ of the SW profile, it was possible to observe the highest concentrations of S (3.07 %), Mo
(19.20 ppm), and TOC (3.35 %) (Fig. 6). Beneath the sediments enriched in S, Mo, and TOC, it
was possible to identify the Ancylus Lake phase, which its sediments are characterized by low
TOC, S, and Mo contents and the alternation of light and dark layers (E.g., monosulfides)
Previous studies on the same study area, have described similar sediments from both the
Littorina Sea and Ancylus Lake phases, confirming our assumptions (Fromm, 1965).

The incubation experiment showed that substantial quantities of sediment have the potential
to generate acidity if they are exposed to oxygen. In addition, sequential extraction on the RZ
samples demonstrates the potential of these sediments to release significant amounts of
elements, such as Cd, Cu, Fe, Mn, Mo, and S, following oxidation processes, primarily associated
with Fe sulfides and organic content.

The low pH in the OZ lead to element’s mobilization such as Co, Fe, Mn, Ni, S, and Zn, resulting
in their depletion and subsequent accumulation and/or precipitation in the TZ, where pH is
higher, as observed in the SN profile (Fig.7). Similar distribution patterns throughout the soil
profile were observed among Co, Ni, and Zn, as well as among Fe, Mn, and S, further supported
by strong to very strong positive correlations values (Alvarellos et al., 2024).

SW profile
—— Fe (%) - S (%) —e— Co (ppm) —— Ni (ppm) —e— Ba (ppm) —e— TOC (%)
0 1 2 3 4 5 6 7 8 0 5 10 15 20 25 30 35 40 45 50 600 700 800 900 0 1 2 3 4
I A S S S P PN, : A ; 3 ; .
oz oz \ 0z oz
A
>
¥
\
.12 1z b Tz 12
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'S =
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Vi {
RZ 4 //\ RZ ‘.I\ RZ s e e TR
600 —_— e BN . , . __Sand sand Sand
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Fig. 6. Iron, S, Mn, Co, Ni, Zn, Ba, Mo, and TOC content in the SW profile (Modified from Alvarellos et al., 2024).
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SN profile
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Fig. 7. Iron, S, Mn, Co, Ni, Zn, Ba, Mo, and TOC content in the SN profile (Modified from Alvarellos et al., 2024).

Primary Minerals: Framboidal pyrite with a Mn-rich rim

Mineralogical analysis using SEM-EDS imaging revealed that pyrite represents the most
abundant primary Fe sulfide mineral in the RZ of both soil profiles. Pyrite is also present in the
TZ, but to a lesser extent, and is absent in the OZ. In the RZ, pyrite appears predominantly as
framboids, but it also occurs as nanoparticles, euhedral microcrystals, and secondary
overgrowths on framboidal structures. Imaging by SEM-EDS and electron microprobe permitted
the identification of different Fe sulfide mineral morphologies and textures, corresponding to
different stages of framboidal pyrite formation as described in Alvarellos et al. (2024).

Framboidal pyrites are composed internally of hexagonal microcrystals (0.8 um side), which can
be either ordered or disordered arranged, with a rim between the microcrystals. In the RZ
samples, it was possible to distinguish a Mn-rich rim (1 um thick) surrounding the framboidal
microcrystals (Fig. 8), a feature absent in the TZ as a consequence of oxidation. In addition, a
bright outer layer with low S content, resembling metastable Fe sulfide (FeS), occurs, enclosing
the entire framboid. Single framboids are predominant, although polyframboids with similar
compositions were occasionally observed.

Framboid diameters are comparable between study sites but differ by depth. In the RZ,
framboids are larger than those in the TZ. For instance, in the RZ-SN well, the average framboid
diameter is 9.09 um (SD: 1.60, n: 82), whereas in the TZ, is 6.85 um (SD: 1.73, n: 10) (Fig. 9). The
absence of oxidation in the RZ allows the framboids to remain intact, while partial oxidation in
the TZ can contribute to pyrite dissolution and reduced framboid size.
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Iron sulfide nanoparticles (<2 um) containing Mn were observed with amorphous or
heterogeneous morphologies. These nanoparticles occurred as isolated pseudo-crystals or as
components of larger agglomerates. The agglomerates displayed a diffuse morphology, sub-
rounded edges, complex structures, and a low degree of fracturing. Within this surface,
hexagonal (0.4 um side) and cubic (0.7 um side) well-defined Fe sulfide microcrystals were
identified. Secondary overgrowths of euhedral pyrite crystals were also observed, characterized
by densely packed framboidal pyrites (without Mn) and cubic pyrite crystals (0.5 um per side).
These overgrowths exhibited a high degree of fracturing, the absence of Mn, and sharply
defined, straight edges. In addition to mineralogical phases, microbiological remains were
observed in the RZ, including diatom frustules and other round-shaped siliceous microfossils.

RZ-SN

_;\na!ysis site Atom (%)

Mn enrichme

Fe:22.24
Mn:0.55

3 . 2)
Mn enrichment S:42.64
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Mn:0.63
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2 Mn:1.19

.Y X 4)
e, . : s £30756
: Fe:20.71
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Fig. 8. (a) Backscattered electron image of a framboidal pyrite featuring an internal structure of hexagonal microcrystals and a Mn-

rich outer rim from the RZ of the SN profile. (b) A high magnification image displaying the Mn-rich rim surrounding the framboid,
along with compositional analysis (Modified from Alvarellos et al., 2024).
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Fig. 9. (a) Histogram illustrating the diameter distribution of framboidal pyrite in the reduced zone (SN10 sample), accompanied by
the geometric mean and standard deviation values. (b) Histogram illustrating the diameter distribution of framboidal pyrite in the
transition zone (SN3 sample), accompanied by the geometric mean and standard deviation values.
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Trace elements associated with pyrite

Compositional maps obtained through microprobe analysis, along with the results of the
sequential extraction experiment, provide strong evidence that the oxidation of pyrite leads to
the release of elements such as Co, Cu, Fe, Mn, Ni, and S into the environment (Fig. 10). The
composition of framboidal pyrites varies slightly between profiles. The SW profile shows higher
concentrations of As, Cd, Cr, Fe, Mo, and S, whereas the SN profile contains higher
concentrations of Cu, Co, Mn, Ni, and Zn (Alvarellos et al., 2025a). Trace elements are generally
distributed within the framboids, except for Mn, which concentrates at the edges of the
framboid, creating a Mn-rich rim.

The sequential extraction experiment permitted the determination of the elements associated
with the sulfide fraction (step 7) in the samples. In step 7, most elements exhibited leaching
percentages below 15 %. The highest leaching percentages were observed for Ag, Mo, Sn, Th,
Ti, and Zn, while Ca, Cd, and Si showed no detectable percentages. The release elements during
step 7 are associated not only with pyrite but also with sphalerite and metastable Fe sulfides,
which were previously identified (Alvarellos et al., 2024). Microprobe elemental mapping of
framboidal pyrites from the RZ samples allowed for a detailed determination of pyrite
composition. These framboidal pyrites contain measurable weight percentages (% wt) of Co, Cu,
Mn, and Ni. Low percentages of As, Cd, Cr, Pb, and Zn were detected in some spot analyses, but
most values were below detection limits.

Co Conc.% Cu Conc.% Fe Conc.%
1.64 314 56.7
143 275 51.1
123 235 455
1.02 1.96 399
082 157 343
0.61 1.18 287
041 0.78 231
020 039 174
0.00 0.00 118

Ave 0.10 Ave 0.32 Ave 20.9

Co = 5um Cu = 5um

Mn Conc.% Ni Conc.%
5.80 0957
5.07 0.837
435 0718
3.62 0598
290 0478
217 0.359
145 0239
0.72 0.120
0.00 0.000

Ave 1.06 Ave 0.066

Mn

Zn = 5um

Fig. 10. Elemental compositional mapping obtained by microprobe, showing the distribution and
guantification of Co, Cu, Fe, Mn, Mo, Ni, S, and Zn, within framboidal pyrite composition in the RZ-SW
profile.
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Organic matter

Organic matter is an important component of soil profiles, comprising both labile (E.g., humic
and fulvic acids) and more stable organic compounds. In the RZ, organic matter is primarily
associated with stable organic compounds, whereas the OZ is associated with the labile fraction.

Sequential extraction showed a significant finding: both the labile and stable organic fractions
serve as a source of elements that can become bioavailable upon oxidation. In the stable organic
fraction (step 6), S showed the highest leaching percentage, around 60 %, followed by Cu, Fe,
Mn, and Mo, all exceeding 20 %, whereas the labile fraction (step 3) exhibited substantial release
of Cu, Fe, Mn, Mo, and REE (Fig. 11). The elevated S content in the RZ suggests the presence of
organic S as an important S species in the soil. These results highlight organic matter as an
important source of Cu, Mo, and S during the oxidation of AS-soils.

Silicates

Samples from the 0Z, TZ, and RZ of both soil profiles were analyzed using X-ray diffraction (XRD)
to identify the silicate minerals. The dominant silicates were quartz, plagioclase (Mainly albite),
K-feldspar (Microcline), aluminosilicate (Zeolites), micas (Biotite, muscovite), cordierite, and
titanite. Quantitative analysis confirmed that quartz, albite, and microcline were the most
abundant minerals, while the remaining minerals were present in quantities below 3 %. The
distribution of silicate minerals was consistent across both profiles, with only minor variations
in abundance and the appearance of a few alteration minerals, such as vermiculite, which was
detected in the OZ and TZ of the SW profile.

Silicate minerals are highly resistant to weathering and represent the mineral phase that, for
many elements, contains the highest contents, as confirmed by the sequential extraction. In the
residual extraction step, most elements showed their highest leaching percentage, except S,
which had already been dissolved in earlier steps. This suggests that most of these elements
associated with silicates remain immobile unless exposed to extreme oxidative conditions.

The highest leaching percentages in the residual fraction were observed for Si and Al, consistent
with their association with quartz, albite, and microcline. Iron and Mg also showed significant
removal, with average leaching percentages exceeding 35 %, indicating their association with
biotite, cordierite, and chlorite. Zirconium exhibited leaching percentages above 50 %, indicating
zircon dissolution, a common accessory mineral in the sediments (Alvarellos et al., 2024).
Titanium registered a leaching percentage exceeding 60 %, which is associated with titanite. The
significant removal of Ba in this residual step further suggests its association with silicates, as
previously noted (Alvarellos et al., 2024). Elements such as Co, Cu, and Mo showed leaching
percentages below 15 %, indicating their presence as trace elements within the silicate structure
(Fig. 11).
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Fig. 11. Bar plot diagrams illustrating the extracted percentages of Al, Ba, Cd, Co, Cu, Fe, Mn, Mo,
Ni, S, Pb, and Zn from oxidized (OZ) and unoxidized samples (RZ) of both AS-soil profiles (SN and SW)
across the sequential extraction steps. Extraction steps: Step 1: H20-soluble; Step 2: Exchangeable,
Step 3.1 and 3.2: Labile organics; Step 4: Easily reducible phase, Step 5: Moderately reducible phase,
Step 6: Organics + sulfides, Step 7: Primary sulfides, Step 8: Silicates (Alvarellos et al., 2025a).
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3.1.2 Transition Zone (TZ)

The TZ, or accumulation zone, in both soil profiles extends to a depth of approximately 150 cm.
It is characterized by a distinct color change from orange-yellow in the overlying OZ to brown-
gray, and higher pH values, ranging from 4 to 7, compared to the OZ. The increase in pH to near-
neutral values within the TZ promotes the accumulation and precipitation of elements. This
accumulation is evident in the SN profile, where elements such as Ba, Co, Fe, Mo, Ni, Pb, P, S, Ti,
and Zn show marked enrichment within the TZ.

3.1.3 Oxidized Zone (OZ)

In both profiles, an OZ was identified, with a thickness of 30 cm in the SN profile and 60 cm in
the SW profile. The permanently waterlogged condition in the SW profile suggests that its OZ
was formed prior to the regulation of the Lule River in the seventies (Siergieiev et al., 2014) when
unoxidized sediments were exposed to oxygen during periods of low groundwater levels. The
OZ is characterized by acidic pH (<4) and yellow-reddish coloured sediments, indicative of
secondary mineral precipitation such as Fe(oxy)hydroxides and/or Fe hydroxysulfate.

Although element mobilization during oxidation has already occurred in the OZ, results from
sequential extraction experiments performed on both soil profiles indicate that the OZ still has
the potential to release elements, even after initial oxidation (Fig. 11). Specifically,
concentrations of Cd, Cu, Mn, Ni, S, and Zn in the OZ will become bioavailable under continued
oxidation and element mobilization processes and washed-out during periods with high water
level.

Secondary Minerals: Sulfates and Fe(oxy)hydroxides

Optical mineral analysis using a stereoscopic microscope on the OZ samples revealed the
presence of yellow-orange precipitates, likely corresponding to Fe hydroxysulfate minerals such
as jarosite or schwertmannite. Backscattered electron imaging further confirmed the presence
of microcrystals (< 2 um) of jarosite, identifying it as one of the dominant secondary Fe sulfate
minerals in the OZ. Elemental profiles showed enrichment of Ba and Pb in the OZ, suggesting
the precipitation of barite and anglesite. This was confirmed with SEM-EDS analysis, which
identified euhedral barite and anglesite crystals, confirming their presence as secondary sulfate
phases. The chemical compositions (In mass %) of jarosite and barite obtained with SEM-EDS
were compared with reference data from the Web mineral database (webmineral.com) and
previous mineralogical studies from the same area (Gunnarson et al., 2018).

This comparison illustrated using ternary plots of Fe, K, and S composition graph, demonstrated

strong compositional agreement, confirming the minerals jarosite and barite, using ternary plots
of Ba, S, and O (Fig. 12).
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The reddish-orange coloration observed in the OZ sediments is attributed to Fe (oxy)hydroxides
(FeOOH, FeOHs) precipitates (E.g., ferrihydrite crystals) formed as a result of oxidation
processes. Field observations and stereoscopic microscope analysis revealed minerals with
distinct reddish and yellow colorations. Elemental mapping with SEM-EDS allowed for the
differentiation of Fe and S concentrations, indicating the coexistence of Fe (oxy)hydroxides and
Fe sulfates within the OZ.

Ba

‘ a 100 % Barite Samples - Mass (%) b ‘ 13:) % Jarosite Samples - Mass (%)
O Web mineralogy database from a barite O Web mineralogy database from a jarosite
. SEM data from Gammelstad v . Raman Spectroscopy data from a jarosite
. SEM data from Sédra Sunderbyn ® . SEM data from Sodra Sunderbyn
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/@
100 % 100 % 100:% 100%
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Fig. 12. (a) Triangular compositional diagram of Ba, O, and S illustrating the variations in barite sample compositions
(Colville and Staudhammer, 1967). (b) Triangular compositional diagram of Fe, K, and S illustrating the variations in jarosite
sample compositions (Becker and Gasharova, 2001).

During sequential extraction, the dissolution of the amorphous reducible soil fraction released
significant quantities of elements, highlighting the role of Fe (oxy)hydroxides and sulfates as
important mineral phases and source of trace elements under leaching. During the extraction,
nearly all the elements showed measurable release with Ba, Co, Cu, Fe, Mo, Ni, S, Pb, and Zn
(Fig. 11).

3.2. Geochemical variations in the groundwater

SN groundwater well

The SN well exhibited fluctuations in the water table, ranging from a maximum depth of 36 cm
(October) to a minimum of 3 cm (July). The pH ranged from acidic to neutral, with the lowest
values observed in May and October (Fig. 13). High concentrations of Al, Co, Fe, Mn, Ni, S, and
Zn and dissolved SO4%~ were registered during these acidic conditions (Fig. 14). During the study
period, the SN well exhibited an increasing concentration trend in Na* and K* and anions such as
HCOs, resulting in a sodium bicarbonate facie of groundwater composition.

Dissolved oxygen presented low values in the SN well, remaining under low oxygen conditions
over the study period. This is attributed to the high concentrations of DOC, which promotes
oxygen consumption through microbial decomposition processes. The SN well showed higher
concentrations of DOC, NH,4*, and P, suggesting a potential anthropogenic influence, likely from
agricultural activities due to the surrounding farming areas.
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SW groundwater well

The SW well showed differences compared to the SN well in terms of element concentration
patterns, parameters, and geochemical processes. The SW well maintained a relatively stable
water table at ground level with minimal variation (Fig. 13). The pH remained consistently
alkaline. The SW well is characterized by lower element concentration values compared to the
SN well, due to the waterlogged condition, which prevents Fe sulfide oxidation. The elements
do not show a clear concentration trend, except for Mo, which gradually decreased over the
study period (Fig. 14). During the study period, the SW well showed a decrease in CI
concentration, maintaining high Na* - K* values, resulting in a sodium chloride facie.

The groundwater in the SW well gradually developed low oxygen conditions over the study
period, evidenced by the LDO depletion, low DOC, and NH4* concentration. The gradual LDO
depletion may be a result of bacteria that consume oxygen during organic matter
decomposition. The DOC concentration was lower and exhibited less variation compared to the
SN well. Both electrical conductivity and temperature vary slightly between the sites, sharing a
similar trend over the study period (Fig. 13).
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Fig. 13. Variation of groundwater table (cm), pH, LDO (mg/L), EC (mS/cm), DOC (mg/L), and Temperature (°C) in the SN
and SW wells from May 2023 to June 2024. (Alvarellos et al., 2025b, in preparation).
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Fig. 14. Major, minor, and trace element concentrations of the SN and SW wells from May 2023 to June 2024. Note that the
Y axis of Al, Co, Fe, Mn, Ni, S, and Zn has a logarithmic scale (Log10). (Modified from Alvarellos et al., 2025b, in preparation).
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Fe/S ratio as redox indicator

The Fe/S ratio from groundwater concentrations can be used as a variability indicator in redox
processes and in the geochemical dynamics of Fe and S; however, processes such as the Fe-
bearing precipitation minerals or external sources of Fe and S can significantly influence this
parameter. In the SW well, the Fe/S ratio ranged from 0.07 to 0.53, whereas in the SN well, it
ranged from 0.29 to 8.24, suggesting the influence of different geochemical processes in each
location (Fig. 15). To achieve a more comprehensive understanding of the geochemical
processes, it would be important to complement the Fe/S ratio values with additional
geochemical parameters, including pH, redox potential, S speciation, and mineral saturation
indices.
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Fig. 15. Fe/S ratios over the study period from SN and SW groundwater wells (modified after Conrad et al., 2025,
under review).

3.3 Isotopes

Fe and S isotopes in the solid phase

In the SW profile, the §34S is -7.7 %o at the OZ, decreases to -11.6 %o at the TZ, and reaches a
minimum of -22.7 %o at 180 cm in the RZ, followed by a slight increase to -15.5 %o at 240 cm
(Fig. 16). In contrast, the SN profile exhibits an alternating 63*S pattern, with values of -7.9 %o at
30 cm, shifting to -0.5 %o at 60 cm, then returning to more negative values as -4.0 %o in the RZ,
and once again approaching zero -0.7 %o at 240 cm (Fig. 16).

Despite minor fluctuations, §°¢Fe values remain relatively stable in both SW and SN profiles,
ranging from 0.04 %o to 0.08 %o in SW, and from 0.05 %o to 0.16 %o in SN. (Fig. 16). Both profiles
present similar 8°6Fe values, which align with the Fe isotope standard and fall within the range
for crustal igneous rocks (+0.09 + 0.08 %o; Heimann et al., 2008; Teng et al., 2013; Du et al.,,
2017). These 8°¢Fe values indicate that the Fe samples did not undergo significant isotopic
fractionation.
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Fig. 16. Sulfur and Fe concentration and 634S and §°Fe isotope values in solid samples from the SN and SW profiles (modified from

Conrad et al., 2025).

Fe and S isotopes in the sequential extraction experiment

Sequential extraction data reveal a progressive depletion in &3S across the analyzed
mineralogical phases, indicating a transfer of lighter S isotopes from primary to secondary
minerals due to sulfide oxidation (Table 2). A distinct pattern is observed in the SW-RZ, where
positive 6%4S values in steps 2, 4, and 5 indicate limited sulfide oxidation and the retention of
34S-enriched sulfate under stable, reducing conditions. This isotopic enrichment likely results
from prior microbial sulfate reduction that preferentially removed 325, leaving behind a residual
sulfate enriched in 3*S. These findings suggest the presence of a distinct S source in this zone.

The 6°¢Fe values across the extraction steps show a much broader range (-1.96 %o to +0.97 %o)
than those in the bulk soil (Table 2). These heterogeneous values reflect the complex nature and
variability of Fe in soils, which result from both lithogenic inputs and pedogenic processes that
fractionate Fe isotopes (Fantle and DePaolo 2004, Thompson et al. 2007, Wu et al 2019).
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Table 2. Isotope values of §34S and 6°¢Fe from SN and SW solid samples at each step of the sequential
extraction scheme. Isotopic ratios of Fe and S were not analyzed in Step 6 due to the instability and high
reactivity of the hydrogen peroxide (H,0;) solutions. Sulfur isotopic analysis was not performed on the
labile organic phase (Step 3) due to significant 3'P tailing on 32S during extraction with sodium
pyrophosphate (NasP,0;) (modified from Conrad et al., 2025).

SN - SW Samples

SN1 &3S SN10&6*S SW16%S SW158%S SN16°°Fe SN106°°Fe SW16°°Fe  SW15 6°¢Fe

Extraction Steps (%o) (%o) (%o) (%o) (%o) (%o0) (%o) (%o)
H20-soluble -7.00 -7.16 -5.94 -3.65 -1.96 -1.83 -1.60 -1.13
Exchangable -7.38 -6.00 -6.77 1.73 0.49 0.157 0.899 0.726

Labile organics (3.1) - - - - 0.356 0.213 0.902 0.775
Labile organics (3.2) - - - - 0.491 0.285 0.967 0.928

Labile organics (3.3) - - - - - - - -

Easily reducible phase -11.4 -12.5 -8.08 4.79 0.27 0.924 0.523 0.532

Moderately reducible

phase -13.7 -13.4 -10.97 1.93 -0.207 0.030 0.130 0.005
Organics + Sulfides - - - - - - - -

Primary Sulfides -3.96 -10.6 -7.40 -9.20 0.071 0.081 0.393 0.201

Silicates -4.10 -8.28 -11.3 -2.68 0.175 0.193 0.079 0.168
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Fe and S isotopes in groundwater

Over the study period, the SN well exhibited negative §3*S isotopic values, with a gradual trend
toward less negative values, indicating a progressive enrichment in 34S, ranging from -8.36 %o to
-5.39 %o. In contrast, the SW well showed positive §3*S values over the study period, increasing
from 33.62 %o to 45.19 %o, with an exception in July, during which a decline was observed (Fig.
17).

In both groundwater wells, 6°¢Fe values were generally negative, with the exception of the SN
well during the summer, which exhibited positive values. The SN well showed an enrichment
56Fe trend, except for a sharp decrease (-1.06 %o) in October. In the SW well, 6°¢Fe values exhibit
minor fluctuations over time without a clear trend, consistently remaining within a negative
range from —0.07 %o to —0.56 %o (Fig. 17).
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Fig. 17. (a) S and Fe concentration values in groundwater samples from the SN and SW profiles, measured from May to
October. Note that the Y axis has logarithmic scale (Log10). (b) 63*S and &%¢Fe isotope values in groundwater samples from
the SN and SW profiles, measured from May to October. (modified from Conrad et al., 2025).
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4, Discussion

4.1 Geochemical Behavior of Elements Under Dynamic Redox Conditions

This research provides a comprehensive understanding of the geochemical dynamics that
govern the elements' behavior in AS-soils subjected to fluctuating redox environments. The
results show that the mobilization of elements such as Al, Cd, Co, Cu, Fe, Mn, Ni, S, and Zn is
strongly influenced by redox-sensitive processes, particularly those triggered by variations in
groundwater levels. The TZ is notably influenced by water table fluctuations, which result in
partially saturated and oxidized conditions. These redox dynamics lead to the oxidation of Fe
sulfide minerals, as evidenced by lower pyrite content and secondary mineral precipitation.

In the SN well, high concentrations of Al, Co, Cu, Fe, Mn, Ni, S, and Zn were recorded during
periods of low groundwater tables (Notably in May and October), in which acidic conditions
prevailed as a result of sulfide oxidation. Under such conditions, the primary sulfide minerals
oxidation, mainly framboidal pyrite, acts as a primary mechanism for the release of metals into
the environment. In contrast, during periods of high groundwater levels (June to October),
oxidation processes are significantly reduced or inhibited, leading to the stabilization or decline
in the element concentrations. The persistently waterlogged conditions in the SW well further
illustrate this mechanism, as low concentrations and minimal variations of elements were
detected, reflecting limited oxidative mobilization. The low element concentrations are
associated with processes such as immobilization, mineral precipitation, and/or adsorption onto
mineral surfaces or organic matter. These observations are consistent with seasonal
groundwater fluctuations described by Jarsjo et al. (2020), where water table changes enhance
oxidation processes and mobilization of harmful metals from AS-soils into soil and water bodies.

The contrasting 634S isotopic signatures observed in groundwater from the two analyzed sites
indicate the influence of distinct geochemical processes occurring in each well. In the SN well,
negative 63*S values indicate that sulfide oxidation predominates, with minimal microbial sulfate
reduction (MSR). In contrast, positive 634S values in the SW well suggest ongoing MSR activity.
The gradual trend toward positive §°°Fe values in the SN well reflects the mobilization of Fe-rich
phases under oxidizing conditions and associated isotopic fractionation. Under fluctuating redox
conditions, the dissolution and transformation of Fe phases such as exchangeable Fe, labile
organic-bound Fe, and amorphous Fe (oxy)hydroxides can release Fe enriched in *¢Fe into the
groundwater, as the residual solid phases preferentially retain the lighter Fe isotope (5*Fe). The
negative 8°Fe values observed in the SN well during June and October are associated with low
groundwater table conditions, where the oxidation of sulfide minerals releases Fe with lighter
isotopic signatures into the groundwater. The negative 8°Fe isotope values with minimal
fluctuations in the SW well are consistent with reductive dissolution of Fe(lll) phases and the
release of light Fe isotopes associated with sulfide and organic matter under low oxygen
conditions. Additionally, the Fe/S ratio permitted differentiate geochemical processes,
suggesting oxidative processes at high ratios and reductive processes at low ratios.

During early oxidation, the most soluble soil fractions, particularly the water-soluble and
exchangeable phases, play a significant role as important elements contributors, as evidenced
by sequential extraction analyses. The high solubility of Ca, Cd, Cu, Mn, Mo, Pb, S, V, U, W, and
REEs indicates their potential environmental availability in early oxidation stages. Moreover,
pore water contributed with high contents of Al, Fe, Mn, S, V, and W, which were detected in TZ
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and RZ samples, indicating their potential contribution under oxidation events (Alvarellos et al.,
2025a).

Secondary minerals such as Fe-Al (oxy)hydroxide and sulfates have an important role as element
contributors. During the sequential extraction, it was shown that oxidation of easily reducible
phases releases high concentrations of Al, Cd, Co, Cu, Fe, Mo, Ni, Pb, S, and Zn, associated with
(oxy)hydroxide phases. At the same time, the release of Ba, Fe, K, Pb, and S in particular from
the OZ samples is attributed to the presence of secondary sulfate minerals such as jarosite,
barite, and anglesite. The negative 63*S values observed in step 4 also reflect the dominance of
sulfide oxidation processes, wherein the release of dissolved sulfate leads to precipitation of
jarosite. Similar results have shown that the §34S values of jarosite are comparable to those of
the precursor sulfide (Field, 1966). The positive 6°¢Fe values observed in step 4 of the OZ samples
are associated with secondary (oxy)hydroxide and Fe hydroxysulfate minerals.

The highly resistant primary minerals, such as Fe oxides and silicates, are characterized by
contributing high percentages of elements. However, due to their resistance to oxidation, the
elements in their mineral structure are not easily available unless exposed to intense oxidative
conditions. Iron oxides such as magnetite, hematite, and ilmenite were identified as contributors
of Cu, Fe, Mn, Ni, Ti, and Zn as observed in the sequential extraction analyses (Alvarellos et al.,
2025a). Signs of dissolution in crystalline Fe oxides were observed during the extraction step 4,
which may explain the presence of Fe in the RZ samples (Alvarellos et al., 2025a). The observed
-0.2%0 8°6Fe value from the oxide extraction step further supports the contributions from
ilmenite or magnetite derived from granitic rocks (E.g., Schuessler et al. 2009; Sossi et al. 2012;
Telus et al. 2012; Foden et al. 2015; Du et al. 2017), as both minerals are commonly present in
the profiles. Silicates contain the highest proportions of Al, Ca, Fe, K, Mg, Si, and Zr, as shown in
the residual fraction of the sequential extraction process. In this residual step, the §°¢Fe values
of +0.08 %o and +0.19 %o align closely with average crustal values and support the interpretation
that this fraction primarily consists of refractory silicates and unreactive Fe-bearing minerals,
such as biotite, commonly found in granitic rocks (E.g., Telus et al. 2012; Foden et al. 2015; Du
et al. 2017).

4.2 Sulfur Speciation and Its Contribution to Acidity Generation

The speciation of S within the analyzed AS-soils is an important determinant of both the acid
potential generation and the trace elements mobilization. This study confirms that framboidal
pyrite is the predominant primary sulfide mineral. Anhedral and cubic pyrite crystals were also
observed, but to a lesser extent. In addition, sulfide minerals such as sphalerite have been
identified as euhedral crystals. Metastable Fe sulfides were observed as anhedral crystals in the
RZ samples (Alvarellos et al., 2024). While elemental S° was not detected in the analyzed
samples, it was identified in similar AS-soil profiles near the study area, where it appeared as
euhedral crystals in partially oxidized samples from the TZ, as previously described (Gunnarsson,
2018). Elemental S° can precipitate as a final or partial oxidation product due to bacterial sulfide
oxidation to sulfate (Taylor and Wirsen, 1997; Kelly, 1989; Werne et al., 2004). Sulfate phases
are present as jarosite, barite, anglesite, and sulfate efflorescence salts identified in the OZ. The
negative 83*S values observed in steps 1 and 4 from the OZ samples are associated with
secondary sulfate minerals, which reflect the isotopic signature of the parent primary sulfides
(Mayer et al., 2010; Kilminster & Cartwright, 2011; Unland et al., 2012).
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The presence of organic S compounds, as inferred from the substantial S extraction in the labile
and organic phases, highlights the importance of organic matter in the S cycle of these soils.
Organic S may exist in forms such as sulfide, polysulfide, or S° integrated within organic
macromolecules. Although organic matter can contribute to acidification processes, incubation
experiments revealed that pH decrease was more closely associated with layers containing high
inorganic S content, even when TOC levels were not elevated (Alvarellos et al., 2024). These
results corroborate the dominant role of pyrite oxidation as the principal source of acidity in the
studied AS-soils.

Dissolved S species in groundwater, specifically SO42~ and S%-, exhibited similar seasonal trends,
with concentration increases when acidic conditions prevailed. The elevated S0,*
concentrations in the SN well, compared to the SW well, are directly associated with greater
fluctuations in groundwater levels, promoting sulfide minerals oxidation.

Sequential extraction confirms that framboidal pyrite is highly reactive throughout the process
and is particularly susceptible to rapid oxidation even with brief exposure to oxygen. Our
findings indicate that pyrite shows signs of dissolution and a reduction in grain diameter prior to
the sulfide extraction step. Metastable Fe sulfides and other S-containing species, such as
elemental S° mentioned by Burton et al. (2006) and Gunnarsson (2018), also contribute to acidity
when exposed to oxygen. This study demonstrates that the AS-soils in the study area contain
various S species that contribute to acidity. Therefore, acidity potential estimation in risk
assessments should account for the various S species as well as the contribution of organic
matter present in sulfide-bearing sediments.

4.3 Characteristics of the AS-soil Parent Material

The parent material of the analyzed AS-soils is derived from unoxidized, laminated black—grey
sediments deposited during the Littorina Sea stage of the Quaternary period, under euxinic to
anoxic marine conditions. The parent material exhibits high S, Mo, TOC and abundant Fe sulfide
minerals, indicative of sedimentary environments with limited oxygen availability and high rates
of organic matter degradation and sulfate reduction. In particular, the RZ-SW profile (240-300
cm) displayed markedly elevated concentrations of Mo, S, and TOC, consistent with formation
under sustained reducing conditions. Further evidence of these anoxic and sulfidic conditions
was observed through pore water composition and sequential extraction analyses that revealed
high percentages of Mo, V, and W in the RZ samples. The association of Mo, S, V, and W in
anoxic, sulfidic marine environments, as observed in the RZ samples, has been well documented
in several studies (Emerson and Huested, 1991; Calvert and Pedersen, 1993; Mohajerin et al.,
2016).

Isotopic evidence further corroborates the depositional environment. The negative isotopic
signature of 63%S measured in the RZ samples suggests intensified reductive processes in RZ,
associated with bacterial sulfate reduction to sulfide. The parent material was deposited under
anoxic-euxinic conditions, influenced by processes such as MSR. Sulfate-reducing bacteria
preferentially utilize the 3S isotope in the production of H,S, which is subsequently incorporated
into sedimentary sulfides such as pyrite and leaves the residual S isotopically heavier (Kaplan
and Rittenberg, 1964; Rickard, 2021; Raven et al., 2019). These findings align with those of
Johnsson (2008) and Rickard (2021), who describe similar isotopic fractionation in sulfidic
marine environments. The SW profile showed more negative values compared to the SN profile,
suggesting more intense and sustained anoxic conditions in the SW profile, leading to greater
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pyrite formation and S accumulation, as described in Alvarellos et al. (2024). The SN profile
presents variability in Mo, S, and TOC content, alongside with alternation in &3*S values
reflecting fluctuation between anoxic and less anoxic conditions (Conrad et al., 2025, under
review).

Negative 6°%Fe values from the sequential extraction experiment (step 1) indicate that the Fe in
pore water originates from a different source than the other Fe phases. This Fe is associated
with biogenic reduction of Fe(lll) to Fe(ll) (Wiederhold et al. 2007, Wu et al. 2019), a process that
occurs during the formation of the AS-soil parent material (Alvarellos et al 2024). In the sulfide
extraction step, the 6°°Fe values are attributed to Fe?' in sulfides precipitated during the
formation of the AS-soil parent material. The 8°¢Fe values from this sulfide step coincide with
those of the bulk samples. Additionally, 6°¢Fe isotopic values from RZ-SW solid samples (-0.22
+ 0.04%.) support the interpretation of deposition under anoxic-euxinic conditions, consistent
with findings by Severmann et al. (2008).

Isotopic fractionation is influenced by organic matter, which serves as an electron donor for
sulfate-reducing bacteria, thereby facilitating MSR processes (Raven et al., 2019). This is evident
in the RZ of both profiles since the SW well, which has high S % and high TOC, shows stronger
isotopic fractionation. In contrast, the SN well, with lower S % and TOC, reflects reduced MSR
due to limited organic matter. The negative 563*S values in the OZ of both profiles suggest that
secondary sulfate minerals incorporate isotopically light S derived from the oxidation of pyrite.

4.4 Role of Organic Matter

Organic matter has a significant influence on redox conditions and the mobility of elements
within AS-soils. High levels of DOC recorded in the SN well correspond to persistently low
concentrations of LDO, underscoring the role of organic carbon in promoting reducing
conditions. In anoxic environments, microbial bacteria utilize electron acceptors such as NOs~
and SO,%, facilitating biogeochemical processes like MSR, which contribute to the formation of
HCOs~ and H,S. This microbial reduction, as outlined by Berner (1985), is reflected in the
increasing HCOs™ concentrations in the SN groundwater composition and contributes to the
formation of sodium bicarbonate facies.

The trace elements mobilization from the OZ to the TZ is associated with the decomposition of
organic matter. An inverse relationship was observed between DOC and the concentration of
several elements under acidic conditions in the SN well. Specifically, periods (May and October)
of acidic pH and low DOC were associated with increased concentrations of Al, Ca, Co, Cu, Fe,
Mn, Ni, S, and Zn. In contrast, higher DOC values corresponded with lower element
concentrations in alkaline conditions (Alvarellos et al., 2025b, in preparation). These patterns
indicate interactions between organic matter and specific elements, potentially involving
adsorption mechanisms (Kaiser and Guggenberger, 2000) or the formation of organo-metal
complexes (Kalbitz et al., 2005). In the solid phase, TOC, along with Co, Fe, Mn, Ni, S, and Zn,
exhibited comparable content profiles and strong positive correlation values (Alvarellos et al.,
2024). Sequential extraction results confirm that oxidation of organic-bound fractions (labile and
stable) releases a significant amount of Cu, Co, Mn, Mo, Ni, S, and REE, highlighting organic
matter as a key reservoir of potentially mobile elements.
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Soil profiles and the incubation experiment facilitated the identification of sediment layers with
acidifying potential. Both AS-soil profiles revealed substantial sediment thicknesses in the TZ and
RZ that could pose an acid-risk environmental concern. Despite the important role of organic
matter, its contribution to acidity generation is relatively minor when compared to pyrite.
Incubation experiments revealed that layers with the highest acidification potential did not
always correspond to those with the highest TOC, reinforcing the conclusion that pyrite
oxidation is the dominant driver of acidification. Nevertheless, organic matter remains an
important factor in shaping redox conditions and controlling the mobility of elements within AS-
soil environments.

4.5 Mitigation Strategies for AS-soils

Monitoring of the groundwater table is important, as its fluctuations lead to alternation of dry
and wet periods that generate oxidation processes with subsequent negative environmental
impacts. An effective strategy to mitigate the AS-soils oxidation is to maintain the sulfide-bearing
sediments under waterlogged conditions. Maintaining elevated groundwater tables through
controlled hydrological management can significantly limit oxygen ingress and suppress acid
generation (Osterholm et al., 2015). This research demonstrates that waterlogged profiles
maintain a stable alkaline pH and exhibit low concentrations of dissolved elements over time.

The minimization of disturbance to sulfide-bearing soils represents an important measure to
prevent adverse environmental impacts. The incubation experiment demonstrates the
significant environmental risks associated with the unoxidized layers of AS-soils. Both the RZ and
TZ are characterized by elevated concentrations of harmful elements and highly reactive sulfide
minerals. These zones have the potential to generate negative environmental impacts
immediately upon exposure to oxygen. This study demonstrates that even short-term exposure
is sufficient to initiate sulfide oxidation and the subsequent release of harmful elements.

A potential mitigation strategy involves the controlled incorporation of alkalizing agents or
organic matter into the soil to increase pH and reduce metal solubility. This approach aims to
change geochemical conditions that promote the elements' precipitation and adsorption,
thereby leading to their immobilization. For instance, under neutral and alkaline conditions,
elements such as Al, Cu, Fe, and Zn may precipitate into hydroxides or organic matter complexes
(Astrém and Corin, 2000; Nystrand et al., 2016). The sequential extraction experiment in this
research shows that elements such as Al, Co, Fe, Mn, Ni, and Zn are present in easily
exchangeable phases, making their chemical stabilization important. While mitigation
experiments were not conducted in the present study, it is recommended that future research
incorporates such experiments to achieve a more comprehensive understanding of the soil’s
mineralogical composition.
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4.6 Future studies

This study is characterized by its detailed research of high-thickness sulfide sediment profiles
from both geochemical and mineralogical perspectives. Therefore, the application of detailed
geochemical and mineralogical analyses, such as those presented in this study, in future
research on AS-soils would allow for a more accurate assessment of their potential to cause
negative environmental impacts. Additionally, it would contribute to a deeper understanding of
their mineralogical composition and associated geochemical processes.

As this study demonstrates that acidity generation is influenced not only by pyrite but also by
organic matter and other S species, it would be valuable to conduct a more in-depth
investigation into the role of S species such as polysulfides and S°, whose presence and
transformations can significantly impact acidity dynamics.

The impact of climate change on groundwater table fluctuations highlights the importance of
developing predictive models that can integrate climatic, hydrological, and geochemical
variables. Such models would facilitate the effective assessment and implementation of
mitigation strategies, including controlled waterlogging and the application of alkaline
amendments or organic matter.
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5. Conclusions

This study presents a comprehensive case study on Swedish AS-soils, emphasizing the value of
an integrated and multidisciplinary approach to their analysis. By combining soil geochemistry,
mineralogical characterization, sequential chemical extractions, groundwater monitoring, and
Fe-S isotope analysis, this research contributes meaningfully to global efforts to improve the
assessment of the negative environmental impacts associated with AS-soils.

The analyzed AS-soils are particularly thick and exhibit a high potential for oxidation, leading to
acid generation and the release of elements such as Cu, Co, Fe, Mn, Ni, S, and Zn. A temporal
comparison between oxidized and waterlogged AS-soil profiles demonstrates that maintaining
these soils under water-saturated conditions is an effective mitigation strategy. Water table
management significantly minimizes environmental risks by limiting oxidation processes and
thereby reducing both acid formation and element mobilization.

Detailed mineralogical analysis of framboidal pyrite reveals critical insights into its compositional
heterogeneity and significant role as a primary source of acidity and element contributor. The
high oxidative reactivity of framboidal pyrite indicates the high susceptibility of sulfidic
sediments to oxidation, even under limited oxygen exposure.

This research highlights the importance of analyzing the organic fraction and including it in risk
assessments. Although organic matter can contribute to acidity generation, this study found it
to be a significant source of elements such as Cu, Mo, and S, indicating its influence on the
bioavailability and mobility of these elements in the environment.

Climate variations induce water table fluctuations, leading to alternating wet and dry periods
that promote sulfide oxidation processes, making seasonal groundwater changes a primary
driver of both acidity and element release. Even brief episodes of oxygen exposure can cause
substantial acidification, emphasizing the critical importance of hydrological stability in AS-soil
management. This study confirms the major influence of groundwater dynamics in regulating
oxidation processes and elemental mobility in AS-soils, reinforcing global concerns about the
susceptibility of these environments to climate change.
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