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Abstract
Acid sulphate soil and sulphide-bearing sediments cause various challenges in construction projects and land use planning, 
as well as harmful environmental effects. Fine-grained sulphide sediments were mainly formed in coastal areas during the 
Litorina Sea water phase at approximately 7000 BP in the capital region of Finland, but not all these sediments contain 
sulphide clay. In this study, environmental and material property variables related to the depositional conditions of sulphide 
clay were selected for statistical analyses to find their association with the occurrence of sulphide. The datasets consisted 
of sulphide investigations by the City of Espoo, the City of Helsinki, and the Geological Survey of Finland. Statistically 
significant associations were found in the study area between the occurrence of sulphide and enumerative variables (i.e., 
sediment organic content, total clay depth, topographic class in the Litorina Sea phase, and water depth) in the Litorina Sea 
phase. Locations where sulphide clay is especially likely to occur consist of organic-rich (≥ 2%) thick clay (≥ 15 m) deposits 
in a topographically narrow depression with deep Litorina water (≥ 30 m), or where there is a moderate depth clay (3–5 m) 
in a local depression with shallow Litorina water (10–20 m). The best individual predictor for sulphide clay occurrence 
in the study area was found to be the sediment organic content, and, together with sediment water content, these variables 
very accurately predicted the occurrence of sulphide clay. In addition, clay depth is a very good predictor and, together with 
the topographic class narrow depression and the Litorina water depth or current elevation, can be used to predict sulphide 
occurrence.

Keywords Sulphide · Clay depth · Topography · Litorina water depth · Organic content · Statistics

Introduction

Sulphide sediments and acid sulphate soil can cause chal-
lenges in construction and land use planning, such as an 
increase in construction costs and a possible delay in the 
construction schedule. Moreover, construction in areas 
with soft fine-grained sediments leads to surplus soils 
totalling several millions of tonnes annually in the capital 
region of Finland due to mass exchange, i.e., the excavation 
of poor-quality soil and landfill with material suitable for 

construction (Forsman et al. 2013). Part of this geotechni-
cally poor quality soil contains acid sulphate soil material 
and sulphide-bearing sediment (potential acid sulphate soil). 
Both of these require special treatment (e.g., neutralization) 
before storage in a landfill site to avoid harmful environ-
mental effects due to increased acidity in adjacent waters 
and metal leaching. Awareness and identification of corro-
sion and microbial corrosion related to construction have 
increased (e.g., Finnish Transport Infrastructure Agency 
2017; Suikkanen et al. 2018; Autiola et al. 2022), mean-
ing that special attention should be paid to the construction 
design of steel and concrete structures on ground poten-
tially comprising sulphide soil. In addition, the ground 
improvement method of soil stabilization for sulphide clay 
is likely to require some adjustment to the mixture of bind-
ers (Andersson and Norrman 2004; Autiola et al. 2012). 
More binder material is often initially needed to neutralize 
the soil, and only after that can the binding reactions start. 
Sulphide soils in Sweden are usually classified into same 
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category as organic soils, since they often contain a consid-
erable amount of organic material, thus displaying similar 
geotechnical behaviour (Larsson 1990; Larsson et al. 2007; 
Westerberg et al. 2015). Generally, in the undrained shear 
strength evaluation of soil using field vane and fall cone 
tests, the correction factor may need to be adjusted in the 
case of organic sulphide soil (Larsson 1990; Larsson et al. 
2007; Westerberg et al. 2015).

Acid sulphate soils are known worldwide and are usually 
related to fine-grained sediments of marine or brackish water 
origin in coastal areas (Pons 1973; Dent and Pons 1995). 
Estimates of the amount of acid sulphate soil in Finland 
have been presented, for example, by Yli-Halla et al. (1999) 
based on criteria suitable for Finnish soils. In Finland, most 
of sulphide sediments have been identified in the coastal 
areas of the Baltic Sea, specifically in areas confined by 
the Litorina Sea (Ojala et al. 2013). The adverse effects of 
acid sulphate soils used for agricultural purposes have been 
investigated by Erviö (1975), among others. Acid sulphate 
soils are generally harmful, because they contain an excess 
amount of sulphur and their pH is very low. The abundant 
sulphur in these sediments, originating from deposition 
in saline or brackish water with microbial activity, occurs 
in a reduced form as pyrite  (FeS2) or metastable iron sul-
phide (FeS) below groundwater (Boman et al. 2008). When 
exposed to atmospheric oxygen, sulphides oxidize and the 
pH drops, causing acidity and metal mobilization (e.g., 
Boman et al. 2008, 2010). Numerous environmental studies 
related to acid sulphate soils have been conducted, of which 
many have focused on sulphide oxidation, geochemistry, and 
associated metal leaching, which leads to the poor quality 
of adjacent waters (e.g., Åström and Björklund 1997; Roos 
and Åström 2005).

The systematic mapping of acid sulphate soils in Finland 
down to a maximum depth of three metres started in 2009 
with the classification of potential acid sulphate soils (Edén 
et al. 2012a). Mapping projects were encouraged by the Min-
istry of Agriculture and Forestry and the Ministry of the 
Environment (2011) to support the national strategic work 
on the prevention of contamination of natural waters caused 
by acid sulphate soil. Since then, most of the western, south-
western, and southern coastal areas of Finland have been 
mapped and classified for acid sulphate soils according to the 
criteria of the Geological Survey of Finland (Acid sulphate 
soils, Geological Survey of Finland; Edén et al. 2012b). 
Contemporaneous methods and guidelines have been pre-
sented by the Finnish Transport Infrastructure Agency 
(2012, 2017) and Pousette (2007) for defining aggressive 
and corrosive soil. Investigations conducted in connection 
with construction in the cities of Espoo and Helsinki usu-
ally follow one or more of these methods and guidelines, 
irrespective of whether there is sulphide soil at the planned 
site. There is a need for a unified methodology to conduct 

sulphide soil investigations, especially in land use and con-
struction projects. To address this need, a national guide has 
been published by Autiola et al. (2022), which defines the 
methods and actions recommended for sulphide soil inves-
tigations. Currently, the number of sulphide investigations 
in Finland is increasing because construction activities in 
populated coastal cities are extending to areas that contain 
soft clay deposited in the Litorina Sea phase, which is often 
potential sulphide clay (Eden et al. 2012a). Despite the high 
probability that Litorina clay contains sulphides, many of the 
analysed samples in the Espoo area do not contain sulphide 
(Hämäläinen 2018; Saresma et al. 2020). To focus the site-
specific investigations more efficiently, preliminary studies 
on the potential areas for sulphide soil are recommended, 
preferably in the early stage of land use planning.

Spatial modelling and machine learning methods have 
been applied to predict the occurrence of acid sulphate 
soils of different extent in southern Finland (Beucher 2015; 
Estévez et al. 2022). Some of these methods are promising 
and speed up the process of predicting potential acid sul-
phate soils compared to conventional mapping. However, the 
results from supervised machine learning methods are highly 
dependent on the input parameters and require evaluation and 
interpretation in order to obtain reliable maps for predicting 
the occurrence of acid sulphate soil (Estévez et al. 2022).

So far, less attention has been given to the depositional 
environments of the Litorina Sea phase and the role of 
environmental variables in the formation and burial of sul-
phide-containing sediments in the capital region of Finland. 
Indications of the importance of clay thickness in sulphide 
sediment generation have been presented, for example, by 
Ojala et al. (2007, 2018) from the Suurpelto and Rastaala 
areas in Espoo, where thick clay layers are associated with 
the occurrence of sulphide. A similar interpretation was 
made by Saresma et al. (2020) with data from extensive 
areas in the city of Espoo. The same study revealed that the 
topographic classification of the Litorina Sea phase together 
with clay thickness and gyttja and gyttja clay areas can be 
used to predict sulphide occurrence. Hämäläinen (2018) 
found a correlation between the sediment organic matter 
and sulphate content, as well as between the sediment water 
content and sulphate content in fine-grained soil samples 
taken in the Espoo area.

The present study statistically analysed the association 
of selected environmental and material property variables 
to reveal the occurrence of sulphide using investigation data 
from the Espoo and Helsinki areas. The approach was based 
on the selection of environmental variables related to ter-
rain characteristics and clay thickness, as well as sediment 
property variables, as presented in the methods section. 
The present study builds upon palaeotopographic models 
created for the Litorina Sea phase of the Baltic Sea basin 
(BSB) in the Espoo and Helsinki area (Saresma et al. 2020, 
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2021a, b) and sulphide analysis conducted at a number of 
points around the capital region from clayey sequences. The 
main aim of this research was to identify the most signifi-
cant variables that predict the occurrence of sulphide clay 
by (1) analysing the association between the occurrence of 
sulphide and each variable and variable category, (2) finding 
relationships between variables associated with the occur-
rence of sulphide, and (3) fitting a statistical model with 
selected variables.

Materials and methods

Geological setting of the study area

The present study area covers the capital region of Finland, 
including the cities of Helsinki, Espoo, and Kauniainen; the 
southern parts of the city of Vantaa; and the easternmost 
parts of the city of Kirkkonummi (Figs. 1–4). The geological 
characteristics and post-glacial evolution of the area have 
been described by Ojala et al. (2018) and Saresma et al. 
(2021a), among others. The most important detail is that the 
present study area was an open embayment of the BSB until 
the Litorina Sea phase and has since been uplifting above 
the BSB as a result of glacio-isostatic rebound (Björck 1995; 
Ojala et al. 2013). As a consequence, fine-grained (clayey) 
sediments are the predominant superficial deposits in the 
area. They cover the underlying crystalline bedrock and gla-
cial tills, and were deposited in the BSB following the retreat 
of the Fennoscandian Ice Sheet at around 13,000 BP.

The palaeotopographic analysis in the present study fol-
lowed the classification and methodology presented earlier 
by Saresma et al. (2021a) for the Espoo area, which was 
expanded to the Helsinki area by Saresma et al. (2021b). 
Here, the palaeotopographic analyses of Espoo and Helsinki 
were combined to cover the entire study area. The palaeo-
topography of the study area ranges from high hills in the 
north of Espoo to lowlands in the south, which formed dur-
ing the Litorina Sea transgression (7000 before present (BP)) 
(Fig. 1a). The highest shoreline of the Litorina Sea phase is 
often used to define the upper limit of the acid sulphate soils 
around the Baltic Sea (Virtanen et al. 2019). In the present 
study area, this shoreline lies at 32–35 m a.s.l. (Ojala et al. 
2013). Since sulphide sediment deposition in the BSB took 
place in the brackish-water phase where condition became 
favourably anoxic for sulphate reducing bacteria to convert 
plant residues and seawater sulphate into sulphides, the bot-
tom topography during the Litorina Sea transgression has an 
important role (Virtanen et al. 2019; Saresma et al. 2021a). 
According to previous studies (Kaskela 2017; Virtasalo 
et al. 2020; Saresma et al. 2021a), the deposition of acid 
sulphide sediments was probably restricted to patchy areas 
of continuous sedimentation, which were deep enough (ca. 

30–50 m) and sheltered from dominant south-westerly winds 
and waves to maintain near-bottom hypoxia.

At around 7000 BP, the highest parts of the study area in 
the north were above the Litorina Sea shoreline (Ojala et al. 
2013), whereas most of southern sector was below sea level. 
The submerged topography of the lowest parts is character-
ized by a versatile terrain, including crests, depressions, flat 
plains, and low gradient slopes (Saresma et al. 2020, 2021a, 
b) (Fig. 1b). Narrow depressions are the deepest form of 
depressions, on average having the thickest layers of fine-
grained sediments (Saresma et al. 2021a) (Figs. 1b and 2a). 
Broad depressions are larger areas that are often adjacent 
to narrow depressions, while local depressions represent 
smaller individual depressions with the thinnest clay lay-
ers on average (Saresma et al. 2021a) (Figs. 1b and 2a). 
The deepest water during the Litorina Sea phase at 7000 BP 
occurred in the southern sector (Fig. 2b), in areas that are 
currently situated at the lowest elevation near the coastline 
(Fig. 3). The locations of the deep Litorina Sea water are 
often associated with thick clay deposits and reveal narrow 
depressions in their terrain (Saresma et al. 2021a).

Data and processing

Available points of sulphide investigations

Sulphide investigations have been conducted at 319 points in 
the study area in the City of Espoo (City of Espoo, unpub-
lished) and the City of Helsinki (Ground investigations, 
Geological Survey of Finland) and in the acid sulphate soil 
mapping data of the Geological Survey of Finland (Acid 
sulphate soils, Geological Survey of Finland). In addition, 
investigation points for sediment lithology were included 
from Ojala et al. (2007), Ojala (2007, 2009) and Saresma 
et al. (2017). The spatial distribution of the investigation 
points with classification into sulphide-containing and non-
sulphide-containing points is presented in Fig. 3. Here, a 
sulphide-containing point refers to an investigation point 
where either potential or actual acid sulphate soil, or both, 
has been observed or determined at one or more sediment 
depth(s) below the ground surface. Investigations have been 
conducted in the cities by different consulting companies 
over the years and by the Geological Survey of Finland. The 
sulphide investigation methods and measurements have been 
manifold, but conclusions regarding whether sulphide clay is 
present at a study point have been based on guidelines pre-
sented by Eden et al. (2012a), the Finnish Transport Agency 
(2012, 2017), and Pousette (2007). We note that the methods 
and guidelines are not fully comparable, but the resulting 
conclusions from the investigations regarding the occurrence 
of sulphide in soil samples are comparable. Thereby, we 
adapted hazardous sulphide content as they were presented 
in each original study, without any adjustment of a specific 
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threshold value. The present study used this enumerative 
data, i.e., ‘sulphide yes’ or ‘sulphide no’, as a dependent 
variable.

Processing of the sulphide data

The total of 319 sulphide investigation points included 97 
points for which the sample depth was at least 3 m. For the 
rest of the data points, samples analysed for sulphides were 
taken from a depth of less than 3 m. These included sam-
ples mainly taken by the Geological Survey of Finland in 
acid sulphate soil mapping. Overall, 123 investigation points 
were found to contain sulphide soils (39% of the total num-
ber of points in the study area) and 196 points (61%) did not 
contain sulphide. At 52 points, sulphide was detected when 
samples were taken from a depth of 3 m or more. At these 
points, sulphide-containing clay layers occurred at various 
depths, and the overall data indicate that sulphide clay at the 
sulphide-containing investigation points can occur between 
depths of 0.1–9.0 m in the sequences. The thinnest layers of 
sulphide clay occurred at points where detailed lithological 
descriptions had been conducted. At these points, samples 
were taken at 0.1-m depth intervals. Usually, samples for 
sulphide analysis were taken at intervals of 0.5 or 1.0 m. One 
investigation point in the study area entirely consisted of sul-
phide clay with a depth of up to 9 m, exceeding the estimated 
thickness of clay deposited during the Litorina Sea phase. In 
fact, the thickness of sulphide clay exceeded the estimated 
thickness of clay deposited during the Litorina Sea phase at 
17 points (Fig. 4a). In most cases with sulphide-containing 
sediments, the sulphide was located in the topmost part of 
the sediment profile. There were 22 sample points (44%) 
with sulphide occurring in topmost parts of the sample pro-
file, 11 points (21%) with sulphide mixed at various depths 
of the sample profile, 11 points (21%) with sulphide occur-
ring at all sample depths, and 3 points (6%) with sulphide 
occurring at the bottom of the sample profile (Fig. 4b). In 
addition, at five sulphide-containing points (10%), only one 
depth was sampled.

Environmental and material property variables

Sulphide investigation points were combined with envi-
ronmental variables from the study area. These variables 
included the total clay depth at each point, the topographic 
class in the Litorina Sea phase, the water depth of the 

Litorina Sea during the Litorina transgression at 7000 BP, 
and the present surface elevation at each investigation point. 
Material property variables included the sediment water 
content and organic content, which were combined with 
sample depth at each investigation point. Because for many 
of the samples analysed the loss on ignition (LOI) was meas-
ured instead of the organic content, LOI was transformed 
into organic content to obtain comparable variables. The 
transformation is typically carried out using a formula that 
is based on the clay fraction of the sample (Finnish Geotech-
nical Society 1985), but because this information was una-
vailable for sulphide clay samples, the transformation was 
performed by using the average ratio between LOI and the 
organic content for each fine-grained soil type. This average 
ratio was derived from the database of Finnish clays com-
piled by Löfman (2021), and a multiplier of 0.3 was used for 
clay soil, 0.5 for gyttja clay, 0.8 for gyttja, and 0.7 for silty 
clay. In addition, the sample depths of the soil profile at each 
investigation point were collated.

Environmental variables were manually classified into 
different categories following a principle according to which 
the nearest values were classified into the same category 
(Figs. 1 and 2; Tables 2, 3, 4, and 5). The organic content 
was classified into three categories, 1 (0–2%), 2 (2–6%), and 
3 (≥ 6%), according to the ‘GEO’ classification standards 
(Korhonen et al. 1974) at each point and sample depth. Fol-
lowing a risk-based approach, the highest organic content 
was chosen to represent the amount of organic material at 
each point. For some of the samples, information was only 
available on the soil type (i.e., clay, gyttja clay), and in these 
cases, the organic content category was defined based on 
the soil type.

For statistical analyses, the data used in this study are 
described as follows. Point data are the data represented by 
variables at a specific geographic location (i.e., sulphide 
investigation point). Depth data are the third dimension of 
point data and represent material property variables at each 
sample depth of a soil profile. Data and statistical methods 
including implementation procedure are visualized with a 
flow chart in Fig. 5.

Statistical methods

Test of independence

The association between the occurrence of sulphide and 
the variables organic content, clay depth, topography, 
and Litorina water depth was determined using Pearson’s 
chi-squared test of independence. The test was performed 
between the enumerative values of sulphide and organic 
content (n = 302), following sulphide and clay depth 
(n = 315), sulphide and topography (n = 313), and sulphide 
and Litorina water depth (n = 315). The chi-squared test 

Fig. 1  The study area in the capital region of Finland, including the 
cities of Espoo, Kauniainen, and Helsinki. Palaeotopographic maps of 
a surface elevation during the Litorina transgression at 7000 BP, and 
b BTM classification of terrain characteristics (Saresma et al. 2021a) 
below the highest Litorina shoreline (Ojala et al. 2013), when north-
ern parts of the study area were already above sea level

◂
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includes both a null hypothesis and an alternative hypoth-
esis (Bilder and Loughin 2014). The null hypothesis for 
the sulphide data was that the variables are independent 
and a change in organic content, clay depth, topography, 
or Litorina water depth will not affect the occurrence of 
sulphide. The null hypothesis can be rejected if the occur-
rence of sulphide is statistically significantly associated 
with the variables. Contingency tables were utilized to clas-
sify data frequencies. The sample size was adjusted to meet 
the common criteria of Pearson’s chi-squared test (Bilder 
and Loughin 2014). To enable this, no 0 or 1 count for any 

cell was allowed. Clay depth categories 5 (15–20 m) and 6 
(20–25 m) were combined to form a category labelled as 
5 (≥ 15 m), and the topographic categories narrow crest, 
broad crest, and broad slope were combined to form a cate-
gory named ‘other’. The categorization of ‘other’ was based 
on the depositional environment of topographic classes 
other than plains and depressions, which are the most inter-
esting topographic locations regarding the occurrence of 
sulphide (e.g., Haavisto and Kukkonen 1975; Visuri et al. 
2021). The test of independence was performed with a 95% 
confidence level by default, and the p-value was calculated 
from the test statistic to evaluate the significance of the 
association. Contingency table visualization was carried out 
using the R packages vcd and mosaic. Tests of independ-
ence and all statistical analyses in the study were carried out 
using the R software version 4.1.2.

Fig. 2  Maps of a the total clay depth presently observed in areas 
below the highest Litorina Sea shoreline (Ojala et  al. 2013), and b 
water depth in the study area during the Litorina transgression around 
7000 BP (Saresma et al. 2021a, b). Clay depth is modified after data-
set Clay areas and depths  © Geological Survey of Finland

◂

Fig. 3  The spatial distribution of sulphide clay investigation points 
extended over municipal borders. The points indicate the classifi-
cation results, i.e., whether they contain sulphide clay (red) or not 

(green). Sulphide investigation points  © City of Espoo, City of Hel-
sinki, Geological Survey of Finland
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Log of odds ratios and odds ratios

Odds ratios were calculated to determine the most prevalent 
combination of variable categories related to the most fre-
quent outcome of sulphide. If the null hypothesis is rejected, 
odds, as a way of representing probability, can be used to 
measure the sources and strength of an association (Bilder 
and Loughin 2014). Log of odds ratios and odds ratios were 
used to analyse the association between the categories of a 
variable and in identifying statistically significant catego-
ries related to the occurrence of sulphide. Log odds ratios 
were calculated with 95% confidence by default using the 
R package vcd.

Association rules

The data mining method association rule mining was used to 
measure the association between the enumerative variables 
organic content, clay depth, topography, and Litorina water 
depth in sulphide-bearing sediments. Sulphide-containing 
points (n = 123) were selected for the analyses. Association 
rule mining is a method for finding associations and fre-
quent patterns in the data (Shekhar and Chawla 2003). This 
dependency is expressed with a rule A → B (s, c). Support (s) 
for the rule is the relative frequency of all transactions in the 
data and confidence (c) is the strength of the rule. Associa-
tion rules utilize the well-known Apriori algorithm due to 
its efficiency in mining large databases (Agrawal et al. 1993, 
Agrawal and Srikat 1994). To find important associations, 
which are called strong rules, the minimum support and 
minimum confidence must be defined (Agrawal et al. 1993; 
Koperski and Han 1995). The minimum support threshold 
was set to 0.001 and the minimum confidence threshold to 
0.001. Low thresholds were set to find all useful rules from 
a relatively small dataset. Association rule mining was con-
ducted using the R packages arules and arulesViz, while the 
package RColorBrewer was used to present data frequencies.

Logistic regression

A logistic regression model was created for two complete 
datasets to estimate the probability of occurrence of sul-
phide. In contrast to linear regression, logistic regression 
with the generalized linear model function can be used for 
enumerative data with sulphide probabilities being between 

0 and 1. According to James et al. (2014) and Bilder and 
Loughin (2014), the logistic regression function can be writ-
ten as follows:

where the probability of sulphide occurrence is expressed 
as p, the predictor variable (i.e., clay depth) as x and the 
regression coefficients, log of odds or logit, as β. Logistic 
regression models were created for continuous variables 
instead of enumerative variables except topography due to 
its qualitative nature. The first dataset consisted of point data 
(n = 300), including the continuous variables clay depth, 
Litorina water depth, current surface elevation, and the 
discrete variable topography. The second dataset consisted 
of depth data (n = 654) and contained the variables organic 
content, water content, and sample depth from each data 
point. First, a full model was created for both datasets with 
all variables included, following the backward elimination 
approach (Bilder and Loughin 2014). One variable at a time 
was then removed to improve the model performance. Model 
generation was repeated four times for the point dataset and 
three times for the depth data. This process enabled the opti-
mization of a model containing the most useful variables for 
predicting the occurrence of sulphide.

The principle of evaluating the model outcome is basi-
cally the same as in linear regression and follows the idea 
of assessing how much impact an independent variable has 
on a dependent variable. Logistic regression is based on the 
log-likelihood function, with comparison of the observed 
values of a specific variable with the predicted values 
obtained from the model (Hosmer et  al. 2013). There 
are several methods to assess the fit of a model includ-
ing evaluation of the model performance, tests of the sig-
nificance of each variable, and measure of goodness of fit 
(Peng et al. 2002; Hosmer et al. 2013; Bilder and Loughin 
2014). Models were created with a 95% confidence level. 
Model accuracy evaluation included classification of the 
predicted probabilities into two groups using a threshold 
of 0.5. A probability less than 0.5 means that there is no 
sulphide, whereas a probability of more than 0.5 means 
that sulphide occurs in a specific point or sample. Model 
variable performance was evaluated based on the p-value. 
Interpretation of the variable coefficients is based on the 
coding of variable levels when the model contains qualita-
tive predictors of multiple levels. However, the prediction 
of the coefficients is the same, regardless of the coding 
used (James et al. 2014). For the variable topography, a 
broad depression represented the baseline and was coded 
0 by default, against which the other categories were com-
pared. The goodness of fit was assessed with the Akaike 
information criterion (AIC), a relative measure between 

(1)p(x) =
e�0+�1x1+⋯+�ixi

1 + e�0+�1x1+⋯+�ixi
,

Fig. 4  The occurrence of sulphide clay at the sampling points inves-
tigated in the present study where the sample depth was ≥ 3 m. The 
investigated points are presented by a comparing the thickness of 
the sulphide clay section with the thickness of the total clay section 
and the clay section deposited during the Litorina Sea phase, and b 
according to the depth at which sulphide occurred in each section 
when present in the sample profile

◂
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models for a given set of data (Bilder and Loughin 2014), 
and McFadden’s pseudo R2 evaluated by the p-value. The 
R package tidyverse was used to calculate model accuracy 
with the function ‘mean’ (James et al. 2014). The R pack-
age ggplot2 was used to plot the logistic regression models.

Results and interpretation

Test of independence

The results from Pearson’s chi-squared test of independ-
ence are presented in Table 1. All the p-values indicating 
statistical significance are below 0.05, which provides evi-
dence against independence. The null hypothesis can be 
rejected for all the variables, and we conclude that there 
is an association between each of the variables and the 
occurrence of sulphide. Specifically, the strongest associa-
tion was found between the organic content and sulphide 
occurrence. The relationships between clay depth and sul-
phide and topography and sulphide are strong, while the 
association between the Litorina water depth and sulphide 
displays moderate significance according to Pearson’s chi-
squared test. Enumerative data frequencies are presented 
in contingency Tables 2, 3, 4 and 5 and visualized with 
mosaic plots in Fig. 6.

Log of odds ratios and odds ratios

Log of odds ratios, odds ratios, and their statistical sig-
nificance are presented in Table 6. An illustration of the 
log of odds ratios between adjacent variable categories is 
displayed in Fig. 7. Log of odds are normalized odds for 
making the data symmetrical with positive and negative 
values within the same order of magnitude. Statistically 
significant log of odds ratios and odds ratios were found 
for the variables organic content between categories 1 
(0–2%) and 2 (2–6%) and clay depth between categories 2 
(3–5 m) and 3 (5–10 m) and categories 4 (10–15 m) and 5 
(≥ 15 m). Minor significance of the log of odds ratios and 
odds ratios was recorded for the variables organic con-
tent between categories 2 (2–6%) and 3 (≥ 6) and Lito-
rina water depth between categories 1 (0–10 m) and 2 
(10–20 m). In interpretation, odds ratios are often used to 
describe an increase in the likelihood of an event occur-
ring if the odds ratio is greater than 1 or a decrease if the 
odds ratio is less than 1 (Bilder and Loughin 2014). We 
found all the odds ratios to be greater than 1, except for 
the variables clay depth between categories 1 (1–3 m) and 
2 (3–5 m) and topography between categories 4 (narrow 
depression) and 5 (other), meaning that the odds of occur-
rence of sulphide are increasing. In the case of the variable 
organic content, the occurrence of sulphide is 4.3 times 

Fig. 5  A flow chart of the data and methods used in the study
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as likely in category 2 as compared to category 1, while 
in the case of clay depth, the occurrence of sulphide is 
2.7 times as likely in category 3 as compared to category 
2, and 2.5 times as likely in category 5 as compared to 
category 4. In the case of Litorina water depth, the occur-
rence of sulphide is 3.4 times as likely in category 2 as 
compared to category 1. Finally, for topographic class, 
the odds ratio shows no statistically significant difference 
between adjacent categories, but there is an odds ratio of 
less than 1 and a large negative log of odds ratio between 
categories 4 (narrow depression) and 5 (other), indicating 
that very little sulphide occurs in category 5 compared to 
category 4.

Association rules

Rules produced by association rules mining were listed 
according to confidence to determine the high probability 
rules and according to support to extract the most frequent 
items. The selected, significant rules are presented below 
with the support for the rule shown as the first number 
between parentheses and the confidence as second number.

Rule 1: Clay = 5(≥ 15), Topo = Narrow depression, 
Org = 2(2–6) → Litorina water depth = 4(≥ 30) (4.1%; 
100%).

Rule 2: Clay = 2(3–5), Topo = Local depression → Lito-
rina water depth = 2(10–20) (4.1%; 100%)
Rule 3: Litorina water depth = 4(≥ 30) → Clay = 3(5–10) 
(27.6%; 50.0%).
Rule 4: Clay = 3(5–10) → Org = 2(2–6) (18.7%; 40.4%)
Rule 5: Org = 3(≥ 6) → Topo = Narrow depression 
(16.3%; 44.4%).
Rule 6: Topo = Other → Org = 1(0–2) (0.8%; 50%)

Rules 1 and 2 have a very high confidence. In fact, 
according to rule 1, when the clay depth is more than 15 m 
and the organic content varies between 2 and 6% in a nar-
row depression, there is a 100% probability that the Litorina 
water depth is more than 30 m at the sulphide-containing 
point. Rule 2 states that when the clay depth is 3–5 m in 
a local depression, there is a 100% probability of having 
a Litorina water depth of 10–20 m. The frequency is not 
high in these cases, which means that they are not the most 
common cases in the data, but these variable combinations 
are most likely to appear in sulphide-containing locations. 
Rules 3, 4, and 5 represent the rules with the highest support. 
According to rule 3, the clay depth is often 5–10 m when 
the Litorina water depth is more than 30 m. This is obvi-
ously concluded from the absolute variable frequencies plot 
in Fig. 8, where a Litorina water depth of over 30 m and a 
clay depth of 5–10 m represent the most common variables 
in the dataset. Rule 4 shows the relationship between a clay 
depth of 5–10 m and an organic content of 2–6%, and rule 
5 verifies the association between a high organic content 
(≥ 6%) and topography consisting of a narrow depression. 
Sometimes, a detected negation in the data is of interest, 
although the support for the rule is very low (Karasová 2005; 
Karasová et al. 2005). Rule 6 presents a case that very sel-
dom occurs, i.e., the topographic class ‘other’ is rarely met 
in sulphide-containing locations, but if it appears, it is likely 
to appear together with an organic content of 0–2%.

Logistic regression

Model diagnostics for point data from the four generated mod-
els are presented in Table 7. Model 1 is a full model includ-
ing all available variables and the rest of the models contain 
varying combinations of the variables. Due to its qualitative 
nature, topography is presented in model diagnostics with all 
the classes except for the baseline class, i.e., broad depression, 
although only some of the classes are considered significant. 

Table 1  Chi-squared test results

X2 goodness-of-fit, df degrees of freedom, p-value statistical signifi-
cance

Variable X2 df p-value

Sulphide and organic content 46.7 2 7.39 ×  10−11

Sulphide and clay depth 17.8 5 0.0014
Sulphide and topography 13.7 4 0.0085
Sulphide and Litorina water depth 10.5 3 0.0145

Table 2  Combinations of categories for the variable organic content

Sulphide Organic content (%)
1 (0–2) 2 (2–6) 3 (≥ 6) Total

No 112 48 26 186
Yes 25 46 45 116
Total 137 94 71 302

Table 3  Combinations of 
categories for the variable clay 
depth

Sulphide Clay depth (m)
1 (1–3) 2 (3–5) 3 (5–10) 4 (10–15) 5 (≥ 15) Total

No 12 47 84 38 11 192
Yes 6 12 57 28 20 123
Total 18 59 141 66 31 315



 Bulletin of Engineering Geology and the Environment          (2023) 82:257 

1 3

  257  Page 12 of 20

An overview of the results indicates that there are significant 
variables in each model and that no model is clearly better 
than all the others. The variables clay depth and topography, 
more specifically the class narrow depression, are both related 
to the occurrence of sulphide (p < 0.05) through a positive log 
of odds in each model. In model 2, the variable elevation is 

removed, resulting in an increase in the significance of other 
variables, such as Litorina water depth and local depression. 
The prediction accuracy of model 2 is close to good, 69% for 
the point data set and amount of data, with the misclassifica-
tion error rate 31%. Model 2 has the smallest AIC (382.2) 
indicating best fit of the four models (Table 7) and pseudo 

Table 4  Combinations of 
categories for the variable 
topography

Sulphide Topography
1 Plain 2 Broad 

depression
3 Local 

depression
4 Narrow 

depression
5 Other Total

No 77 37 35 35 6 190
Yes 31 22 26 42 2 123
Total 108 59 61 77 8 313

Table 5  Combinations of 
categories for the variable 
Litorina water depth

Sulphide Litorina water depth (m)
1 (0–10) 2 (10–20) 3 (20–30) 4 (≥ 30) Total

No 20 41 52 79 192
Yes 3 21 31 68 123
Total 23 62 83 147 315

Fig. 6  The division of variable 
categories for sulphide occur-
rence in relation to a organic 
content, b clay depth, c topogra-
phy, and d Litorina water depth. 
The size of the red bar indicates 
the amount of sulphide in each 
variable category and the size 
of the category bar indicates the 
relative number of observations 
in each category
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R2 0.089 with statistically significant p-value (7.404 ×  10−6) 
compared with a null model. Model 3 includes a variable 
current elevation instead of Litorina water depth. Current 
elevation has a relationship with the occurrence of sulphide 
(p = 0.06). The prediction accuracy of model 3 (68%) is 
close to that of model 2, with a misclassification error rate 
of 32%; however, the fit of model 3 (AIC 382.4, pseudo R2 
0.089, p = 8.255 ×  10−6) is slightly poorer compared to model 
2. For model 4, both Litorina water depth and elevation are 
removed, and the model includes only variables clay depth 
and topography. The fit of model 4 is the worst of the four 
models (Table 7). Logistic regression model 2 is presented in 
Fig. 9a with the predicted probabilities of sulphide with the 
actual sulphide observation data.

Model diagnostics for the depth data from three generated 
models are presented in Table 8. Model 1 is a full model 
with all variables included. For model 2, the variable sam-
ple depth is removed, and for model 3, all variables except 
water content are removed. The variables organic content 
and water content are clearly related to the occurrence of 
sulphide (p < 0.05) in all models. Sample depth does not 
have similar impact, and, in fact, excluding it from model 
2 improves the significance of the other variables. Keeping 
only organic content and water content in model 2 improves 
the model performance. The prediction accuracy for model 
2 is very good, 87% with the misclassification error rate 
13%. Model 2 has the smallest AIC (434.4) indicating best 
fit of the three models (Table 8) and pseudo R2 0.248 with 
statistically significant p-value (ca. 0) compared with a null 
model. The fit of model 3 is poor compared to other depth 
data models, but it indicates that water content is associated 
to the occurrence of sulphide. The logistic regression model 
for depth model 2 is presented in Fig. 9b.

Discussion

The present results clearly indicate a statistically sig-
nificant association between the occurrence of sulphide 
clay and selected enumerative variables. As expected, 
the occurrence of sulphide was most strongly associ-
ated with the organic content of the sediment. Sulphide 
soils are usually associated with organic soils (e.g., Pons 
1973; Erviö 1975; Larsson et al. 2007; Edén et al. 2012b; 
Visuri et al. 2021), and the data confirm this association 
for uplifted clayey sediments in southern coastal areas of 
Finland. More specifically, when fine-grained sediments 
contain ≥ 2% organic material, the odds of having sulphide 
in the sediments increase significantly. Furthermore, an 
increase in the sediment organic content to ≥ 6% increases 
the odds of sulphide occurrence in the sediment. The 
clay depth at the study location and the characteristics 
of the terrain topography, as descriptors of the deposi-
tional environment, are both good individual variables 
for predicting sulphide occurrence in the present study 
area. Two threshold values were identified in the clay 
depth data above which the odds of sulphide occurrence 
was found to increase significantly. These are clay depths 
of ≥ 5 m and ≥ 15 m, meaning that sulphide is more likely 
to occur at a study point with clay depth of ≥ 5 m com-
pared to < 5 m. Respectively, clay with a depth of ≥ 15 m 
is more likely to contain sulphide than that with a depth 
of < 15 m. All topographic classes named as a depression 
(Fig. 1b) are likely to contain sulphide, but a negative 
association was especially detected between the classes 
of narrow depression and ‘other’ (e.g. crests), indicating 
that narrow depressions are more likely to contain sul-
phide than the adjacent classes. The Litorina Sea water 

Table 6  Log odds ratios, odds ratios, and p-value for each variable category

***p < 0.001; **p < 0.01; *p < 0.05; . p < 0.1

Variable Categories, no/yes Log of odds ratio Odds ratio p-value

Organic content (%) 1 (0–2)/2 (2–6) 1.457 4.293 1.46 ×  10−6***
2 (2–6)/3 (≥ 6) 0.591 1.806 0.0658

Clay depth (m) 1 (1–3)/2 (3–5) −0.672 0.511 0.2591
2 (3–5)/3 (5–10) 0.977 2.658 0.0076**
3 (5–10)/4 (10–15) 0.082 1.086 0.7853
4 (10–15)/5 (≥ 15) 0.903 2.468 0.0450*

Topography 1 Plain/2 Broad depression 0.390 1.477 0.2558
2 Broad depression/3 Local depression 0.223 1.249 0.5512
3 Local depression/4 Narrow depression 0.480 1.615 0.1652
4 Narrow depression/5 Other −1.281 0.280 0.1309

Litorina water depth (m) 1 (0–10)/2 (10–20) 1.228 3.415 0.0688
2 (10–20)/3 (20–30) 0.152 1.164 0.6658
3 (20–30)/4 (≥ 30) 0.367 1.444 0.1909
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depth (7000 BP) is moderately statistically significantly 
associated with sulphide occurrence but is not alone the 
most reliable predictor. The odds for sulphide occurrence 
increase as the Litorina water depth increases. The most 
significant change is between the water depth categories 
of < 10 m and ≥ 10 m, indicating that sulphide formation 
seldom occurred in shallow-water environments during the 
Litorina Sea phase. This observation is in accordance with 
many studies in the BSB region (e.g., Fonselius 1970; Hol-
mkvist et al. 2014; Ojala et al. 2018), although Nordmyr 
et al. (2008) and Beucher (2015), among others, demon-
strated that significant sulphide formation can also occur 

in estuarine shallow waters with a high organic input and 
sedimentation rate.

The topographic class ‘other’ and the Litorina water 
depth category 0–10 m both contain only a small number 
of sulphide observations, and this can cause uncertainty in 
Pearson’s test of independence, in which a cell size ≥ 5 is 
usually required. Not only is sulphide clay rarely found in 
these categories but sulphide investigations are also often 
focused elsewhere. In fact, previous investigations have 
not been evenly distributed within the study area, but due 
to the location of construction projects and preliminary 
expectations of sulphide occurrence, they have mostly 

Fig. 7  Log of odds ratios for the variable categories and sulphide occurrence. The categories for topography are Bro_dep = broad depression, 
Loc_dep = local depression, and Nar_dep = narrow depression
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focused on deep clay depressions near the coast, where the 
Litorina water was deep. However, according to Fig. 2a, 
lower clay depths appear to be more common across the 
study area as a whole compared to deep clay depressions.

Nevertheless, according to the data used in the study, 
sulphide-containing clay occurs at locations where the most 
frequent variable categories are Litorina water depth ≥ 30 m 
and clay depth 5–10 m. Two combinations of variables and 
their categories were identified as the most likely associa-
tions with sulphide occurrence. The first represents a typi-
cal depositional environment in the capital region in which 
organic-rich sulphide sediments were formed in deep 
canyons of the terrain having generally thick clay layers 
(Saresma et al. 2021a). The second combination represents 
a depositional environment in which a relatively thin layer 
of clay was deposited in a small depression with moderately 
shallow water during the Litorina Sea phase. This environ-
ment could indicate a location in the central or northern 
parts of the study area, where the Litorina water depth was 
shallower (typically 0–20 m) than in the south and some 
isolated depressions occurred in the terrain, called local 
depressions. Despite the differences, depositional environ-
ments have been favourable for sulphide formation in both 
cases, and a wind- and wave-sheltered environment may be 

the link between these two. Usually, a sheltered environment 
is needed for sulphide formation, despite the differences in 
other deposition conditions, as shown, for example, by Kling 
Jonasson (2020) from western Sweden.

Fitting a regression model to continuous point data con-
firms the significance of the environmental variables selected 
for the study in predicting the occurrence of sulphide. The 
prediction accuracy of the model is quite close to good with 
the given amount of data but could be improved by more 
data points. The best-fitting model (model 2) includes the 
variables for which the coefficients of the estimates display 
statistical significance: clay depth, topography, more specifi-
cally the class narrow depression, and Litorina water depth. 
A model including the current elevation (model 3) instead of 
the Litorina water depth provides almost as good a fit of the 
data and can be used for predicting sulphide occurrence if 
the Litorina water depth is not known. The similar prediction 
accuracy of these models is due to the strong negative corre-
lation between elevation and Litorina water depth, indicated 
by a Pearson correlation coefficient of − 0.97 (Fig. 10).

Model 2 for the depth dataset is a well-fitting regression 
model that results in a predicted sulphide occurrence that 
is close to the observed occurrence. The accuracy of the 
model is very good (87%). The sediment organic content 

Fig. 8  Variable frequency plot 
at sulphide-containing points
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is an excellent predictor of sulphide occurrence in a sam-
ple. Water content is a good predictor but requires organic 
content to be included in the model. That is, if the organic 
content is not known, the predictability of sulphide occur-
rence is poor based on water content alone. If both vari-
ables are known, an increase in the organic and water con-
tents increases the probability of sulphide occurrence. This 
especially acts in an inverse way: if the organic content of 
a sample is low (e.g., < 2%), a high water content will not 
increase the probability of sulphide occurrence due to the 
higher importance of organic content in the model. For sam-
ple depth, a negative coefficient indicates that the probability 
of sulphide occurring will decrease when the sample depth 

increases. This is reasonable, since sulphide is often located 
in the Litorina clay layer, which is the topmost layer of clay. 
Specifically, the Litorina clay section is approximated to 
comprise one-third of the total clay thickness (Gardemeister 
1975; Ojala 2007; Ojala et al. 2007, Ojala 2009; Saresma 
et al. 2017), but as Fig. 4 a and b illustrate, it can vary to 
some extent. However, there is no statistical evidence that 
sample depth predicts the occurrence of sulphide in a sample 
profile, and thus, sample depth cannot be considered as a 
significant predictor. This may have been affected by many 
uncertainties related to sample depth, such as errors due to 
sampling, or sampling often being focused on the upper-
most layers of soil, meaning that deep samples are rare. In 

Table 7  Model diagnostics for point models including variable evalu-
ation and assessment of the model fit between models with the given 
set of data with the Akaike information criterion (AIC). The model 

with the lowest AIC value has the smallest prediction error leading to 
the best model fit

***p < 0.001; *p < 0.05; . p < 0.1

Model (point) Variable Coefficient of 
estimate

Standard error z value Pr ( >|z|) AIC

1 (Intercept) −3.037 2.808 −1.081 0.2795 384.15
Clay 0.108 0.046 2.335 0.0195*
Topography broad slope 0.033 1.222 0.027 0.9788
Topography crest −13.694 837.947 −0.016 0.9870
Topography local depression 0.822 0.426 1.929 0.0537 .
Topography narrow depression 0.750 0.378 1.982 0.0474*
Topography plain 0.191 0.391 0.490 0.6243
Litorina water depth 0.044 0.085 0.520 0.6030
Elevation 0.013 0.084 0.152 0.8788

2 (Intercept) −2.620 0.618 −4.238 2.25 ×  10−5*** 382.18
Clay 0.113 0.032 3.498 0.0005***
Topography broad slope 0.030 1.222 0.025 0.9803
Topography crest −13.676 837.956 −0.016 0.9870
Topography local depression 0.829 0.423 1.959 0.0501 .
Topography narrow depression 0.750 0.378 1.983 0.0474*
Topography plain 0.195 0.390 0.501 0.6162
Litorina water depth 0.032 0.016 1.970 0.0488*

3 (Intercept) −1.597 0.460 −3.473 0.0005*** 382.43
Clay 0.126 0.032 3.903 9.51 ×  10−5***
Topography broad slope 0.022 1.224 0.018 0.9855
Topography crest −13.663 838.093 −0.016 0.9870
Topography local depression 0.841 0.424 1.985 0.0472*
Topography narrow depression 0.750 0.378 1.987 0.0470*
Topography plain 0.197 0.390 0.506 0.6128
Elevation −0.030 0.016 −1.907 0.0565 .

4 (Intercept) −1.808 0.447 −4.043 5.28 ×  10−5*** 384.17
Clay 0.123 0.032 3.852 0.0001***
Topography broad slope −0.024 1.206 −0.020 0.9841
Topography crest −14.270 838.572 −0.017 0.9864
Topography local depression 0.742 0.419 1.771 0.0765 .
Topography narrow depression 0.787 0.375 2.098 0.0359*
Topography plain 0.047 0.381 0.122 0.9027
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addition, the upper sulphide layer may be eroded away in 
some areas, which would explain why sulphide occurs in the 
lowest part of the depth profile but is missing from the upper 
part of the profile (Fig. 4b), or the deposition conditions may 
have changed during BSB history so that an environment 
once prone to sulphide formation later changed to become 
an environment where sulphide no longer forms, for example 
due to glacioisostatic adjustment and changes in wind- and 
wave-sheltered environments.

Although the datasets are spatially and temporally limited 
in relation to the diversity of sedimentation environments 
of the BSB during the Litorina transgression in southern 
coastal Finland, they can be used for estimating the signifi-
cance of variables for sulphide prediction. Knowing the most 
significant variables and variable combinations associated 
to sulphide will assist predicting dangerous sulphide soils in 
other countries with similar deposition environments in the 
BSB region. Furthermore, results could be used in assessing 
potential areas for developing hypoxia in the Baltic Sea, a 

Fig. 9  Logistic regression 
model for a point data (includ-
ing clay depth, topography, and 
Litorina water depth) and b 
depth data (including organic 
content and water content). 
The predicted probabilities of 
sulphide occurrence are pre-
sented as crosses in the plot and 
coloured according to the actual 
sulphide data

Table 8  Model diagnostics 
for depth models, including 
variable evaluation and 
assessment of model fit

***p < 0.001; **p < 0.01

Model (depth) Variable Coefficient 
of estimate

Standard error z value Pr ( >|z|) AIC

1 (Intercept) −3.9663 0.5465 −7.258 3.94 ×  10−13*** 436.09
Sample depth −0.0212 0.0418 −0.507 0.6123
Organic content 0.6373 0.0791 8.060 7.63 ×  10−16***
Water content 0.0143 0.0044 3.247 0.0012**

2 (Intercept) −4.1493 0.4172 −9.946 < 2 ×  10−16*** 434.35
Organic content 0.650 0.0756 8.598 < 2 ×  10−16***
Water content 0.0149 0.0043 3.489 0.0005***

3 (Intercept) −3.3866 0.3467 −9.769 < 2 ×  10−16*** 541.03
Water content 0.0204 0.0037 5.543 2.98 ×  10−8***

Fig. 10  The relationship between the water depth of the Litorina Sea 
phase and current elevation
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severe environmental issue related to topographically shel-
tered deep basins (e.g., Kaskela 2017; Jokinen et al. 2018; 
Virtanen et al. 2019). The same areas prone to hypoxia are 
often potential areas for sulphide formation. Based on previ-
ous studies (e.g., Virtanen et al. 2019; Virtasalo et al. 2020) 
and the results of the present study, the following interrelated 
factors site-specially influenced the deposition of acid sul-
phide sediments in the BSB during the Litorina Sea phase. 
The water depth and bottom roughness that defined the bot-
tom hypoxic configuration. The prevailed bottom dynamics 
that defined areas of sediment erosion, transportation, and 
accumulation. Warmer climate and water stratification com-
bined with the appearance of sulphate reducing bacteria in 
near-bottom water at sedimentary basins.

Today, the estimation of challenging areas in the Bal-
tic Sea is necessary for increased offshore planning and 
construction due to energy transition. Finally, the identi-
fied significant variables associated to sulphide occur-
rence can act as improved input parameters in machine 
learning which has shown advantages compared to the 
conventional acid sulphate soil mapping (Estévez et al. 
2022). In the future, the increasing amount of sulphide 
investigation data from southern Finland could be used 
to test the model fit. A combined model with the best 
predictive variables from both point and depth data mod-
els, i.e., the sediment organic content, total clay depth, 
topographic class in the Litorina Sea phase, water depth 
in the Litorina Sea phase, and water content of the sedi-
ment sample, could provide the best predictive model for 
sulphide occurrence. Here, such combining of point and 
depth data was not possible because material property 
variables were not available for all points, and it would 
therefore have led to a significant decrease in the total 
amount of data. The accuracy of such prediction model 
could be further improved by incorporating Bayesian 
methods to account for prior knowledge of sulphide clay 
occurrence and their spatial autocorrelation (e.g., Han 
et al. 2022a). Further, the prediction of sulphide occur-
rence at unstudied sites could involve comparison with 
previously studied sites via similarity analysis (e.g., Han 
et al. 2022b).

Conclusion

The adverse effects of acid sulphate soils on the envi-
ronment have been known for a long time, and they are 
extensively studied. Recently, awareness of their harm-
ful effects on construction and land use planning has 
increased, leading to an increase in the number of site-
specific sulphide investigations. These investigations 
usually are expensive with laboratory analyses included 
and time-consuming, especially if the hazardous sulphide 

material is found at a construction site. To focus the 
investigations cost-efficiently and accurately, it is neces-
sary to collect all preliminary data related to sulphide 
soil in advance. This study provides information on the 
environmental and material property variables related to 
depositional environments of Litorina Sea phase, when 
most of the sulphide-bearing fine-grained sediments were 
formed. Most of these variables are available from basic 
geotechnical investigations via spatial analyses. The study 
identified the most statistically significant variables asso-
ciated with the occurrence of sulphide clay, with follow-
ing conclusions:

1. All categorized variables (sediment organic content, 
total clay depth at each point, topographic class in the 
Litorina Sea phase, and Litorina Sea water depth) are 
associated with the occurrence of sulphide clay in the 
present study area. The following variable categories are 
most prone to sulphide occurrence:

2. organic content ≥ 2% (compared to < 2%)
3. clay depth ≥ 5 m (compared to < 5 m) and ≥ 15 m (com-

pared to < 15 m)
4. topographic class narrow depression
5. Litorina water depth 10 m or more (compared to less 

than 10 m)
6. Sulphide clay is likely to occur with the following com-

bination of variables: an organic-rich, thick clay section 
in a narrow depression with deep Litorina water or a 
moderate depth of clay in a local depression with a shal-
low Litorina water depth.

7. The best individual predictor of sulphide clay occurrence 
is the organic content of the sediment. Clay depth is a 
very good predictor, and together with the topographic 
class narrow depression and Litorina water depth or 
elevation, it can be used to predict the occurrence of 
sulphide. The sediment water content together with its 
organic content is a good sulphide predictor.
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