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1. INTRODUCTION 

 

Ferromanganese concretions are commonly found in the world’s second largest 

brackish-water basin Baltic Sea (BS) and especially in the Gulf of Finland (GOF), Gulf 

of Bothnia (GB) and Gulf of Riga (Winterhalter 1966, Ingri 1985, Glasby et al. 1997). 

They are found in the world oceans too e.g., the Pacific Ocean (Hu et al. 2000). 

Ferromanganese concretions are known to accumulate various elements such as Fe, Mn 

and P (Ingri 1985, Baturin 2008) and anthropogenically derived environmental 

pollutants e.g. Pb, Zn and Cu (Zhamoida et al. 2007). Concretions are produced by 

natural geochemical processes, catalyzed by micro-organisms, e.g. archaea and bacteria 

(Zhang et al. 2002, Yli-Hemminki et al. 2014). Other factors contributing to the 

formation of ferromanganese concretions are e.g. redox properties of the local 

environment, bottom currents and the sediments associated with the concretions (Glasby 

et al. 1997). Ferromanganese concretions form hard physical structures at seabed, most 

likely compliant at with the EU’s Habitats Directive habitat type ‘Biogenic reefs’, 

providing ecosystem services for numerous organisms. However their ecological 

significance is still relatively poorly known.  Ferromanganese concretion bottoms were 

listed in the second assessment of threatened habitat types in Finland that was conducted 

between 2016 and 2018 (Kontula and Raunio 2018). Ferromanganese concretion 

bottoms were classified as Data Deficient (Kotilainen et al. 2018a, 2018b), which shows 

that knowledge of this marine habitat type is still incomplete. The economic potential of 

these concretions has been of interest for a long time. The first experimental 

ferromanganese concretion extraction in the Baltic Sea took place in 2006–2008 in the 

eastern GOF which did not contrary to preconceptions lead to concretion restoration. 

Concretions remaining in the extraction site had different geochemical structures 

compared to samples from undisturbed areas most likely due to the extraction and 

subsequent change in sedimentation conditions, mud accumulation and concretion 

burial. Ultimately this lead to the concretions becoming a secondary source of pollution 

in the extraction site (Zhamoida et al. 2017). 
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Early studies in the GOF, GB and in the North Baltic were conducted by Gripenberg 

(1934) who studied the sediments of the BS and described specimens of iron 

concretions found adjacent to the sediments. The main focus was on the sediments 

however Gripenberg contemplated that the source of Fe and Mn in the concretions was 

the sediment on the bottom of the sea rather than the surrounding water. Later Manheim 

(1965) published the first study describing the ferromanganese concretions in the BS. 

Winterhalter (1966) studied and described in detail the morphology, chemistry, 

mineralogy and formation of ferromanganese concretions of the GB and the GOF. 

Several studies of the composition (Ingri 1985, Anufriev et al. 2005, Anufriev and 

Boltenkov 2007), formation (Ingri and Ponter 1986) and ages and growth rates (Suess 

and Djafari 1977, Anufriev et al. 2005, Anufriev and Boltenkov 2007, Grigoriev et al. 

2013,) of Baltic Sea ferromanganese concretions have been conducted since the early 

studies.  

The ferromanganese concretions can be divided into different categories according to 

their morphology: buckshot concretions (< 2mm), spheroidal concretions (2–30 mm), 

irregular or transient forms of ellipsoidal or spheroidal concretions (15–60 mm), 

discoidal concretions (up to 40–70 mm in diameter), large flat crust concretions (up to 

200–300 mm in diameter and 10–50 mm thick) and irregular crust concretions 

(Zhamoida et al. 2004). Abundant concretion fields are located at the border area 

between areas of anoxic silty-clayey muds and poorly sorted clayey sands forming in 

stable oxidizing conditions. Spheroidal concretions are especially common in these 

areas (Zhamoida 2007). Ferromanganese concretions are generally found at depths of 

~20–100 m however in some areas of the eastern GOF the concretions can be found as 

shallow as three meters (Zhamoida et al. 2004).  

 

The main constituents of ferromanganese concretions are Fe and Mn (Mn-oxides, Fe-

oxides, Fe-hydroxides and Fe-oxyhydroxides) that form distinct banding in the 

concretions. The Fe is usually as goethite or amorphous phase and common manganese 

phases are birnessite and manganosite of which the formation of the latter may be 

bacterially mediated (Zhang 2002). Typically the geochemical structure of 

ferromanganese concretions in the GOF can be subdivided into four elemental 

associations. The associations are Mn-Mo-Ba and W-Zn-Cu-Ni which are closely 
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related, Fe-P and a terrigenous group Si-Na-Al-Ti (Zhamoida et al. 2017). The contents 

of Fe and Mn are similar to oceanic nodules however there are some differences in the 

trace elements as the concentrations of e.g. Ti, Cu and Ni are significantly lower in 

ferromanganese concretions compared to average oceanic concentrations (Anufriev and 

Boltenkov 2007). The chemical composition of ferromanganese concretions depends on 

several factors: geography of the basin, salinity, depth, rate of sedimentation, growth of 

concretions and redox properties (Anufriev et al. 2005). Usually there are noticeable 

differences in the chemical composition of different concretion morphologies; 

spheroidal concretions have the highest Mn values whereas crust and discoidal 

concretions exhibit the highest Fe and lowest Mn concentrations (Zhamoida et al. 1996, 

Winterhalter 2004). The Mn/Fe ratio is dependent of factors such as the location and 

water depth of the concretion field (Zhamoida et al. 1996, 2017) and the ratio also varies 

in relation to the size of spheroidal concretions: bigger nodules have smaller Mn/Fe 

ratios. Hence the Mn/Fe ratio is an indicator of the environmental conditions as well as 

an indicator of the concretion type (Winterhalter 2004). Concretions can also shift their 

position on the seafloor due to slumping or bottom currents to the foot of slopes leading 

to changes in the chemical composition (Dean et al. 1981).  

 

The aim of this study: 

1. Gather the information on ferromanganese concretions supplied by GTK; classify the 

ferromanganese concretions into different categories and to illustrate their distribution in 

the GOF. 

2. Study the influence of the environmental factors (depth, sediments associated with the 

concretions, seabed structure type, slope and roughness, distance to coast and distance 

to river, surface wave exposure, bottom wave exposure and bottom current velocity) on 

the formation of ferromanganese concretions and the formation of different concretion 

types and to elucidate the characteristics of the environments where each concretion 

type is formed. 
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2. GEOLOGICAL AND HYDROGRAPHICAL SETTING OF THE GULF 

OF FINLAND 

 

2.1 The development of the modern Baltic Sea 

The Baltic Sea is located in a depression in the Precambrian crystalline basement rock. 

The characters of the modern Baltic Sea seafloor were developed by the influence of 

pre-glacial bedrock surface and processes related to it, glacial erosion and deposition 

and postglacial sedimentary processes (Winterhalter et. al. 1981, Kaskela and Kotilainen 

2017). The development of the Baltic Sea started ca. 17–16 ka BP when the embryo of 

deglacial Baltic Ice Lake formed (Houmark-Nielsen and Kjaer 2003, Stroeven et al. 

2016). The following warming at the start of the Holocene Epoch is more or less 

connected to the onset of the Yoldia Sea stage ca. 11 700 ka BP (Walker et al. 2009, 

Andrén et al. 2011). The Yoldia Sea stage can be characterized by rapid ice sheet retreat 

which was followed by brackish and freshwater phases. The isostatic rebound in the 

area of southern Sweden caused the waters of the Yoldia Sea to be trapped marking the 

end of this stage and the beginning of the Ancylus Lake stage (Andrén et al. 2011). The 

Anculys Lake stage ca. 10 700 - 9 800 ka BP was followed by the Littorina Sea stage 

when first signs of marine influence were present since the Yoldia Sea (Andrén et al. 

2011). According to Andrén et al (2000) the beginning of this stage is called the Initial 

Littorina Sea because the Baltic Sea was at level with the world ocean and the salinity 

was low. During this stage the Scandinavian ice sheet melted completely (Andrén et al. 

2011) and eventually the Baltic Sea reached its present salinity levels ca. 2000 - 1000 

BP (Andrén et al. 2000, Warnock et al. 2017, Stepanova et al. 2019).  

 

 

2.2 The geography and hydrography of the Gulf of Finland 

 

The GOF is very shallow sub basin of the BS with an average depth of 37 m. This 

brackish water basin is connected to the Baltic Proper without any physical barrier 
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(Leppäranta and Myrberg 2009). The bedrock of the GOF is divided into two domains; 

northern part consisting of Precambrian crystalline rocks whereas the southern area is 

dominated by Phanerozoic sedimentary rocks (Glasby et al. 1997, Koistinen et al. 2001). 

The morphology is mainly preglacial in origin however glacial erosion and deposition 

have had noticeable impact on the topography. Glacio-isostatic rebound and modern 

sedimentation are ongoing processes affecting the topography (Glasby et. al 1997, 

Kotilainen et al. 2016). In the eastern tail of the GOF at the mouth of the Neva Bay the 

mean water depths is <5 m gradually increasing towards the west (Leppäranta and 

Myrberg 2009).  

The main feature of the seafloor of GOF is the fragmental nature of the different bottom 

and substrate types (Kankaanpää et al. 1997, Kaskela et al. 2012, Kaskela and 

Kotilainen 2017). The bottom features include such as basins, plains, elevations and 

valleys. The sediments in the different geomorphological features vary form fine 

sediments to coarser sediments (Kaskela et al. 2012) and are represented mainly by 

glacial sediments such as fluvial material and varved clays and silts or post-glacial 

sediments that were deposited during limnic and brackish-water phases of the BS 

(Kaskela et al. 2017).  

The hydrography of the GOF is highly complex and the oxygen conditions vary 

seasonally. The GOF receives saline water from the seaward end in the west and fresh 

water from rivers in the east of which the River Neva is most significant (Alenius et al. 

1998). This water exchange creates a strong and permanent salinity gradient (Perttilä et 

al. 1995, Leppäranta and Myrberg 2009, Vallius et al. 2011). The salinity increases from 

the east to the west ranging from 0‰ to 9‰ (Alenius et al. 1998). The river Neva 

discharge is approximately 75% (18% of the whole Baltic Sea, Leppäranta and Myrberg 

2009) of the total freshwater input to the GOF (Pitkänen et al. 2008) and it includes the 

most severe loading of the whole BS (Alenius et al. 1998). However the Vyborg Bay 

area and Kymijoki are also significant carriers of heavy metals especially in the eastern 

part of the GOF (Vallius et al. 2007).  

In the BS area the seasonal thermocline in the summer and especially the salinity define 

the stratification of the water masses (Alenius et al. 2016). The halocline is strongest in 

the western parts of the GOF and it is found at depths of 60–80 m (Leppäranta and 

Myrberg 2009, Alenius et al.1998). In the eastern parts of the GOF the halocline 
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eventually disappears due to the strong mixing caused by the River Neva discharge 

(Perttilä et al. 1995, Pitkänen et al. 2003). The bottom layers are often stranded by the 

halocline (Leppäranta and Myrberg 2009) and mixing of the bottom water masses is 

confined to the autumn and early winter mixing (Alenius et al. 2016).  

Sediments have a good capacity to release and retain nutrients (Pitkänen et al. 2008) and 

in the GOF the surface sediment organic matter and nitrogen concentrations are 

relatively high in the Baltic Sea area (Lehtoranta 2003). The ferromanganese 

concretions are also good traps for various elements such as phosphorous which is 

closely related to Fe (Ingri 1985) and it is estimated that concretions in the eastern GOF 

contain significant amounts of P (Vallius et al. 2011). During hypoxia Fe-oxide bound P 

of surface sediments is shown to act as an internal source for P (Mort et al. 2010, Jilbert 

et al. 2011). The concretions also have 1.5–5 times higher concentrations of most metals 

compared to the average seafloor surface gyttja clays (Vallius et al. 2011) and the 

concentrations of e.g., Pb, Zn and Cu in the surface micro-layers of concretions have 

increased 3–5 times due to anthropogenic influence (Zhamoida et al. 2007). The 

seafloor of the GOF is prone to anoxia and the high organic matter content of the 

surface sediments increase the anoxia by breakdown of these sediments (Pitkänen et al. 

2008, Vallius et al. 2011). In the GOF the anoxia is considered a natural phenomenon 

occurring seasonally and also as a permanent state of the waters below the halocline. 

Ferromanganese concretions are sensitive to changes in environmental conditions and 

the permanent anoxia could spread to the areas of ferromanganese growth leading to the 

dissolution of the concretions and the release of phosphorous and other harmful 

substances to the sea which further deteriorates the already poor state of the GOF. 

(Vallius 2011) 

Abundant concretion fields can however partially control the redox conditions of the 

environment. The concretions fields are located at the margins of anoxic and stable oxic 

conditions in the sediments. The concretions can restrain the oxygen content 

fluctuations in near bottom waters and sediments by the transformation of Mn
2+

 to Mn
4+

 

and back.  If the concretion growth seizes, it can lead to the dissolution of the 

concretions and subsequent re-pollution of the bottom waters (Zhamoida et al. 2007). 

Yli-Hemminki et al. (2014) also point out that the concretions and the bacteria they host 

may have noticeable impact on the biochemical cycles of Fe, Mn, P and other harmful 

metals in the BS. This is because of their abundance, physical and geochemical 
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properties and the fact that the bacteria colonized by the concretions are able to 

participate in the oxidation of Mn and Fe. 

 

3. THE FERROMANGANESE CONCRETIONS IN THE GULF OF 

FINLAND 

 

3.1 The source of Fe and Mn and the formation of ferromanganese concretions 

 

The Fe and Mn are transported to the Baltic Sea by weathering of silicate rocks and by 

fluvial processes, eventually accumulating to the seafloor (Winterhalter 2004, Raiswell 

and Canfield 2012) as colloidal or suspended particles (Krachler et al. 2005). The Neva 

river is likely to be one source of these elements especially in the eastern GOF where 

the Mn-rich spheroidal concretions are abundant. The Neva river discharge is spread 

around the GOF in an anti-clockwise direction and as the colloidal particles mixed with 

freshwater reach the sea, the seawater neutralizes the surface charges of the particles 

resulting in precipitation (Zhamoida et al. 1996). Another possible source of Fe and Mn 

is the glacial till covering the basin of the GOF; Fe and Mn are substantial constituents 

of glacial till and are there for considered to be a source for these elements (Ingri 1985). 

In the Baltic proper the Mn and Fe are enriched in basinal waters below the halocline 

due to anoxic conditions. The inflows from the North Sea bring oxygenated water and 

transport Mn and Fe and other metals from the bottom waters to oxygenated areas where 

they can be incorporated in concretion formation (Emelyanov 1986). This is thought to 

be the main source of Fe and Mn for spheroidal concretions in the Baltic Proper where 

the inflows from the North Sea reach the bottom waters (Zhamoida et al. 2007).  

There are evidence that the formation of ferromanganese concretions is however not 

entirely the effect of physico-chemical precipitation (Zhang 2002). Studies from the 

GOF (Zhang 2002, Yli-Hemminki et al. 2014) and from the Pacific Ocean (Hu et al. 

2000) show that the formation of spheroidal ferromanganese concretions is connected to 

bacterial activity. Several different bacteria were found both inside and on the surface of 
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spheroidal concretions from the GOF. The bacteria in the concretions were able to 

participate in the oxidation of Mn and affect the formation of Fe oxides however only 

minority of these bacteria participates in the oxidation process (Yli-Hemminki et al. 

2014). Nanobacteria scale filamental microstructures found in spheroidal concretions 

also suggest that the formation of the concretions is connected to biochemical processes 

(Zhang 2002).  

Nevertheless the formation of ferromanganese concretions is a result of changes in the 

redox properties of the environment: Fe and Mn dissolve in reducing conditions, 

migrate upwards into the bottom waters, and precipitate under oxidizing conditions as 

oxyhydroxides (Ingri and Ponter 1986). The redox characteristics therefore control the 

distribution of Mn and Fe in the Baltic Sea area and are also connected to the 

morphology of the concretions (Glasby et al. 1997). In the Bothnian Sea for example 

where the redox levels are somewhat lower than in the Bothnian Bay, Fe-rich crust 

concretions are common while in the Bothnian Bay Mn-rich spheroidal nodules are 

abundant (Ingri and Ponter 1985). Increasing water depth increases the mobilization of 

manganese in the anoxic environment and therefor the highest Mn concentrations are 

found within the deepest concretion fields (Zhamoida et al. 1996). The processes 

affecting manganese adsorption include such as pH, reduction potential, the presence of 

Fe and Al oxides, salinity and temperature (Tebo et al. 2004). Spheroidal concretions 

are especially abundant in the eastern GOF where the mobilization and migration of 

manganese is more active. There the abundance of spheroidal concretions can locally 

reach 50–60 kg/m
2 

(wet weigh) (Zhamoida et al. 2017). In addition to depth other 

factors controlling the formation of spheroidal concretions are the distance to the source 

of the compositional materials and the location of the concretions in the sediment 

column. The concretions are usually found in the upper part of the sediment column 

whereas dissolution takes place in the lower part of the sediment column (Zhamoida et 

al. 1996). Concretion formation is possible only in oxidizing conditions however anoxia 

in the GOF is common below the halocline (Vallius et al. 2011). This in addition to 

concretions being buried in the sediments can lead to the dissolving of the concretions. 

In these circumstances the concretions either dissolve completely or form unfamiliar 

forms of concretions (Zhamoida et al. 2007).  

The growth rates of the concretions are geologically speaking fast (Zhamoida et al. 

2007) and the bacteria that participate in the oxidation of Fe and Mn found in the 
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ferromanganese concretions can partly explain these high growth rates (Yli-Hemminki 

2014). There are several studies and methods concerning the growth rates and ages of 

ferromanganese concretions in the BS area. Studies from the GOF estimate the growth 

rates of spheroidal concretions to be 7.5–9 mm/ka (Anufriev et al. 2005 and Anufriev 

and Boltenkov 2007) by using helium isotopes and 14–60 mm/ka by using 
210

Pb 

(Grigoriev et al. 2013 and Zhamoida et al. 2007). The ages of spheroidal concretions 

were estimated using 
210

Pb isotope to be ca. 679–859 years (Grigoriev et al. 2013). 

 

3.2 The morphology and associated environments of ferromanganese concretions 

in the Gulf of Finland 

 

The sedimentological, geographical and hydrological conditions vary significantly in 

different parts of the Baltic Sea area. The morphology and distribution of different 

concretion types is connected to the underlying sediments and the relief of the seafloor 

(Zhamoida et al. 1996). Different morphological types of ferromanganese concretions 

are formed in specific environments of which two typical environments for concretions 

have been identified from the eastern GOF (Zhamoida et al. 1996, 2004).  

3.2.1 Spheroidal and buckshot concretions 

 

Mn-rich spheroidal and buckshot concretions are commonly found in concretion fields 

that are located at the margins of basins at depths of 20–100 m with a slope angle of 

1–2 degrees. They are the most common concretion types in these fields though other 

concretion types can be found. The basins are covered by Late Holocene muds but in 

some cases the concretions can also be found at the margins of recent marine mud zones 

(Zhamoida et al. 1996). Usually the concretions are located at the sediment/water 

interface either covered by a thin layer of sediment or partially covered by the 

underlying sediment (Zhamoida et al.1996, Winterhalter 2004). 

Spheroidal concretions (2–30 mm in diameter) are round or more often sub-rounded 

concretions consisting of concentric Mn-rich and Fe-rich layers and are usually found in 

the topmost sediment 50–150 mm deep. Usually there is a silty-clay mud covering the 
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upper layer however in some cases the concretions are exposed at the seafloor 

(Zhamoida 2004). Especially in the area of spheroidal concretions sedimentation rates 

are usually low (Ingri 1985) and the bottom currents high (Glasby et al. 1997). 

Sometimes spheroidal concretions can form ellipsoidal or more round shaped 

concretions with dissolution features. These concretions can be bigger in size 

(15–60 mm) and are considered to be irregular or transient forms (Zhamoida 2004). In 

some cases the spheroidal concretions are known to have grown together to form a crust 

like formation (Winterhalter 2004).  

Buckshot concretions (< 2mm) are small roundish shaped concretions. In the early 

studies (eg. Gripenberg 1934 and Winterhalter 1966) the buckshot and spheroidal 

concretions were usually classified as one and the same concretion type. Later the 

classification was extended to fit the modern classification limits.  

3.2.2 Discoidal and crust concretions 

 

Discoidal and crust concretions are commonly formed in areas that are located on the 

slopes of islands and shoals in areas of low sedimentation rate. In the eastern GOF these 

concretions are found at water depths of 3–60 m (Zhamoida et al. 2004). In the Bothnian 

Bay and Bothnian Sea the crust concretions have been found commonly quite deep (up 

to 92 m and 135 m, respectively). Discoidal concretions have been found up to 65 m 

deep in the Bothnian Sea (Winterhalter 1966). These concretions are not commonly 

abundant in the eastern GOF however occasionally concretions can be found 

accumulated at the foot of slopes as a result of lateral movement of the concretions 

(Dean et al. 1981). In the GOF area the crust concretions are found forming wide and 

solid layers which can be broken down to smaller pieces (Winterhalter 1966). 

Discoidal concretions (40–70 mm in diameter, 4–10 mm thick) typically grow around a 

nucleus, a mineral grain for instance, forming a lateral growth pattern (Zhamoida 2004). 

These concretions are usually convex on the upper size and show dissolution features on 

the concave underside which indicates that the source of Mn and Fe originates from the 

underlying sediments rather than the surrounding seawater (Winterhalter 1966). 

Discoidal concretions are generally found on sandy sediments overlaying clayey or silty 

sediments (Winterhalter 2004).  
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Crust concretions are large flat crusts with granular surface texture (up to 200–300 mm 

in diameter, 2–50 mm thick) (Winterhalter 1966, Zhamoida 2004). Crusts can be further 

divided into two types; crusts that are fixed to e.g. rocks or remnants or glacial clay and 

a more or less coherent concretion formation varying from few millimeters to two 

centimeters in thickness (Winterhalter 2004). Crusts usually form darker and lighter 

layers up to few millimeters thick. Winterhalter (1996) suggest that the color changes 

are formed due to mineral grains and other compositional elements embedded in the 

crusts rather than due to changes in alternating Mn and Fe layers as seen in other 

concretion types. The underlying sediments are usually silty or clayey sediments 

(Winterhalter 2004). It is possible that the crusts form when there are no mineral grains 

for the discoidal concretions to form around or when the conditions for the formation of 

nodular concretions are absent. The formation of crusts is nevertheless the result of 

deposition of Mn and Fe oxyhydroxides directly from the surrounding sea water. 

Sometimes broken pieces of crusts can start to grow laterally in similar manner as 

discoidal concretions (Winterhalter 1966, 2004).   
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1 A. Buckshot concretions. Concretions on 

top of oxidized silt layer. Underneath, 

glacial clay with sand lenses. Seafloor 

structure basin. Photo: GTK 

 

 

1 B. Spheroidal concretions, 0.5- 4 cm in 

diameter. Concretions were covered by a 

thin sediment layer, in muddy sand. 

Seafloor structure crest. Photo:GTK 

 

 

1 C. Discoidal concretions covered 90% of 

the seafloor in the sampling area. 

4-5 cm in diameter. Oxidised muddy sand 

in between nodules, underneath clay, 

stones and sand. Seafloor structure crest. 

Photo:GTK 

 

1 D. Crust concretions that covered the 

whole seafloor in the sampling area. Up to 

7 cm in diameter. Concretions were 

covered by muddy sand, underneath sandy 

clay.  Seafloor structure crest. Photo:GTK

A B 

C D 

A B 

C D 
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Figure 2. A. Pieces of crust concretions. The concretions formed a 1 cm thick layer on the 

surface of the seafloor. Erosional sand layer under the concretions, glacial clay below the sand. 

B. One sample of ferromanganese precipitate on a rapakivi granite. The bottom of the seafloor 

was covered by rocks 3 – 15 cm in diameter. The ferromanganese precipitates in the seafloor are 

seen in figure 3C. Photos: GTK. 

 

  

  

Figure 3. Concretions on the seafloor. A. Spheroidal and discoidal concretions, B discoidal 

concretions, C. ferromanganese precipitate covering rapakivi rocks, D crust concretions that are 

also seen in figure 1 D. Photos/videos: GTK. 

A 

A B 

C D 

B 

B 
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4. MATERIALS AND METHODS 

 

 

The materials of this study were supplied by Marine Geology Unit, the Geological 

Survey of Finland. The expeditions in the GOF were made during 1984–2003 and 

2008–2012. The materials in this study are based on sample descriptions, photographs 

and videos which were made during the expeditions. The samples were collected with a 

box corer and with a Van Veen grab sampler. Both samplers are intended to underwater 

surface sediment sampling of which the box corer gives more undisturbed and therefore 

more reliable samples. The sampling sites in the GOF can be seen in figures 4, 5 and 6. 

The coordinates are in the WSG 84 UTM 35 N coordinate system. 

 

4.1 Classification of the concretions 

 

The ferromanganese concretions were categorized by using the classification by 

Zhamoida (2004). The concretion types and their descriptions are presented in Table 1. 

Some alterations in the classification were made because the samples were not available 

for closer observation. The sizes of some concretion types were changed because the 

samples did not fit the existing classification limits. An additional class was added for 

those concretions that had no specific description (concretions) and in this study 

irregular concretion type is not considered as a concretion type, rather a group of 

samples with irregular morphology (description below). Concretion samples deeper than 

2 cm in the sediment column are not included. In addition some of the samples did not 

include information about the water depth in the sampling site or the bottom 

sediment/sediments. In some cases there was more than one concretion type in the same 

sampling site. These combination samples (16 samples) are treated separately because 

here the focus is on individual concretion types. 
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Table 1. Descriptions of different concretion types. 

Concretion type Description 

Buckshot   < 2 mm in diameter, round or roundish shape. 

Spheroidal 2 - 7 mm 2 mm–7 mm in diameter, round or roundish shape. 

Spheroidal 20 – 600 mm 20 mm up to 600 mm in diameter. Round or roundish nodules. Majority of the concretions 

were 1–2 cm in diameter. Possibly irregular and/or transient forms. 

Spheroidal (size unknown) These concretions had no information about the size.  

Discoidal 20 mm –80 mm in diameter. Flat, disclike concretions. 

Crust 10 mm–700 mm in diameter. Flat shaped concretions. 

Irregular Concretions of irregular forms such as elongated concretions and helmet-like shaped 

concretions that did not fit any other category. These concretions were categorized into 

this group because they were not available for closer observations. 

Concretion No description of the size or shape of the concretions. 
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Figure 4. Map showing the sampling sites and the different concretion types. Map from HELCOM, OpenStreetMap. 
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Figure 5. Samples on the western sampling area, concretion types and seabed substrate. Hard bottom includes: bedrock and hard bottom complex, patchy hard 

surfaces and coarse sand (sometimes also clay) to boulders, sand includes: fine to coarse sand (with gravel exposures) and mud and clay includes: hard clay 

sometimes/often/possibly exposed or covered with a thin layer of sand/gravel and gyttja-clay to gyttja-silt. Seabed substrate from HELCOM (DHI, EuSeaMap, 

BALANCE). 



21 
 

 
Figure 6. Samples on the eastern sampling area, concretion types and seabed substrate. Hard bottom includes: bedrock and hard bottom complex, patchy hard 

surfaces and coarse sand (sometimes also clay) to boulders, sand includes: fine to coarse sand (with gravel exposures) and mud and clay includes: hard clay 

sometimes/often/possibly exposed or covered with a thin layer of sand/gravel and gyttja-clay to gyttja-silt. Seabed substrate from HELCOM (DHI, EuSeaMap, 

BALANCE)
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4.2 Environmental variables 

 

The sample descriptions and environmental variables can be seen in Table 2 and 

Table 3. The environmental variables used in this study are water depth, sediments 

associated with the concretions, seabed structure type, slope, roughness, distance to 

coast, distance to river, surface wave exposure, bottom wave exposure and bottom 

current velocity. In addition to these variables one of the most important factor 

controlling the formation and preservation of ferromanganese concretions are the redox 

conditions of the local environment (Ingri 1985, Glasby 1997). Accurate seawater 

oxygen concentration data in the sampling area was not available at the time of this 

study. 

 

Table 2. Environmental variables and their definitions. Slope, roughness, distance to coast, 

distance to river by Kaskela and Kotilainen 2017.  Bottom current produced by the BALANCE 

project. 

Variable Description 

Depth Water depth of the sampling site 
Sediment on top of the 
concretions 

The sediment type found on top of the concretions  

Sediment below the 
concretions 

The sediment where the concretions were found 
embedded in or the sediment right below the concretions.  

Sediment on the bottom The bottom sediment which had no direct contact with 

the concretions 

Seabed structure Seabed structure of the sampling location (see Table 3 

below) 

Slope Rate of change in bathymetric depth 
Roughness Standard deviation of slope calculated for areas having a 

radius of  
20 km 

Distance to coast Euclidean distance to closest coast 
Distance to river Euclidean distance to closest river 
Surface wave exposure The influence of the waves on the sea surface 
Bottom wave exposure The influence of the waves on the bottom of the sea 
Bottom current Bottom current velocity m/s 
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4.2.1 Sediments 

 

The sediments were classified according to the sample descriptions. The sediment on 

top of the concretions was either a thin layer of sediment above the concretions or the 

sediment where the concretions were embedded in. If the concretions were embedded in 

the sediments, the topmost sediment and the sediment below the concretions were the 

same. The bottom sediment is the sediment below the layer where the concretion was 

found and this layer had no direct contact with the concretions. The sediment data is 

point-source information as it originates from the sediment samples. The spatial 

resolution is high, and the sample locations are based on DGPS –positioning. 

 

 

Table 3. Seabed structure types by Kaskela et al. (2012). 

Seabed structure type 
(BPI) and distribution 
in the GOF (%) 

Description Substrate 

Crest (32%) Elevations of seafloor including 
plateaus, hills, banks and sills 

Sand, clay and hard 
clay, 
moraine formations 
Bedrock and 
boulders 
 

Basin (33%) Depression in the seafloor, more 
or less equivalent dimensional in 
plain and of variable extent 
 

Mud and clay 
Coarse substrates 

Valley and trough 
(10%) 
 

Troughs are steep sided, long 
depressions in the seafloor. Valleys 
are steep sided small depressions 
or relatively shallow depressions 
 

Mud and clay 
Coarse substrates 

Plain (25%) Large areas where relief stays low 
and homogenous 

Mud and clay 
Coarse substrates 
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4.2.2 Seabed structure type 

 

The seabed structure types (BPI, bathymetric position index by Lundblad et al. 2006) 

are modified to fit the BS environment with a point density of 200 by 200 m (Kaskela et 

al. 2012). The seabed structure types each include substrates that are seen in table 3. 

Coarse substrates include hard clay, sand, complex sediments combined and bedrock. 

Plains and basins cover over half of the GOF seafloor, elevations cover nearly third and 

valleys and holes cover one tenth of the surface of the GOF.  (Kaskela et al. 2012) 

4.2.3 Slope and roughness 

 

The slope and roughness describe the overall effect of geological processes such as 

bedrock faulting, pre-glacial erosion and glacial erosion and accumulation. Surface 

roughness is most effectively described with the slope with 20 km radius (Kaskela et al. 

2017 and Grohmann et al. 2011).  

4.2.4 Distance to coast and distance to river 

 

Distance to coast and distance to river elucidate the influence of beach and near shore 

processes and the supply of fluvial material such as Fe from the continents (Kaskela and 

Kotilainen 2017). 

4.2.5 Wave exposure 

 

The wave exposure values were obtained from Kaskela and Kotilainen (2017). The 

values are based on wave exposure grids for the Finnish coast calculated by Isaeus and 

Rygg (2005). Wave exposure is among the most important mechanisms structuring the 

archipelago environment (Isaeus and Rygg 2005). The seabed sediments in the shelf 

area are eroded and transported mainly by tides, wind-generated waves, bottom currents 

and ice. Energy in the seafloor is derived from the wind-induced surface waves that 

eventually reach the bottom of the sea (Kaskela and Kotilainen 2017). The wave-energy 
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effects sedimentation down to ~70–80 m deep in the Baltic Sea (Kohonen and 

Winterhalter 1999, Jönsson et al. 2005). 

Surface wave exposure (SWE) values cover the surface of the sea which takes into 

account obstacles such as islands and skerries. It describes how sheltered the surface 

area is: the SWE increases with depth indicating that when moving towards the center of 

the GOF where there surface of the sea is more open the values increase as the depth 

tends to increase when going offshore. In sheltered archipelago areas the SWE values 

are smaller than in the open sea.  

In the same manner bottom wave exposure (BWE) values are commonly smaller in 

deeper areas such as in the middle of the GOF where the bottom is sheltered and in 

contrast bigger values are obtained in open areas such as crests that are elevated features 

on the bottom of the sea. Uniform values indicate areas of low relief seabed structures. 

4.2.6 Bottom current velocity 

 

Currents in the sea are generated by different parameters such as tidal motion, wind 

stress, density differences due to differences in salinity or temperature, seismic activity 

and motion of the earth in near shore regions. Currents in the shore areas are usually 

wave-induced and when moving off the archipelago area the tidal and meteorological 

forces are the most important current generating parameters. Close to the sea bottom a 

turbulent layer forms due to the friction of the bottom current. This layer varies from 

few meters to several tens of meters in thickness. The current speed increases 

nonlinearly with the height above the seabed so that near the bottom the current speed is 

zero increasing to maximum values towards the top layer. (NERI, BALANCE, Bendsten 

et al. 2007.)  
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5. RESULTS 

 

 

5.1 Sources of error 

 

The classification of the concretions in this study was carried out by examining the 

sample descriptions, pictures and videos (if available). Pictures and videos were used to 

confirm the concretion type and sediments mentioned in the description. It is possible 

that some samples are classified incorrectly especially if there were no pictures to 

confirm the concretion type. 

Bulk of all samples had no sediment covering the concretions. Especially spheroidal 

concretions (table 5) are often found covered by a thin layer of silty-clay mud 

(Zhamoida 2004) and the results show that only 10 % of the samples were covered by 

muddy sand. The absence of the sediments above the concretions is most likely due to 

the sampling method. The samples were collected with Van Veen grab sampler and a 

box corer which can cause the fine grained topmost sediment to wash away or leaving 

only the coarser grained sediments on top of the concretions. Figure 3 shows the 

concretions on the seafloor and especially in the Figures 3B, and 3D the thin layer 

covering the concretions is clearly visible.  

The environmental variables such as slope and roughness might not represent the 

smaller scale environments to their full extent due to the broad-scale resolution of the 

variables (Kaskela and Kotilainen 2017). 
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5.2 The sedimentary environment  

Number of samples, water depths and seabed structure types of different concretion 

types can be seen in Table 4. The water depth of all samples ranges from 9,9 m to 65 m. 

Crust concretions are found deeper than any other concretion type. Discoidal 

concretions are the most abundant concretion type (20,5 % of all samples) while some 

concretion types had a very low number of samples. Majority of the samples (108/200) 

are found on crests and especially discoidal concretions are abundant in these areas. 

Valleys and troughs are the most uncommonly associated seafloor structure type with 

ferromanganese concretions however spheroidal concretions are found most frequently 

in these areas when comparing to other concretion types- 

5.2.1 Spheroidal and buckshot concretions 

 

The bigger spheroidal concretions (20–600 mm) are likely to represent irregular and/or 

transient forms of spheroidal concretions as they were up to 6 cm in diameter. Majority 

of these samples were 1–3cm in diameter. Sampling sites of all spheroidal concretions 

were found to have various sized concretions in the same site of which majority were 1–

2 cm in diameter and only two samples having a diameter of 4–6 cm. Detailed 

descriptions of surface texture and shape of the concretions were unknown and therefore 

they were not categorized as transient forms as in the Zhamoida et al. (2004) 

classification. Sediments associated with spheroidal concretions can be seen in Table 5. 

The topmost sediment was missing in majority of the samples. Bigger concretions (20–

600 mm) were most commonly found on clay or clayey sediments and the smaller 

concretions (2–7 mm) on muddy clay or sand. The bottom sediments were clay in 

majority of the samples. The bigger spheroidal concretions (20–600 mm) were most 

abundant of all spheroidal concretions and also had the widest depth range as seen in 

Figure 7.  

On average, buckshot concretions were found in relatively shallow water. The topmost 

sediment was either muddy sand or silt. These concretions were found on all bottom 

structure types and found mostly on clayey sediments underlain by clay. 
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Table 4. Water depths of different concretion types and the associated seafloor structure type. Seafloor structure types from Kaskela and Kotilainen 2017. 

Concretion type 

 

 
Depth (m) 

 
Mean 

 
 
 

Minimum 

 
 

 
Maximum 

Seabed 
structure 

 
Crest 

 
 
 

Basin 

 
 
 

Valley and trough 

 
 
 

Plain 

 
 
 

 Number of 
samples 

 

Buckshot 
31,0 12,0 49,0 

 
2 

 
2 

 
1 

 
2 

 
7 

 
3,5 % 

Spheroidal 2-7 mm 
37,5  27,0 48,0 

 
0 

 
0 

 
1 

 
1 

 
2 

 
1 % 

Spheroidal 20-600 mm 31,3 15,5 45,9 

 
3 

 
1 

 
2 

 
4 

 
10 

 
5% 

Spheroidal (size unknown) 45,6 39,0 52,0 

 
2 

 
2 

 
2 

 
1 

 
7 3,5% 

Spheroidal (all samples) 37,2 15,5 52,0 

 
5 

 
3 

 
5 

 
6 

 
19 

 
9,5% 

Discoidal 29,1 9,9 53,9 
 

31 
 

6 
 

1 
 

2 
 

41 
 

20,5 % 

Crust 49,3 25,3 65,0 
 

6 
 

3 
 

0 
 

2 
 

11 
 

5,5 % 

Irregular 29,1 9,9 55,0 
 

7 
 

3 
 

2 
 

0 
 

12 
 

6 % 

Concretion (no description) 36,9 9,9 60,0 
 

49 
 

16 
 

10 
 

16 
 

94 
 

47% 

Spheroidal and buckshot 53,0 51,0 54,9 
 

3 
 

0 
 

0 
 

0 
 

3 
 

1,5 % 

Spheroidal and crust 45,0   
 

0 
 

0 
 

1 
 

0 
 

1 
 

0,5 % 

Spheroidal and discoidal 39,9   
 

1 
 

0 
 

0 
 

0 
 

1 
 

0,5 % 

Discoidal and buckshot 38,7 18,4 56,9 
 

1 
 

2 
 

0 
 

1 
 

4 
 

2 % 

Discoidal and crust 42,4   
 

0 
 

1 
 

0 
 

0 
 

1 
 

0,5 % 

Discoidal and concretion 27,9   
 

1 
 

0 
 

0 
 

0 
 

1 
 

0,5 % 

Discoidal and irregular 35,9 13,9 59,0 
 

0 
 

1 
 

0 
 

2 
 

3 
 

1,5 % 

Crust and irregular 44,5   
 

1 
 

0 
 

0 
 

0 
 

1 
 

0,5 % 

Discoidal, buckshot and crust 63,4   
 

1 
 

0 
 

0 
 

0 
 

1 
 

0,5 % 

Number of samples    

 
108 

 
37 

 
20 

 
31 

 
200 
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Figure 7. Water depth range of different concretion types. The box plot graph shows  
the distribution of each dataset; minimum values (excluding outliers) are shown by the 
lower lines extending from the boxes (first quartile), median is shown as the horizontal 
line in the box and the upper lines represent the maximum values (excluding outliers) 
and the upper quartile of the dataset. Small circles are outliers that represent extreme 
values of the dataset.  
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Table 5. Sediments associated with spheroidal concretions: sediments above the concretions, sediments below the concretions/the sediments where 

the concretions were found and the sediment on the bottom of the sample.  

Sediments Sediments on top of the concretions Sediments below the concretions Bottom sediments 
 Spheroidal  

2-7 mm 
Spheroidal 
20-600 mm 

Spheroidal 
(size 

unknown) 

Spheroidal  
2-7 mm 

Spheroidal  
20-600 mm 

Spheroidal 
(size 

unknown) 

Spheroidal  
2-7 mm 

Spheroidal  
20-600 mm 

Spheroidal 
(size 

unknown) 

Clay     30%   22,2% 14,3% 
Varved clay     20% 28,6% 50% 55,6% 57,1% 
Sulphide 
clay 

    10%   11,1%  

Silty clay       50%  14,3% 
Muddy clay    50%     14,3% 
Mud      14,3%    
Sand    50% 30% 42,9%  11,1%  
Silty sand          
Muddy sand  10%   10%     
Clayey sand      14,3%    
No sediment 100% 90% 100%       

Number of 
samples 

2 10 7       
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5.2.2 Discoidal and crust concretions 

 

Discoidal and especially crust concretions were occasionally found widely distributed 

on the bottom of the sea which is common in the GOF. In some sampling sites crust 

concretions formed a wide and thick layer as seen in Figure 3D. Both discoidal and crust 

concretions were quite large in size, up to 8 cm and 7 cm in diameter (respectively). 

The sediments associated with discoidal concretions had the widest variability as seen in 

Table 6 and Figure 8. The thin sediment layer above the concretions reflects the 

underlying sediments; both were mostly muddy sand or sand in roughly half of the 

samples. Discoidal concretions were most frequently found on sand or sandy sediments 

whereas all other concretions types were most commonly found underlain by clay or 

clayey sediments. In some samples the sediments underlying discoidal concretions were 

represented by finer sediments such as clay and coarser sediments e.g. stony sand and 

glacial till. The bottom sediments were mostly clay. The seabed structure was most 

commonly crest which is reflected by the sandy sediments associated with these 

concretions.   

Majority of the crust concretions were found on clay, muddy sand or other fine grained 

sediments such as silty mud. The bottom sediments were mostly clay or clayey 

sediments. Figure 3D shows the crust concretions on the seafloor and the same 

concretions are seen in Figure 1D. The seabed structure was either crest or low relief 

seabed structure i.e. basin or plain.  

5.2.3 Irregular concretions 

 

Irregular concretions consist of concretions that did not fit any other category. In this 

study they are not considered as a concretion type, rather a group of samples with 

irregular morphology. These concretions were generally found relatively shallow. Most 

common seabed structure was crest however they were found also on basins and valley 

and troughs. Slope and roughness values were similar than with discoidal concretions. 

Table 7 shows that the topmost sediment was sand, muddy sand or clayey sand. These 

concretions were found on top of the uppermost sediment layer i.e. they were not 
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embedded in the sediment column. Sediments below the concretions were mostly clay 

or sandy sediments. Bottom sediments were clay in majority of the samples. 

5.2.4 Concretions 

 

These concretions are found at depths of 9,9m to 60 m and on all seabed structure types 

of which crest is most common. The sediments associated with these concretions vary 

significantly which is probably due to the fact that these samples may cover all 

concretion types. Sediments on top were most commonly sandy sediments. Sediments 

below the concretions ranged from clay to stones, clay and sand being the most common 

sediments. Bottom sediments were commonly clay or clayey sediments. 

5.2.5 Samples with several concretion types 

 

There were 16 samples that had two or more concretion types in the same sampling site. 

All concretion types were found to co-exist with at least one other concretion type of 

which discoidal concretions were the most common. Majority of these samples were 

found on crests. All other concretions types apart from crust concretions were found at 

deeper water depths when associated with another concretion type. Buckshot 

concretions were found up to 14,4 m deeper than samples that had only buckshot 

concretions in the sampling site.  
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Table 6. Sediments associated with discoidal, buckshot and crust concretions: sediments above the concretions, sediments below the concretions/the sediments 

where the concretions were found and the sediment on the bottom of the sample.  

Sediments Sediments on top of the concretions Sediments below the concretions Bottom sediments 
 Discoidal Buckshot Crust Discoidal Buckshot Crust Discoidal Buckshot Crust  

Clay    8,9% 28,5% 10% 20% 40%   
Varved clay    2,2%  30% 30% 20% 33,4%  
Sulphide clay    2,2%   6,7%  11,1%  
Silty clay       16,7%  22,2%  
Muddy clay     14,3%      
Sandy clay 2,5%    14,3% 10% 3,3% 20%   
Mud 2,5%  9,1% 4,4%  10%     
Silty mud      10%     
Sandy mud 2,5%   6,7%   6,7%    
Silt  14,3%         
Sandy silt 2,5%   4,4%       
Sand 25%   22,2% 14,3% 10% 3,3% 20% 11,1%  
Silty sand 2,5%   4,4%       
Muddy sand 27,5% 28,6% 27,3% 24,4%  20%     
Clayey sand 2,5%   8,9% 14,3%  6,7%    
Stony sand    8,9%   3,3%    
Stones   9,1%        
Glaciall till    2,2%   3,3%  22,2% 
No sediment 32,5% 57,1% 54,5%       

Number of 
samples 

41 7 11       
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Table 7. Sediments associated with irregular concretions and concretions (no description): sediments above the concretions, sediments below the concretions/the 

sediments where the concretions were found and the sediment on the bottom. 

 Sediments on top of the concretions Sediments below the concretions Bottom sediments   
 Irregular Concretion Irregular Concretion Irregular Concretion 

Clay   8,3% 30,8% 33,34% 58,1% 
Varved clay   25% 3,2% 22,24% 9,1%  
Sulphide clay    1,1%  3,5%  
Silty clay     11,1% 4,7%  
Muddy clay  3,3% 16,7% 9,5%  1,2%  
Sandy clay     11,1%   
Sandy muddy clay    2,1%    
Sand 25% 5,4% 16,7% 29,7% 11,1% 8,1%  
Silty sand    1,1%  1,2%  
Muddy sand 16,7% 7,6% 16,7% 9,6% 11,1% 1,2%  
Clayey sand 8,3%  8,3%   2,3%  
Stony sand    4,3%  1,2%  
Silt      4,7%  
Clayey silt      3,5%  
Sandy silt  1,1%  1,1%    
Mud   8,3% 3,2%    
Silty mud  3,3%  1,1%    
Sandy mud    1,1%    
Stones  1,1%  2,1%    
Glaciall till      1,2%  
No sediment 50% 78,2%      

Number of 
samples 

12 94      
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                         Figure 8. Sediments below the concretions. Mud includes: mud, silty mud and sandy mud,clay includes: clay, varved clay, 

                            suplhide clay, muddy clay, sandy clay and sandy mud clay, silt includes: silt, clayey silt and sandy silt, sand includes: sand, 

                            silty sand and clayey sand, coarse includes: stony sand and glaciall till. 
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5.3 Environmental variables 

 

Environmental variables slope, roughness (20 km), surface wave exposure, bottom wave 

exposure, distance to coast and to river and bottom current velocity (m/s) of different 

concretion types are seen in Table 8. 

5.3.1 Slope and roughness 

 

Average slope values were highest with buckshot, crust and discoidal concretions. 

Discoidal concretions had the widest range in slope and roughness values and also the 

highest and lowest single values in both variables. 

5.3.2 Distance to the coast and to river 

 

The range in distance to the coast of spheroidal (not 2–7 mm), crust and irregular 

concretion types appears to be larger than that of the discoidal and buckshot concretions 

(Figure 11). Discoidal and buckshot concretions were generally found closest to coast. 

Discoidal and crust concretions had the widest range in distance to river. Concretions 

(with no description) and crusts covered a wide range in relation to both variables. 

5.3.3 Surface wave exposure  

 

Surface wave exposure (SWE) in relation to depth is illustrated in Figure 8. The SWE 

values increase as the depth increases. In the archipelago area near the coast and near 

e.g. islands the SWE values are lower.  

5.3.4 Bottom wave exposure  

 

The average bottom wave exposure (BWE) of discoidal concretions was several folds 

higher than that of other concretion types and had also the highest range as seen in 

Figure 9 and 10. Highest BWE values are found in crests whereas in the areas of basins, 

valley and troughs and plains the value stays fairly constant (Figure 10). Spheroidal 
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concretions have the lowest average BWE values apart from bigger spheroidal 

concretions (20–600 mm) which had the second highest average BWE values.  

5.3.5 Bottom current velocity (m/s) 

 

The sampling sites of spheroidal concretions had the highest bottom current velocity 

(BC) values and also the highest range in these values. Highest average BC velocity 

value was found with the spheroidal concretions (size unknown). Crust concretions had 

also high BC velocity values whereas buckshot concretions were found in areas of low 

BC velocity values. 

Figure 13 illustrates depth in relation to BC velocity.  Crust concretions seem to form in 

certain BC velocity range and spheroidal concretions (size unknown) also show some 

dependency in BC velocity.  



38 
 

Table 8. Environmental variables of different concretion types (range and average values). 

Concretion 
type 

Slope 
(degree) 

Roughness 
20k 

Surface wave exposure Bottom wave 
exposure 

Distance to coast (m) Distance to river (m) Bottom current 
velocity m/s 

Buckshot 0,28 - 1,21 
av.0,72 

0,4 - 0,44 
av.0,42 

29877 - 432926 
av.266880 

 
 

61 - 5954 
av.1881 

250 - 4366 
av.1876 

18481 - 32249 
av.22374 

 

0,001 - 0,010 
av.0,006 

Spheroidal 
2-7 mm 

0,42 - 0,46 
av.0,44 

0,42 - 0,43 
av.0,43 

180546 - 429218 
av. 304882 

39 - 139 
av.89 

1904 - 3824 
av.2864 

18832 - 21866 
av.20349 

0,0036 - 0,0108  
av.0,0118 m/s 

Spheroidal 
20-600 mm 

0,19 - 0,97 
av.0,51 

0,42 - 0,47 
av.0,43 

164141 - 443337 
av. 341460 

 

29-25023 
av.4475 

 

1250 - 11411 
av.5059 

18028 - 33979 
av.26510 

0 - 0,0206 
av.0,008 

Spheroidal 
(size unknow) 

0,22 - 0,61 
av.0,44 

0,42 - 0,44 
av.0,43 

424216 - 474075 
av.446173 

90 - 1688 
av.573 

2750 - 10983 
av.6614 

22060 - 3457 
av.28668 

0,01 - 0,02 
av.0,0119 

Spheroidal 
(all samples) 

av.0,47 
 

av.0,43 av.364273 av. 2560 
 

av. 5182 
 

av. 27295 av. 0,010 
 

Discoidal 0,13 - 2 
av.0,62 

0,19 - 0,64 
av.0,43 

47505 - 446094 
av. 269243 

 

0,01-114525 
av.11241 

250,00 - 12966 
av.2473 

11051 - 42300 
av.23150 

 

0,0034 - 0,0208 
av.0,0093 m/s 

Crust 0,22 - 0,93 
av.0,71 

 

0,46 - 0,47 
av. 0,47 

462989 - 46865 
av. 467589 

0,17 - 13940 
av.3588 

1768 - 14769 
av. 11950 

14020 - 44931 
av. 27755 

0,0073 - 0,0117 
av. 0,0108 

Irregular 0,24 - 1,63 
av.0,62 

0,37 - 0,47 
av.0,43 

22760 - 446094 
av.272437 

0 - 28075 
av.5300 

250,00 - 9890 
av.3064 

18229 - 39425 
av.25627 

0,001 - 0,0110 
av.0,0070 
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Figure 8. Surface wave exposure relative to water depth (m). 

 

Figure 9. Seabed structure relative to bottom wave exposure at discoidal concretion 

sites. Seabed structures 1= crest, 2= basin, 3 = valley and trough and 4= plain. 
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Figure 10. Seabed structure relative to bottom wave exposure at spheroidal, 

buckshot and crust concretion sites. Seabed structures 1= crest, 2= basin, 3 = valley 

and trough and 4= plain. 
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Figure 11. Distance (m) to coast of different concretion types.  

 

 Figure 12.Distance (m) to river of different concretion types. 
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Figure 13. Bottom current velocity (m/s) relative to water depth (m). 
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6. DISCUSSION 

 

 

6.1 Environmental variables 

 

6.1.1 Sediments 

 

Though the topmost sediment was missing in majority of the samples due to the 

sampling method, the videos confirmed that there was usually a thin sediment layer 

covering the concretions.  

Clay was clearly the most common sediment type below majority of different concretion 

types followed by sand and muddy sand (Figure 8). Discoidal concretions were most 

commonly found on sand or muddy sand (Table 6) which is a common seabed substrate 

type associated with these concretions (Winterhalter 2004). These concretions were also 

most frequently found underlain by coarser substrates. The underlying sediments of 

discoidal concretions reflect the seabed structure type as crests are commonly features 

where sand, clay and coarser substrates are found (Kaskela et al. 2012). In some 

samples the samplers/corers used did not reach the bottom sediments due to coarser 

grained sediments such as glaciall till and/or the thickness of the sandy sediments. In 

some cases (Figure 14) these sandy sediments on the top of the sample are residual (due 

to erosion) sediments, which often cover the exposed glacial clays at the seabed (e.g. 

Kaskela et al. 2012). 
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Figure 14. Photo of seabed sediment sample showing that glacial 

clay is covered with a thin residual sediment (mainly sand and 

gravel). Photo: SGU. 

 

6.1.2 Seabed structure, slope and roughness 

 

The gradation of the seafloor from archipelago area to offshore is not smooth and 

especially in the northern GOF several different geomorphological seafloor types are 

found (Kaskela et al. 2012). Crests cover up to a third of the GOF seafloor and are more 

common in the northern areas rather than the central GOF (Kaskela et al. 2012) hence it 

is not surprising that crests were the most common seafloor structure type in the study 

area. The geodiversity of the BS area generally increases towards archipelago areas and 

from south to north (Kaskela and Kotilainen 2017). The distribution of different 

concretion types could illustrate this feature of the northern GOF with respect to 

environmental variables that are limiting factors in the formation of ferromanganese 

concretions such as the substrate type and the bottom currents. The morphology of the 

seafloor also impacts nutrient availability (e.g. phosphorous), pH and toxins (Lawler et 

al. 2015). Areas of high geodiversity i.e. high heterogeneity show positive correlation 

with high species richness (Stein et al. 2014, Kaskela and Kotilainen 2017) which could 

be linked to ferromanganese concretion formation. 
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Due to the broad resolution of the slope and roughness variables they provide more 

reliable results when used in a larger scale environment rather than in a small scale and 

complex local environment such as the archipelago areas (Kaskela and Kotilainen 

2017). Areas of high slope and roughness values are often dynamic environments where 

deposition and erosion can vary within short distances. Though slope areas are rare in 

the BS area they are linked to high geodiversity which could be connected to the 

seafloor hydrodynamics e.g. the isolation from bottom currents (Kaskela and Kotilainen 

2017). The slope values of buckshot concretions were among the highest which likely 

describe the heterogeneity of the local environment where also calmer areas are found 

and where the environmental conditions for the formation of buckshot concretions are 

plausible: low bottom currents and the availability of compositional material trough 

erosion and resuspension. With discoidal concretions the slope and roughness values 

were high which is consistent with the fact that they are commonly found on crests and 

in areas of high bottom currents (Table 8). 

6.1.3 Distance to river and distance to coast 

 

The distance to river is a variable describing the supply of fluvial material to the sea and 

small distance to the river might indicate the dependence in the availability of e.g. Fe 

(Kaskela and Kotilainen 2017). Flocculation of Fe and flocculation of dissolved organic 

matter has been identified as an important mechanism of Fe sedimentation in coastal 

areas by affecting the chemistry of sediments and the diagenetic reactions involving Fe. 

The flocculation of Fe occurs between the contact horizon of fresh and saline water 

masses leading to the accumulation of labile Fe in the form of ferrihydrite and 

Fe (III)-OM. Offshore the flocculation is likely dependent on the steepness of the 

salinity gradient. The flocculated iron is transported to bathymetric depressions by 

currents and redox shuttling (Jilbert et. al. 2018). This mechanism is likely to be the 

source of Fe of concretions in the coastal areas. The GOF is a small-scale basin 

compared to the larger oceans and the sampling locations were all relatively close to 

coast and to rivers. Though the results show that some discoidal concretions were found 

closer to river than other concretions types, the range was also high (Table 8, Figure 11). 

Nevertheless the differences in the results in this respect are clearer among discoidal 

concretions. Also buckshot concretions seem to form in a certain range in relation to 
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distance to river however the number of samples is so low that it is unreliable to make 

conclusions on this basis.  

The coastal areas of the GOF are active and fragmented seafloor environments where 

various processes modify the seafloor (Kaskela et al. 2012, Kaskela and Kotilainen 

2017). Distance to coast gives insight how sensitive the concretions are to these 

processes and it could also be connected to the source of the compositional materials 

and processes related to it. Crust concretions and spheroidal concretions (size unknown) 

were found furthest away from the shore (Table 8, Figure 11). Crusts were found in 

relatively high-energy environments as the BWE and BC velocity values were quite 

high and based on previous studies (Winterhalter 1966), they possibly withstand the 

fluctuating environments of the coastal areas. The reason why they are not common in 

the coastal areas is possibly due to the water depth, quality of the seabed and the source 

of Fe and Mn.  

6.1.4 Wave exposure 

 

SWE values as assumed showed smaller values in the sheltered archipelago areas and 

increasing values at higher water depths (towards open ocean) (Figure 8). Typically the 

BWE values were highest in areas where the seabed structure was crest and lower 

values were found in areas of valley and troughs, plains and basins. This is because the 

areas of crests are elevated features and more open and therefor the bottom wave impact 

is higher.  

6.1.5 Bottom current velocity (m/s) 

 

The results showed that there is variance in the BC velocity values among different 

concretion types (Table 8). The BC velocity was high in areas of spheroidal concretions 

which is a commonly known feature in the area of their formation (Glasby et al. 1997) 

and also in areas where crust and discoidal concretions were found which is consistent 

with previous studies (Winterhalter 1966). Buckshot concretions were found in areas of 

low BC velocities which was expected as they are commonly found in fine grained 

sediments. 
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6.2 Spheroidal concretions 

 

Spheroidal concretions were categorized into groups by size. Small spheroidal 

concretions (2–7mm) were so few in number that it is not reliable to make any 

conclusions with this group. The only clear observation is that bigger spheroidal 

concretions with a size range of 20–600 mm are more abundant in the study area 

(Table 4). However the sizes of some spheroidal concretions were unknown (7 samples) 

and therefore reliable conclusions about the distribution of different sized spheroidal 

concretions in the study area cannot be made. Spheroidal concretions with a size range 

of 20–600 mm had the highest number of samples and this is why the focus is on this 

group. These concretions are most likely transient or irregular spheroidal/ellipsoidal 

forms as in the Zhamoida (2004) classification. Furthermore these concretions had 

similar results with concretions in the irregular concretion group which indicates that 

they are formed in similar environments. Spheroidal concretions (2–7 mm) and 

spheroidal concretions with no information about their size had also similar results 

(slope, roughness, BWE, BC velocity and distance to river) which could indicate that at 

they are possibly similar concretion formations (Table 8). 

Usually spheroidal concretions are found in areas of high bottom current velocities 

(Glasby et al 1997). The BC velocity values of all spheroidal concretions (average of all 

samples) were high and they were also among the highest comparing to other concretion 

types which is consistent with previous studies (Table 8). The average BC velocities of 

spheroidal concretions with a size range of 20–600 mm were clearly lower than the 

average of other spheroidal concretions, crust and discoidal concretions. These 

concretions were also found in areas of both low and high BC velocities (0–0.0206 m/s) 

indicating that the BC velocity might not be a limiting factor in their formation. The 

average BWE values were among the highest of all concretion types (Table 8). They 

were found most commonly (comparing to other spheroidal concretions) on crests 

which are not typical environments for spheroidal concretions (Table 4). Also the slope 

values were higher than with other spheroidal concretions though not reaching the 

corresponding values of buckshot, crust and discoidal concretions. They were not found 

as close to coast as discoidal and buckshot concretions and the range in distance to coast 

was wider. Though the sampling locations were mostly concentrated offshore as 
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opposed to near the shoreline it seems that these concretions form in areas that are not in 

the proximity of the coastline.  

Spheroidal concretions with a size range of 2–7 mm were not abundant in the study 

area. These concretions are usually found on edges of basins (Zhamoida 1996) which 

are more common in the central and eastern GOF (Kaskela and Kotilainen 2017). 

Though basins and plains covered roughly one third of the study area these concretions 

were practically missing in the study area. It is possible that these concretions are more 

abundant in the deeper areas of the central GOF and therefore they were not found in the 

sampling sites of this study. As the seabed structures of the eastern GOF are 

characterized by basins and plains and the northern GOF is characterized by a 

combination of several seafloor structure types (Kaskela et al. 2012) it is not surprising 

that spheroidal concretions are not as abundant in the northern areas as in the eastern 

GOF. Also the highest manganese concentrations have been found in the deepest 

concretion fields where the manganese mobilization and migration in the anoxic 

environment is more active (Zhamoida et al. 1996). Though spheroidal concretions have 

been found in both shallow and deeper water depths (Zhamoida 2004) ultimately the 

availability of Mn and Fe is the most important factor controlling the formation of 

spheroidal concretions (Zhamoida et al. 1996). 

 

6.3 Buckshot concretions 

 

The small number of samples makes the interpretation of the environments where 

buckshot concretions are formed quite difficult. Buckshot concretions were found on all 

bottom structure types and on both shallow and deeper areas (Figure 7, Table 4). It 

seems that these concretions prefer calm conditions: BC velocity and BWE were low 

indicating low-energy environments. Furthermore the sediments on top and below 

buckshot concretions were usually fine grained sediments which are commonly found in 

areas of low bottom currents. 

These concretions were also found closer to coast on average comparing to the majority 

of other concretion types (Table 8, Figure 11). This can also be seen in the maps 

showing the sampling sites (Figures 4-6). The distance to coast does not correlate with 
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water depth and although coastal areas are commonly high energy environments the 

buckshot concretions are possibly found in sheltered archipelago areas or deep enough 

in the coastal areas so that the coastal processes do not have major influence in the area 

of their formation. As mentioned before the slope values of buckshot concretions were 

high which also point towards the heterogeneity and sheltering character of the local 

environment. Also the distance to river was clearly narrower with buckshot concretions 

when comparing to the other concretion types indicating some dependency to the 

proximity to rivers. Considering all the results it seems that the buckshot concretions 

favor environments where the seabed substrates are fine grained sediments, calm 

conditions and possibly proximity to the coast. The number of samples was low and 

more reliable results could be obtained with larger sample number. 

 

6.4 Discoidal concretions 

 

Majority of discoidal concretions were found on crests which are commonly found in 

areas of crystalline rock basement. The slope and roughness are indirect variables that 

reflect processes such as material flow and currents (Grohmann et al. 2011 and Kaskela 

et al. 2017) though these variables reflect the structural aspects of the bedrock which in 

turn reflects the pre-glacial and glacial processes rather than the modern environment 

(Kaskela and Kotilainen 2017). Modern environments with high slope and roughness 

values correlate with the crystalline rocks and these areas are often dynamic 

environments where the deposition and erosion can vary within short distances (Kaskela 

and Kotilainen 2017).  The results also indicate towards this since crests were found to 

be areas of dynamic environments. The BC velocity values were high on average though 

the range was also high and therefor the formation of discoidal concretions is possibly 

not dependent on high bottom currents only. 

Discoidal concretions are found closer to coast compared to e.g. crust concretions 

(Table 8, Figure 11). This may be because these concretions are common in crests 

which are found both near the shore and offshore. However the discoidal concretions are 

found in archipelago areas that are not sheltered and therefore is seems that they are not 

as sensitive to the effects of the coastal processes. The BWE values of discoidal 
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concretions are several folds higher than with other concretion types which is consistent 

with the fact that they are common in elevated surfaces that are more open and 

susceptible to processes affecting on the seafloor. The distance to river has a wide range 

indicating that discoidal concretions might not be as dependent on the river supply of Fe 

to the GOF. In the coastal areas the availability of Fe could also be linked to erosion and 

resuspension of Fe-bearing materials. Altogether discoidal concretions seem to 

withstand fluctuations in the environment such as bottom currents and near shore 

processes and are not sensitive to high-energy environments. This might also explain 

why discoidal concretions are the most common concretion type in the study area. 

 

6.5 Crust concretions 

 

Crust concretions were found deeper than any other concretion type (25,3–65 m), they 

were commonly found on crests and also on low relief seafloor structure types (Table 4) 

and the underlying sediments associated with these concretions were most commonly 

clay or sandy sediments (Table 6) which are consistent with previous studies in the BS 

area (Winterhalter 1966, 2004).  

BC velocity was high which is supported by the fact that crusts usually form in areas of 

low sedimentation rates. These concretions also seem to form in certain bottom current 

velocity range as seen in Figure 13. Winterhalter (1966) suggests that crust concretions 

can be broken down to smaller pieces and accumulate together as a result of dissolution 

or e.g strong bottom currents i.e the conditions in the areas of crusts are not calm. The 

average BWE values were only higher than with spheroidal concretions (2–7 mm and 

size unknown) and buckshot concretions which indicate that crusts form in areas that are 

somewhat sheltered from the wind induced wave exposure (Table 8). Nevertheless the 

BWE values of crusts were over twice as high as with buckshot concretions. The BWE 

values are likely linked to the high slope and roughness values indicating that the 

environments where crust concretions were found are not as exposed as with discoidal 

concretions and then again in areas where the high bottom currents can reach the 

concretions i.e the environment is heterogenic. Variables that may be determining 

factors in the formation of crusts could be the BC velocity which was clearly high on 
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average. None of the samples were found in areas where BC velocity was close to zero 

as opposed to other concretion types and also the fact that crusts formed in a certain BC 

velocity range could be significant. Other factors controlling their formation are 

possibly the underlying sediments which were commonly clay or sandy sediments and 

the water depth which was quite deep.  

These results show that there are some notable differences in the environments where 

crust and discoidal concretions form. Especially the BWE values, water depths and 

distance to coast differ significantly. On the contrary the seafloor structure types, 

relatively high BC velocities and distance to river indicate towards similar 

environments.  

 

6.6 Irregular concretions 

 

These concretions are possibly transient or relict forms. The results of these concretions 

resemble the ones of spheroidal concretions (20–600 mm); slope, roughness, BWE, 

distance to river and BC velocity (Table 8) and the sediments associated with these 

concretions are somewhat similar (Table 5, Table 7). There were some differences in the 

distance to coast and in the depth ranges however the difference was not strikingly 

different. The factors that may have influenced the formation of these concretions could 

be changes in the environmental conditions such as changes in the sedimentary 

environment e.g. burial of the concretions or anoxia (Zhamoida et al. 2007). These 

concretions were also found at deeper water depths where the seasonal anoxia below the 

halocline is not uncommon (Vallius et al. 2011) hence the occurrence of these 

concretions could indicate towards anoxia in the local environment. 

 

6.7 Concretions with no description 

 

When looking at the samples with no description (concretions) most concretions are 

found in areas where the sediment type is clay or sand and the seabed structure is crest. 
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The depth varies from 9,9 m to 60 m. Based on these observations it is likely that the 

concretions with no description cover most likely all concretion types. Based on the fact 

that half of all the samples were found on crests and that discoidal concretions were the 

most common concretion type found on crests, it is likely that discoidal concretion is the 

most common concretion type or at least abundant concretion type in this group 

 

6.8 Samples with several concretion types 

 

Some samples (8% of all samples) had more than one concretion type in the sampling 

site. Concretions in these samples were found deeper than when not associated with 

another concretion type. This is possibly linked to the availability of Mn which as 

mentioned before increases as depth increases. Also at deeper water depths the 

environment is possibly calmer and suitable for various concretion types.  

 

7. CONCLUSIONS 

 

 

The samples of this study covered sea areas in the northern GOF mainly from 

Kirkkonummi to Virolahti. The main focus of this study was to classify the concretions 

into different concretion types, illustrate the distribution of the different concretion types 

in the sampling area and to investigate how the environmental variables affect the 

formation of these concretions. Previous studies concerning the environments of 

ferromanganese concretions and the results of this study show similar results. The 

sediments and seabed structures associated with ferromanganese concretions and the 

bottom currents are all known factors that influence the formation of the concretions.  

Here the environmental variables used showed differences in the environments where 

each ferromanganese concretion type is formed. New information was obtained with the 

variables slope, roughness, wave exposure and distance to coast and distance to river 

and more accurate information was obtained with the variable bottom current velocity 

(m/s). The differences in environments associated with each concretion type are most 
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reliably evaluated when the environmental variables are interpreted together. Oxygen 

conditions of the local environment is an important factor in the formation of 

ferromanganese concretions however detailed data of the oxygen concentration in the 

study area was not available at the time of this study. Most reliable results were obtained 

with discoidal concretion type simply because of the high number of samples. 

Especially spheroidal concretions (2–7 mm and size unknown) and buckshot 

concretions had a low number of samples which indicates that they are not common in 

the study area. 

The results showed that spheroidal concretions (2–7 mm) were not common in the study 

area which is possibly linked to the quality of the seabed and the availability of Mn and 

Fe in the study area. Spheroidal concretions with a size range of 20–600 mm had similar 

results as irregular concretions. It is likely that these concretions represent the transient 

and/or irregular ellipsoidal concretion type. Though the number of buckshot concretions 

was small in the study area it its quite clear that these concretions form in calm 

environments. The areas are characterized by low bottom current velocity, low bottom 

wave exposure values and fine grained sediments. The environments where discoidal 

concretions were found were commonly dynamic and high energy environments based 

on the high bottom currents, high bottom wave exposure values and high occurrence of 

these concretions in crests. When considering the study environment as a whole, the 

area is most likely the most favorable for the formation of discoidal concretions. Crusts 

were found quite deep and in areas of high bottom currents. Factors that most likely 

have influence on the formation of crusts are the water depth, underlying sediments and 

(high) bottom currents in the areas of crusts. 

The abundance of ferromanganese concretions in the GOF area is high and the 

economic interest towards these concretions is likely to grow in the future. The 

significance of ferromanganese concretions to the local ecosystem is not yet fully 

understood. The ferromanganese concretions were listed in the second assessment of 

threatened habitat types in Finland Data Deficient which shows that the knowledge of 

this marine habitat type is still incomplete. 

 

 



54 
 

 

8. ACKNOWLEDGEMENTS 

 

 

First I would like to express my gratitude to my supervisior Aarno Kotilainen from 

Geological Survey of Finland for all the help, patient guiding and valuable comments 

throughout out this process. I am also grateful for Juha Karhu from University of 

Helsinki for comments. Last I would like to thank my family and friends for 

encouragement and especially Otso for patience and support. 



55 
 

REFERENCES 

 

Alenius, P., Myrberg, K. and Nekrasov, A. 1998. The physical oceanography of the Gulf of 

Finland: a review. Boreal environment research 3, 97–125. 

Alenius, P., Myrberg, K., Roiha, P., Lips, U., Tomi, L., Pettersson, H. and Raateoja, M. 2016. In: 

Mika Raateoja and Outi Setälä (edit) Gulf of Finland Physics. The Gulf of Finland 

Assessment, 42–57.  

Andrén, E., Andrén, T. and Kunzendorf, H. 2000. Holocene history of the Baltic Sea as 

abackground for assessing records of humanimpact in the sediments of the Gotland Basin. The 

Holocene 10, 87–702. 

Andrén, T., Björck, S., Andrén, E., Conley, D., Zillén, L. and Anjar, J. 2011. The development of 

the Baltic Sea Basin during the last 130 ka. In: Harff, J., Björck, S. and Hoth, P. (edit.) The 

Baltic Sea Basin, central and eastern Europe development studies. 75–97.  

Anufriev, G.S., Blinov, L. N., Boltenkov, B. S. and Arif.M. 2005. Chemical and Isotope 

Composition of Baltic iron-manganese concretions. Technical Physics, pp. 663–665. 

Translated from Zhurnal TekhnicheskoÏ  Fiziki 75, 5, 2005, 133–136. 

Anufriev, G. S., and Boltenkov, B.S. 2007. Ferromanganese nodules of the Baltic Sea: 

Composition, Helium Isotopes, and Growth Rate. Lithology and Mineral Resources 42, 

240–243. 

Baturin, G. N. 2008. Geochemistry of ferromanganese nodules in the Gulf of Finland, Baltic Sea. 

Lithology and Mineral Resources. 2009 44, 411–426.  

Bendsten, J., Söderkvist, J., Dahl, K., Hansen, J.L.S. and Reker, J. 2007. Model simulations of blue 

corridors in the Baltic Sea. BALANCE Interim Report no. 9, 25 p. 

Dean, W.E., Moore, W.S. and Nealson, K.H. 1981. Manganese cycles and the origin of manganese 

nodules. Oneida Lake, New York, U.S.A. Chemical Geology 34, 53–64. 

Emelyanov, E, M. 1986. Basins of the Baltic Sea. Finnish marine research. 253, 79–96. 

Glasby,G.P., Emelyanov, E. M., Zhamoida, V. A., Baturin, G. N., Leipe, T., Bahlo, R. and 

Bonacker, P. 1997. Environments of formation of ferromanganese concretions in the Baltic 

Sea. Geological society, London, Special publications 119, 213–237. 

Grigoriev, A. G., Zhamoida, V. A., Gruzdov, K. A. and Krymsky, R. Sh. 2013. Age and growth 

rates of ferromanganese concretions from the Gulf of Finland derived from 210Pb 

measurements. Oceanology 33, 345–351. 

Gripenberg, S. 1934. A study of the sediments of the North Baltic and adjoining seas. 

Merentutkimuslaitoksen julkaisu 96, 238 s. 

Grohmann, C.H., Smith, M.J. and Riccomini, C. 2011. Multiscale analysis of topographic surface 

roughness in the midland valley, Scotland. IEEE transactions on geoscience and remote 

sensing 49, 1200–1213. 

Harff, J. and Meyer, M. 2011. Coastlines of the Baltic Sea – Zones of Competition Between 

Geological processes and a Chaning Climate: Examples from the Southern Baltic. In: Jan 

Harff, Svante Björck and Peer Hoth (edit) The Baltic Sea Basin, 149–164. 

Houmark-Nielsen, M. and Kjaer, K.H. 2003. Southwest Scandinavia, 40–15 kyr BP: 

paleogeography and environmental change. Journal of Quaternary Science, 18, 

769–786. 

Hu, W., Zhou, H., Gu, L., Zhang, W., Lu, X., Fu, Q., Pan, J. and Zhang, H. 2000. New evidence of 

microbe origin for ferromanganese nodules from the East Pacific deep sea floor. Science in 

China 43, 187–192. 

Ingri, J. 1985. Geochemistry of ferromanganese concretions and associated sediments in the Gulf 

of Bothnia. PhD thesis, University of Lulea, 387 p. 

Ingri, J. and Pontér, C. 1986. Scavenging properties of ferromanganese nodules in the Gulf of 

Bothnia. Rapports et Proces-verbaux des Réunions. Conseil International pour l'Éxploration 

de la Mer 186, 234–243. 



56 
 

Isaeus, M. and Rygg, B. 2005. Wave exposure calculations for the Finnish coast. Norwegian 

institute of water research, NIVA, 24. 

Jilbert, T., Slomp, P., Gustafsson, B, Boer, W. 2011. Beyond the Fe-P redox connection: 

preferential regeneration of phosphorous from organic matter as a key control on Baltic Sea 

nutrient cycles. Biogeosciences 8, 1699–1720.  

Jilbert, T., Asmala, E., Schröder, C., Tiihonen, R., Myllykangas, J-P., Virtasalo, J. Kotilainen, A., 

Peltola, P., Ekholm, P. and Hietanen, S. 2018. Impacts of flocculation on the distribution and 

diagenesis of iron in boreal estuarine sediments. Biogeoscienses 15, 1243–1271. 

Jönssön, A, Danielsson, Å. and Rahm, L. 2005. Bottom type distribution based on wave friction 

velocity in the Baltic Sea. Continental Shelf Research 25, 419–435. 

Kankaanpää, H., Vallius, H., Sandman, O. and Niemistö, L. 1997. Determination of recent 

sedimentation in the Gulf of Finland using 137Cs. Oceanologica Acta 20, 823–836 

Kaskela, A.M., Kotilainen, A.T., Al-Zamdani, Z., Leth, J.O. and Reker.J. 2012. Seabed 

geomorphic features in a glaciated shelf of the Baltic Sea. Estuarine, Coastal and Shelf 

Science 100, 150–161. 

Kaskela, A.M. and Kotilainen, A.T. 2017. Seabed geodiversity in a glaciated shelf area, the Baltic 

Sea. Geomorphology 295, 419–435. 

Kaskela, A.M., Rousi, H., Ronkainen, M., Orlova, M., Babin, A., Gogoberidze, G., Kostamo, K., 

Kotilainen, A.T., Neevin, I., Ryabchuk, D., Sergeev, A., Zhamoida, V., 2017. Linkages 

between benthic assemblages and abiotic environment in a seabed area of high geodiversity. 

Continental Shelf Research 142, 1–13.  

Kohonen, T. and Winterhalter, B. 1999. Sediment erosion and deposition in the western part of the 

Gulf of Finland Baltica 12, 53–56. 

Koistinen, T., Stephens, M.B., Bogatchev, V., Nordgulen, Ø., Wennerström, M. and Korhonen, J. 

(comp.). 2001. Geological map of the Fennoscandian Shield, scale 1:2 000 000. Trondheim: 

Geological Survey of Norway, Uppsala: Geological Survey of Sweden, Moscow: Ministry of 

Natural Resources of Russia, Espoo: Geological Survey of Finland. 

Kontula, T. and Raunio, A. (Eds.). 2018. Suomen luontotyyppien uhanalaisuus 2018. 

Luontotyyppien punainen kirja-Osa 1: Tulokset ja arvioinnin perusteet (in Finnish). Suomen 

ympäristökeskus ja ympäristöministeriö, Helsinki. Suomen ympäristö 

5/2018. 388 p. 

Kotilainen, A., Kiviluoto, S., Kurvinen, L., Sahla, M., Ehrnsten, E., Laine, A., Lax, H.-G., Kontula, 

T., Blankett, P., Ekebom, J., Hällfors, H., Karvinen, V., Kuosa, H., Laaksonen, R., 

Lappalainen, M., Lehtinen, S., Lehtiniemi, M., Leinikki, J., Leskinen, E., Riihimäki, A., 

Ruuskanen, A. and Vahteri, P. 2018a. Itämeri. Julk.: Kontula, T. & Raunio, A. (toim.). 

Suomen luontotyyppien uhanalaisuus 2018. Luontotyyppien punainen kirja – Osa 1: Tulokset 

ja arvioinnin perusteet. Suomen ympäristökeskus & ympäristöministeriö, Helsinki. Suomen 

ympäristö 5/2018, 47–62. 

Kotilainen, A., Kiviluoto, S., Kurvinen, L., Sahla, M., Ehrnsten, E., Laine, A., Lax, H.-G., Kontula, 

T., Blankett, P., Ekebom, J., Hällfors, H., Karvinen, V., Kuosa, H., Laaksonen, R., 

Lappalainen, M., Lehtinen, S., Lehtiniemi, M., Leinikki, J., Leskinen, E., Riihimäki, A., 

Ruuskanen, A. and Vahteri, P. 2018b. Itämeri. Julk.: Kontula, T. & Raunio, A. (toim.). 

Suomen luontotyyppien uhanalaisuus 2018. Luontotyyppien punainen kirja – Osa 2: 

Luontotyyppien kuvaukset. Suomen ympäristökeskus & ympäristöministeriö, Helsinki. 

Suomen ympäristö 5/2018, 15–98.  

Kotilainen, A., Vallius, H., and Ryabchik, D. 2007. Seafloor anoxia and modern laminated 

sediments in coastal basins of the Eastern Gulf of Finland, Baltic Sea. Holocene sedimentary 

environment and sediment geochemistry of the Eastern Gulf of Finland, Baltic Sea. 

Geological Survey of Finland, Special Paper 45, 49–62. 

Kotilainen, A., Kaskela, A., Korneev, O., Ryabchuk, D., Rybalko, A., Suuroja, S., Vallius, H., 

Myrberg, K. and Alenius, P. 2016. Topography and bedrock. In: Raateoja, M., Setälä, O., 

(Edit.) The Gulf of Finland Assessment; Reports of the Finnish Environment Institute; Finnish 

Environment Institute: Helsinki, Finland. 

Krachler, R., Jirsa, J. and Ayromlou, S. 2005. Factor influencing the dissolved iron input by 

river water to the open ocean. Biogeosciences 2, 311-315. 



57 
 

Krachler R, Krachler RF, von der Kammer F, et al. (2010) Relevance of peat-draining rivers for the 

riverine input of dissolved iron into the ocean. Science of the Total Environment 408, 2402–

2408.  

Lawler, J., Ackerly, D., Albano, C., Anderson, M., Dobrowski, S., Gill, J., Heller, N., Pressey, R., 

Sanderson, E. and Weiss, S. 2015. The theory behind, and the challenges of, conserving 

nature’s stage in a time of rapid change. Concervation Biology, 29, 618–629. 

Lehtoranta, J. 2003. Dynamics of sediment phosphorus in the brackish Gulf of Finland. 

Monographs of the Boreal Environmental research 24, 58 p. 

Leppäranta, M. and Myrberg, K. 2009. Physical Oceanography of the Baltic Sea. Springer, 378 p. 

Lundblad, E., Wright, D.J., Miller, J., Larkin, E.M., Rinehart, R., Battista, T., Anderson, S.M., 

Naar, D.F., Donahue, B.T., 2006. A benthic terrain classification 

scheme for American Samoa. Marine Geodesy 26, 89–111. 

Krachler R, Krachler RF, von der Kammer F, et al. (2010) Relevance of peat-draining rivers for the 

riverine input of dissolved iron into the ocean. Science of the Total Environment 408, 2402–

2408.  

Manheim, F.T. 1965. Manganese-iron accumulations in the shallow marine environment. In D.R. 

Schink and J.T Corless (eds.), Symposium of marine geochemistry. Occasional Publications 

of the Narragansett Marine Laboratory, University of Rhode Island, 217–276. 

Mort, H., Slomp, P., Gustafsson, B. and Andersen, T. 2010. Phosphorous recycling and burial in 

Baltic Sea sediments with contrasting redox conditions. Geochemica et Cosmochimica Acta, 

74, 1350–1362. 

Pitkänen, H., Lehtoranta, J., Peltonen, H., Laine, A., Kotta, J., Kotta, I., Moskalenko, P., Mäkinen, 

A., Kangas, P., Perttilä, M. and Kiirikki, M. 2003. Benthic release of phosphorous and its 

relation to environmental conditions in the estuarial Gulf of Finland, Baltic Sea, in the early 

2000s. Proceedings of the Estonian academy of sciences biology and ecology, 52, 3, 173–192. 

Pitkänen, H., Lehtoranta, J. and Peltonen, H. 2008. The Gulf of Finland. In: Schiewer, U. (edit.) 

Ecology of Baltic Coastal Waters, Ecological Studies 197, Springer, 285–308.  

Raiswell, R. and Canfield, D. 2012. The iron Biochemical Cycle Past and Present. 

Geochemical Perspectives 1, 81–89.  

Perttilä, M., Niemistö, L. and Mäkelä, K. 1995. Distribution, development and total amounts of 

nutrients in the Gulf of Finland. Estuar. Coastal Shelf Science 41, 34–360. 

Spiridonov, M., Ryabchuk, D., Kotilainen, A., Vallius, H., Nesterova, E and Zhamoida, V. 2007. 

The quaternary deposits of the Eastern Gulf of Finland. Holocene sedimentary environment 

and sediment geochemistry of the Eastern Gulf of Finland, Baltic Sea. Geological Survey of 

Finland, Special paper 45, 7–19. 

Suess, E. and Djafari, D. 1976. Trace metal distribution in Baltic Sea ferromanganese concretions: 

inferences on accretion rates. Earth and Planetary Science Letters 35, 49–54. 

Stein, A., Gerstner, K,. Kreft, H. 2014. Environmental heterogeneity as aunoversal driver of 

species richness across taxa, biomets and spatial scales. Ecology Letters 17, 866–880. 

Stepanova, A., Obrochta, S., Hyttinen, O., Quintana Krupinski, N., Kotilainen, A., Andrén, T., 

2019. Postglacial history of the Baltic Sea as reflected in ostracod assemblages. IODP 

Expedition 347, sites M0059, M0060 and M0063. Boreas (in press). 

Stroeven, A.P., Hättestrand, C., Kleman, J., Heyman, J., Fabel, D., Fredin, O., Goodfellow, 

B.W.,Harbor, J.M., Jansen, J.D., Olsen, L., Caffee, M.W., Fink, D., Lundqvist, J., Rosqvist, 

G.C., Strömberg, B., Jansson, K.N., 2016. Deglaciation of Fennoscandia. Quaternary Science 

Reviews 147, 91–121. 

Tebo, B. M., Bargar, J. R., Clement, B. G., Dick, G. J., Murray, K. J., Parker, D., Verity, R. and 

Webb, S. M. 2004. Biogenic manganese oxides: Properties and mechanisms of formation. 

Annual Review of Earth and Planetary Sciences 32, 287–328. 

Villalobos, M. and Tebo, B. 2005. Introduction: Advances in the geomicrobiology and 

biogeochemistry of manganese and iron oxidation. Geomicrobiology Journal 22, 77–78. 

Vallius, H., Zhamoida, V., Kotilainen, A. and Ryabchuk. 2011. Seafloor desertification – A future 

scenario for the Gulf of Finland. In: Harff, J. and Hoth, P (edit) The Baltic Sea Basin 

356 – 372. 



58 
 

Vallius, H., Ryabchuk, D. and Kotilainen, A. 2007. Distribution of heavy metals and arsenic in soft 

surface sediments of the coastal area of Kotka, Northeastern Gulf of Finland, Baltic Sea. 

Geological Survey of Finland, Special Paper 45, 33–48. 

van Wirdum, F., Andrén, E., Wienholz, D., Kotthoff, U., Moros, M., Fanget, A-S., Seidenkrantz, 

M-S. and Andrén, T. 2019. Middle to Late Holocene Variations in Salinity and Primary 

Productivity in the Central Baltic Sea: A Multiproxy Study From the Landsort Deep. Front. 

Mar. Sci. 6:51. doi: 10.3389/fmars.2019.00051. 

Walker, M., Johnsen, S., Rasmussen, S. O., Popp, T., Steffensen, J-P., Gibbard, P.,Hoek, W., 

Lowe, J., Andrews, J., Björck, S., Cwynar, L. C., Hughen, K., Kershaw, P., Kromer, B., Litt, 

T., Lowe, D.J., Nakagawa, T., Newnham, R. and Schwander, J. 2008. Formal definition and 

dating of the GSSP (Global Stratotype Section and Point) for the base of the Holocene using 

the Greenland NGRIP ice core, and selected auxiliary records. Journal of Quaternay Science 

24, 3–17. 

Warnock, J. P., Bauersachs, T., Kotthoff, U., Brandt, H.-T. & Andrén, E., 2017. Holocene 

environmental history of the Ångermanälven Estuary, northern Baltic Sea. Boreas 47,  

593–608.  

Winterhalter, B. 1966. Pohjanlahden ja Suomenlahden rauta-mangaani-saostumista. Geoteknillisiä 

julkaisija, 69. Geologinen tutkimuslaitos Otaniemi, 77 p. 

Winterhalter, B., Ignatius, H., Axberg, S., Niemistö, L. 1981. Geology of the Baltic Sea. In: 70 

Voipio, A. (edit.) The Baltic Sea. Oceanography Series, Elsevier, 121 p. 

Winterhalter B. 2004. Ferromanganese Concretions in the Gulf of Bothnia. In: Harff J., Emelyanov 

E., Schmidt-Thome M. and Spiridonov M. (edit.) Mineral Resources of the Baltic sea –

Exploration, Exploitation and Sustainable Development. Zeitschrift fur Angewandte Geologie, 

special issue 2, Hannover, 199–212. 

Yli-Hemminki, P., Jørgensen, S. and Lehtoranta, J. 2014. Iron-manganese Concretions Sustaining 

Microbial Lief in the Baltic Sea: The Structure of the Bacterial Community and Enrichments 

in Metal-Oxidicing Conditions. Geomicrobiology Journal 31, 263–275. 

Zhamoida, V.A., Butylin, V.P., Glasby, G.P. and Popova, I.A. 1996. The nature of ferromanganese 

concretions from the eastern Gulf of Finland, Baltic Sea. Marine Georesources and 

Geotechnology 14, 161–175. 

Zhamoida, V.A., Glasby, G.P., Grigoriev, A.G., Manuilov, S.F,. Moskalenko, P.E. and Spiridonov, 

M.A. 2004. Distribution, composition and economic potential of ferromanganese concretions 

from the eastern Gulf of Finland. Mineral resources of the Baltic Sea, Zeitschrift für 

Angewandte Geologie, special issue 2, 213–226.  

Zhamoida, V.A., Grigoriev, A.G., Gruzdov, K. and Ryabchuk, D. 2007. The influence of 

ferromanganese concretions-forming processes in the Eastern Gulf of Finland on the marine 

environment. In: Henry Vallius (edit.) Holocene sedimentary environment and sediment 

geochemistry of the Eastern Gulf of Finland, Baltic Sea. Geological survey of Finland, Special 

Paper 45, 21–32. 

Zhamoida, V.A., Grigoriev, A., Ryabchuk, D., Evdokimenko, A., Kotilainen, A., Vallius, H., and 

Kaskela, M. 2017. Ferromanganese concretions of the eastern Gulf of Finland – 

Environmental role and effects of submarine mining. Journal of marine systems 172, 178–187. 

Zhang, F-S., Lin, C-Y., Bian, L-Z, Glasby, G., Zhamoida, A. 2002. Possible evidence for the 

biogenic formation of spheroidal ferromanganese concretions from the eastern Gulf of 

Finland, the Baltic Sea. Baltica 15, 23–29. 

 

 

 


