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Summary

SKB is planning for a repository of radioactive waste at Forsmark situated along the coast of
Uppland. The area is characterised by fast isostatic uplift and new wetlands and lakes are continu-
ously formed in discharge areas for groundwater. It is plausible that radionuclides from the reposi-
tory may reach the surface system in these areas. Layers of peat are successively accumulating in
the wetlands and the properties of the accumulating peat changes as the vegetation develops through
time. In many areas it is possible to ditch and cultivate peatlands and future human inhabitants can
consequently be exposed to radionuclides through crops from the cultivated peat.

The peatlands in the present Forsmark area are young. The peat layers are thin and the prerequisite
for cultivating peat covered areas are therefore generally not fulfilled. In the future when the thick-
ness of the peat has increased there will be possibilities to cultivate some of the present wetlands.

To facilitate cultivation the groundwater level in the peatlands is lowered, whereafter the peat
layers starts to subside. A peat covered area can consequently only be cultivated for a short period.
Cultivation can, however, continue if the peat is underlain by deposits suitable for cultivation.

The aim of this report is to discuss conditions affecting accumulation of peat and the effects of cul-
tivation. The report is especially focusing on the conditions that prevail today and will prevail in the
Forsmark area.

The report includes results from a literature review concerning peat accumulation and the succession
of peat types in wetlands. Additionally results from a corresponding study is presented, discussing
the prerequisite for cultivation of peat and which factors that affect the subsidence of the peat layers
that occur in connection with cultivation are included.

Peat data which was collected from peatlands in northern Uppland around 90 years ago, by the
Geological survey of Sweden (SGU), is also included in the report. These data have been digitalised
and data from new investigations has been added. The information was used to study accumulation
rates of peat and the succession of peatlands in the vicinity of Forsmark.

The rate of peat accumulation in peatlands is dependent on the production of new organic mate-
rial forming peat and the decay rate of that organic material. These factors are in turn controlled
by factors such as type of vegetation, climate, nutrient status and hydrology. During the succession
of mires the accumulation rate will change through time as vegetation, nutrient status and wet-
ness changes. In a continental setting such as Uppland the peat accumulation initially is high but
decreases with time.

Peat areas used for cultivation in the surroundings of Forsmark are most often characterised by fen
peat rich in nutrients, while the less nutrient rich bog peat more infrequently is used for cultivation.
Only a small proportion of the total peat areas in Uppland are used for cultivation. Compared to
other parts of Sweden Uppland is characterised by a relative high proportion of cultivated Bryales
peat, characterised by a high pH.

Due to compaction the subsidence is initially very fast in a peatland where the groundwater table has
been lowered to facilitate cultivation. The rate of compaction decreases after a few years and oxida-
tion becomes the dominating process causing subsidence. Also the rate of oxidation decreases as the
most easily oxidised components disappear. Bog peat with a low degree of humification is character-
ised by a relatively fast rate of compactation after lowering the ground water table but by a relatively
slow rate of oxidation. The opposite relation is characteristic of the subsidence of fen peat with a
high degree of humification. The most important factors affecting the oxidation rate of peat during
cultivation are depth of ditches, type of crop, type of peat and climate. There is a large span of rates
of peat oxidation reported in the literature, and there are different opinions to what extent the factors
mentioned above affect the rate of peat oxidation. The varying results are probably due to the effects
of different peat properties and different time since the onset of cultivation. It is, however, clear that
peat oxidation is a fast process which alone can cause subsidence rates of between 0.5 and 1 cm/year.
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The study of data from SGUs peat archive shows that the peatlands in Uppland goes through differ-
ent types of successions. Wetlands which are relatively old are often characterised by accumulation
of Sphagnum peat, which has been proceeded by a stage with Carex peat accumulation. Around half
of the studied peatlands have been preceded by a lake stage. At many sites peat accumulation started
as primary peat initiation in wetlands directly after the sites were uplifted above the Baltic Sea. At
some sites peat accumulation probably started due to a changed climate and was initiated several
thousand years after the sites were uplifted. The data from the peat archive also revealed a clear con-
nection between age of peatlands unaffected by land use and thickness of the peat layers. The rate of
peat accumulation is on average between 0.5 and 1 mm/year. The rate of peat accumulation is fastest
during the first thousands of years after peat initiation but decreases with time. A large proportion of
the studied peatlands were cultivated when visited in the early 1900s. Around half of those peatlands
were preceded by a lake stage whereas as the others started to accumulate in wetlands situated in

the lowest topographical parts of the landscape. The cultivated peatlands are all underlain by fine-
grained sediments, which may be cultivated when the peat has completely oxidised.
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Sammanfattning

SKB planerar for ett djupforvar av anvént karnbrinsle nira Forsmark vid Upplandskusten. Omradet
kinnetecknas av en snabb landhdjning dir vatmarker och sjoar kontinuerligt bildas i1 utstromnings-
omraden for grundvatten. I dessa omraden ar det ténkbart att radionuklider fran ett framtida djup-
forvar kan na ytsystemet. I vatmarkerna byggs successivt lager med torv upp, vars egenskaper
kommer att fordndras allteftersom vatmarkernas vegetation successivt forandras. I ménga fall ar
det mojligt att dika och odla upp torvmarker och framtidens ménniskor kan foljaktligen komma
att exponeras for radionuklider via de grodor som skordas fran fore detta vatmarker.

I Forsmark &r torvmarkerna dnnu unga och torvlagren tunna vilket gor att forutséttningarna for upp-
odling av torv idag dr smi. Allt eftersom torv ackumuleras kommer det dock bli méjligt att odla upp
vissa av dessa omréden. For att mojliggora odling dikas torvmarkerna varefter torvlagren relativt
snabbt sjunker ihop. Det gor att torvmark endast kan odlas under en relativt kort tid. Ménga génger
ar det dock mdjligt att fortsitta uppodlingen om torven underlagras av jordarter ldmpliga for odling.

Syftet med denna rapport ér att redovisa forutséttningarna for ackumulation av torv och effekterna
av uppodling. Rapporten fokuserar speciellt pa de forhallanden som idag rader och i framtiden kan
forvintas rada i Forsmarksomradet.

I rapporten redovisas resultat fran en litteraturgenomgéng av forutséttningarna for ackumulation av
torv och successionen av olika torvslag i vitmarker. Dessutom redovisas resultat frén en motsva-
rande studie av vilka forutsittningar som dr nédvindiga for uppodling av torv samt vilka faktorer
som paverkar den hopsjunkning av torvlagren som sker i samband med uppodling. I rapporten redo-
visas vidare data som Sveriges geologiska undersokning (SGU) samlade in f6r omkring 90 ar sedan
fran torvmarker i norra Uppland. Dessa data har digitaliserats och kompletterats med resultat fran
nya undersokningar. Informationen har anvénts for att studera torvens ackumulationshastighet och
succession av torvmarker i Forsmarks nidromréde.

Ackumulationen av torv i torvmarker beror pa forhallandet av hur mycket nytt organiskt material
som produceras och hur mycket av det materialet som i sin tur bryts ner. Produktionen och ned-
brytningen &r i sin tur beroende av en méngd faktorer som vegetation, klimat, néringsstatus och
hydrologi. Allteftersom torvmarkerna utvecklas kommer dven ackumulationshastigheten att dndras
da vegetation, niringsstatus och blothet fordndras. I omrdden med ett mer kontinentalt klimat dar
torvmarkerna i huvudsak domineras av kérr som i Forsmarksomradet kommer torvackumulationen
var snabb i1 borjan for att sedan minska med tiden.

De torvmarker som idag anvénds for uppodling i Forsmarks ndromréde bestar i forsta hand av relativt
néringsrik kirrtorv medan den mer néringsfattiga mossetorven endast undantagsvis odlas. Endast en
liten andel av den totala torvarealen i Uppland &r uppodlad och andelen har minskat under de senaste
artiondena. Specifikt for Uppland ar den hdga andelen uppodlad Bryales torv, som karaktiriseras av
ett hogt pH.

I en torvmark som nyligen dikats fér uppodling ar hopsjunkningen under de forsta aren mycket
snabb och kompaktion &r den dominerande processen. Efter ndgra &r avtar kompaktionen och oxi-
dation blir den dominerande processen. Med tiden avtar oxidationshastigheten allt eftersom de mest
lattoxiderade organiska foreningarna forsvinner. Laghumifierad mossetorv kompakteras snabbt men
oxiderar relativt langsamt medan motsatta forhéllanden rédder for den mer hdghumifierade kérr-
torven. De viktigaste faktorerna som péaverkar hastigheten for den oxidation av torv som sker vid
uppodling dr dikningsdjup, typ av groda, torvslag och klimat. De hastigheter for torvoxidation
som rapporters i litteraturen uppvisar en stor variation och det finns olika uppfattning om i vilken
utstriackning alla de faktorer som ndmns ovan péverkar hastigheten for oxidation av torv. Resultaten
varierar sannolikt till f61jd av att torven i studierna har olika egenskaper och har varit uppodlad
under olika lang tid. Det &r dock helt klart att oxidation av torv i uppodlade omraden &r en mycket
snabb process som kan fororsakar en marksénkning pd mellan 0,5 cm ar' och 1 cm &r.
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Studien av data fran SGUs torvarkiv visar att torvmarkerna i Uppland f6ljer olika typer av utveckling
1 sin succession. Vatmarker som ar relativt gamla kidnnetecknas ofta av ackumulation av Sphagnum
torv, som har foregétts av en period med ackumulation av Carex torv. Ungefar hilften av de studerade
torvmarkerna har foregatts av ett sjostadie. P4 manga platser startade ackumulationen av torv direkt
efter det att platsen genom landhojningen nétt ovan havets yta. P4 vissa platser borjade sannolikt
ackumulationen av torv till f6ljd av klimatfordndringar som dgde rum tusentals ar efter det att platsen
lyfts ovan havsytan. Data fran torvarkivet visar ocksa pa ett tydligt samband mellan av markanvand-
ning opaverkade vatmarkers dlder och méktigheten pa torvlagren. Den genomsnittliga ackumulationen
av torv dr mellan 0,5 och 1 mm &r'. Ackumulationen av torv ir snabbast under de forsta rtusendena
och visar en med tiden avtagande tendens. En stor andel av de studerade torvmarkerna &r uppodlade
och ungefar hélften av dessa har foregatts av ett sjostadie medan 6vriga utgors av torv som bildats i
vatmarker vilka uppstatt direkt 1 1aglénta delar av terrdngen. De odlade torvmarkerna underlagras av
finkorniga sediment vilka kan lampa sig for odling dven efter det att torven oxiderat bort.
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1 Introduction

The Swedish nuclear waste management company (SKB) have planned for a geological repository
for radioactive waste which will be situated close to Forsmark, in Uppland, at the coast of the Baltic
Sea (SKB 2011). In SKBs safety assessment the potential future human exposure of radionuclides
is modelled. In the future radionuclides may reach the surface system in discharge areas for ground-
water. Food from these areas may consequently contain radionuclide from the repository. Modelling
results show that the highest potential exposures for most radionuclides occur in discharge areas
which are used as arable land (SKB 2010, Saetre et al. 2013).

Discharge areas for groundwater are often situated in peat covered wetlands. Peat is composed of
dead organic material accumulated from vegetation at a certain site (i.e. not transported) and having
an organic content of at least 30% (Joosten and Clarke 2002). In reality most peat has a consider-
ably higher content of organic material. In Sweden the peat has an organic content of 90-98% (see
Jeglum 2006). Soils formed in deposits rich in organic material (e.g. peat) are referred to as histo-
sols. Peat may accumulate in either fens or bogs. A fen may be considered as a discharge area for
groundwater. As peat continues to accumulate the fen can with time develop into a bog where the
surface of the mire will become hydrologically almost independent of the landscape. At that point,
the wetland has reached an ombrotrophic stage where the production of vegetation is all rain-fed
(Charman 2002). Moreover, the potential accumulation in vegetation of radionuclides entering from
below will level off as the bog plane rises. The properties and accumulation rate of the peat in a
wetland changes through time as a consequence of changing environmental conditions. Especially in
young fens the succession of different types of vegetation causes changes in peat properties. Also cli-
matic variations may cause changes in accumulation rates and peat properties. Peat is often classified
by the dominating vegetation that has accumulated to form the peat (e.g. Carex) and by the degree
of decomposition of the peat (von Post and Granlund 1926, Granlund 1932). The degree of decom-
position is classified according to a humification scale with ten classes, where a low humification is
denoted by low values and vice versa. Bog peat is often characterized by a low degree of humifica-
tion and the dominance of Sphagnum in the peat. Fen peat is dominated by other species and tends to
have a higher degree of humification.

The present Forsmark area has recently been uplifted above the level of the Baltic Sea and the
peat coverage is therefore generally too thin for cultivation (Hedenstrom and Sohlenius 2008,
Fredriksson 2004). In the future the Forsmark landscape will change drastically as new land areas
are uplifted and lakes are filled with sediments and peat. Due to the flatness of the landscape the land
areas will increase relatively fast. In a landscape model SKB has predicted the future distribution
of peatlands in the Forsmark area (Brydsten and Strémgren 2010, Lindborg 2010, Lindborg et al.
2013). The accumulation rate of peat used for the landscape model is based on the rate of in growth
of Phargmites in former lakes situated in Uppland (e.g. Bergstrom 2001) that has been compiled
by Brydsten (2004). In that model most peat areas are equivalent to areas covered by Phragmites.
A large proportion of the peatlands in that model are consequently formed in areas proceeded by

a lake stage. There are, however, several studies showing that peat is commonly formed in areas
which have not been preceded by a lake stage (e.g. Rundgren 2008, von Post and Granlund 1926).
Peat accumulation is likely to be initiated in areas with clays or other deposits with a low hydraulic
conductivity.

Today the ground water table in many peat covered wetlands has been lowered to obtain arable land
or to improve forest growth. In such areas the accumulation of peat has stopped and the peat is oxi-
dizing and compacting due to dryer aerated conditions. Especially in peat areas used for agriculture,
the peat layers are rapidly decreasing due to these processes. In SKB’s landscape model (Lindborg
2010) it is predicted that many future peat areas will be used as arable land in a later stage of the
Forsmark area. Peat areas can, however, only be used for agriculture during a certain period of time,
due to the fast oxidation and compaction of peat. These processes have been discussed in earlier
SKB reports (Lindborg 2010). The subsidence rate of cultivated peat was obtained from literature
presenting results from Swedish studies (e.g. Berglund 2008, Kasimir-Klemedtsson et al. 1997).
There are, however, several studies from other countries, situated in boreal climate, dealing with
these processes (e.g. Oleszczuk et al. 2008, Nieuwenhuis and Schokking 1997).
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This report evaluates some of the processes important for SKBs safety assessment concerning
accumulation of peat in wetlands and oxidation of peat in areas used for agriculture. Information
was compiled both from the literature and from SGUs peat archive. The following questions were
addressed:

1) In which environments are peat accumulation predominantly initiated, in former lakes or directly
on wet ground?

2) How fast is peat accumulating in young peatlands and how long time does it take for a peat layer
thick enough for cultivation to form?

3) Which succession of different types of peat can be expected in the future Forsmark area?

4) How fast is peat subsiding in areas used for agriculture, and for how long can an area with a
certain peat thickness be used for cultivation?

These questions are discussed with the use of two methods:

1) Literature on peat accumulation and peat subsidence. Focus is put on results from areas having
a climate similar to the present Forsmark area.

2) Studies of data from SGUs peat archive. These data were collected during the early 20™ century
and are used to study the thickness of peat and succession of peat types in wetlands of different
ages. Additional data from new field studies conducted by SGU in Uppland are also discussed.
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2 Peat accumulation

2.1 Introduction

The carbon accumulation in boreal and subarctic mires since the last glaciation has resulted in a
carbon storage of 220—460 Pg of carbon in the Northern hemisphere peatlands (e.g. Gorham 1991,
Lappalainen 1996). The present rate of the carbon sequestration in Boreal and Subarctic peatlands is
estimated to 66 Mt C/yr (Turunen et al. 2002). The wide range of climatic settings has also resulted
in a wide range of types of peatlands in the northern hemisphere. These peatlands haven’t only been
a formidable carbon sink where they hold 1/3 of the stored land carbon, on 3% of the earth’s land
surface, but do also represent important ecosystems.

The rate and nature of carbon accumulation and exchange of carbon with atmosphere and water in
peatlands is a complex system depending on several different factors interacting with each other.
The carbon accumulation in peatlands is directly controlled by the balance of the net primary
production of the vegetation on the mire and the rate of decomposition of the produced material.
These rates are in turn controlled by different factors and processes. Yu et al. (2009) have com-
piled a general image for factors controlling carbon accumulation and how they depend on each
other (Figure 2-1). The five state factors control the production on the mire and the decomposition
of material directly or through intermediate processes. The relative importance of the different
state factors on the carbon accumulation change over time as the peatland develops. For example
parent material and topography are more important in the early stages of the peatland development
compared with later stages in the development. The relative importance of the factors and pro-
cesses varies between regions but will also be dependent on factors such as stage of development
and mire type.

Reqgiona e
opoqgrap z e
Hydrology ;
(incl. permafrost) Vegetatlon
Potential [}
Biota =
Porosity € Decomposmon Production (jm

Parent Material

(Geologic substrate)

[] Direct control

[] Intermediate process

I state factor

Figure 2-1. A model describing the state factors controlling the carbon accumulation rate in mires and
the intermediating processes and how they depend on each other. The thickness of the arrows indicates the
relative importance of control (Redrawn from Yu et al. 2009). The regional climate parameters in the figure
are: T = temperature, P = precipitation and RH = relative humidity.

SKB TR-13-20 11



2.2 The basic principle of carbon accumulation in mires

Mire systems are generally characterized by a comparably low net primary production (e.g. Camp-
bell et al. 2000) but also a rather low net exchange of CO, and low soil respiration (e.g. Campbell

et al. 2000). Thus the nature of the peatlands and their accumulation of peat can be ascribed to a low
rate of decomposition rather than to a high net primary production. A fundamental fact in the nature
of peatlands is that in the oxic zone in the uppermost part of the peat-profile, the so called acrotelm,
the rate of decomposition is relatively fast and it is also here where the primary production takes
place. When leaving the oxic zone of the acrotelm, often not deeper than 30—40 cm, and moving into
the anoxic zone of the catotelm the overall activity significantly slows down and the rate of decom-
position can be an orders of magnitude lower (e.g. Clymo 1984). The low rate of decomposition in
the catotelm thus preserves the organic litter entering this anaerobic zone and thus the relationship
between the net primary production and the decomposition rate in the acrotelm will to most extent be
the determining factor of the carbon accumulation rate. A mire can thus be divided into two units; the
high activity acrotelm at the surface and the low activity catotelm below the mean water table in the
mire. Thus of major importance for the rate of carbon accumulation is the amount of material enter-
ing the catotelm from the acrotelm.

2.3 Different expressions of carbon accumulation in mires
LARCA/LORCA: Long-term (apparent) rate of carbon accumulation

This is equal to the long term apparent rate of carbon accumulation. By its simplest means it is cal-
culated by dating the basal peat and taking the mass per unit and dividing it by its total age. When
determining LORCA/LARCA it is apparent that mires of different age and of different types have
different long-term accumulation rates (e.g. Clymo et al. 1998, Turunen 2003). As this method does
not take into account the slow rate of loss of peat over time in the catotelm, LORCA tends to overes-
timate the true rate of carbon accumulation.

ARCA: Actual net rate of carbon accumulation

This is the rate of which a peatland accumulates carbon when taking into account both gains and
losses over time. As ARCA also take into account the loss of peat from deeper peat layers as is not
the case with LARCA/LORCA the values of ARCA is often around 2/3 of LORCA values (Tolonen
and Turunen 1996). The rate of carbon accumulation decreases with the age of the mire if it has the
same type of vegetation over time (Rydin and Jeglum 2006, Figure 12.8) when using ARCA. As
ARCA take into account the fluxes both in and out of the peatland and the complexity of this system
it is often described through different types of models (e.g. Clymo et al. 1998, Frolking et al. 2001)

RERCA: The recent rate of carbon accumulation

This is the carbon accumulation which has occurred during the period close to present and represents
the fresh peat added to the peatland. RERCA can be obtained by dating the uppermost part of the
peat and determining the bulk density of the peat. In contrast to ARCA, RERCA does not take into
account the losses of peat from deeper layers. RERCA is often measured over a few decades up to
100 years.

2.4 Factors controlling carbon accumulation in mires
241 Climate

The requirement for the formation of peatlands is that the climate provides enough moist conditions
in order to allow peat to form and accumulate over time. Traditionally the limiting factor for peat
formation has been assigned to precipitation (Granlund 1932) but it is obvious that temperature and
other climatic parameters are equal or more important (e.g. Clymo et al. 1998). Boreal and subarctic
peatlands occur in a wide range of climatic settings with annual temperatures ranging from +6°C
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down to —12°C and with a precipitation between 200 and 1,000 mm (Yu et al. 2009). As peatlands
are abundant at such a broad range of climate settings, other climate parameters than annual tem-
perature and precipitation values are of importance for the formation and maintenance of peatlands.
A suggestion is that annual evapotranspiration, relative humidity and climate seasonality could be
of major importance as the distribution of northern peatlands is highly assigned to annual relative
humidity values between 65% and 95% (Yu et al. 2009).

In a major regional scale, when comparing the carbon accumulation over climate regions, mires situ-
ated in colder climate regimes tend to have lower carbon accumulation rates compared with mires
situated in areas with higher temperatures (e.g. Turunen et al. 2002). There is also indications of that
the highest values of carbon accumulation is in areas with intermediate temperature and precipitation
when comparing with the climate settings where peatlands are present. Thus the highest carbon accu-
mulation is in areas with an annual temperature of 0°C to 2.5°C and a precipitation between 450 and
550 mm (Yu et al. 2009) i.e. in areas with a low evapotranspiration. This is supported by model stud-
ies of mire wetness in relation to carbon accumulation where the highest values are acquired at only
moderately wet climate conditions (Swanson 2007). The reason for this is that the decomposition
rate of the plant litter produced in mires increases with higher temperature due to higher microbial
activity than in colder climate conditions (e.g. Clymo et al. 1998, Davidson and Janssens 2006) and
that the mire microtopography becomes flattened out under these conditions (Swanson 2007). At
lower temperatures the primary production will become lower and can be related to the number of
degree days above zero (Clymo et al. 1998).

2.4.2 Vegetation

The nature of the vegetation is often important for the rate of carbon accumulation in peatlands. The
vegetation is to a major extent dependent on the climate, hydrology and nutrient status of the mire.

In general Sphagnum dominated peatlands have a higher carbon accumulation than other mires. The
main reason for this is that Sphagnum has a high resistance to decay compared to other types of veg-
etation.

In the Sphagnum group there are differences in the rate of primary production but also in their decay
resistance. For example Sphagnum species occupying hummocks have a higher resistance to decay
(e.g. Johnson and Damman 1991, Belyea 1996). This could be related to a higher content of uronic
acids in hummock species (Clymo and Hayward 1982) and phenolic compounds in the plant tissue
can also be of importance (Bersheim et al. 2001). These compounds make the environment more
acidic and also inhibit microbiological activity (e.g. Verhoeven and Toth 1995).

2.4.3 Primary production

The primary production in boreal and subarctic peatlands is low compared with boreal forest eco-
systems. Studies on primary production on mire vegetation have mainly focused on Sphagnum

as Sphagnum 1is such an important group when it comes to the formation of peat. The net primary
production of Sphagnum ranges between 8 to 1,450 g dw m? y' with a mean of 259 g dw m? y'
(Gunnarson 2005). The net primary production of Sphagnum is highly dependent on climate factors
and higher temperatures increase the production of Sphagnum (Gunnarson 2005) but the produc-
tion can be hampered by increased nutrient supply (Gunnarson and Rydin 2000). For the different
types of Sphagnum the production is highest in carpets, intermediate in lawns and lowest on hum-
mocks (Gunnarson 2005) which shows that the production is highest in more moist conditions. For
brown mosses it has been suggested the production is similar to that of Sphagnum (Vitt 1990) and
records of the primary production ranges from 55 to 405 g dw m?y' (Busby et al. 1978, Vitt 1990,
Thormann and Bayley 1997).

When considering other types of mire plants the role of underground production becomes more
important but is not very well investigated (Wieder 2006). The above ground production in herba-
ceous plants is in the range of 8.5-302 g dw m* y ' (Grigal et al. 1985, Szumigalski and Bayley
1996) and in a study from southern Finland the total production of Carex rostrata in a mesotrophic
fen show that the above ground production was only 12% of the total production (Saarinen 1996)
showing the importance of the below surface production.
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The total net primary production when the total vegetation at one site is considered have been inves-
tigated at some sites in Northern America where the production in bogs ranged between 280 and

755 gdw/m’yr " and in fens between 11-710 gdw/m*yr ' (Thormann and Bayley 1997). This study
however don’t take into account the below underground production which can be considerable in fens.

2.4.4 Decay rates

The rate of decomposition is the most important parameter controlling the carbon accumulation in
mires. As shown in Figure 2-1 the decay rate is dependent on several different factors and interme-
diating processes. In Table 2-1 a summary is given for some of the important variables affecting the
decay rate of the plant litter in mires. The highest decay rates are presumed to occur in mires with

a high nutrient status with vegetation dominated by vascular plants and with moderately wet condi-
tions. The annual temperature should not be too low as when temperature becomes lower the decom-
position rate is hampered (e.g. Moore et al. 1999). This is especially important for the decay in the
anaerobic zone as the methanogenesis process here is highly temperature dependent (Moore and
Dalva 1993) compared with the decay in the aerobic zone (Segers 1998). The role of precipitation on
the rate of decomposition can affect the acrotelm depth and the residence time of the material in the
acrotelm. This has for example been recorded at the bog “Store Mosse”, which is situated in south
western Sweden (Malmer and Wallen 2004).

The importance of vegetation on the resistance against decay have been shown in experimental stud-
ies and among the major peat forming plant groups Sphagnum is most resistant to decay (Table 2-2).
Sphagnum dominated peatlands generally have a lower productivity than peatlands dominated by
vascular plants but has a high rate of carbon accumulation (Turunen 2003), as their rate of decom-
position is lower (Thormann et al. 1999). The reason for the low decomposition rates for Sphagnum
is its low content of nutrients but also different types of organic compounds inhibiting the microbial
activity and lowering the pH (e.g. Painter 1991, Johnson and Damman 1993). The most important
substances are Sphagnan, an uronic acid, and sphagnols, a phenolic substance, which both lower the
pH, inhibiting microbial activities and makes the litter resistance to decay (Verhoeven and Liefveld
1997, Bersheim et al. 2001). When the mineral supply of N and P increases to Sphagnum-dominated

settings the decay rate increased (Aerts et al. 2001) showing the effect of nutrient supply on decay

rates.

Table 2-1. Some important conditions controlling the decay rate/decomposition rate of litter in

peatlands.

Factor Condition Effect

Climate Low temperature Lower decomposition rates
High temperatures Higher decomposition rates

Microsites Hummock Lower decomposition rates
Hollow Higher decomposition rates
Lawn Low decomposition rates

Vegetation Dominated by Sphagnum Low decomposition rates

Dominated by vascular plants

Higher decomposition rates

Position in relation to water table | Dry Low/high decomposition rate
Wet Low decomposition rate
Intermediate High decomposition rate

Nutrient content (N,P) High Higher decomposition
Low Slower decomposition

pH Neutral/high Higher decomposition
Acidic/Low Lower decomposition

Table 2-2. Rate of decomposition based on mass loss measurements in Canadian peatlands

(Moore and Basiliko 2006).

Rate of decomposition | Low High
Type of material Woody  Hummocky Hollow Lawn Tree Tree Shrub Sedge
material Sphagnum Sphagnum Sphagnum needles leaves leaves

14
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The most important abiotic factor controlling the decomposition is the position of the water table
where a high decompositianal regime exists in the aerated zone above the water table. This is dem-
onstrated by the fact that in drier microsites the decomposition is higher (Belyea 1996) while the
decomposition becomes lower at wetter settings. However at the driest settings the decomposition
is restricted by the lack of moisture (Laiho et al. 2004). The highest rate of decomposition is at the
zone of water table fluctuation and becomes lower below this zone and above it (Beleya 1996). In
moderately wet settings with a fluctuating water table the wetness conditions are suitable for decom-
position but in total intermediate wet settings will have the highest rate of carbon accumulation while
extremely dry and wet settings have lower rate (Belyea and Clymo 2001).

2.4.5 Mire type — bogs and fens

The carbon accumulation is generally lower in fens compared to bogs. The reason for this is the
nature of the environment they consist of with higher nutrient status, higher pH, and a domination of
vascular plants. These factors enhance microbial activities and the plant litter produced is also easier
to degrade (e.g. Aerts et al. 1999). During the very early development of fens, the carbon accumula-
tion can be particularly high (e.g. Yu et al. 2003). The reasons behind this could be that the produc-
tion is high in the earliest fen stages due to the input of nutrient rich and well oxygenated water.
Another important factor could be that the acrotelm is less well developed during this early phase of
peat growth due to a high groundwater table and the plant litter produced will enter the catotelm fast.
When the peat grows in height the peatland surface will become more isolated from the nutrient rich
groundwater, the surface will become drier and the production is reduced while the decomposition
rate increases (e.g. Damman 1986).

In continental bogs and in fens carbon accumulated through time can be illustrated by a curve with
a convex shape with higher accumulation in the early part of the development (e.g. Yu 2006). This
stands in contrast to the concave shape of corresponding curve from bogs in an oceanic setting
(Clymo 1984) where the accumulation rate increases with time. As mentioned above the reason for
the higher growth in the early phase of fens is that these young fens the acrotelm is not very well
developed and they have a higher nutrient supply (e.g. Damman 1986) but the carbon accumulation
in fens decreases with increased height of the peat column as the surface become drier (Yu et al.
2003). Bogs in more continental settings seem to be more sensitive to changes in the water balance
of the climate (e.g. Kuhry and Vitt 1996, Turunen et al. 2001). The reduced peat accumulation rate
over time can both be dependent on autogenic changes within the mire and external factors altering
the hydrology. The reason for the concave curve of oceanic bogs is caused by a constant growth,
due to wet conditions, in combination with an exponential decay of peat in the deeper peat layers
(Clymo 1984).

2.5 Estimations of long-term carbon accumulation in boreal and
subarctic mires

Some major regional investigations/compilations of the carbon accumulation in boreal and subarctic
have been made for Northern America, Finland and in Siberia (e.g. Ovenden 1990, Zoltai 1991,
Botch et al. 1995, Turunen et al. 2002). The carbon accumulation in these studies is in the range of
20-35 g m*yr . The data in these studies is mainly from well developed deep mires and does not
to a full extent take into account younger and shallower peatlands which makes the data-sets not
fully representative for the northern hemisphere peatlands and especially not for the Forsmark area,
which is characterised by young wetlands. Values of carbon accumulation from a range of studies
are illustrated in Table 2-3. From this data a mean value for the carbon accumulation in boreal and
subarctic mires of 19 g m2yr ' is achieved. A thorough review on carbon accumulation in northern
peatlands is given in Turunen (2003). When examining the major studies and the ranges in carbon
accumulation in the data-sets it is obvious that the between site variability in carbon accumulation is
very high. These variations are due to different climate settings, differences in vegetation and differ-
ent local conditions.
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Table 2-3. A compilation of some studies made on carbon accumulation (in g C m2yr™) in boreal
and subarctic mires. The data includes both individual studies and averages values from larger

data-sets.

LORCA Geographical area and mire type Reference

(g Cm?yr™)

Global

29 Global Gorham 1991

21 Global Clymo et al. 1998
Regional boreal

30-35 Finland bogs Turunen 2003

24 Finland bogs Tolonen and Turunen 1996
19.8 Finland bogs average Makila and Goslar 2008
23 Finland average Tolonen and Turunen 1996
36.3 Finland young mires average Korhola et al. 1995

14-15 Finland fens Tolonen and Turunen 1996
14-35 Western Boreal Canada Kuhry and Vitt 1996
7.8-113 Boreal Canada fens Yu 2006

25.5 Boreal Canada fens average Yu 2006

25 Canada average Gorham et al. 2003

8-40 Canada Gorham et al. 2003

10-35 Canadian Boreal mires Ovenden 1990

14.4-18.9 Canadian Boreal mires van Bellen et al. 2011

194 Interior Canada Vitt et al. 2000

72-80 Fens and marshes Botch et al. 1995

Regional subarctic

30 Former USSR average Botch et al. 1995

12 Northern polygonal mires Botch et al. 1995
10-85 Western Siberian mires Borren et al. 2004

16.2 Western Siberian mires average Borren et al. 2004
12.1-23.7 Russian raised string bogs Turunen et al. 2001
14.6 Finland aapa mires average Makila and Goslar 2008

Minor/single site studies

25 Degerd stormyr, Sweden Oldfield et al. 1997

6.3 British Colutribia bog Turunen and Turunen 2003
14-18 Swedish mires Klarqvist 2001

16.7-22.3 Finland bog Makila 1997

4.6-67.5 Quebec bog Loisel and Garneau 2010
18.5 Quebec bog average Loisel and Garneau 2010
8 Finland aapa mire Makila et al. 2001

When it comes to climate conditions it is obvious that the long-term carbon accumulation rate is
dependent on climate. Boreal mires have higher carbon accumulation than subarctic mires due to the
difference in the vegetation season (Clymo et al. 1998) and in settings with a more oceanic climate
the accumulation also becomes higher as in the case of Finland (Tolonen and Turunen 1996). This
however stands somewhat in contrasts with the compilation by Yu et al. (2009) which suggests that
the highest carbon accumulation occurs in areas with an annual temperature slightly above 0°C and
moderately wet conditions which is more equal to subarctic conditions. What is obvious is though that
the relative humidity and climate seasonality is of major importance to the carbon accumulation rate
(Yu et al. 2009).

In more detailed studies of single sites the effect of climate on both the development of the mire and
its carbon accumulation can be seen (e.g. Mékilé et al. 2001, Yu et al. 2003, van Bellen et al. 2011)
and major changes in carbon accumulation over time is common (e.g. Klarqvist 2001, Mékilé et al.
2001, van Bellen et al. 2011).
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2.6 Peatland initiation and mire succession

Peatlands started to form after the last glaciation and in Europe the onset of major peatland expan-
sion started c. 12,000 years ago with the most intensive phase of peat initiation between 11,000 and
8,000 years ago (MacDonald et al. 2006). The intensive phase of establishment of peatlands was due
to a warmer climate and that land areas suitable for peatland establishment was exposed as the ice
sheet retreated. After 8,000 years ago the peat initiation declined but has continued until present.

There are three processes responsible for the development of new peatlands (Kuhry and Turunen
2006), namely paludification, primary peat formation and terrestrialization of lakes (see Table 2-4 for
details). In most part of the world paludification and primary peat initiation is the dominant process
but there are major regional differences. Peatlands formed through paludification are developed over
previously vegetated mineral soil while peatlands formed through primary peat formation develop
directly on mineral soil without any previous vegetation. In west-central Canada the majority of the
peatlands are formed through paludification (cf. Kuhry and Turunen 2006) and in Finland the major
part of peatlands are formed through paludification and primary peat initiation (Korhola and Tolonen
1996). Peatlands formed through paludification has been proceeded by a period with non peat form-
ing vegetation such as wood or grassland while peat has been accumulated directly on mineral soil in
peatlands formed through primary peat initiation.

The terrestrialization process is to a major extent a self going process where a lake basin is infilled
with sediments and providing enough moisture to promote peat growth. The process of terrestrializa-
tion can be affected by changes in climate where a drier climate could promote terrestrialization as
lake levels are lowered and the formation of peat starts (e.g. Svensson 1988, Korhola 1996). In con-
trast to terrestrialization the process of paludification and primary peat production is more depend-
ent on prevailing climate conditions. In paludification also pedogenic processes like precipitation of
iron and aluminium oxides can form impermeable layers creating sufficiently moist conditions. This
is also the case with other pedogenic processes such as the formation of a surface humus layer (e.g.
Hilbert et al. 2000). Large changes in vegetation due to human impact can also initiate peat forma-
tion as in Great Britain where peatlands started to form when a major part of the woods were cut.

2.6.1 Peatland initiation and climate

The single most important factor in the initiation of peatlands is different climate variables. In peri-
ods when the effective moisture (precipitation minus evaporation) increase either by increasing pre-
cipitation or lowering of the temperature or a combination of both peatland initiation is promoted. As
peatlands are dependent on a wet climate, changes in climate can initiate formation of new peatlands
and during periods when the climate has become wetter, more intensive peatland initiation have
occurred (e.g. Campbell et al. 2000).

Table 2-4. Different processes for the development of new peatlands.

Type of peatland initiation Process Occurrence

Paludification Formation of peat on previously vegetated mineral soil Most common type
without any previous body of water.

Primary peat formation Formation of peat directly on bare mineral soil without any  Previously glaciated areas
previous vegetation stage.

Terrestrialization of lakes Infilling of shallow lakes through the formation of grounded

or floating vegetation mats.

Table 2-5. Effects of factors controlling different types of peatland initiation.

Ranking of importance Paludification Terrestrialization Primary peat initiation
1 Climate Geology/substrate Geology/substrate

2 Topography Biogeography Topography

3 Biogeography Topography Climate
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In west-central Canada and western Siberia peatlands started to form extensively at ¢ 7000 BP
(before present) as the climate before that was to warm and dry (Zoltai and Vitt 1990, Kremenetski
et al. 2003). Further to the north the cooling of the climate during middle and late Holocene has
instead lead to reduced formation of peatlands, and the change of peatlands from fens into Palsa mire
types (e.g. Zoltai 1995). In more oceanic settings the amount of precipitation have been sufficient for
the formation of peatlands, and basal dates of peats follow deglaciation and the emergence of new
land due to isostatic uplift (e.g. Korhola 1994). However the lateral expansion and slower growth in
these settings can occur due to drier and warmer climate. This is for example recorded from Finland
for the period 7000 to 4500 BP (Korhola 1995). The peatland growth and initiation can also be ham-
pered by a cooler climate as recorded in fens of western Canada (Yu 2006). A drier climate could
also promote terrestrialization as lake levels are lowered (e.g. Svensson 1988, Korhola 1996). The
dry climate situation in western Canada also have delayed the peat initiation for a long time and peat
started to form at 3,000 yrs ago (Kuhry 1997).

In several areas with a subarctic climate, the peatlands were formed in a boreal climate during the
Holocene climate optimum. With decreasing temperatures these peatlands have reduced their peat
forming processes and transformed into peatlands with permafrost and formation of palsas. From
both Canada and Siberia old radiocarbon dates are recorded from the upper peat layers in these areas
(Zoltai 1995, Peteet et al. 1998). It is not necessary that the peat formation has completely stopped in
these areas but it is possible that erosion has removed the uppermost part of the peat exposing older
peat layers at the surface.

Table 2-6. Examples of peat initiation due to climate change.

Area Timing BP Mechanism Reference

West-central Canada  C 7000 BP The climate was to dry and warm during the Zoltai and Vitt 1990
previous period after the deglaciation.

Western Siberia C 7000 BP The climate was to dry and warm during the Kremenetski et al. 2003

south of 58N° previous period after the deglaciation.

Southern Finland 8000-7000 BP Periods with wetter climate. Korhola 1995

4500-3000 BP
Newfoundland 5000-6000 BP Periods with wetter climate. Davis 1984

4000-2500 BP Pedogenic processes.

18 SKB TR-13-20



3 Drainage of peatlands for agricultural use

3.1 Introduction

Areas with peat are currently used for agriculture in most countries with significant peat areas
(Strack 2008, Table 3-1). There are several examples from Sweden describing the draining of peat
areas and the following effects of that process (e.g. Runefelt 2008, Mc Afee 1985). The cultivated
peat soils have an organic content of at least between 20 and 30%, but the organic content is often
considerably higher (80-90%). The cultivated deposits discussed here can consequently have a wide
range of organic contents and thereby varying physical properties.

To meet the requirements of crops the groundwater level in peat covered wetlands must be lowered
to make cultivation possible. Many peat areas can potentially be cultivated, but only a small propor-
tion of the Swedish peatlands are presently used for that purpose (Strack 2008, Berglund et al. 2009).
After draining the accumulation of peat stops and the peat layers are subsiding due to oxidation,
shrinkage and compaction. It should be noted that shrinkage and compaction are two different pro-
cesses, where shrinkage cause a decrease in volume due to shrinkage of the peat particles whereas
compaction cause decrease volume due to a decreased proportion of pores within the peat. Several
studies have shown that this subsidence is a fast process which may exceed 1 cm/year (e.g. Kasimir-
Klemedtsson et al. 1997, Hutchinson 1980). A peat land can consequently only be used for cultiva-
tion for a certain period of time. Cultivation can, however be continued if the underlying soils are
suitable and if it is possible to maintain the ground water table low enough.

SKB has modelled the future accumulation of peat and land use in the Forsmark area (Lindborg
2010). The resulting landscape model shows that there will be large areas with peat suitable for
cultivation in the future. These results have been used by SKB to assess the potential exposure of
radionuclides to humans consuming food from cultivated peat areas that has been exposed to long-
term release from an underground repository of spent nuclear fuel (SR-Site, SKB 2010) or low-level
waste (SKB, 2014). To be able to model the fate of peat when an area is drained and cultivated the
following questions are addressed in this report:

1) How fast is the total subsidence of peat?
2) Which factors affect the rate of subsidence?

3) Is it possible to determine the relative contributions of oxidation and compaction/shrinkage to
total peat subsidence?

3.2 Cultivation of peat in Sweden

In this report cultivated peat is defined as areas with peat where the groundwater table has been
lowered to facilitate tillage, and grassland for grazing. In Sweden the areas with cultivated peat have
decreased significantly during the last 60 years. Large peat areas in middle Sweden are, however,
still used as arable land (Figure 3-1). According to Hjertstedt (1946) 12.3% of all areas with organic
deposits in Sweden were used as arable land during the mid 20th century. This corresponded to

20% of all cultivated land. Most of these organic deposits were classified as peat (Table 3-2). Today,
around 6% of the cultivated land area in Sweden is situated on peat deposits, which corresponds to
160,000 ha (Berglund et al. 2009). According to Oleszczuk et al. (2008) c. 5% of the total Swedish
peat area is used for cultivation. That study assumes that much larger peat areas are used for cultiva-
tion than Berglund et al. (2009) assumed. The study by Berglund et al. (2009) is, however, the most
thorough study made concerning the use of peat as arable land. That study was made by comparing
SGU’s maps of Quaternary deposits (QD) and the area used as arable land. The comparison also
includes areas shown as a thin coverage of peat (< 0.5 metre) on SGU’s maps. Since the quality of
the QD maps is much higher now than 60 years ago, the estimation of cultivated organic deposits
made by Berglund et al. (2009) is therefore probably better than the estimations made by Hjertstedt
(1946) 60 years ago. The large difference between the estimates made by Hjertstedt (1946) and
Berglund et al. (2009) is, however, a clear proof of decreased of peat covered areas use for cultiva-
tion. One reason for the decreased proportion of cultivated peat areas during the last 60 years may be
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that the peat layers have oxidised and many present areas with arable land have consequently once
been covered by a layer of peat. It is also clear that large peat areas formerly used for cultivation have
been abandoned (Berglund et al. 2009). Today it is generally not allowed to make new ditches in
areas unaffected by ditches, and peat-covered wetlands are at present not converted to arable land in
Sweden. Wetlands are instead restored to obtain and promote biological diversity and to achieve traps
for nutrients and other emissions from anthropogenic activities. Also in Finland the areas with culti-
vated peat has decreased (Maljanen et al. 2007). However, further south in Europe a much larger pro-
portion of the peatlands are currently used for agriculture, the great majority being used as meadows
and pastures (Strack 2008, Table 3-1), which indicates that a larger proportion of the Swedish peatland
could potentially be used for cultivation in the future. The high proportion of cultivated peat in, e.g.
the Netherlands may be attributed to the dense population causing need for arable land. Some of the
differences in the proportion of cultivated peatlands may, however, be an effect of different suitability
for cultivation in different areas (e.g. peat quality and draining possibilities).

In eastern Uppland the proportion of peat used as arable land has decreased during the last decades
(cf. Berg et al. 2006). The present proportion of cultivated peat deposits in the County of Uppsala
(5.0%), where Forsmark is situated, is close to the Swedish average (cf. Berglund et al. 2009).
Almost half of these areas are covered by a peat layer thinner than 0.5 metre. It is likely that many
areas that today consist of postglacial clay or clay gyttja formerly were covered by peat layers,
which now have oxidised (cf. Section 4.4.7). That is likely since these clay deposits have a low
hydraulic conductivity and are often situated in discharge areas for ground water, where peat accu-
mulation naturally would occur.

Only a small proportion of the present Forsmark area is covered by peat and these peat layers are
generally not thick enough for cultivation (Hedenstrdm and Sohlenius 2008). During the forthcom-
ing thousands of years the peat thickness will increase in the Forsmark area and cultivation of
peat areas will consequently be possible (Lindborg 2010). Cultivation is also possible in peat areas
underlain by deposits, which can be used for further cultivation when the peat has oxidized. Most
of the peat areas in the landscape model are situated in areas which are preceded by a lake stage.

Table 3-1. Peatland areas and proportion of the peatlands used for cultivation in some countries
(Oleszczuk et al. 2008). The values shown in the table should be regarded as estimations, but it is
clear that the proportion of Swedish peat areas used for cultivation is relatively small compared
to the situation further south in Europe.

Country Total peat land area Peat land area used for cultivation
(km?) (km?) (%)
Europe
Belarus 23,967 9,631 40
Estonia 10,091 1,300 13
Finland 94,000 2,000 2
Germany 14,200 12,000 85
Great Britain 17,549 720 4
Iceland 10,000 1,300 13
Ireland 11,757 896 8
Latvia 6,691 1,000 15
Lithuania 4,826 1,900 39
Netherlands 20,350 2,000 85
Norway 23,700 1,905 8
Poland 10,877 7,620 70
Russia 568,000 70,400 12
Sweden 66,680 3,000 5
Ukraine 10,081 5,000 50
North America
Canada 1,114,000 170,000 15
USA 611,000 61,000 10
Asia
Indonesia 200,728 42,000 20
Malaysia 25,890 8,285 32
China 10,440 2,610 25
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There are, however, also large low lying areas with clay which in the future maybe covered by peat
and thereafter cultivated (Hedenstrom and Sohlenius 2008). In fact in the present Uppland peat is
often underlain by clay gyttja (cf. SGUs QD maps and Chapter 4), a sediment which is deposited in
shallow bays of the Baltic Sea, implying that the initiation of peat formation was not preceded by

a lake stage alternatively only a short lake stage. As a consequence, the landscape model probably
underestimates the future areas potentially covered with peat. Furthermore, the QD maps show that
peat presently used as arable land is almost always situated in areas bordering areas with sand or
clay. That suggests that the cultivated peat to a large extent is underlain by minerogenic fine-grained
deposits, e.g. clay or sand, which can be used as arable land when the peat has oxidised. Also, anal-
ysis of data from SGUs peat archive (see Chapter 4) shows that around half of 47 cultivated peat-
lands are underlain by clay and the other half by gyttja i.e. lake sediments (von Post and Granlund
1926). The properties of cultivated peatlands in the north-eastern parts of the Uppland are further
discussed in Chapter 4.

Table 3-2. The proportional distribution of organic deposits at sites used for cultivation (from
Hjertstedt 1946). The values for the County of Uppsala are shown with an black font. Undetermined
% represents peat which not has been possible to determine due to a high degree of degradation.
The proportions of cultivated peat types can obviously have changed slightly since 1946.

LS? |Fen peat Bog peat
S

i g/ 88 5 5 2

s /% 8 8 8|8 %

s &/ 58|2 §/ 8|8 § ¢

= 5 x| & 5 2|3 5 2

g/ § 8|z &£ 8 8 & %

County’ N |6 & & & &2 8|85
Stockholm 327| 15 2| 20| 14 6 | 28 2 4 9
Uppsala 527 7 1| 24 | 24 3| 18 1 3| 19
Soédermanland 383| 20 1 17 8 7| 3 2 3 11
Ostergétland 555| 13 1 15 2 7| 37 3 71| 15
Jonkdping 504 | 18 2| 29 3 8| 12 2| 10| 16
Kronoberg 386| 31 2| 17 - 7119 3 11 10
Kalmar 604 | 24 - | 16 3 4| 18 1 5| 29
Gotland 207 8 - | 25| 16 1 1 - 49
Blekinge 497| 30 5| 19 - 2| 22 - 6| 16
Kristianstad 227 1 3| 19 3 2| 34 3 5| 20
Malmé&hus 218 1 1 15 4 3| 4 5 4| 16
Halland 137| 17 10 21 1 4| 20 2| 29 5
Goteborg and Bohuslan 39 8 - | 16 - -1 30 - | 28 18
Alvsborg 319 8 5| 24 7 7\ 14 2| 12| 21
Skaraborg 531 6 3| 3| 1 3| 14 1 1 16
Varmland 208 | 16 1 18 - | 14| 17 3 14| 17
Orebro 592| 10 1 12 2 9| 40 7 4| 15
Vastmanland 337 12 1 20| 10| 19| 19 3 9 7
Kopparberg 633 4 - | 43 11 12 | 15 2| 10 3
Géavleborg 342 6 -1 30 5 9| 20 2 7| 21
Vasternorrland 357 3 -| 36| 10| 18| 17 3 8 5
Jamtland 1,125 2 -1 36| 29| 12| 10 1 4 6
Vasterbotten 1,111 5 - | 40| 14 | 17 5 3] 13 3
Norrbotten 258 4 - | 57 15 9 6 1 4 4
The whole country of Sweden 10,524 | 11 1 28 | 10 91 19 2 7 13

"The division of Sweden into different counties has change slightly since 1946.
2S = Lake sediment.
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3.3  Genesis of peat in areas used for cultivation

Peat properties are of importance when cultivating a peat covered wetland. The properties of peat
accumulating in a wetland vary through time as a consequence of the succession stages a mire expe-
rience from a young fen to an open bog (see Section 4.4.3).

Osvald (1937) made one of the most thorough discussions regarding cultivation of Swedish peat cov-
ered wetlands. Bog peat is characterized by low pH and low contents of nutrients and is consequently
not suitable for cultivation without amelioration. The bog peat is also characterised by a high water
content and low stability, making cultivation problematic. It is, however, possible to cultivate bog peat
after adding sand and clay. Fen peat is generally more often suitable for cultivation, since the pH and
contents of nutrients are relatively high. Fen peat also has physical properties suitable for cultivation.
After the groundwater table has been lowered nitrogen and phosphorus bound in the fen peat can be
successively available for plants during the first years of peat mineralization.

The proportional distribution of different peat types and gyttja, which were used for cultivation
during the mid 20™ century, is summarised in Table 3-2 (from Hjertstedt 1946). These proportions
may have partly changed since that time, since today a much smaller proportion of the arable land
is situated on peat soils (cf. Berglund et al. 2009). In general a low proportion of nutrient poor peat
which has been formed in bog environments (Sphagnum peat and forest bog peat) was cultivated
during the mid 20" century (Table 3-2). In the County of Uppsala, where Forsmark, is situated the
proportion of cultivated bog peat is smaller than the Swedish average. However, one reason for the
low proportion of cultivated bog peat in the County of Uppsala might be that there are other more
favourable deposits available for cultivation. South western Sweden has a higher proportion culti-
vated bog peat, which can be explained by the high abundance of that peat type in that area due to
a relatively high precipitation. It cannot be ruled out that an increased demand for arable land in the
Forsmark area could cause an increase in cultivation of peat, including bog peat.

According to Hjertstedt (1946) the most commonly cultivated peat types in the County of Uppsala
are Carex peat and Bryales peat. Both Carex and Bryales peat are classified as fen peat and are com-
monly occurring in the area. That is reflected by data from SGUs peat archive, which is presented in
Chapter 4. Compared to other parts of Sweden a relatively large proportion of Bryales peat is culti-
vated in the County of Uppsala (Table 3-2). Bryales is governed by a high pH, which probably is an
effect of the abundance of lime rich soils, causing a high pH in many fens. Many of the peatlands in
the County of Uppsala has recently been uplifted above the sea level and the succession of different
peat types will consequently continue in many wetlands. In the future other peat types will be more
common (e.g. woody sedge peat from fens), which also might be reflected in the future properties
of cultivated peat. In other parts of Sweden a higher proportion of forested fen peat is cultivated and
that peat type is well suitable for cultivation according to Hjertstedt (1946).

Figure 3-1. A cultivated peat area situated in the County of Véstmanland. An area which have a similar
geological setting as Forsmark with surroundings. The peat soils are recognised by a characteristic black
colour (Photo: Henrik Mikko SGU).
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The cultivation of the peat covered “Balinge Mosse” (Mc Afee 1985) was one of the largest drainage
projects in the County of Uppsala. Before cultivation the peat at that site was a fen peat with a high
degree of humification, which was rich in mosses and Carex, i.e. similar to the peat commonly culti-
vated in the region (cf. Hjertstedt 1946).

The proportion of cultivated Phragmites peat is low throughout Sweden (Table 3-2). Northern
Sweden lacks cultivated Phragmites peat completely probably due to a lower frequency of Phrag-
mites as a consequence of the colder climate. Stratigraphical studies from the County of Uppsala
(see Section 4.4) show that the layers of Phragmites peat often are thin, explaining the low propor-
tion of cultivated Phragmites peat.

3.4 Cultivation of peat — practical aspects

The practical aspects of peat cultivation have been discussed by several authors (e.g. Mc Afee 1984,
Osvald 1937). According to Osvald (1937) it is technically possible to convert all types of wetlands
with peat layer thick enough to arable land, but it is not always economically feasible to do so.
During the early 20" century cultivation of bog peat was feasible when there was a large demand
for arable land and no alternatives where at hand. What is economically feasible change, however,
through time, which is reflected by the present situation when large areas of arable land recently
have been abandoned.

There are several peat properties which must be considered during the conversion of a peat area to
arable land. The hydraulic conductivity of peat decreases with increasing degree of humification.
The distances between the ditches must consequently be adapted to the peat types. The capillarity
of peat is in some cases low which may cause dry conditions at the ground surface. In addition peat
can hold large amounts of water which is strongly bound and not available for the crop. To avoid
drought problems the groundwater table must consequently not be lowered deeper than necessary.
In peat with a high degree of humification the roots can easily penetrates down to the groundwater
table (Osvald 1937). In peat with a low degree of humification the roots can only develop in the
uppermost tilled part of the cultivated soil and the roots can consequently not reach the groundwater
if situated too deep below the tilled layer. Crops growing on peat types with a low degree of humi-
fication, e.g. Sphagnum or Phragmites peat, are therefore sensitive to drought if the groundwater is
situated too low below the ground surface (cf. Osvald 1937).

Peat soils are characterised by low heat capacity and in the spring peat can consequently be frozen
when other soils are free of ice (Osvald 1937). That is however favourable during the spring tillage,
since the ice causes a high stability of the otherwise unstable peat soils. In northern Sweden, where
the growing season is short, the low heat capacity can be a problem since the peat soils are partly
frozen during a large part of the snow free period.

Osvald (1937) never discussed how thick the undrained peat layer must be to make cultivation pos-
sible. Ivitsky (1975) made recommendation for the depth of ditches needed for cultivation of peat
in the former Soviet union, and recommended depths of between 60 and 120 cm depending on peat
thickness and type of crop (Table 3-3). It is, however, clear that the values presented by Ivintsky
(1975) are deeper than what is necessary to make cultivation possible. According to studies in
Finland by Valmari (1977) depths of 50-60 cm below the surface are suitable water table depths for
many crops and plants can tolerate a water table depth of 20—40 cm for a period. However, farming
is problematic when the water table is less than 30-40 cm below the ground surface, since the wet
conditions cause unstable ground conditions. Berglund (1996a) studied six sites where organic soils
were cultivated. At these sites the groundwater level was situated between 0.5 and 1 metre below the
ground surface, indicating that the groundwater level often is situated more than 0.5 metres below
the ground surface. The peat subsides considerably when the groundwater table is lowered (see
below) and the original peat layer must therefore be considerably thicker than the cultivated layer
to make cultivation possible. In Chapter 4 data from SGUs peat archive is presented, showing that
all studied cultivated peat areas in the County of Uppsala constitute of fen peat, which most often is
underlain by fine grained deposits, i.e. not till.
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Table 3-3. Recommended depth (cm) to the groundwater table for different crops (lvitsky 1975).

Thin peat  Thick peat

Pasture 60-70 80-85

Cereals 80-90 100-110
Potatoes, sugar beet  90-110 110-130
Food roots, cabbage 85-100 110-120

3.5 Subsidence of peat in areas used for agriculture

There are numerous studies showing a significant subsidence of cultivated peat as a consequence
of a lower groundwater table (e.g. Mc Afee 1985, Kluge et al. 2008). The subsidence is caused by
several factors:

1) Oxidation as a consequence of oxidising conditions in the uppermost drained peat.

2) Compaction as a consequence of lowering of the groundwater table and by the weight of
machines.

3) Shrinkage of the peat as a consequence of lower water content.

4) Erosion by wind and water.

Subsidence of peat has been studied for two reasons: 1) The oxidation of peat causes emissions

of greenhouse gases which may cause a warmer climate, 2) The subsidence of the ground surface
decreases the depth of the groundwater table, which may cause conditions too wet for cultivation
demanding further deepening of the groundwater level. The processes which are causing subsidence
of peat are discussed in the text below. Erosion is not further discussed since that process is com-
monly not of large importance in Sweden (cf. Berglund 2008). There are, however, examples from
Skéne and Gotland where wind erosion of peat soils has been a problem (Osvald 1937).

3.5.1 Total subsidence of peat over time

The most important factors determine the subsidence, in a newly drained peatland, are shrinkage and
compaction (e.g. Berglund 1996b, Figure 3-2, Figure 3-3, Table 3-4). Compaction is caused by the
increased gravitational pressure on the peat layers, which is caused by a lowering of the groundwater
table. Shrinkage on the other hand refers to the decreased irreversible volume of the organic material
which is an effect of drying. The shrinking causes the formation of macro pores where oxygen can
make its way into the soil. The peat starts consequently to oxidize (see Section 3.5.2) and the soil
becomes successively more humified and fine grained.

After lowering the groundwater table compaction and shrinkage also cause an increase in dry bulk
density and decrease in porosity (Berglund et a. 1989), which is demonstrated in Figure 3-4 where
the dry bulk densities in a peat profile before and after drainage are compared. The increase in bulk
density decreases with increased depth below the ground surface (Table 3-5 from Stenberg 1936).
The compaction takes place both above and below the groundwater table and the magnitude of this
process increases with thickness of the peat column (Berglund 1989). The largest subsidence occurs
in the uppermost peat horizons. However, deeper peat layers below the ground water level are also
subject to compaction (Table 3-5, Figure 3-4, Table A1-2 in Appendix 1).

The relative importance of oxidation increases with time (Figure 3-2) after drainage. As the subsid-
ence continues the groundwater level will successively be situated closer to the ground surface. It
will then be necessary to lower the ground water level again. That action will cause a new period
characterised by fast subsidence, which is caused by compaction and shrinkage (cf. Hutchinson
1980).

Peat type is important for the subsidence behaviour of peat over time. The relationship between dry
density and degree of humification in peat samples from undrained mires is illustrated in Figure 3-5.
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Figure 3-2. The subsidence of peat after the draining of a wetland in southern Sweden (Lidhult) for cultiva-
tion (modified from Berglund 1989). The first initial period (4) after the peatland was drained is characterised
by a fast subsidence where compaction is the main contributor to the subsidence. The compaction continues
after the initial period but at a lower rate (B). After 10—15 year oxidation is the main contributor to subsid-
ence (C). Oxidation occurs throughout the illustrated period and is not decreasing during the first decades
after the draining. Over a longer period of time rate of oxidation can, however be expected to decrease since
the amount of fast degradable organic material will decrease.

Table 3-4. Subsidence of peat on arable land that is used for two types of cultivation (Berglund
1989). Data was obtained from a cultivated peatland in southern Sweden (Lidhult) that was drained
in 1950. The data from the eastern part of the peatland is also shown in Figure 3-2. The lower sub-
sidence rates in the areas with grass can be attributed to lower oxidation rates in peat areas used
for that crop.

Measured periods
1950-1954 1954-1956 1956-1964 1964-1976 1950-1976

Eastern part — mostly grass

Total (cm) 27 6 14 8 55
Yearly (cm) 6.8 3.0 1.8 0.7 2.1
Western part — arable land

Total (cm) 42 10 13 14 79
Yearly (cm) 10.5 5.0 1.6 1.2 3.0

Peat with a low degree of humification is characterised by high water content and will consequently
compact significantly if drained. Sphagnum peat (bog peat) is characterised by high water content
and will consequently compact fast after a lowering of the ground water table (Figure 3-3). That
peat type is, however, not easily oxidised and the subsidence rate of Sphagnum peat is therefore low
after the initial subsidence phase has finished. Fen peat on the other hand is characterised by lower
water content and will therefore be subjected to lower initial subsidence rates than Sphagnum peat.
Oxidation of fen peat is, however, much faster than that of bog peat, which constitutes Sphagnum
peat (Figure 3-3).

Peat with a high degree of humification is more subjected to the shrinkage, caused by dryer condi-
tions, than Sphagnum peat with a low degree of humification, i.e. bog peat can be expected to shrink
less than fen peat (cf. Oleszczuk et al. 2008). The relatively large subsidence of bog peat shown in
Figure 3-3 indicates, however, that compaction is a quantitatively more important contributor to sub-
sidence than shrinkage.
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Figure 3-3. Subsidence rate of cultivated peatlands in northern Poland (modified from Jurczuk 2000). The
bog peat (Sphagnum peat) is characterised by a fast initial subsidence due to compaction and shrinkage
followed by a much slower subsidence caused by oxidation. The fen peat (alder peat) is characterised by a
slow initial subsidence followed by a faster oxidation. The bog peat has an initial thickness of 2.75 metre
and the fen peat an initial thickness of 3.60 metre. The ground water levels are on 0.55 and 0.6 metres
below the ground surface, respectively.

The oxidation of peat causes a successively increased content of minerogenic particles, which further
increases the dry bulk density of the uppermost soil. Kechavarzi et al. 2010 studied the properties

in two peat profiles from England (Table A1-3 in Appendix 1). The high relatively ash content (%)
in the uppermost samples in these profiles is an effect of the ongoing oxidation of organic matter,
which mainly takes place in the uppermost soil horizon. The property of the peat is also changed due
to the mineralization process which causes increased degree of humification and the development of
a fine grained structure of the peat. The increased degree of humification causes a degradation of the
soil structure and a reduction in hydraulic conductivity and water holding capacity (Kechavarzi et al.
2010).

The physical properties of cultivated peat varies, which is illustrated by the data from Finland
(Table A1-4 in Appendix 1 from Maljanen et al. 2007). That data can be further compared with data
from other studies (e.g. Table A1-2 and Table A1-3 in Appendix 1), showing the large variability in
physical properties of cultivated peat. Also data compiled by Berglund (1996a, Table 3-6) shows a
large span of densities for cultivated fen peat, the most commonly cultivated peat type. The vari-
ability of peat properties (e.g. ash content and degree of humification) are likely to affect the rates
of peat oxidation discussed below. A high content of minerogenic particles in the uppermost part of
many soils can be suspected to be associated with relatively low rates of oxidation (Section 3.5.2).

SKB has analysed the bulk density of peat at five cultivated sites in the north-eastern Uppland
(Sheppard et al. 2011). The dry bulk density of the uppermost soil varied between c. 0.2 and

0.3 g dw cm’. When compared to dry bulk density data from studies from e.g. Finland (Table A1-4
in Appendix 1), the data from Sheppard et al. (2011) show relatively low dry bulk density of the
uppermost cultivated peat. On the other hand the cultivated peat in “Bélinge mossar” (Table A1-2

in Appendix 1) shows similar dry bulk density as the data from Sheppard et al. (2011). The soils
studied by Sheppard et al. (2011) and Mc Afee (1985) have not been cultivated long enough for
developing a significant enrichment of minerogenic particles in the top soil, which is reflected by
the low density. If cultivation continues at these sites the density and ash content in top soil will
probably increase, and the rates of peat oxidation will probably decrease (see Section 3.6). The dry
bulk density of drained peat in Uppland (Sheppard et al. 2011, Mc Afee 1985) can be compared with
corresponding data from undrained peat (Figure 3-5). That shows that the fen peat with a relatively
high degree of humification, that may be cultivated, can be expected to compact in thickness with as
much as a factor 3 if drained and cultivated (Grolander 2013).
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Thick layers of peat are problematic to cultivate due to the fast subsidence caused by compaction
of the peat after drainage (Figure 3-2 and Figure 3-3). It is, however, possible to cultivate peat areas
where the peat layer is several metres thick (cf. Mc Afee 1985). From Sweden there are several long
time series showing the rate of subsidence through time (e.g. Agerberg 1956, Berglund 1989, se
Figure 3-4). Theses studied show all relatively fast subsidence during the first years of cultivation.

One long-term empirical estimate from an area with peat north of the city of Uppsala (“Bélinge
mosse”) shows that the ground surface had subsided 1.5 metres or more on large parts of the former
mire during approximately 80 years of cultivation (Mc Afee 1985). The bog was drained in 1908
followed by fast subsidence of the ground surface. In 1938 the groundwater was lowered further as
a consequence of the subsiding ground surface. Measurements from 1984 show that the total thick-
ness of peat in “Bélinge mosse” had decreased with more than 70% during almost 80 years of culti-
vation (Table 3-7). The fastest rates of subsidence were recorded at sites with the thickest layers of
peat. Average rates of peat subsidence have at some sites been larger than 2 cm/year during the 80
years of cultivation (Table A1-1 in Appendix 1).

Agerberg (1956) studied the lowering of the ground surface in a cultivated area with fen peat in the
County of Norrbotten. The study lasted for more than 40 years after the area was cultivated. During
that time the ground surface subsided c. 0.8 metre. The original thickness of the peat was 2.6 metres.

Berglund (1989) studied the lowering of the ground surface in a cultivated area with bog peat in
Lidhult in Smaland, which is located in southern Sweden (Table 3-4 and Figure 3-2). The study
lasted for almost 30 years and during that time the ground surface subsided almost 0.8 metre. The
original thickness of the peat layers was 3.4 metres.

Hutchinson (1980) studied a site in East Anglia, Homer Post, where the subsidence has been observed
for 130 years. At that site a total subsidence of almost 4 metres has been recorded. The rate of subsid-
ence was extremely fast during the first 10 years after drainage, almost 2 decimetre each year. Today
the subsidence at Homer Post is around 1 cm each year. There are several studies reporting that fast
subsidence rates may continue long after drainage. From the Netherlands, Hoogland et al. (2012)
reports fast subsidence rates in an area with cultivated peat that was drained more than one hundred
years ago.

Dry bulk density (kg/m3)
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Figure 3-4. The effect of subsidence caused by compaction and oxidation due to thirty years of cultivation
of a peat area (Lidhult) in Smdland, which is located in southern Sweden (from Berglund 1989). The depth
value refers to the ground surface 1951 and the blue line to the ground surface 1981. The ground has con-
sequently subsided more than 80 cm during this period. It is obvious that the bulk density of the uppermost
peat layers have increased significantly, which implies decreased porosity in the upper soil horizon. Data
from the same peatland is shown in Figure 3-2 and Table 3-4.
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Figure 3-5. The dry bulk density (5) of undrained peat (g cm™) as a function of humification = H (as
defined by von Post and Granlund 1926). The densities increase with increasing degree of humification.
The data in the figure comes from northern part of Uppland, close to Forsmark, and is further discussed
in Schoning (2014). It is clear that peat with a low degree of humification (mostly bog peat) has a low
dry bulk density and is consequently characterised by a high water content, explaining why bog peat is
considerably compacted if the groundwater table is lowered.

Table 3-5. The average decrease of peat thickness during the first ten years (1922-1932) after
cultivation of a peatland in northern Sweden (from Stenberg 1936). The decrease of thickness
is mainly due to compaction. The uppermost layers have also subsided due to shrinkage.

Original depth Subsidence  The subsidence in % of

of peat (cm) (cm) the original peat depth
0-50 14 43.0
60-100 20 24.0
110-150 24 18.3
160-200 27 15.4
210-250 33 14.2
260-300 38 14.2
> 300 41 12.4

Table 3-6. Physical characteristics of cultivated organic soils. The lower values represent depos-
its, which are not significantly affected by compaction and the higher values represent the com-
pacted uppermost part of the cultivated soils (from Berglund 1996a).

Deposit Dry bulk density (g/cm?®) Porosity (% by volume)
Moss peat 0.07-0.2 85-95
Fen peat 0.1-0.6 70-91
Gyttja 0.2-0.4 81-89
Clay gyttja 0.3-0.8 69-84
Gyttja clay 0.5-1.1 60-78
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Table 3-7. Subsidence as a function of original peat depth at “Bélinge mosse”, a bog that is
located in the County of Uppsala. The data represents 80 years of cultivation and the fastest sub-
sidence rates were recorded at the sites with the largest original peat depth (from Mc Afee 1985).

Studied point  Original peat Total peat Subsidence Subsidence as %
depth (cm) subsidence (cm) (cm year™) original peat depth
1 180 130 1.71 71.2
2 250 200 2.60 80.0
3 250 198 2.60 79.2
4 250 190 2.50 76.0
5 300 210 2.76 70.0
6 300 255 3.22 85.0
7 300 225 2.96 75.0

3.5.2 Oxidation of peat

Oxidation of peat in areas used for cultivation has been studied by many researchers, since these
areas emit a significant amount of green house gases (GHG) to the atmosphere (Nykénen 2003,
Kasimir-Klemedtsson et al. 2000, Maljanen et al. 2004, 2007, 2010, Berglund and Berglund 2010,
Eggelsmann 1976). In fact, considering GHG fluxes agriculture is climatically the most unfavour-
able land use for managed peat soils (cf. Maljanen et al. 2004, 2007, 2010). Drainage, ploughing
and fertilization cause a high decomposition rate of peat leading to high emissions of CO, but also
considerable amounts of N,O are emitted from these soils (Table 3-8). In contrast to many wetlands,
arable land is not a source for methane (CH,), and may instead act as a sink for that gas.

Several important factors affecting the rate of peat oxidation have been identified:
1) Depth of drainage

2) Type of management and crops

3) Type of peat (degree of humification)

4) Climate

There are different opinions of the relative importance of the factors listed above, which is discussed
in the text below. The factors affecting rate of peat oxidation from cultivated soils has also been dis-
cussed in a literature review by Norberg et al. (2012). Peat areas drained to obtain improved forest
growth are also subjected to oxidation and Laiho (2006) discusses the effect of lowering of ground-
water table on the rate of peat oxidation depend on several factors such as peat type, temperature and
nutrient availability. There are several publications (e.g. Maljanen et al. 2007, Norberg et al. 2012)
discussing how the fluxes of GHG from cultivated areas can be decreased and which factors that
control the emission rates of these gases. Van Huissteden et al. (2006) argue that restoring wetlands
is one way to decrease the total emissions of GHG from areas with cultivated peat.

Table 3-8. Fluxes of green house gases (GHG) from different types of cultivated peatlands in
Finland (compiled by Sarkkola 2007).

Average cropland  Grass Cereal Fallow Abandoned
CO, g/m?/yr
Average 2,072 1,485 1,760 2,971 1,188
Min—max 290-4,033 2,167-4,033 -330-3,300
CH, g/m?/yr
Average 0.42 1.27 -0.43 0.41 -0.22
Min—max —0.49-0.91 0.11-0.91 —0.49-0.51 —-0.35-4.00
N,O g/m?/yr
Average 1.74 0.85 1.74 2.63 1.29
Min—max 0.17-5.81 0.17-1.56 0.85-3.79 0.60-5.81
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Methods to determine the emissions of CO, from arable land

The rate of oxidation can be estimated with several approaches. Several studies reports results from
direct measurements of GHG fluxes from arable land (e.g. Berglund and Berglund 2011), while other
studies are focused on the long term subsidence taking place during several decades (e.g. Mc Afee
1985). Measurements of gas fluxes are often conducted during one or a few years and it is therefore
difficult to use these data to evaluate the long term oxidation rates of cultivated peat. Furthermore
photosynthesis and respiration of the roots also affect the CO, balance and must be separated from
CO, emitted from peat oxidation. Nykénen et al. (1995) compared cultivated peat with and without
plants and concluded that 38% of the CO, emissions were caused by fresh organic material. Long
term subsidence studies may be used to estimate average oxidation rate, but it can be difficult to
separate subsidence caused by oxidation from that caused by compaction and shrinkage.

Several attempts have been made in order to separate oxidation from the other factors causing
subsidence (Eggerman 1976, Armentano and Menges 1986). According to Armentano and Menges
(1986), the oxidation contributes to a factor 0.33—0.67 of the total subsidence, and according to
Eggelsmann (1976) 70% of the long-term subsidence can be attributed to oxidation. That factor
can only be used when the initial subsidence, mainly caused by compaction and shrinkage, has
ceased. There is no consensus regarding which factor that should be used. Berglund and Berglund
(2010) used a factor 0.35 when calculating the total emissions of CO, from cultivated arable land in
Sweden, whereas Kasimir-Klemedtsson et al. (1997) used the factor 0.7 from Eggelsmann (1976).

Some examples of the methods used to estimate oxidation rates:

1) The most commonly used micrometeorological method is the eddy covariance (EC) method,
where the gas flux is determined from the high-frequency measurements of gas concentration,
wind and scalar atmospheric data series (Hendriks et al. 2007).

2) Chamber techniques determine the gas fluxes from the change in gas concentration in a chamber
(Berglund and Berglund 2011, van den Bos and van de Plassche 2003).

3) Subsidence through time. There are several long time series showing the rate of subsidence over
time (Hutchinson 1980, Mc Afee 1985). The total subsidence is an effect of several factors (sec-
tion 3.5) and it is then necessary to separate oxidation from these other factors.

4) Climatic site data (temperature and precipitation) can be used to estimate oxidation (Eggelsmann
1976).

5) The ash content in the top soil and underlying soil can be compared to estimate the enrichment of
minerogenic matter caused by peat oxidation (Grenlund et al. 2008).

6) Several paper reports results from modelling of the future and past subsidence of peat (Kluge
et al. 2008, van Huissteden et al. 2006). Historical and field data are used as input to these
models.

Total emissions of CO, from arable land

Results from a number of studies where the oxidation rates of cultivated peat have been determined,
including rates of subsidence caused by oxidation are summarised in Table 3-9 and Table 3-10. The
latter values can be compared with values of total subsidence, including shrinkage, compaction and
oxidation, which are shown in Table 3-11. The total subsidences in Table 3-11 are generally larger
than the values in Table 3-9 , and some of the data presented in the two tables are from the same
studies (see Eggelsmann and Bartels 1975). The three studies of oxidation rates from cultivated bog
peat (Table 3-10), show slightly lower oxidation rates than the average rates from studies of culti-
vated fen peat (Table 3-9). Also results from Jurczuk (2000) indicate lower oxidation rates of bog
peat (Sphagnum peat) than of fen peat (Figure 3-3), which is due to the commonly high content of
waxes and resins, and high C/N ratio in bog peat (cf. Oleszczuk et al. 2008). The low number of data
from bog peat reflects the fact that this peat type is not commonly cultivated. Even though the rates
of CO, emissions varies between the studied sites it is clear that peat oxidation from cultivated peat
is a fast process, and the rate of subsidence caused by oxidation of fen peat are generally between 0.5
and 1.0 cm year'. These rates have been calculated based on an assumed bulk density of the peat of
0.2 g cm™. In many cultivated peat soils the density is, however, higher (see e.g. Table 3-16) and the
rate of subsidence caused by oxidation may at some sites consequently be lower than indicated in
Table 3-9 and Table 3-10.

30 SKB TR-13-20



Table 3-9. Emission of CO, and subsidence of cultivated fen peat, which is caused by peat oxi-
dation. The subsidence rate cmlyear is calculated by assuming that the peat has a density of

0.2 g/cm® and an organic content of 100% (an overestimation since peat always contains some
minerogenic material). The C-content of the organic material is assumed to be 58%. The total
subsidence may be considerably larger (Figure 3-2 and Figure 3-3) since the values in this table
only represent subsidence caused by oxidation. Density and organic contents vary however
considerably between different sites (see Table 3-6, Table A1-2, Table A1-3 and Table A1-4 in
Appendix 1), which may be one reason for the varying results. Most of the data has been recalcu-
lated from a table in Oleszczuk et al. (2008). Nd = no data.

Emission Oxidation |Area Land use Reference Method
(g C m?lyear) |(cmlyear)
286-668 0.24-0.57 |NE Germany |Nd Mundel (1976) Measurements of CO,
fluxes from bare soils
1,120 0.95 Poland Arable land Okruszko (1989) Subsidence
1,060-1,650 |0.90-1.40 |NW Germany |Arable land Eggelsmann and Bartes Subsidence
(1975)
660-990 0.56-0.84 | S Germany Arable land Schuch (1977) recalculated | Subsidence
by Hoper (2002)
845-1,690 0.72-1.44 | Sweden Cereals Berglund (1989) Subsidence
409-845 0.34-0.72 | Sweden Grassland Berglund (1989) Subsidence
1,690-2,509 |1.44-2.13 |Sweden Row crop Berglund (1989) Subsidence
545 0.46 Sweden Cereals Kasimir-Klemedtsson et al. Measured CO, flux assum-
(1997) ing 38% root respiration
409 0.35 Sweden Grassland Kasimir-Klemedtsson et al. Measured CO; flux assum-
(1997) ing 38% root respiration
210-829 0.18-0.70 |Finland Barley Maljanen et al. (2007) Chamber measurements
690-1,100 0.59-0.93 | Finland Fallow Maljanen et al. (2007) Chamber measurements
79-750 0.07-0.64 | Finland Grassland Maljanen et al. (2007) Chamber measurements
191 0.16 Canada Varying but not so | Glenn et al. (1993) Measurements on CO,
large differences fluxes from bare soils
in C emission
412 0.35 NW Germany | Grassland Meyer et al. (2001) Measurements on CO,
fluxes from bare soils
401-750 0.34-0.64 |NW Germany | Grass and barley | Meyer et al. (2001) Measurements on CO,
fluxes from bare soils
790 0.67 Western Arable land van den Bos (2003) Micro metrological
Netherlands
1,120 0.95 Western Drained but no van den Bos (2003) Micro metrological
Netherlands | other information
690 0.59 NE Germany | Grassland Kluge et al. (2008) Soil profile and incubation
580 0.49 NE Germany | Grassland Augustin (2001) Micro metrological
860 0.73 Norway Mostly grass Grgnlund et al. (2008) Change in mineral content
800 0.68 Norway Mostly grass Grgnlund et al. (2008) Subsidence rate
600 0.51 Norway Mostly grass Grgnlund et al. (2008) CO, flux measurements

Table 3-10. Emission of CO, and subsidence of cultivated bog peat, which is caused by peat oxi-
dation. The subsidence is calculated by assuming that the peat has a density of 0.2 g/cm® and an
organic content of 100%. The C-content of the organic material is assumed to be 58%. The data

has been recalculated from a table in Oleszczuk et al. (2008).

Emission Oxidation Area Land use Reference Method
(g C m?year) |(cmlyear)
746 0.37 NW Germany |Arable land |Eggelsmann and Bartels (1975), | Subsidence
Hoper and Blankenburg (2000)
821 0.41 NW Germany | Grassland Kuntze (1992) Subsidence
593 0.30 Sweden Grassland Hillebrand (1993) Measurements on CO,
fluxes from bare soils
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Table 3-11. A compilation of studies showing the subsidence rates, caused by oxidation, com-
paction and shrinkage, of cultivated peat (from Kluge et al. 2008). The higher subsidence rates
from arable land compared to meadows indicate higher oxidation rates from the former land use
type. Nd = no data.

Decrease of peat Land use Mean groundwater  Time period Location Authors

thickness (cml/yr) table depth (cm)

2.0-3.0 Arable land 40-70 Nd Germany Eggelsmann (1976)
2.7 Arable land 130 1962-1974 Northwest Eggelsmann and
1.6 65 Germany Bartels (1975)

0.6 Meadow 20-50 1877-1975 Netherlands Schothorst (1977)
0.7-1.0 Meadow Nd 1963-1985 Northeast Germany Weinzierl (1997)
0.1 Meadow -100 1951-1990 Poland linicki (2002)

0.6 100-200

0.7-0.8 > 260

0.5 Meadow Nd 1961-1996 Northeast Germany Eggelsmann (1976)
0.3 Meadow 40-60 1903-1969 South Germany Eggelsmann and
0.6 60—-100 Bartels (1975)

1.1 100-120

However, the results obtained from the different methods used to measure CO, emissions, mentioned
above, varies, which may be due to several reasons (Table 3-12 and Table 3-13). It is clear that the
values calculated from subsidence rates are generally higher than those obtained from direct meas-
urements of CO, emissions (Table 3-12 and Table 3-13).

Kasimir-Klemedtsson et al. (1997) compared results from different methods for determining oxida-
tion rates of peat. The subsidence measurements give different rates depending on type of crop.
The oxidation part of total subsidence was calculated by assuming that 70% of the subsidence was
caused by oxidation (from Eggelsmann 1976). The annual precipitation and average temperature was
also used to calculate peat oxidation and the result gives consequently no difference between crops
(Eggelsmann 1976). When calculating CO, from peat oxidation it was assumed that 38% of the

CO, was produced from the plants growing on the fields and remaining parts from oxidation of peat
(Nykénen et al. 1995). There are only data from a few CO, measurements available, which all give
lower oxidation rates than the other two methods.

Gronlund et al. (2008) used three methods, subsidence rates, ash content and measured CO, fluxes,
to estimate oxidation rates of peat on arable land in Norway (Table 3-12). The ash content was cal-
culated by subtracting Mg and Ca components, which were assumed to emanate from lime and fer-
tilizer. It was concluded that the direct measurements of CO, fluxes underestimates the rates of long
term peat oxidation. One reason for that might be that that the oxidation rates have decreased since
the studied sites were drained for cultivation. The differences between the results obtained from the
methods used by Grenlund et al. (2008) are, however, relatively small and it can be concluded that
all results implies fast subsidence rates (cf. Table 3-9).

As mentioned above, Kasimir-Klemedtsson et al. (1997) calculated the oxidation from subsidence
by assuming that 70% of the subsidence is due to oxidation, whereas Grenlund et al. (2008) assumed
that 38% of the subsidence is due to oxidation. These different approaches obviously give different
resulting oxidation rates. Berglund and Berglund (2010) assumes that 35% of the subsidence can be
attributed to oxidation (Table 3-15), which consequently gives CO, emissions that are half as large as
the values calculated by Kasimir-Klemedtsson et al. (1997). If the calculations of oxidation are based
on subsidence obtained from the period shortly after drainage it is likely that the rates of oxidation
will be overestimated since the early subsidence to a large part is caused by compaction and shrink-
age. Kasimir-Klemedtsson et al. (1997) may consequently overestimate the long range oxidation
rates of peat since these data are based on the data from Berglund (1989) where the initial phase of
peat subsidence is included.
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Furthermore, difficulties in measuring GHG emissions may explain some of the varying results pre-
sented in Table 3-9. One problem when interpreting results from these measurements is the difficulty
to separate CO, emanating from peat oxidation and CO, emanating from plant respiration.

There are also differences in CO, emissions between the studied sites which may be due to vary-
ing soil and land use properties. These properties are further discussed in the text below. One
important factor is probably that the organic content varies between the studied sites. When com-
paring the dry bulk densities presented in Table 3-16 (from Kluge et al. 2008), Table A1-4 (from
Maljanen et al. 2007), Table 7-3 (from Kechavarzi et al. 2010) and Table A1-2 (from Mc Afee
1985) it is obvious that the properties of cultivated peat varies widely (Appendix 1). The relatively
high densities at some sites reflect relatively low organic carbon contents. That in turn probably
affects the rate of oxidation negatively, which can be supposed to decrease with lower organic
content in the soil.

It is in conclusion not possible to evaluate exactly why the results in e.g. Table 3-9 show such vary-
ing values of CO, emissions. All results show, however, that oxidation of cultivated peat is a fast
process and that cultivation of peat is not sustainable over a long period of time.

Several attempts have been made to model the rate of peat subsidence and oxidation (e.g. Kuikman
et al. 2003, van den Akker et al. 2008, Kluge et al. 2008). The empirical relationships from 30 years
of studies between ditch water and groundwater levels and subsidence were used by van den Akker
et al. (2008) to calculate the total emissions of CO, from Dutch agriculture soils. Kluge et al. (2008)
used historical data together with field studies and laboratory measurements as input to a model
which was used for calculating past and future emissions of CO, from a cultivated peat area in north-
ern Germany. Temperature and soil moisture are of considerable importance for the oxidation rates
and were therefore also used in the model. The resulting model shows how the rate of peat oxidation
will increase in the future due to the global warming. In the future it will consequently be more diffi-
cult to take action that will decrease oxidation of cultivated peat. The results from the modelling also
suggest that the rate of oxidation increases with increasing depth to groundwater. By comparing data
from a historical study with new field data Kluge et al. (2008) also showed that oxidation of peat
mainly occurs in the uppermost decimetres of the soil (Table 3-16).

Table 3-12. Rates of peat oxidation from cultivated peat soils in Norway determined with three
methods (from Grenlund et al. 2008).

Sources of errors

Underestimating Overestimating Oxidation rate

Method Hypothesis oxidation rate oxidation rate (g C/m?lyear)
Enrichment of | Homogenous peat. Oxidation also in deeper | Inhomogeneous peat with | 860
minerals The oxidation takes place in peat horizons. respect to mineral content.

the plough layer. Deposition of mineral

Only mineral addition from particles from the air.

lime and fertiliser.
Subsidence Compaction is insignificant | Oxidation is faster during | Compaction continuous 800

a few years after drainage. | the first years after the also long after the drainage.

Constant rate of oxidation | drainage.
through time.

Oxidation does not change

bulk density.
CO; flux Oxidation with a constant Oxidation is faster during 600
rate through time. the first years after

Photosynthesis can be esti- | drainage.
mated with the help of data
from yields and literature.
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Table 3-13. The yearly loss of CO, (t/halyr) determined with three different methods (modified
from Kasimir-Klemedtsson et al. 1997). Nd = no data. I) Long term subsidence which to 70% is
assumed to be caused by oxidation (Eggelsmann 1976). ll) Calculated from climatic data (tem-
perature and precipitation). lll) Measured CO, fluxes (38% of the flux was attributed to root respi-
ration and remaining flux to peat oxidation.)

Type of crop Method Finland Sweden Netherlands
Grassland | Nd 15-31 8-30

Il 20 60 115

] 15 15 1113
Cereals | Nd 31-62 Nd

Il 20 60 115

] Nd 20 Nd
Row crop | Nd 62-92 Nd

1] 20 60 115

] Nd Nd Nd

Table 3-14. Subsidence of peat on arable land that is used for different types of cultivation at
Flahult in southern Sweden (Agerberg 1961). Data was obtained from a cultivated peatland in
southern Sweden and represents the period 1901-1960.

Peat depth before Total subsidence Yearly subsidence
draining (m) (cm) (cm)

Intensive cultivation 2.0 105 1.8

Mostly grass 29 122 2.1

Area used for grassing 2.7 55 0.9

Table 3-15. The proportional distribution and carbon losses from different types of Swedish
agricultural soils (Berglund and Berglund 2010). The calculations are based on the distribution
of thin (< 0.5 m) and thick (> 0.5 m) layers of peat shown on SGUs maps of Quaternary deposits.
Bulk densities of 0.2 g/cm®and (0.3 g/cm?, within brackets) were used for the emission calcula-
tions. It was assumed that 35% of the subsidence was caused by oxidation.

Cultivation intensity (crop type) Subsidence rate C loss Area Total C loss
(cmlyear) (Mg ha™' yr) (ha) (Gg yr™)
Row crops 25 8.8 (13) 3,536 31 (46)
Annual crops except row crops 1.5 5.2(7.9) 60,113 310 (470)
Managed grasslands 1.0 3.5(5.2 91,179 320 (470)
Extensive land use inclusively trees 0.5 1.8 (2.6) 96,483 170 (250)
Total 251,311 831 (1,236)

Table 3-16. Changes in peat properties during 40 years of cultivation of a peat area in northern
Germany (Kluge et al. 2008). Each line corresponds to a specific peat layer, e.g. the uppermost
layer (0—0.2 m in 1963) is only 5 cm thick in 2003. The total subsidence was in average 1 cm/year.
The carbon losses from different soil horizons were estimated and it is clear that the largest
losses occurred from the uppermost horizon. The corresponding horizons from 1963 are also
shown for 2003 although the thicknesses of the horizons have decreased significantly. Totally
27.5 kg carbon was lost from the profile during 40 years of cultivation. BD = Bulk density.

1963 2003

Depth BD Corg Corg Depth BD Corg Cogloss
(m) (kg/m?®) (kg/kg) (kg/m?) | (m) (kg/m?®) (kg/m?) (kg/m?)
0-0.2 300 0.33 19.9 0-0.05 550 6.7 -13.2
0.2-0.35 300 0.33 15.0 0.05-0.10 550 6.7 -8.3
0.35-0.7 370 0.19 24.7 0.10-0.35 580 2.0 -3.7
0.7-0.9 160 0.44 14.3 0.35-0.45 270 1.0 -2.3
Total 73.9 46.4 —-27.5
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Factors affecting the oxidation rate of cultivated peat
Type of crops

The effects of crop types on the rate of peat oxidation are discussed in several papers (Kasimir-
Klemedtsson et al. 1997, Kluge et al. 2008, Norberg et al. 2012), but it is not fully clear how
cultivation intensity and type of crop affect the oxidation rate. Different types of crops demand
different types of tillage and it can be assumed that an intensive tillage causes higher oxidation
rates. Reicosky and Archer (2007) have shown that CO, losses from loam soil where tillage has
been applied is several times higher than from corresponding soils where tillage not has been
applied. Results from some of the studies made on cultivated peat soils are compiled in Table 3-9
and Table 3-11. Results from several studies indicate that the rate of peat oxidation is faster in peat
areas used as arable land than in those used as grassland (Table 3-14 and Table 3-15, Eggelsmann
1990, Okruszko 1993, Zeitz and Velty 2002, Ilnicki and Okruszko 2002, Couwenberg 2009). There
are also data indicating that peatland used for roots vegetables give the highest losses of peat due
to oxidation (Kasimir-Klemedtsson et al. 1997). The effects of crop types are, however, somewhat
inconclusive. Maljanen (2003) presents data showing higher rates of CO, emissions from grassland
compared to cereals. In another report Maljanen et al. (2007) present data indicating somewhat
higher CO, emissions from areas with barley than from those with grass. Large amounts of CO,
are also emitted from peat areas during fallow and from peat on abandoned arable land. In fact,

the emissions remain at the same high level also after cultivated peat areas have been abandoned
(Maljanen et al. 2007, 2012). Data presented in Kasimir-Klemedtsson et al. (1997) is mainly based
on data from Berglund (1989) and shows that the total subsidence in cultivated peat areas is around
5 mm/year for areas used for grassing, 10 mm/year for cereals and 20-30 mm/year for root vegeta-
bles. Accordingly, high management intensity may cause a subsidence as large as 1.5 m during a
50 year period. As mentioned above, Kasimir-Klemedtsson et al. (1997) may however overestimate
the long range oxidation rate of peat since these data are based on the data from Berglund (1989)
where the initial phase of fast peat subsidence is included. In contrast to several other studies
Norberg et al. (2012) concludes that the crop type has little effect on the emissions of GHG and that
differences mainly can be attributed to differences in properties between the studied sites. It cannot
be excluded that different types of peat are used for different types of crops giving rise to different
oxidation rates, which are related to peat type and not crop. Several studies show, however, that
peatlands with grass cultivation (arable grassland) emit less CO, than peatlands used for cereals
(Table 3-9, Table 3-11 and Table 3-12) and it is therefore likely that the crop cultivation system has
an effect on the oxidation rates.

Properties of the peat

The property of the peat is one factor that can be assumed to affect the rate of peat oxidation. As
mentioned above there are studies showing lower oxidation rates from cultivated moss peat than for
fen peat (Figure 3-3). A literature study presented in Oleszczuk et al. (2008) indicates lower oxida-
tion rates from cultivated bog peat than from fen peat, which is apperant from comparing Table 3-9
and Table 3-10. This is because Sphagnum peat has a high resistance to decay due to its content

of uronic acids and phenolic compounds (see Section 2.4.2). That is also in line with observations
from Minkkinen et al. (2008) who have shown that Sphagnum peat is oxidising with a slow rate in
peat areas drained for forestry. Forested areas with such peat can even act as a sink for CO,, when
drained to improve forest growth (Minkkinen et al. 2007). Unfortunately peat properties are not thor-
oughly described in most papers discussing oxidation of cultivated peat. Prasad et al. (2000) showed
that the rate of peat oxidation increases with increasing pH. The use of fertiliser and lime can also
increase the rate of peat oxidation. That is probably one of the reasons for the high oxidation rates
from cultivated peat. In a study by van den Bos and van de Plassche (2003) it was concluded that the
rate of peat oxidation is not significantly influenced by differences in peat composition. It is, how-
ever, not clear how much the peat properties of that study varied.

The high oxidation rates of peat with a high pH are of special interest when discussing oxidation
of peat in cultivated areas at the future Forsmark site, where naturally calcareous fens with a high
pH are common. Today Bryales and Carex peat are the most commonly cultivated in the County of
Uppsala (Hjertstedt 1946) and it is likely that these areas are characterised by relatively fast oxida-
tion rates. Peat that potentially will be cultivated in the future Forsmark area can consequently be
expected to be characterised by fast rates of oxidation.
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The peat properties changes with time due to the ongoing oxidation. Increasing content of minero-
genic particles decreases the amount of organic material in the topsoil, probably causes decreasing
rates of oxidation with time. Furthermore, the proportion of organic material which easily can be
oxidized decreases with time causing decreasing oxidation rates. The data from Swedish cultivated
peat are from peatlands that were cultivated during the first half of the 20" century (e.g. Mc Afee
1985). It is possible that some of the studied peatlands from e.g. Germany and the Netherlands has
been cultivated for longer periods than the soils studied by e.g. Berglund (1989), which is indicated
by both higher bulk densities and contents of minerogenic particles (e.g. Kluge et al. 2008),compared
to the Swedish data. According to van den Bos and van de Plassche (2003), large peat areas in the
Netherlands was cultivated already during the 10™ to the 14™ century, supporting the relatively old
age of some cultivated peat areas. Results from SKBs studies (Sheppard et al. 2011) in the Forsmark
neighbourhood show that the cultivated peat has relatively low bulk density and high content of
organic carbon. It is therefore likely that the fast oxidation and subsidence rates recorded from other
cultivated peat soils in other parts of Sweden are valid also for peat which at present is cultivated

in the area close to Forsmark (se also results from Schoning 2014). The exceptionally high subsid-
ence rates at “Bélinge mosse” (in some cases more than 2 cm/year, see Table 3-7 and Table A1-1 in
Appendix 1 from Mc Afee 1985) are, however, attributed to the large original peat depth at that site.
The subsidence rates of around 1 cm/year (Berglund 1989) and from Poland is regarded as a more
likely scenario of subsidence rates, which takes place 15-20 years after the drainage. However, in
the future the cultivated peatlands close to Forsmark will probably obtain properties more similar to
the peat studied in the Netherlands (van den Bos and van de Plassche 2003),

Climate

Both annual rainfall and temperature has an effect on the rate of peat oxidation. Eggelsmann (1976)
showed some examples of annual height loss caused by oxidation in relation to climate. The highest
rates were found in semiarid environments, i.e. places with low precipitation and high temperature. In
one such area, northern Greece, over 50 mm annual height loss of peat has been recorded. In colder
and wetter areas such as Finland considerably lower rates of height losses (around 10 mm/year) were
recorded. Several other paper reports results showing that the rate of CO, emissions increases with
increasing temperature (Berglund et al. 2010).

The effect of CO, production caused by peat oxidation in relation to temperature is illustrated in
Figure 3-7 from Oleszczuk et al. (2008). It is, however, not possible to see any effects of climate
when studying the compilation of subsidence data presented in Table 3-9. These data represent a
smaller span in climate compared to the dataset studied by Eggelsmann (1976). It is also clear that
other parameters affect the rate of oxidation, e.g. peat properties.

It is not only the air temperature that determines the rate of peat oxidation. Observations from north-
ern Finland have shown faster oxidation rates of forested peat in northern Finland compared to the
southern part of that country. These results have been attributed to longer periods of snow in north-
ern Finland, which isolate the soil and give rise to higher soil temperatures and peat oxidation also
during the winter (Minkkinen et al. 2007).

Too dry conditions may cause lower rates of oxidation. A soil moisture content of around 60% by
volume gives the maximum rate of oxidation (Szanser 1991). A dry summer may consequently
decrease the rate of peat oxidation in the top soil.

Depth of drainage

Peat oxidation mainly takes place in the top layer (0-30 cm) of the peat soil (van den Bos and van

de Plassche 2003, Kluge et al. 2008) and the groundwater level is often situated far below that

level. Never the less there is a clear correlation between lower groundwater level and increase rate
of peat oxidation (cf. Wessolek et al. 2002, Oleszczuk et al. 2008, Kluge et al. 2008). According to
Oleszczuk et al. (2008) peat oxidation is most intense when the groundwater table is 90 cm or deeper
below the soil surface whereas a deeper groundwater level does not affect the oxidation rate.
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Field studies by Renger et al. (2002) indicate that the rate of peat mineralization and CO, emission
increases distinctly with a deeper groundwater level (Figure 3-6) and that peat oxidation can be
reduced by as much as 30-40% of the maximum by a groundwater level closer to the ground sur-
face. In studies from the Netherlands, van der Akker et al. (2008, 2012) concluded that high ditch
water levels is one way to decrease peat oxidation and the authors suggest that subsurface irrigation
may be used to raise the groundwater levels and reduce oxidation rates and thereby GHG emissions.
The results showed that it was possible to reduced CO, emissions with 50% by decreasing the depth
between the ground surface and the groundwater table. Also Regina and Myllys (2009) suggested
that raising the groundwater level can be used as a tool to decrease the emissions of GHG from cul-
tivated peat soils. Van den Bos (2003), Freibauer et al. (2012) and Hendriks et al. (2007) argue that
restoration of wetlands is one way to decrease the emissions of GHG. Maljanen et al. (2012) showed
that GHG emissions from formerly cultivated soils can be avoided if the groundwater level is kept at
a high level. Another way to decrease CO, emissions from cultivated peat soils is afforestation which
leads to a decrease in CO, emissions (Maljanen et al. 2007, Hytonen et al. 2007).
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Figure 3-6. Emission rates of CO, from cultivated peat in relation to groundwater levels (Renger et al.
2002). A shallow groundwater level is obviously causing lower emissions of CO, than a deep groundwater
level. Deep peat = a total thickness of cultivated peat of 1 m or more, shallow peat = a total thickness of
cultivated peat of 0.5 m or less.
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Figure 3-7. The predicted emissions of CO; as a function of soil temperature (Oleszczuk et al. 2008). An
increased soil temperature obviously increases the rate of CO, emission. Deep peat = a total thickness of
cultivated peat of 1m or more, shallow peat = a total thickness of cultivated peat of 0.5 m or less.
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Results from a study of gas flux measurements in undisturbed soil columns (Berglund and Berglund
2011) has, however, shown that the rate of CO, emissions may decrease with increasing depth of the
groundwater table. In that study, lowering the water table from 40 cm depth to 80 cm depth decreased
the CO, emissions from two soils with contrasting soil properties. That may be an effect of dryer con-
ditions in the topsoil when the groundwater level is too low, which may decrease the rate of oxidation.
As mentioned above too dry condition may decrease oxidation rates (Szanser 1991), and the lower
CO, emissions from soils with a low groundwater table recorded by Berglund and Berglund (2011)
can be explained by dryer conditions in the uppermost soil horizon. As mentioned above, oxidation of
peat occurs mainly in the uppermost decimetres of the soil. That can explain why a deeper groundwa-
ter level not necessarily causes increased oxidation. There are, however, results from several studied
showing that deeper groundwater levels cause increased oxidation of peat (Renger et al. 2002). It
could therefore be concluded that deeper groundwater levels generally cause a higher rate of peat
oxidation.

Berglund and Berglund (2011) used their observation to conclude that restoring cultivated peatlands
to wetlands is not a way to decrease emissions of CO,. That must, however, be regarded as a too far
going conclusion since it is the lowering of the groundwater table that cause the fast oxidation rates
of cultivated peat.

Priming
The occurrence of roots may increase the oxidation rate due to the effect of priming. Several mecha-
nisms have been suggested (Kuzyakov et al. 2000):

1) Metabolism of the peat substrate with root exudates.

2) Fertilization of the microbial population by exudates.

Studies of CO, emissions from bare soils may consequently give values too low when attributed to
cultivated areas, and Huissteden et al. (2006) argues that laboratory incubation tests gives too low
emissions of CO, due to the absence of roots.

3.5.3 The effects of cultivation of peat areas on peat properties and
subsidence — summary

Lowering the groundwater table in wetlands for cultivation of peat causes fast changes of peat
properties giving rise to rapid subsidence rates, which during the first years after draining can be
several cm each year. Subsidence rates are often around 1 cm/year 1015 years after drainage, but
in a longer time perspective decreasing rates can be expected as the content of minerals and slowly
oxidizing organic material increase in the top soil. The subsidence is caused by shrinkage compac-
tion and oxidation. Depth of the ground water level, peat properties and climate are probably the
most important conditions affecting the rate of these processes.

There are numerous studies concerning subsidence and especially oxidation of peat as an effect of
cultivation. However, different peat properties and land use history gives different results and prob-
lems in comparisons. Studies of subsidence from Swedish sites deals with peat which was drained
during the mid 20™ century and are still characterized by fast rates of subsidence. These peatlands
have similar properties as peat that at present is cultivated in the Forsmark surroundings. Subsidence
calculations from recently drained peatlands, e.g. the Swedish studies, are regarded as useful to
predict the development of cultivated peat in the present and future Forsmark area. Fen peat is the
most commonly cultivated peat type due to a high nutrient status and in the Forsmark region fen peat
dominated by Carex and Bryales has historically been frequently used for cultivation.
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4 Peat accumulation and succession of wetlands in
northern Uppland

The patterns in peat accumulation and mire succession of wetlands in northern Uppland were studied
using data from SGUs peat archive. In the study the properties of drained and cultivated mires were
distinguished from undrained mires and the general patterns in peatland development for these two
groups were evaluated together with patterns in peat accumulation. This is of interest for understand-
ing the properties of peatlands in the future landscape and the nature of possible future peatlands
used for cultivation. The results from this study can be used for estimating the peatland properties
and peatland development in the future Forsmark area but also the consequences of possible future
cultivation of these peatlands.

4.1 Data from SGUs Peat archive

SGUs peat archive comprises peat data that has been collected during a period of almost 100 years.
The data gives information about the thickness and properties of peat but also contain information
concerning, mire type, land use and composition of the vegetation and peat type. Most of the infor-
mation is from the southern half of Sweden and was to a large extent made for evaluating the amount
of peat available for energy production, but some studies were conducted to determine the possibility
to drain peatlands for agriculture. This chapter demonstrates how peat data collected by SGU can be
used to study the development of peatlands where the archive data was used to evaluate rates of peat
accumulation, succession of young wetlands and the effects of cultivation of peatlands.

The most homogeneous data set in the SGU peat archive is the SGU line inventory (Figure 4-1),
which was conducted in 1917-1923 with the purpose to quantify the peat resources in Sweden
(von Post and Granlund 1926). Most of the data from the line inventory is in the form of hand
written field diaries, field maps and sections through peatlands (Figure 4-2 and Figure 4-3).

Figure 4-1. An overview of inventory lines in Uppland surveyed between 1917 and 1923 in order to quantify
the areal coverage and quality of peat in the southern part of Sweden (von Post and Granlund 1926).
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Figure 4-2. Examples of field diary notes from the line inventory of peat, which was carried out 1917—1923
(von Post and Granlund 1926). This diary was written by Martin Ekstrom in 1919 and shows results from

a peatland in Uppland. The surveyor describes the vegetation and peat stratigraphy (left) and the distance
between the cored sites and their relative height difference (right).

Figure 4-3. An example of a field map from the SGU qualitative peat survey 1917—-1923. Each studied
peatland is marked with a number and a handmade raster. Results from that survey were used in the
present study for evaluating the relationship between peatland age and peat thickness. The map shows
some of the peatlands in Uppland from which data is presented in this report. The studied peat areas
are marked on SGUs map of bedrock and Quaternary deposits from the late 19" century.
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The advantage of this material is the well described methodology (von Post and Granlund 1926)
and the standardized investigation procedures, including information on peat properties as well

as vegetation and land-use, which gives the possibility to compare the present conditions with the
conditions in the early 1900s. The classification of peat types was done in the field by identifying
the plant remains building up the peat. In some cases the plant remains were identified with micro-
scope. The peat types were denoted according to a system described by von Post and Granlund
(1926)

Recent studies have shown that the data from the line inventory has a high quality and that it is pos-
sible to identify sites that were sampled almost 100 years ago (James 2010, Schoning et al. 2012,
Lundgren and Modig 2013). These studies conclude that some of the sites investigated during the
line inventory have changed into drier and more nutrient-rich condition peatlands, during the last
90 years. Furthermore, the peat thickness was reduced during that period most likely due to peat
compaction as a consequence of wetland drainage.

4.2 The studied area

The studied area (Figure 4-4) is situated in the province of Uppland, eastern middle Sweden, which
is characterized by a flat bedrock surface intersected by narrow valleys. The county was completely
covered by the Baltic Sea after the last deglaciation, taking place c. 11,000 years ago. As a conse-
quence of the disappeared pressure from inland ice there is a resilience of the land surface position
indicated by successive land uplift since the deglaciation (Passe and Andersson 2005). That is an
ongoing process and at present the land is rising with a rate of 5-6 mm each year. Due to the flat-
ness of the landscape the land area is rapidly increasing and new peatlands have been continuously
formed.

The highest topographical areas are dominated by till and exposed bedrock, whereas the lower

areas are dominated by fine grained water laid deposits, which in some areas are covered by peat
(Persson 1985, 1986). Peatlands of the area are often small and bogs tend to be covered with pine
forest. A large proportion of the county is situated at low altitudes, especially close to the coast, and
the wetlands in these areas are consequently young (Schoning 2014).

The glacial clay and till along the coast of northern Uppland area are rich in CaCOj;, which during
the glaciations was transported to the area from a limestone area existing at the floor of the Bothnian
Sea (Persson 1985, 1986). The chemistry and vegetation in many wetlands are affected by the pres-
ence of lime, and many of the wetlands along the coast are characterized as rich fens.

4.3 Material and methods

In this study, data from the peat archive has been used to investigate pathways of peatland suc-
cession. The data was also used to compare peat thickness and peat types with the ages of the
wetlands. Data from altogether 138 peatlands located in the north-eastern parts of Uppland was
used (Figure 4-4, Appendix 2). Additional data (18 sites) from a recent study, was also used
(Schoning 2014). In that study carbon accumulation in young coastal mires of northern Uppland
was evaluated. That was done by comparing results from radiocarbon dates with peat thickness.
The peatlands in the data-set are on distances from 50 km northwest to 100 km south of Forsmark
(Figure 4-4) and at an altitude between 1.5 and 60.5 metres above sea level (m.a.s.l.). That repre-
sents a time span of isolation from the Baltic Sea from c. 300 BP (BP = before present) to almost
8000 BP. A flow chart demonstrating the key components that were used for a model illustrating
peat accumulation in the Uppland area is shown in Figure 4-5.
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Figure 4-4. Geographical location of sites with data from SGUs surveys studied in the early 20" century,
and used in this report. The majority of the sites are situated along the coastal area of Uppland at altitudes
below 30 metres above sea level. The sites found close to Forsmark and Osthammar as well as the sites north
of Tierp were sampled in a recent study (Schoning 2014). Sites 115—121, north east of Uppsala, were first
sampled during the SGUs line survey 90 years ago, but were recently revisited and sampled by James (2010).

4.3.1 Processing of archive data

The initial phase of the work was to digitalize material from the SGU line inventory, a task that
partly was carried out within a student work (Lundgren and Modig 2013). Information on peat
stratigraphy, peat properties and land-use were transferred from the field diaries to excel sheets.
The peat properties and stratigraphy provided information on peatland development and peat depth
(Figure 4-5). Based on the information from the diaries the sites were classified into different
peatland types (Figure 4-5) with preferences on peatland vegetation (e.g. pine bog, tall-sedge fen),
peatland formation (terrestrialization, paludification and primary peat formation) and land-use and
influence on peatland hydrology (e.g. cultivated, pristine, intensively ditched). The positions of the
investigated sites were identified by comparing the field maps (Figure 4-3) with modern maps. The
original field maps were rectified into a geographical information system (GIS) (ESRI 10.0) and
points that were used to mark out each coring site on the original map were superimposed onto the
GIS map. SGUs modern maps of Quaternary deposits were used to confirm the occurrence of peat
at the earlier investigated sites. The identified peatlands were represented in the GIS map as point
shape files (Figure 4-4).
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Figure 4-5. Flow chart showing the three main components for a model illustrating peat accumulation;
peat data, threshold data and onset of peat formation essential to know for developing the peat accumula-
tion model for the study area. The threshold data describes the properties and altitude of the thresholds,
which are found at the outlets of the peatland.

4.3.2 Defining the basin threshold level

The altitudes of the peatlands basin threshold were defined as the threshold over which the outflow
from the peatland occurs. This altitude corresponds to the level at which the peatland was isolated
from the Baltic Sea due to the isostatic land upheaval. The threshold level for each site were deter-
mined using a raster file from Lantméteriets National Elevation Model (NNH 2 m), based on laser
data (LiDAR), that visualize elevation information to a horizontal resolution of 2 m and a vertical
error of only 0.2 m. This high resolution allows a measurement of the altitude of threshold with a
high precision for each peatland (Figure 4-7). At many sites the thresholds have been eroded during
and after the isolation from the Baltic Sea. SGUs maps of Quaternary deposits were therefore used
for controlling the presence of erosion-sensitive soils at the threshold, which indicates the occurrence
of erosion after isolation. The altitude of the thresholds at the time of isolation was determined after
estimating how deep water courses have eroded the thresholds.

4.3.3 Determining the onset of peat formation

The identified threshold level was further transferred into a calendar age for the isolation of the peat-
land basin from the Baltic Sea using SGUs model for shoreline displacement (Pdsse and Andersson
2005) (Figure 4-6). The shoreline displacement curve is mainly based on ages determined from
radiocarbon dates. Since the concentration of '*C in the atmosphere has varied through time the
radiocarbon ages have been calibrated to correspond to true years (calendar years). The age of a
threshold represents the age when a certain wetland or lake was isolated from the Baltic Sea and
gives a maximum age for the onset of peat accumulation. However at some sites peat accumulation
was preceded by a lake stage and peat accumulation started consequently some time after the sites
were isolated from the Baltic Sea. Furthermore, peat accumulation could to some extent have been
initialized already in shallow bays of the Baltic Sea.

4.3.4 Determining peatland initiation type

Peat which is underlain by gyttja is interpreted as having formed in wetlands proceeded by a lake
stage, i.e. these wetlands have formed by terrestrialization. That interpretation is based on the fact that
gyttja is commonly deposited in lakes. Peat underlain by other deposits is interpreted as having formed
due to primary peat initiation or paludification. Sites with a very low peat depth relative to the age of
the peatland threshold have been assigned to as have been formed through paludification. These wet-
lands have commonly woody peat as the lowermost peat, indicating relatively dry conditions before
the onset of peat formation. A large proportion of the studied peat layers formed in wetlands through
primary peat initiation and paludification are underlain by clay gyttja/gyttja clay. These deposits are
commonly deposited in bays of the Baltic Sea, and indicate that the wetlands have not been preceded
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by a lake stage. Clay gyttja is often occurring in the lowest topographical area where the groundwater
table is situated close to the ground, something that can initiate peat formation. The other wetlands
formed through primary peat initiation and paludification are underlain by glacial or postglacial clay,
which was deposited at the floor of the Baltic Sea thousands of years before peatland initiation.
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Figure 4-6. The curve shows the shoreline displacement in northern Uppland. The blue area in the figure
delimits the altitude (m a. s. 1) above the present sea level which was situated below the Baltic Sea surface
since the time of deglaciation until present. Shortly after the deglaciation the shoreline was situated more
than 150 m above the present sea level and Uppland was consequently completely covered by water. Note
that the curve also predict the shoreline displacement during the forthcoming 2,000 years. An example of
determining the theoretical time for onset of peat formation is shown in the figure. In this example a peatland
with a threshold level of 20 m a. s. l. was isolated from the Baltic Sea approximately 2900 calendar years BP.
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Figure 4-7. a) The altitude of the thresholds for the peatlands was determined with the New National
Elevation Model (NNH 2 m) from Lantmditeriet. The blue line represents the identified threshold for the
peatland. The elevation is expressed as the level above the present sea level. It was possible to determine
when the threshold was uplifted above the sea by using a shoreline displacement curve (Figure 4-6, Pdsse
and Andersson 2005). b) SGUs map of Quaternary deposits for the same peatland. The green point rep-
resents the site investigated by SGU during the early 20" century. The cored sites are often situated in the
central parts of the peatlands (brown colour). The threshold shown here is situated in an area dominated
by bare bedrock and till and has probably not been affected by erosion. However, the map of Quaternary
deposits shown above is presented in a much smaller scale than intended when the map was produced. The
delineation of bare bedrock and peat does therefore not completely correspond with the actual occurrence
of these constituents, which is obvious when comparing with the NNH data.
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44 Results and discussion

Data from in total 156 mires in Uppland (Figure 4-4) were studied and a main part of the data is
from SGUs line inventory performed in the 1910s and 1920s. A minor part of the data (18 sites) is
from a recent study on young mires (500-2,500 years old) in the northern part of Uppland (Schoning
2014). The data was used for determining the general characteristics of the peatlands, the properties
of the peat and the wetland successions. The data was also used to make a model for peat accumula-
tion rates and to study the effects of cultivation.

441 Properties of the non-cultivated mires

Altogether 76 of the 156 mires sampled during SGUs line inventory were regarded as not being used
for cultivation neither today or when the mires were investigated in the early 1900s. However most
of these mires are not entirely pristine and unaffected by human activities today but are to a vari-
ous degree affected by ditching. A major part of this drainage of the landscape was made during the
mid to late 1900s due to extensive forestry activities. Thus, most of the data used here was collected
before this period of extensive ditching reflecting a situation with more limited human impact. This
interpretation is also supported by the results in James (2010) and Schoning et al. (2012) who com-
pared the peatland properties of today with data from the line inventory.

The mires in the data-set are of highly variable types but a general picture is that relatively young
mires situated at an altitude equal to an age of 1,500 years or less reflect different types of fen envi-
ronments while older peatlands situated at higher altitudes are of both bog and fen types. Typical
examples of mire environments in the non-cultivated mires are illustrated in Figure 4-8. The mean
peat depth in the data-set is around 140 cm for the non-cultivated peatlands (Table 4-1). This rather
low medium peat depth is a consequence of the young age of the wetlands which mainly have
formed during the last few thousand years, but is probably also affected by the climatic setting,
where the rather low annual precipitation does not favour intense peat growth.

The fens of younger age are mainly of wetter types with either an open vegetation of Carex (Sedge)
and Sphagnum (moss) or Carex and Bryales (moss). Additionally fens with a high proportion of
Phragmites (reed) are known from the coastal areas of Uppland (L6fgren 2010). Fens older in age
are often characterised by drier conditions and sometimes have tree layer vegetation, mainly alder
and birch. The bog types in the data-set are to a high extent presently covered with pine forest and
have a dense dwarf shrub vegetation of Rhododendron tomentosum (Labrador tea) and/or differ-
ent species of Vaccinium sp. Some of the bogs were visited in 2011 or 2012 and all show up a dry
bog surface and most of them are affected by recent forestry activities and ditching (Schoning et al.
2012).

4.4.2 Peatland initiation of the non-cultivated mires

About an equal number of the non-cultivated peatlands in the data-set were formed through primary
peat initiation and paludification as through terrestrialization (Table 4-1). This is in accordance with
results presented by von Post and Granlund (1926) but with somewhat higher values for the group
primary peat initiation and paludification. This can possibly be explained by the fact that the term
primary peat initiation not was used by von Post and Granlund (1926) and peatlands underlain by
clay gyttja/gyttja clay (i.e. sediments that have deposited in bays of the Baltic Sea), might have been
interpreted as sites preceded by a lake stage.

It is somewhat difficult to distinguish peatlands formed through primary peat initiation from those
formed through paludification. There is however a cluster of peatlands with a rather low peat
depth situated at altitudes that were isolated from the Baltic Sea between 6,000 and 3,500 yrs ago
(Figure 4-10). The low peat thicknesses in these peatlands indicate that the peat started to form
much later than would have been the case if peat accumulation started directly when the sites
emerged from the Baltic Sea. At these sites the accumulation of peat would thus have been initiated
at a later stage through paludification. These sites more often contain woody sedge peat than the sites
formed through primary peat formation. Paludification is further discussed below.
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Pine bog with a dominance of Rhododendron tomentosum and a
relatively dry surface with accumulation of Sphagnum peat.

Bryales — Carex fen with a moderately wet surface with
accumulation of Bryales-Carex peat

Carex-Bryales fen with Myrica gale and a very wet surface with
accumulation of Carex-Bryales peat.

fr—

Phragmites-Sphagnum fen with pines and a moderately wet
surface with accumulation of Phragmites-Carex peat.

Pine bog with dwarf shrub vegetation dominated by Vaccinium myrtillus
and with a dry surface with accumulation of Sphagnum peat.

Carex — Sphagnum fen with a very wet surface with accumulation
of Carex-Sphagnum peat

Lty Bl T

Carex fen with a wet surface with accumulation of Carex peat.

S = y.1m i g

Birch fen with Phragmites and Filipendula ulmaria and moderately
wet surface with accumulation of woody sedge peat

Figure 4-8. Examples of different mire environments with typical vegetation at some of the studied sites in
the north-eastern Uppland (Photos, Kristian Schoning/SGU).
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Table 4-1. Properties of studied non-cultivated peatlands.

Primary peat initiation Terrestrialization
and paludification*
Number of sites 37 39
Mean depth of peat (cm) 141 139
Mean threshold age 3,400 3,170
Type of peat (upper layer)
Bryales-Carex 2 1
Woody Sedge 14 4
Carex 6 19
Sphagnum 15
Phragmites
Highly decomposed peat 1

*10 of these sites were considered as formed through paludification.

4.4.3 Succession of the peatlands

When considering typical successions and development of the peatlands in the data-set there are
some major pathways present. In Figure 4-9 the presence of typical mire environments, as indicated by
the peat stratigraphies, are shown and the thickness of the arrows in the figure is proportional to the
number of peatlands in the data-set following a specific path. In Appendix 2 the peat successions and
ages of the studied wetlands are shown. Accumulation of Sphagnum peat is the final stage of the suc-
cessions, but due to the young age of the landscape most wetlands have not reached that stage. As the
successions in the mires are highly dependent on local factors, the network of developmental paths is
complex. However some major pathways can be distinguished. It should be noticed that even though
all pathways in Figure 4-9 ends with Sphagnum peat this does not necessary imply that all mires will
reach an ombrotrophic stage.

About an equal amount of the sites in the data-set were formed through primary peat initiation or
paludification as through terrestrialization. Notable is that none of the peatlands formed through pri-
mary peat initiation or paludification were directly underlain by till or other coarse sediments but were
all underlain by glacial clay or clay gyttja. The peatlands formed through primary peat initiation were
mainly underlain by clay gyttja indicating initiation of peat formation directly after shallow bays of

the Baltic Sea appeared above the sea-level. Only a few sites were clearly assigned to paludification.
Paludification may, however, cause a significant increase in the future areal coverage of peatlands in
Uppland. Franzén et al. (2012) has made calculations indicating that a large proportion of the landscape
in the future may be covered with peat assuming a wetter climate. Even though these calculations
include large uncertainties it is plausible that wetter conditions may cause large lateral expansion of
peatlands in the flat landscape of Uppland which is characterised by a high proportion of clays with
low permeability. The sites that were interpreted to have been formed through paludification were all
initiated by wetlands with an alder/birch fen stage, an example of this environment is seen in Figure 4-8
H. That peat type indicates that initiation of peat accumulation in drier environments compared with
the sites formed through primary peat initiation. In similar geological settings of young age in Finland
the proportion between the different initiation processes indicate that 60% of the mires were formed
through primary peat initiation and only 10% through terrestrialization (Huttunen and Tolonen 2006).

For the sites formed through terrestrialization there are only a few mires that have a phase with
Phragmites (Figure 4-8 G). The presence of Phragmites is though probably underestimated in this
study (Figure 4-9) because Phragmites is often present together with Carex in the early fen stages.
Peat accumulating in such environments often contains remnants of Phragmites but is often classified
as Carex peat. Furthermore, most sampling points are situated in the centre of the peatlands where
Phragmites peat is less common compared to the borders of the basin.

The two far most common path of succession in the data-set is an initial Carex phase (Figure 4-8 C—F)
followed by an ombrotrophication with a dominance of Sphagnum mosses (Figure 4-8 A—B)(Figure
4-9). The other common developmental path starts with a birch/alder fen environment (woody sedge
peat) followed by Bryales or Carex and finally ombrotrophication with Sphagnum mosses. The wetlands
in this region with accumulation of Sphagnum peat is characterized by pine forest (Figure 4-8 A-B), and
are still in an early stage of bog formation, and can in some cases be regarded as nutrient-poor fens.
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Most of the peatlands in the data-set have not reached far in their succession and are only in early
stages of different fen environments. This is a consequence of the young age of the peatlands in the
area and is reflected in Figure 4-9 by the thinning of the arrows upwards in the figure. Most of the
peatlands are today in a stage/environment dominated by Carex either in an open fen environment
or together with birch and alder. Only a limited number of the peatlands has reached an ombrotropic
setting dominated by Sphagnum. The tendency in the development is towards less nutrient rich envi-
ronments and this is the classical development of mires, that ultimately ends in a bog. This kind of
development of the mires has also been recorded in Finland (Huttunen and Tolonen 2006).

The exact timing of the succession pathways illustrated in Figure 4-9 is difficult to determine. As
mentioned above bog peat with Sphagnum peat is only found in wetlands which has been uplifted
for at least 1,500 years (Figure 4-10). It is therefore suggested that it takes at least that time for a
wetland to reach its final stage with Sphagnum peat accumulation (Figure 4-9). However, sites with
that peat type can probably be found locally in nutrient-poor fens of younger age. It can also be con-
cluded that during the forthcoming thousands of year most of the studied peatlands will be covered
with Sphagnum peat. Furthermore the ombrotrophication of the mires presently covered by Sphagnum
peat will continue and the surface of the bogs will consequently continue to rise.

The results presented in Figure 4-9 indicate that an initial mire formation with Bryales is not a

very common path. However, fens initiated by accumulation of Bryales peat are probably more
common in reality since fens dominated by Bryales together with Carex are frequent along the coast
today (Schoning 2014). One reason for the expected underestimation of Bryales peat, in the young
wetlands studied here, is that highly humified peat is often only assigned to as fen peat in diaries
from the Line inventory. In our reclassification we have put this type of peat into the Carex path.
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Figure 4-9. The registered peatland succession in the data-set (both pristine and cultivated peatlands,
Appendix 2). The thickness of the arrows in the figure is proportional to the number of peatlands following
a specific path. As can be seen a large proportion of the peat is formed after a lake stage with gyttja accu-
mulation, but primary peat initiation and paludification on other fine grained deposits are also commonly
occurring. The arrows are generally thinner in the upper parts of the figure reflecting that many wetlands
are in an early stage of succession.
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However, some of that peat is probably consisting of a combination of both Carex and Bryales. The
vegetation in the most initial phase of mires in land uplift areas of Finland is dominated by differ-
ent Carex species (Havas 1967). The presence of Bryales far up in the development of the mires is
a consequence of the, compared to Finland, high nutrient level with high pH in the Uppland coastal
area. The conditions specific for the area studied here is the presences of lime in the soils surround-
ing many of the wetlands, which causes a high pH in many fens. That lime is, as mentioned above,
emanates from a limestone area situated at the floor of the Bothnian Sea north of the studied area.

4.4.4 A model for the peat accumulation rate

As earlier described the theoretical earliest time for the onset of peat initiation was calculated by
determining the age of isolation from the Baltic Sea, using the shore displacement model by Passe and
Andersson (2005) together with the altitude of the threshold of the basin where the peat is accumu-
lating. By combining this theoretical highest age for the peatland with the total peat depth from the
stratigraphical information an empirical function for peat accumulation in the investigation area was
developed. This empirical model describes the general pattern of peat accumulation over time in the
peatlands of the area but does not take into account peatland type and effects of changes in climate.

Only peatlands without a preceding lake stage and clearly not affected by ditching was used in
order not to bias the relationship using sites with a delayed onset of peat formation due to the
presence of a lake stage. The best fit of the data is achieved with a slightly convex peat accumula-
tion model (Figure 4-10) indicating a higher peat accumulation rate during the earlier stages of the
mire development compared with the later stages in the development. This pattern is supported
by radiocarbon dates from mires in northern Uppland (Schoning 2014). Younger peatlands in the
area of Uppland thus have a higher rate to peat accumulation 0.5 to 1.3 mm /year compared with
peatlands of a higher age which generally have accumulation rate around 0.5 mm/yr. It should be
noted that these values represent the average rates since the onset of peat accumulation.
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Figure 4-10. Diagram showing the peat depth as a function of threshold age in peatlands unaffected

by draining activities. At all sites the peat is interpreted to have formed through primary peat initiation

or paludification. The blue data points represent mires formed through primary peat initiation when the
mires were emerged from the Baltic Sea and green diamonds represents peatlands formed through primary
peat initiation with Sphagnum as top peat layer. Data represented by the blue and green points were

used for making the peat accumulation model which is illustrated by the black line. The red data points
are interpreted as representing mires formed through paludification long after the sites emerged from the
Baltic Sea.

SKB TR-13-20 49



The rate of accumulation at a certain point in time differs from that value. This is in concordance
with what has been recorded in fens but also bogs situated in a more continental setting (cf. Yu

et al. 2009). The highest accumulation rate in peatlands is recorded from the mires youngest in
age. That is evident in Figure 4-11 where the accumulation rate expressed as total peat thickness
divided by the age of the mire (blue curve) clearly demonstrates high rates of peat accumulation in
the youngest wetlands. The actual rate of peat accumulation for each time slice of 50 years is also
show in Figure 4-11, and this curve shows a linear decrease in accumulation rate with time. The
initial period with high accumulation is due to formation of a loose peat, which is not compacted.
After this initial phase there is a steady decline in peat accumulation partly due to compaction but
mainly due to reduced rate of peat formation, and height increment of peat ceases when a mire
reach an age of 8,000 years. The mire studied here have, however, not yet reached the stage of
ceased peat formation. Peat accumulation can of course proceed for longer periods if the future
climate changes. The reason for the decreased accumulation rate with increasing age could be an
effect of the climate setting in the area of Uppland is rather continental and the bogs present in
the area have dry surface where the present peat accumulation probably is low. The effect of this
climate setting would thus also be that when the peat column grows in thickness there will be lim-
ited possibilities for the mire to withstand a high water level and the peat growth will slow down
due to higher decomposition rates. The decreased increment rate may also be partly due to weight
compaction of the increasing peat column.

The peat accumulation model achieved here gives a probable picture of how the pattern of peat
accumulation through time generally looks like in the peatlands of Uppland. In more detail the pat-
tern of peat accumulation rate over time is more complex as climate changes over time and different
development paths of peatlands occurs. Schoning (2014) has studied the rate of peat accumula-

tion in the study area after interpreting results from '“C dated peat cores. The results indicate higher
rates of accumulation in Sphagnum peat compared to fen peat. The mean peat accumulation rate for
peatlands dominated by Sphagnum peat is 1.0 = 0.39 mm/yr (mean + SD) and 0.89 + 0.30 mm/yr for
peatlands dominated by fen peat. This is somewhat higher than recorded from data in the peat archive
but the interpretations from radiocarbon ages are based on less data and these sites are all young

in age. The mean accumulation rate for correspondingly young wetlands from the peat archive is
0.82 + 0.10 mm/yr thus very similar to the radiocarbon dated fens.

One possible distinguishable climate effect on the formation of peat in the investigation area is the
fact that several peatlands situated at an altitude corresponding to an age of isolation from the Baltic
Sea between c. 7000 BP and 3500 BP have thinner peat layers than predicted by the peat accumula-
tion curve (Figure 4-10). All of these peatlands are interpreted as formed through paludification
without a preceding lake stage and probably long time after the sites emerged from the Baltic Sea.
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Figure 4-11. Diagram showing two different aspects of the peat accumulation rate as a function of
peatland age. The black straight line shows the derivative ( % ) of the function flage) = y(peat depth)
shown in Figure 4-10. The derivative gives the accumulation rate for every 50 year time slice and show up
a decreasing trend and the model suggests that the peat accumulation ceases at 8000 yrs BP. The blue line
represents the f(x) = alpeatthickness o, 4 shows a highest peat accumulation rate > 1.1 mm/yr during the

Peatland age
earliest stage of mire development.
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Initiation by paludification is supported by an initial stage with accumulation of woody sedge peat.
It is thus possible that the climate during the period when these land areas emerged from the Baltic
Sea was unfavourable for peat formation and when a climate change occurred peat started to form at
these places. A similar period with limited peatland initiation has been recorded in southern Finland
across the Baltic Sea during approximately the same time period (6500 and 4000 BP) (Korhola
1996) and a drier and warmer climate compared to the present conditions prevailed during this
period of time in northern Europe (cf. Wanner et al. 2008).

4.4.5 The carbon accumulation

Accumulation rate of peat expressed as mm yr' is not the only factor of interest when it comes to peat
accumulation, but the rate of carbon accumulation is also of interest. In a recent study of young mires
in the Forsmark area the average accumulations since initiation of peat formation (long-term carbon
accumulation rate) was estimated from some radiocarbon dated sites (Schoning 2014). The youngest
mires in this study have a lower carbon accumulation rate than the mires of higher age (1,000-2,000
cal yrs old) but for the oldest sites in this study (older than 2,000 years) the carbon accumulation
decreases again. There are only three mires older than 2,000 years included in the study by Schoning
(2014) and it is consequently difficult to use the results from that study alone for making conclusions
regarding the accumulation rates for carbon in mires older than 2,00 years. However, in Finland the
Long-term apparent rate of carbon accumulation (LORCA) has been determined for more than thou-
sand of mires (Turunen et al. 2002). That study shows that LORCA decreases from values of 30—40 g
Cm?yr'to20gCm?yr'after 2,000-3,000 years of peat accumulation which is in line by the
resuls from the mires in the Forsmark area studied by Schoning (2014).

For the mires studied by Schoning (2014) the pattern of the carbon accumulation stands in contrast
to peat accumulation expressed as mm/yr. The initial phase of the peatland development is charac-
terized by a high peat accumulation rate (mm yr '), while the carbon accumulation is rather low

(c. 20 g C m? yr''") during this period. This is an effect of the very low density of this initial peat
which is reflected by a low rate of carbon accumulation. The following phase with higher carbon
accumulation (c. 40 g C m* yr'') can probably be assigned to more favourable conditions for peat
preservation: high water level but lower oxygen influence and still good nutrient status. The decrease
of the carbon accumulation at the oldest sites is a consequence of drying up of the peat surface when
the peat column grows and there will be limited possibilities for the mire to withstand a high water
level and the peat growth will slow down due to higher decomposition rates. Here the anaerobic
decay in the catotelm also can have an effect on the long term carbon accumulation.

4.4.6 Properties of the cultivated peatlands

In the data-set 45 sites were clearly identified as cultivated peatlands when they were investigated in
the early 1900s. The main part of these cultivated peatlands are situated at rather low elevations and
were isolated from the Baltic Sea during the last 4,000 years. The mean peat depth in the cultivated
mires was 90 cm (Table 4-2) when they were investigated in the early 1900s and peat depths larger
than 150 cm were rare. As in the case of the non-cultivated peatlands there is an even distribution
between peatlands formed through primary peat initiation and paludification and peatlands with a
preceding lake stage (Table 4-2).

The classification of the uppermost peat was used to determine during which stage in the wetland
succession the peatlands were cultivated. The absolute majority of the cultivated peatlands has not
reached a bog stage in their succession, when claimed for agricultural purposes. The cultivated sites
were instead preceded by different types of fen stages. The uppermost peat layers at the cultivated
sites was made up by different type of sedge peat but also highly decomposed peat not possible to
classify was commonly occurring (Table 4-2).

The successions of the cultivated peatlands are fairly similar to the pattern of the non-cultivated peat-
lands. In Figure 4-12 typical mire environments, as indicated by the peat stratigraphies, are shown.
Cultivated peatlands formed through terrestrialization generally have relatively large peat depth
(Table 4-2) and these peatlands occasionally show up more stages in their development compared to
the peatlands formed through primary peat initiation and paludification. Notable is that none of the
cultivated peatlands are directly underlain by till but are underlain by different types of clay or gyttja.
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Drained and cultivated mires
Peatlands formed through terrestrialization Peatlands formed through primary peat initiation or paludification
2 3

Highly Highly
decomposed decomposed
peat peat
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peat

Sphagnum | Carex/Sedge
peat peat

Carex/Sedge | Carex/Sedge | Woody sedge Highly Highly Highly
peat peat peat decomposed decomposed decomposed
peat peat peat

Gyttja Gyttja Gyttja Woody sedge | Carex/Sedge
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Marl Marl Marl

mites peat

Highly
decomposed
peat

Clay Clay Clay

Clay Clay

Occasionally | Occasionally | Occasionally
sand sand sand

Occasionally | Occasionally | Occasionally

sand

Occasionally
sand

Figure 4-12. The peatland succession in the cultivated peatlands. The deposits are successively younger
towards the top of each column. In the generalization of environments peat consisting of carex only and peat
with a high carex-content (sedge peat) are grouped together. Each column represents one path of succession.
The numbers of peatlands following each developmental path are shown at the top of each column. Around half
of the cultivated peatlands have been preceded by a lake stage (Terrestrialization), which is indicated by the
presence of lake sediments (Gyttja) below the peat. Marl is gyttja with a high content of CaCOs;.

Table 4-2. The properties of the cultivated peatlands, which were investigated during SGUs

Line survey 90 years ago. The sites characterized as terrestrialization were preceded by a lake
stage, whereas the peat at the other sites was initiated in wetlands with no former lake stage.
The uppermost peat is highly decomposed at all the studied sites, and it was assumed that the
decomposed peat corresponds to underlying peat. At 11 sites there was no other peat type below
the highly decomposed peat layer.

Primary peat initiation  Terrestrialization  All sites
and paludification

Number of sites 23 22 45
Mean depth of peat (cm) 7 110 90
Mean threshold age 3,400 2,840 3,130
Type of peat (uppermost layer) No. No. No.
Phragmites 1 1
Bryales 1 1
Woody Sedge 3 3 6
Carex/Sedge 7 17 24
Sphagnum 2 2
Highly decomposed peat 11 1

The cultivated peatlands in this study have a mean size of c. 32 ha but there is a wide size distribu-
tion. Most of the cultivated peatlands are between 10 and 50 ha (Figure 4-13). In comparison with
the pristine mires the cultivated sites are generally larger and the pristine mires in the data-set rarely
exceed 25 ha. The reason for this is that the pristine mires often fill up minor basins in forested areas
while the cultivated peatlands are associated to the larger flat areas with fine grained sediments suit-
able for cultivation. The smallest cultivated peatlands are thus situated in association to fine grained
sediment and it is possible that these peat areas have been larger but have decreased in size due to
oxidation caused by the farming activities.
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Figure 4-13. Size distribution of the peatlands that either are used for cultivation or are unaffected by
draining activities. The cultivated peatlands are generally larger in size while the pristine mires rarely
exceed 25 ha in size.

4.4.7 Indications of compaction and oxidation of peat

The relationship between the age of the isolation of the peat basins and the depths of peat at the
cultivated sites are illustrated in Figure 4-14. The black line represents the expected peat accu-
mulation in unaffected mires at the studied sites (Figure 4-10). All of the cultivated sites are situ-
ated to the right of this line showing that they have a smaller peat depth than they should have in
unaffected peatlands where the peat has accumulated since the isolation from the Baltic Sea. This
implies that the peat at these sites have compacted and oxidized as an effect of cultivation. These
processes are explained and discussed in Chapter 3. Some of the cultivated sites had peat depths
below 50 cm although the sites were isolated several thousand years ago. However, some of the cul-
tivated peatlands had similar peat depth as the unaffected mires of the same age possibly reflecting
that the threshold level was not correctly identified or that the peat depth was overestimated in the
line inventory survey. Peatland used for cultivation has threshold that has been affected by human
activities in connection with the drainage of the wetland and the correct altitude of the threshold can
therefore be hard to determine. Furthermore, in some diaries from the line inventory material, many
sites underlain with gyttja have had their peat depth adjusted to lower values after peat samples were
analyzed in the laboratory (Schoning 2014). The sites with peat depths larger than expected are all
underlain by gyttja and it is possible that coarse detritus gyttja have been interpreted as peat at these
sites which thus give too high peat depths.

Oxidation of peat is a fast process (cf. Chapter 3) and a few of the peatlands cultivated 90 years ago
are not peatlands any more according to SGUs modern map of Quaternary deposits. The peat has
thus oxidized during the almost 100 years since the sites were investigated in the line inventory.
Instead the map shows clay or gyttja clay but sometimes there is some peat areas left associated to
these cultivated land. Schoning et al. (2012) has revisited a few peatlands that were cultivated during
the line inventory and found that the peat had decreased in thickness with 19-45 cm since the line
inventory in the early 1900s, some of these sites were, however; not used for cultivation today. At
some sites peat was not present any more.
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Figure 4-14. Age—peat depth relationship of the sites used for cultivation. All cultivated sites has a peat
thickness which is below the peat accumulation curve (black line) derrived from undrained wetlands

(Figure 4-10). That difference is an effect of the subsidence taking place after draining peat for cultivation.
The blue diamonds in the figure represents cultivated sites without preceding lake-stage.
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5 Conclusions

* The rate of peat accumulation in peatlands is dependent on the production of new organic mate-
rial forming peat and the decay rate of that organic material, which in turn is controlled by factors
such as type of vegetation, climate, nutrient status and hydrology.

» During the succession of mires the peat accumulation rate will change through time as vegeta-
tion, nutrient status, the height of the peat column and wetness changes. In a continental setting
such as Uppland the peat accumulation initially is high but decreases with time.

» Peat areas used for cultivation in the surroundings of Forsmark are most often characterised
by fen peat. Both data from literature and SGUs peat archive confirmed that cultivation of
Sphagnum peat is uncommon in the area, and cultivation of bog peat has consequently not been
common. The low proportion of cultivated Sphagnum peat can partly be explained by the rela-
tively young age of the landscape, since that peat type is more commonly occurring in older wet-
lands.

» Subsidence is initially very fast in a peatland where the groundwater table has been lowered to
facilitate cultivation. The rate of compaction decreases after a few years and oxidation becomes
the dominating process causing subsidence. Peat oxidation in cultivated peat areas is a fast pro-
cess which alone causes subsidence rates of between 0.5 and 1 cm/year. The most important fac-
tors affecting the oxidation rate during cultivation are depth of ditches, , type of peat and climate.
Type of crop is an additional factor that may affect the oxidation rates.

* The study of data from SGUs peat archive shows that wetlands which are relatively old are often
characterised by accumulation of Sphagnum peat, which has been proceeded by a stage with
Carex peat accumulation. Approximately half of the studied peatlands have been preceded by
a lake stage and in a third of the wetlands peat accumulation started through primary peat initia-
tion directly after the sites were uplifted above the Baltic Sea. Only a minority of the sites were
formed through paludification and in those peatlands peat accumulation probably started due to
a change climate and was initiated long after the sites were uplifted.

* The data from the peat archive also revealed a clear connection between age of peatlands unaf-
fected by land use and thickness of the peat layers. The rate of peat accumulation is in average
between 0.5 and 1 mm/year. The fastest peat accumulation rates were recorded during the initial
phases of the peatlands up to the age of c. 2,000 years. Thereafter the rate of peat accumulation
decreases.

* Around half of the studied cultivated peatlands (from the peat archive) in Uppland were preceded
by a lake stage and at the other sites with cultivated peat accumulation started in wetlands situ-
ated in the lowest topographical parts of the landscape, directly on marin sediments.

» The cultivated peatlands are all underlain by fine-grained sediments, which may be cultivated
when the peat has completely oxidised. Some of the relatively large areas with cultivated fine
grained postglacial sediments, in the present landscape, are most likely former wetlands that
have been covered by peat.
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Appendix 1

Table A1-1. The subsidence of peat at “Balinge mosse” close to Uppsala in Sweden. The peat-
land was initial drained 1908 (from Mc Afee 1985).

Studied point

1908-1938

loss (cm) cmlyear

1938-1964

loss (cm) cmlyear

Totals

loss (cm) cmlyear

0 N O O~ WN -

67
77
71
73
60
75
70
54

2.2
2.6
24
24
2.0
25
23
1.8

38
52
52
43
57
48
47
52

1.4
2.0
2.0
1.6
2.2
1.8
1.8
2.0

1964-1984

loss (cm) cmlyear
45 2.2

40 2.0

38 1.9

42 2.1

40 2.0

31 1.6

36 1.8

27 14

150
169
161
158
157
154
153
133

1.97
2.22
2.10
2.08
2.06
2.02
2.01
1.75

Table A1-2. Summary of the physical properties of the drained fen peat in “Bélinge mossar”
(from Mc Afee 1985). It is clear that porosity increases and dry bulk density decreases with depth
below the ground surface.

Area Level Bulk density, Bulk density, Density of Loss on pH Porosity
(cm) saturated (g/cm®)  dry (g/cm?) solids (g/cm®) ignition (%) (vol. %)

A 0-50 1.07 0.24 1.66 80.3 5.7 85.5
50-100 1.18 0.21 1.58 87.0 5.4 86.1

B 0-50 1.08 0.24 1.56 83.6 5.5 83.3
50-100 1.14 0.18 1.50 88.4 5.4 87.8
100-150 1.12 0.14 1.49 86.3 54 90.7
150-200 1.09 0.13 1.48 79.9 5.8 91.0

C 0-50 1.08 0.25 1.62 81.7 5.7 84.8

Table A1-3. Physical properties of cultivated peat in England (from Kechavarzi et al. 2010). The
highest densities were found in the uppermost samples and can be explained by compaction and
a high ash content. The restively high ash content in the uppermost samples is an effect of the
ongoing oxidation of organic matter, which mainly take place in the uppermost soil horizon.

Study Sampling Soil type Degree of Organic Organic Ash content Dry bulk Porosity
area depth (m) humification content (%) content g/cm® g/cm® density g/lcm® (cm®cm?)
1 0-15 Peaty loam - 39.0 171 26.8 0.44 0.72

1 35-50 Humified peat H8 60.1 10.2 5.9 0.17 0.87

1 85-100  Semi-fibrous peat H6 69.3 6.2 2.5 0.09 0.92

2 0-15 Amorphous peat  H10 67.3 23.6 11.4 0.35 0.80

2 35-50 Semi-fibrous peat H5 80.1 12.0 3.0 0.15 0.87

2 85-100  Fibrous peat H25 80.5 9.6 2.3 0.12 0.86

Table A1-4. Physical properties of cultivated organic soils in Finland (from Maljanen et al. 2007).
At many of these sites the deposits have dry bulk densities higher than the cultivated peat
shown in other studies (e.g. Table A1-2, A1-3).

Site CIN Bulk density pH Peat depth Drainage
(g/lem?) (H.0) (m) (years ago)

1 21 0.49-0.51 5.8 Nd 100

2 16 0.33 6.0 0.2 40

3 19 nd 5.3 1.4 60

4 18 0.24-0.29 5.6 Nd 50

5a 31-32 0.32-0.50 4.8 0.3-0.7 Nd

5b 16-19 0.33-0.47 4.3-5.9 0.2—>1.0 50-100
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Table A1-5. A) Dry densities and B) porosity of undrained fen peat from the surroundings of the
Forsmark site (Sheppard et al. 2009, Sternbeck et al. 2006, Léfgren 2011, unpublished data from
a SGU-project). Data from Sphagnum peat was excluded since that peat type is not commonly
cultivated. C) Porosity and dry density of peat used for cultivation in the surroundings of the
Forsmark site (data from Sheppard et al. 2011).

A)

Dry bulk density (kg/m®)

N Average Std Min Max m.a.s.l.
Rénningarna 7 102 26 70 152 11.5
Backbotten 4 119 25 94 148 29
L Hjortronmossen 1 136 13
Stenrésmossen 12 97 31 40 154 8.5
Labbotrask Il 4 65 35 34 1M 3-5
Labbotrask | 4 82 33 54 120 2.7
Average of the studied mires 6 100 25 65 136
B)

Porosity (m*/m?3)

N Average Std Min Max
Rénningarna 4 0.92 0.02 0.90 0.94
Backbotten 4 0.90 0.02 0.88 0.93
L Hjortronmossen 1 0.90
Stenrésmossen 4 0.90 0.01 0.88 0.90
Average of the studied mires 4 0.90 0.01 0.89 0.92

C)

Porosity (m*/m?)

N Average Std Max Min
5 0.75 0.03 0.80 0.71
Dry bulk density (kg/m®)

N Average Std Max Min
5 274 39 320 220
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Appendix 2

Table A-2. Data used in Section 4 for constructing the succession of wetlands in Uppland. All
peat and sediment types are shown in the stratigraphy column. The column “Depth to” shows
the depth to the lowest extension (below ground surface) of each deposit. The peat types were
used to reconstruct the successions of the wetlands. “Age of isolation” shows when, in years
before present (BP), each basin was isolated from the Baltic Sea. “Altitude of threshold” is the
level of each basins threshold above the present sea level. Each basin was isolated from the
Baltic Sea when the sea level was situated at that altitude. All coordinates (east and north) are in
Sweref 99 TM.

X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l.)
727460 6631169 12.7 2190 50 Bryales peat 8
100 Bryales peat 6
727519 6630925 | 12.7 2190 50 Bryales peat 8
60 Sphagnum peat 3
100 Unknown deposit 3
150 Carex peat 6
200 Gyttja
727449 6630542 | 12.7 2190 50 Sphagnum peat 3
100 Carex peat 4
150 Sedge peat 7
200 Gyttja 1
230 Sand
727472 6630007 | 12.4 2144 160 Sphagnum peat 4
200 Gyttja
727571 6629197 | 124 2144 100 Sphagnum peat
150 Carex peat 4
200 Gyttja
220 Clay gyttja
727900 6631108 14.5 2459 50 Sphagnum peat
100 Sphagnum peat
150 Gyttja
726060 6629548 10.1 1784 50 Sphagnum peat
100 Sphagnum peat
170 Carex peat
210 Gyttja
723186 6634773 8.5 1524 100 Carex peat 4
150 Gyttja
200 Clay
50 Sphagnum peat
721415 6635236 7.5 1357 100 Carex peat
120 Gyttja
150 Clay
722091 6637605 | 16.5 2747 50 Sphagnum peat
200 Sphagnum peat
210 Carex peat
250 Gyttja
300 Clay gyttja
723119 6640480 | 15.5 2604 50 Bryales peat
100 Woody sedge peat
150 Clay gyttja
722939 6640541 16.5 2747 50 Bryales peat 7
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l)
150 Woody sedge peat 8
160 Clay gyttja
692679 6625445 11.2 1958 70 Decomposed peat
80 Sand
100 Clay gyttja
150 Clay
691025 6626852 115 2005 50 Decomposed peat
175 Clay gyttja
180 Unknown deposit
693660 6624470 | 12.5 2159 50 Carex peat 5
150 Gyttja
200 Clay gyttja
693029 6624894 11.2 1958 50 Decomposed peat
112 Gyttja
122 Clay gyttja
130 Clay
703061 6625163 | 33 4655 50 Bryales peat 7
85 Bryales peat
95 Woody sedge peat 9
110 Clay
704139 6623818 11 1927 50 Sedge peat
110 Clay gyttja
120 Clay
701406 6624942 | 22 3474 50 Sphagnum peat 8
100 Sphagnum peat
175 Sphagnum peat 9
180 Sphagnum peat 8
200 Sphagnum peat 6
262 Equisetum peat 8
268 Clay gyttja
690693 6626603 11.5 2005 70 Decomposed peat
80 Clay
100 Gyttja
205 Clay gyttja
215 Sand
690763 6625080 | 34 4744 50 Sphagnum peat
100 Carex peat 5
160 Woody sedge peat 8
180 Clay
690780 6625205 | 34 4744 50 Decomposed peat
120 Sedge peat 7
130 Clay
691478 6625703 | 24.5 3775 50 Decomposed peat
100 Woody sedge peat
150 Woody sedge peat
200 Clay
692026 6624972 | 21 3349 100 Sedge peat
150 Woody sedge peat
207 Woody sedge peat
230 Gyttja clay
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l.)
691526 6623915 | 255 3890 50 Sphagnum peat 5
170 Carex peat 4
200 Gyttja
230 Marl
298 Clay
300 Sand
692597 6623655 11.2 1958 70 Decomposed peat
80 Sedge peat
225 Clay gyttja
230 Clay
692031 6622895 11.2 1958 50 Decomposed peat
210 Gyttja
215 Clay gyttja
220 Clay
692929 6620661 36 4913 50 Decomposed peat
118 Gyttja
155 Clay gyttja
180 Clay
693860 6620958 | 36 4913 50 Decomposed peat
160 Clay gyttja
180 Clay
689197 6621829 14.5 2459 65 Decomposed peat
80 Sand
100 Clay
689491 6621729 145 2459 66 Decomposed peat
80 Sand
114 Clay gyttja
130 Sandy clay
693467 6618535 | 44 5468 50 Sphagnum peat 5
150 Sphagnum peat 4
200 Sphagnum peat 5
250 Carex peat 6
418 Gyttja
465 Clay gyttja
475 Clay
480 Sand
692892 6618114 | 44.2 5479 70 Carex peat
80 Woody sedge peat
162 Gyttja
180 Clay gyttja
200 Sand
691026 6617906 | 57 5954 50 Woody sedge peat 7
100 Clay
690454 6617456 | 57 5954 50 Carex peat 7
100 Woody sedge peat 8
150 Clay
689211 6617935 | 30 4369 50 Decomposed peat
122 Woody sedge peat 9
130 Clay
689184 6616858 | 36 4913 50 Sphagnum peat 8
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l)
100 Carex peat
150 Woody sedge peat
200 Clay
688270 6616783 14.5 2459 70 Decomposed peat
80 Clay
688466 6616138 15 2532 50 Decomposed peat
100 Magnicaricetum peat 5
150 Gyttja
255 Clay gyttja
275 Clay
689227 6623238 | 17.5 2886 70 Decomposed peat
80 Clay
690454 6629177 14 2385 50 Decomposed peat
110 Gyttja
122 Clay gyttja
130 Sand
691065 6629142 14 2385 70 Decomposed peat
80 Sedge peat
692217 6628635 | 28 4164 50 Bryales peat
100 Sphagnum peat
150 Sphagnum peat
200 Woody sedge peat 8
270 Woody sedge peat
280 Clay
693079 6628525 | 24 3716 50 Decomposed peat
120 Sedge peat 8
130 Marl
175 Clay gyttja
180 Sand
692314 6627636 18.5 3022 15 Decomposed peat
20 Clay
691543 6627389 | 27 4057 125 Sedge peat 6
130 Gyttja
176 Marl
180 Gyttja
200 Clay gyttja
695188 6628884 17 2816 70 Decomposed peat
80 Bryales peat
100 Bryales peat
150 Clay gyttja
250 Clay
694936 6629518 | 17 2816 50 Decomposed peat
125 Sedge peat 7
180 Gyttja
200 Clay gyttja
696293 6628539 17 2816 50 Decomposed peat
697124 6628105 | 17.5 2886 50 Sedge peat 6
120 Sedge peat
130 Clayey sand
696119 6628079 17 2816 70 Decomposed peat
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l.)
80 Clay
697045 6628814 17.5 2886 71 Decomposed peat
80 Clay
698802 6628676 | 20 3220 70 Bryales peat 6
80 Sphagnum peat 4
100 Magnicaricetum peat 5
160 Magnicaricetum peat 6
180 Bryales peat 3
225 Gyttja
268 Marl
280 Clay gyttja
300 Clay
700534 6626290 8.7 1557 50 Decomposed peat
120 Peat
150 Gyttja
200 Clay
703418 6625976 | 31.5 4515 50 Decomposed peat
100 Woody sedge peat 8
160 Gyttja
210 Clay gyttja
220 Clay
704066 6626338 31.5 4515 76 Decomposed peat
80 Clay
710332 6632645 6 1102 67 Sphagnum peat 4
77 Carex peat 4
117 Gyttja
127 Clay
707650 6633220 11.5 2005 50 Bryales peat 8
60 Sphagnum peat 4
100 Sedge peat 8
150 Gyttja
170 Sand
705348 6632672 7.5 1357 20 Magnicaricetum peat 5
30 Carex peat 4
35 Gyttja
705169 6633442 7.5 1357 50 Decomposed peat
100 Gyttja
150 Clay
704515 6634172 7.5 1357 72 Decomposed peat
79 Gyttja
100 Silt
707144 6634834 9.9 1752 50 Carex peat
100 Carex peat
150 Carex peat
200 Gyttja
250 Clay
706217 6635845 | 15.5 2604 50 Carex peat 4
100 Carex peat
150 Marl
200 Gyttja
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(East) (North) threshold (years BP) (cm) humification
(m.a.s.l)
250 Clay
705164 6636270 12.5 2159 77 Decomposed peat
87 Sedge peat 8
100 Marl
150 Clay
705196 6636544 12.5 2159 57 Decomposed peat
67 Sphagnum peat 4
100 Sedge peat 8
152 Gyttja
155 Clay
705365 6636972 | 12.5 2159 50 Sedge peat
122 Sedge peat
157 Gyttja
177 Clay
706211 6636679 | 12.5 2159 72 Carex peat 4
77 Clay
707610 6636432 | 12.9 2220 50 Carex peat
100 Carex peat
130 Gyttja
709468 6636786 4.5 839 72 Decomposed peat
77 Gyttja
100 Clay gyttja
712582 6634287 | 27.5 4111 67 Bryales peat 8
77 Woody sedge peat 9
100 Woody sedge peat 7
130 Woody sedge peat 8
200 Woody sedge peat
300 Gyttja
350 Clay
714799 6633599 | 20 3220 50 Carex peat 3
100 Carex peat
200 Unknown deposit
300 Gyttja
350 Clay gyttja
714791 6634747 17.9 2941 50 Sphagnum peat 4
100 Sphagnum peat 3
150 Carex peat 4
200 Gyttja
250 Clay gyttja
714473 6635311 18.2 2981 50 Carex peat 3
100 Gyttja
250 Clay gyttja
300 Clay
715329 6635239 | 17.9 2941 50 Carex peat 5
100 Carex peat
150 Clay gyttja
715543 6635567 | 17.9 2941 50 Carex peat 4
200 Gyttja
250 Clay
716209 6635737 | 12.5 2159 50 Carex peat 6
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l.)
100 Carex peat ?
150 Gyttja
200 Clay gyttja
716776 6636735 12.5 2159 50 Carex peat
100 Carex peat
150 Gyttja
200 Clay gyttja
717780 6636226 10.7 1879 50 Magnicaricetum peat 6
100 Magnicaricetum peat 7
150 Gyttja
200 Clay gyttja
715451 6640945 15 2532 50 Decomposed peat
107 Sedge peat 8
210 Gyttja
715058 6645037 | 15.5 2604 50 Carex peat 4
100 Carex peat 5
150 Carex peat
200 Clay gyttja
713708 6647098 | 23 3597 67 Decomposed peat
77 Woody sedge peat 9
17 Woody sedge peat
127 Gyttja
150 Clay gyttja
714224 6647230 | 23 3597 50 Woody sedge peat 9
100 Woody sedge peat
150 Gyttja
200 Clay gyttja
714745 6647357 | 23 3597 50 Woody sedge peat 8
112 Woody sedge peat
150 Gyttja
200 Clay gyttja
711963 6645987 | 23 3597 50 Carex peat 4
250 Gyttja
300 Clay gyttja
711915 6645451 23 3597 50 Woody sedge peat 8
157 Woody sedge peat
163 Peat
173 Gyttja
250 Marl
712046 6645451 23 3597 50 Woody sedge peat 8
100 Woody sedge peat
150 Marl
200 Clay gyttja
712096 6645102 | 23 3597 62 Peat
150 Gyttja
200 Clay gyttja
712114 6643585 | 22.5 3536 50 Decomposed peat
100 Sedge peat 8
150 Marl
200 Gyttja
SKB TR-13-20 75



X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l)
250 Clay gyttja
713231 6644119 23.5 3657 50 Woody sedge peat
100 Woody sedge peat
167 Peat
222 Gyttja
227 Clay gyttja
713284 6644633 | 23.8 3693 50 Woody sedge peat
100 Woody sedge peat
150 Clay gyttja
713268 6645215 | 24.7 3798 67 Bryales peat
77 Sphagnum peat
100 Sphagnum peat
217 Sphagnum peat
227 Sphagnum peat 5
250 Gyttja
300 Clay gyttja
711427 6644101 22.5 3536 50 Decomposed peat
100 Sedge peat. 8
150 Marl
200 Gyttja
250 Clay gyttja
713423 6645223 | 24.7 3798 50 Woody sedge peat 9
100 Woody sedge peat
150 Clay gyttja
693069 6647248 | 20 3220 50 Sedge peat 6
157 Sedge peat
207 Gyttja
217 Clay gyttja
659738 6648282 | 26 3946 50 Sedge peat
90 Moss peat 7
140 Clay gyttja
Gravel
665155 6650418 | 30 4369 50 Sphagnum peat 8
238 Sphagnum peat 5
246 Gyttja
250 Clay
671944 6653546 | 17 2816 50 Peat 3
100 Peat 2
179 Peat 4
230 Gyttja
240 Sand
250 Clay.
684149 6658848 | 20 3220 32 Sphagnum peat
90 Sphagnum peat
130 Decomposed peat
228 Gyttja
230 Clay.
687048 6659954 | 19 3089 50 Bryales peat
82 Sphagnum peat
134 Carex peat
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l.)
192 Woody sedge peat 6
280 Gyttja
688002 6660603 | 15 2532 50 Carex peat 8
100 Carex peat 6
150 Phragmites peat
200 Gyttja
250 Clay
691448 6673768 | 12.4 2144 20 Sphagnum peat 3
91 Sphagnum peat 7
100 Clay
638916 6714463 | 29 4268 42 Sphagnum peat 4
67 Carex peat 7
90 Woody sedge peat 8
112 Sedge peat 7
140 Bryales peat 3
160 Carex peat 4
173 Gyttja
190 Gyttja clay
670272 6704640 2 387 20 Sedge peat 4
50 Gyttja
55 Sand
100 Clay
640692 6714825 14 2385 48 Sphagnum peat
167 Sphagnum peat
175 Phragmites peat
195 Gyttja clay
701582 6670236 9 1606 55 Sphagnum peat
90 Woody sedge peat
110 Phragmites peat
125 Gyttja clay
140 Clay
140 Till
678094 6692007 4 750 10 Woody sedge peat 6
30 Carex peat 4
43 Gyttja
55 Clay gyttja
60 Gyttja clay
641226 6715435 13 2235 67 Sphagnum peat 3
88 Sphagnum peat 5
122 Carex peat 5
125 Phragmites peat 4
135 Gyttja clay
135 Till
671096 6702557 9.5 1687 5 Decomposed peat 10
25 Sedge peat 6
50 Phragmites peat
70 Gyttja
85 Gyttja clay
90 Sand
667184 6707123 3.9 733 50 Sedge peat
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l)
80 Gyttja clay
687112 6681373 17 2816 40 Sphagnum peat
95 Sedge peat
100 Phragmites peat
100 Till
640577 6716988 | 10.2 1800 83 Sedge peat
93 Gyttja clay
100 Clay
687303 6683180 11 1927 10 Sphagnum peat 6
60 Sphagnum peat 3
105 Sphagnum peat 4
115 Bryales peat 3
180 Carex peat
185 Sand
675377 6697248 8.5 1524 12 Carex peat 6
71 Carex peat 4
90 Phragmites peat 3
125 Clay gyttja
125 Till
686879 6681052 | 13 2235 70 Sedge peat
97 Woody sedge peat
100 Gyttja clay
640427 6715461 14.9 2518 5 Decomposed peat 10
37 Sphagnum peat 4
160 Sphagnum peat 3
187 Sedge peat 4
197 Phragmites peat 4
220 Gyttja
270 Gyttja clay
667386 6706249 5 928 30 Sedge peat
55 Sedge peat
60 Phragmites peat
80 Gyttja
90 Gyttja clay
668584 6704550 7.2 1307 5 Sphagnum peat 7
75 Sphagnum peat 2
85 Bryales peat 5
115 Phragmites peat 3
120 Gyttja
135 Gyttja clay
703061 6625163 | 33.5 4700 50 Woody sedge peat
89 Woody sedge peat
144 Clay gyttja
150 Clay
677391 6639272 | 30.6 4429 50 Sphagnum peat
100 Sedge peat
167 Sedge peat
220 Carex peat 3
280 Gyttja
676932 6642655 | 26.5 4002 60 Sphagnum peat 3
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l.)
77 Sphagnum peat
100 Sphagnum peat
200 Sphagnum peat
270 Carex peat 3
370 Gyttja
377 Clay gyttja
697136 6625108 8 1273 73 Decomposed peat
80 Clay
693491 6620877 | 36.5 4953 70 Sphagnum peat 5
80 Carex peat 7
168 Gyttja
204 Clay gyttja
227 Clay
690996 6617743 | 57 5954 50 Carex peat
100 Woody sedge peat
150 Clay
687788 6600742 18.7 3049 30 Highly decomposed peat
81 Carex peat
100 Gyttja
150 Clay gyttja
200 Clay
689976 6601330 | 425 5378 50 Sphagnum peat 8
100 Woody sedge peat 8
140 Clay
145 Sand
150 Clay
689495 6601959 | 38 5070 50 Bryales peat 7
90 Sphagnum peat 3
100 Sphagnum peat 8
150 Sphagnum peat 3
200 Sphagnum peat 7
230 Sphagnum peat 6
300 Carex peat 6
350 Clay gyttja
690252 6601991 43.2 5421 50 Woody sedge peat 8
62 Woody sedge peat
80 Clay
690728 6601927 | 44 5468 30 Bryales peat 8
90 Woody sedge peat 8
100 Clay
691940 6602070 | 20.5 3285 50 Woody sedge peat 8
90 Clay gyttja
100 Clay
691998 6601255 | 28 4164 34 Woody sedge peat 9
50 Clay
691802 6602732 | 22 3474 50 Sedge peat 8
130 Woody sedge Peat 7
150 Clay gyttja
200 Clay
690225 6602843 | 54 5888 50 Woody sedge peat 7
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l)
89 Woody sedge peat 8
140 Gyttja
150 Clay gyttja
200 Clay
689976 6602684 | 32.9 4646 100 Carex peat 3
150 Carex peat
250 Gyttja
255 Clay gyttja
693984 6605255 | 39 5144 50 Carex peat 3
100 Carex peat 2
450 Gyttja
500 Clay gyttja
694317 6605993 | 39 5144 50 Carex peat
138 Magnicaricetum peat
150 Equisetum peat
287 Gyttja
300 Clay gyttja
308 Clay gyttja
693222 6605731 32.5 4609 45 Decomposed peat
50 Clay
692904 6604913 | 34 4744 150 Sphagnum peat
200 Sphagnum peat
250 Magnicaricetum peat
245 Gyttja
250 Clay gyttja
382 Clay gyttja
400 Clay
687911 6603509 | 47.5 5649 50 Carex peat 4
100 Carex peat 3
150 Magnicaricetum peat 4
300 Gyttja
450 Clay gyttja
689031 6603810 | 37 4993 20 Decomposed peat
50 Clay
100 Gyttja
147 Clay gyttja
150 Clay
689586 6603604 | 40 5215 50 Woody sedge peat 6
100 Sedge peat
166 Clay gyttja
185 Clay
689197 6604517 | 42 5347 50 Peat
100 Phragmites peat
150 Clay gyttja
200 Clay
688515 6604469 | 47 5625 40 Sedge peat
55 Clay
688269 6603953 | 38.9 5136 40 Decomposed peat
90 Sedge peat 7
100 Clay
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X Y Altitude of Age of isolation | Depth to Stratigraphy Degree of
(East) (North) threshold (years BP) (cm) humification
(m.a.s.l.)
694738 6605128 | 38 5070 42 Sphagnum peat 7
50 Sphagnum peat 4
82 Sphagnum peat 7
150 Carex peat 6
178 Carex peat 5
200 Carex peat
250 Sedge peat
340 Gyttja
350 Clay gyttja
370 Clay
380 Sand
690118 6603461 46.5 5601 50 Sphagnum peat 7
100 Sphagnum peat 8
150 Sphagnum peat 6
250 Sphagnum peat 3
300 Carex peat 5
350 Gyttja
395 Clay gyttja
400 Sand
689427 6605080 | 57 5954 35 Sphagnum peat 3
50 Sphagnum peat 7
150 Carex peat 8
200 Woody sedge peat 7
241 Carex peat 8
250 Gyttja
296 Clay gyttja
300 Clay
688900 6607993 | 53.5 5874 50 Sphagnum peat 8
100 Sphagnum peat 7
150 Sphagnum peat 4
300 Woody sedge peat 8
350 Woody sedge peat 7
446 Clay gyttja
450 Clay
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