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ABSTRACT

Drainage of peatlands increases the transport of suspended solids (SS) and the
leaching of nutrients to downstream receiving waters. Increased settling of peat
and eutrophication of lakes has been noted in many studies downstream from peat
mines. Treatment alternatives have therefore been developed since the early
1980s to reduce the environmental impacts of peat mining. New, efficient
methods such as artificial wetlands, chemical treatment and infiltration techniques
have been developed, although, in most cases, they have been either too
expensive to be used at all peat mines or they have failed to function during high
hydraulic loads when the majority of the SS and nutrients are borne by drainage
water. The aim of this series of studies has been to develop methods that function
when the pollution load is high and that are economically viable for all peat
mines.

Sediment transport and nutrient leaching were studied with the purpose of
establishing more efficient treatment alternatives. A controlled experiment was
set up to measure the erosion of peat from the soil surface and from ditch beds
during heavy rainfall and runoff events and to measure the settling characteristics
of base soil peat and peat deposited in channels. The study demonstrates the
importance of channel bed erosion as the main source of sediments during peak
runoff. Sediment transport and nutrient leaching were further observed in the field
during 1995 and 1996. The study showed that SS is mainly generated during
extreme events, such as flooding, when external water from the surrounding
uplands flows into the mine and snowmelt. These high flow events erode the
material deposited on the channel bed during low flows. The leaching of nitrogen
occurs after large rain events when newly infiltrated water, rich in nitrate, reaches
the drainage area outlet. High phosphorus concentrations occur when the water-
table is low and the groundwater fed baseflow is older and rich in humus.

Treatment alternatives were developed to improve removal of SS and
nutrients. Different types of ponds (rectangular, compartmental and circular) were
tested in a laboratory down-scaled study. The study showed that the main factor
affecting the settling of small peat particles is the depth of the settling basin rather
than the type of basin. Therefore, artificial floodplains were suggested as a
preferred treatment alternative. A mathematical model study showed that in the
case of bare soil erosion, the best treatment alternative would be to store the
water in the large drainage network rather than in the sedimentation basins which
have a substantially smaller capacity. Different structures suitable for peak runoff
control were tested under laboratory and in field conditions. The most important
results from the thesis are that the structures developed function well and reduce
peak flows from peat mines and, hence, reduce ditch bed erosion and SS load.
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1. Introduction

This introduction reviews peat production and its environmental consequences.
The first part states the importance of peat as a natural resource and reviews the
importance of peat as a certain source of energy in Finland and other countries.
The second part deals with drainage and peat production procedures. A review of
the environmental problems related with peat mining is given in more detail as
this is one of the main topics of the present study. Finally, the development of
different peat mine water treatment alternatives from the early 1980's up to the
1990's are reviewed.

1.1 Peat resources and energy production

Peatlands constitute 4,560,000 km2 of the surface area of the world. They form
33.5 % of the land area of Finland, 14.2 % of Sweden, 14.2 % of Indonesia, 12 %
of Canada, 6.7 % of the former Soviet Union, and 6.6 % of the USA (Survey
1995). Peat forms in areas in which the rate of production of organic material by
living organisms exceeds the rate of degradation, resulting in organic deposits.
Wet peatlands, such as bogs, fens and coastal floodplains, are often drained in
order to obtain land for forestry, agriculture and sometimes for peat mining. In
Finland very few pristine mires have been drained for peat mining and most of the
peat mining sites in Finland have originally been drained for forestry purposes
(Sopo&Aalto 1996).

Peat production in 17 European countries and North-America covered
143,000,000 m3 in 1995 (Sopo 1995) of which 50 % was used for energy
production (Asplund 1996). Annual production was divided between Belorus
(27.3 %), Russia (18.2 %), Finland (17.5 %), Republic of Ireland (11.3 %),
Germany (7 %), Canada (5.2 %), Ukraine (3.6 %), and Sweden (2.9 %). As an
energy source, peat is most important in Finland and Ireland. The main factor
influencing the use of peat as an energy source is the price of natural gas, oil and
coal. In many countries, peat energy is considered a renewable energy source and
the taxing of peat is therefore lower than for other sources, giving it a favorable
position compared to other energy sources such as coal.

In Finland, the first use of peat in industry was by the metal industry and
started in 1876. Effective measures for peat mining development were taken
when World War II broke out and some of Finland's energy supplies were cut off
(Sopo & Aalto 1996). The decision to commence large scale peat mining was
taken in 1968 by the Finnish government and the production target was set at 10
million m3. Government aid was provided for peat production and for the building
of suitable power plants. During the oil crisis, peat production was promoted and
the production target was increased to 20 million m3. In 1994, 28 million m3 of
peat was harvested which is equivalent to 2.2 million tons of oil. In 1996, the 52
000 ha of peat harvesting area, which is altogether 1.2 % of the Finnish wetland



area, supplied peat corresponding to 5 % of the total energy needs for the country
and 20 % of the district heating in Finland. The two major peat producers, Vapo
Oy and Turveruukki Oy, possess almost 120 000 ha of peatlands, which is
enough to guarantee constant peat supplies almost until the middle of the next
century.

1.2 Drainage procedures and peat harvesting

The drainage of a possible peat mining site usually starts a long time before the
actual mining is begun. First a few drains are dug and the water table lowered.
After the peat has settled, the dense network of field and collector ditches are
dug. The top soil is removed or ploughed into the decomposed peat layers in
order to obtain a quality of peat fuel that can be burnt. The water from
surrounding uplands is usually conveyed around the mine in separate ditches but,
occasionally, in older mines, the upland water runs through the mine network.
The mire is similar in appearance to an agricultural area. Some photographs of the
drainage network and the mining procedures are shown in Fig. 1 and 2 (d).

(a) (b)

Fig. 1. Peat mining with typical mining machinery used to produce mill peat (a) Pneumatic
harvester (from Sopo & Aalto 1996) (b) Harvest at Koihnanneva.

Peat is usually harvested as mill peat and occasionally also as sod peat (Sopo and
Aalto 1996) Often the top catotelm consists of less decomposed peat that is
harvested first for gardening purposes. Energy peat production consists of cutting
a layer of peat and letting the extracted material dry in the sun to a target moisture
level (40 % with milled peat) and piling and storing the dried peat for later use.
The mining usually continues for about 20-30 years depending on the rate of
harvesting and the thickness of the peat deposit. After the peat has been removed,
the areas are usually forested. Recently, other alternatives for restoring cut-away-
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areas have also been investigated and very promising results have been obtained
on rewetting the mine to recreate wetlands (Vasander & Rodenfeld 1996).

1.3 Environmental impacts of mire drainage and peat mining

The drainage of peatlands has dramatically changed the Finnish landscape during this
century (Wahlstom et al. 1992) as seen from aerial photographs taken between 1958-
1995 from the lake Pettama catchment in Central Finland (see Fig. 2). Large scale
peatland ditching started in the 1930s. Draining peatlands for forestry developed into
a nation-wide campaign to increase forestation in the 1960's (Paivanen & Paavilainen
1996) and reached its peak in 1969 when 295 000 ha were ditched. The total area of
drained peatlands in Finland is currently 6 million ha (Kortelainen & Saukkonen
1994). Large areas of peatland have also been drained in other parts of Europe. In
Sweden and in the former Soviet Union, 2 and 5 million ha respectively have been
ditched for timber and peat production (Vompersky & Sirin, 1988). In some parts of
England, over 50 % of the blanket bogs and moorland have been drained during the
last 20 years (Coulson et al. 1990). The environmental changes caused by wetland
drainage include changes in water pathways, changes in solute and sediment
transport and changes in downstream water quality and biodiversity.

The main hydrological effect of peatland drainage is to alter water pathways
rather than affecting the water balance itself (Francis & Taylor 1989, Burt 1995,
Dunne & Mackay 1996). On undrained sites, the watertable is close to the soil
surface, usually in the transition layer between the acrotelm and catotelm, i. e , in the
layer between living and decomposing plants. Storm runoff from the upland
catchment or rain falling directly onto the wetland is rapidly drained away because of
the high conductivity of the acrotelm. After drainage, upland runoff is usually
conveyed downstream in artificial channels. Drainage evidently increases peak flows
from the upland parts of the catchment. The effect of drainage on peak flows from the
drained peatland area itself is uncertain (Burt et al. 1990, Robinson et al. 1991,
Dunne and Mackay 1996). In some areas, less storm flow is produced since the bog
surface is no longer saturated (Hill 1976, Burke 1975, Eggelsman 1975, Lundin
1988, Sallantaus 1995). A less flash-like runoff response compared to that of
undrained peat bogs has been observed in drained areas (Baden & Eggelsmann 1964,
Burke 1975, Heikurainen et. al. 1978, Robinson et al. 1991). The unsaturated soil of
drained areas is able to store the rainfall and the runoff that is generated is mainly due
to rain falling directly into ditches (David & Ledger 1988). However, some studies
report increased runoff (Conway & Millar 1960, Krug 1993, Seuna 1981, Panu 1988,
Konya et al. 1988) due to precipitation falling into the increased drainage network
(Burt et al. 1990) and increased runoff during low flow periods (Burke 1975, Seuna
1981).

Increased leaching of solutes due to peatland drainage has been noted in many
studies (Piispanen & Lahdesmaki 1983, Ahtiainen, 1988, Heikurainen et al. 1978,
Sallantaus, 1983, Grootjans et al. 1986, Lundin 1988, Feely & Welsby 1988, Francis



& Taylor 1989, Heikkinen 1994). In undisturbed peatlands, nutrient mineralisation is
balanced by microbial immobilisation and plant uptake; as a result there is little loss
through leaching (Hill 1976, Hemond 1980, Verry and Timmons, 1982, Sallantaus
1995). Drainage increases the decomposition of organic matter (Lahde 1969,
Comittee 1987, Lieffers 1988) mainly because the soil temperature increases
(Donnelley et al 1990, Aust & Lea 1991, Trettin et al. 1996). Increased soil oxygen
level (Williams & Crawford 1983, Bndgham et al. 1991) and substrate availability
for soil micro-organisms also increases decomposition (Trettin et al. 1996). The
decomposition rate of organic matter is a function of the degree of soil tillage and
depends on soil removal (Bridgham et al. 1991, Trettin et al. 1995), suggesting a high
rate of decomposition on peat mines. Decomposition results in the leaching of
nutrients previously immobilised in partly decomposed plants (Laiho & Laine 1994).
The highest rates of decomposition and the highest concentrations of nitrates have
been observed in the uppermost soil layers (Williams and Wheatley 1988). In a study
in Finland, it was observed that a peat mine constituting 2% of the drainage area
accounted for almost all the NH4 and half of the NO3 transport to the river
Nuorittajoki (Heikkinen 1994).

(a)

Fig. 2. Air photographs of the Pohjansuo mire in the watershed of Lake Pettama in Central
Finland (a) 1958, (b) 1975
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Previous studies (Sallantaus 1984) show that the most significant water quality
problem with peat mining is the transport of suspended solids (SS). During
intense runoff events, peat erodes from the soil surface and channel bottoms. The
sediment transported from the site settles downstream in rivers and lakes. The
settled organic material consumes oxygen in lakes (Westling & Bengtsson 1991),
affects bottom fauna and reduces biodiversity (Laine & Heikkinen 1991, Westling
& Bengtsson 1991) and affects fishery. Eutrophication of downstream lakes has
been noted by Granberg (1986) and Marja-aho & Koskinen (1989). Increased
concentration of the slime producing algae, Gonyostomum semen, that greatly
reduces the recreation value of lakes has been noted in some lakes receiving peat
mine drainage water (Selin et al. 1994).

(c)

».' V •''- -,' ' v ^ "

Fig. 2. Air photographs of the Pohjansuo mire in the watershed of Lake Pettama in Central
Finland. (c)l986. (d) 1995.



1.4 Development of treatment alternatives for peat mines in Finland

The study on runoff water quality from peat mines started in the 1980's. During
that period, the basic treatment alternatives for reducing peat concentrations in
drainage water were developed. The peat load from the bed (field) ditches is
reduced using small sedimentation basins. The water from all the small
sedimentation basins is collected in a collector ditch from which the water runs
into a large sedimentation pond. The large sedimentation pond is designed for a
surface load of 1 mh1 during a design runoff of 300 ls'km"2. Between each of the
small sedimentation basins and the collector ditch, there is a structure which is
used to reduce the transport of peat particles, especially large partly floating
particles that might clog the drain pipe. This structure is placed in the bed ditch in
front of the bed pipe and is called bed ditch pipe barrier (bdp barrier) as shown in
Paper IV.

The basic method works best during low runoff. Bed ditch structure and a
small sedimentation pond can remove 78-97 % of the incoming SS load (Ihme et
al. 1991). Measurements on the large pond at the outlet imply 30-40 % removal
of the remainder of the suspended solids (Selin & Koskinen 1985). However,
during peak runoff, sedimentation is not effective and the transport of SS is high
(Sallantaus 1983). Observations show that during these extreme events, the
hydraulic load exceeds the design values of the sedimentation pond and sediment
is resuspended from the sedimentation basins (Selin & Koskinen 1985). Increased
water treatment is therefore required on all new mines in Finland.

A new proposal by the Finnish National Board of the Environment for
improved water treatment by the year 2005 requires substantial improvements in
peat drainage water treatment. Both suspended solids and nutrients need to be
better removed. The annual suspended solid load should be reduced by 65 %
from the 1993 level. To fulfill new pollution requirements, a program called Aqua
Peat was initiated and financed by the peat mining company Vapo Oy and partly
by the Sihti program of the Ministry of Trade and Industry. Several new methods
such as chemical treatment, artificial wetlands, infiltration and evaporation were
tested and developed under the program and are now used at some mines (Selin
et. al 1994). This thesis forms part of the above mentioned programs and was
originally set up to deal with hydraulic improvements in drainage procedures to
reduce the load of suspended solids.

2. Objectives

The project was originally set up by Vapo Oy to deal with the main
environmental problem of peat mines, i.e. the control of peat sediment transport
from the mine to downstream waters. Sedimentation was selected as the favored
water treatment alternative. The study was originally restricted to the non-frost



Dissertation summary 7

season due to the difficulties of the measuring processes that exist during the
winter. However, due to the importance of snow melt, some observations and
measurements were also carried out during the thaw period.

The study was carried out over two periods or experimental stages. In the
first stage, reported in Papers I and II, experiments were mainly performed in the
laboratory to determine the settling characteristics of peat and the sedimentation
behaviour of peat in different types of settling basins. The objectives were:

(1) to compare different settling ponds

(2) to develop techniques for reducing the SS load.

The second study period was set up to test how the newly developed technologies
were applicable to field conditions and to further improve the new treatment
alternatives. The objectives of this second part, reported in Papers III-VII, were:

(3) to test the benefit of runoff peak control, sedimentation basins and an artificial
floodplain in reducing suspended solids and nutrient leaching

(4) to compare and develop different bed ditch pipe barriers used to reduce peat
sediment loads

(5) to study peat mine hydrology and compare it with the hydrology of other mire
management alternatives

(6) to study the variation of nutrient and organic matter loads in order to better
understand when and how the pollution load is generated and when the load should
be controlled.

3. Methods

This section summarises the methods used in the completion of the present thesis.
The chapter is devided into sections dealing with the mechanisms behind
sediment transport and nutrient leaching and different treatment alternatives.

3.1 Generation of runoff, sediments and nutrients from peat mines

Several of the experiments, reported in Papers II, III and VI, were carried out to
measure erosion and sediment delivery processes. Soil erosion was first studied
by simulating rainfall of different intensities (0.58-6 mmmin"1) on 10 m by 10 m
erosion plots as shown in Fig. 3. Channel erosion was measured by pumping
water at a rate of 3.2 Is"1 into a 10 m ditch section and by measuring the
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concentration of sediments downstream. The transportability of peat from soil
surfaces and channel bottoms was measured by determining the settling velocity
of peat from two peat mines, Haapasuo (Leivonmaki) and Koihnaneva
(Nummijarvi). The final stage in the SS transport study was performed at
Pohjansuo at Jamsankoski in Central Finland, where the concentration of SS was
monitored daily during the non-frost periods of 1995 and 1996 as reported in
Paper VI.

(a) (b)

Pond

Rainfall simulator 0 5 and 1.0 mm/min

Rainfall simulator 4.0 mm/min \ g

Pressure gage y( * \

"Pump

ditch

Discharge measurement

Fig. 3. Soil erosion measurements at the Haapasuo peat mine (Leivonmaki). (a) Schematic
drawing of soil erosion plot, (b) Photograph of the plot.

Nutrient leaching was studied in 1995-1996 at the Pohjansuo peat mine as
reported in Paper VI. It was thought that this would eventually result in an
improved treatment in a similar way as was the case with SS transport. Samples
of nutrient concentrations were taken regularly from ditch and groundwater
during the non-frost periods of 1995 and 1996 at the measurement stations shown
in Fig. 4. During rainfall events exceeding 10 mm, the sampling frequency was
increased. The results on leaching from the Pohjansuo study area were compared
to leaching and transport values for other types of peatlands. This was done to
assess the significance of the removal of nutrients from peat mining waters.

Relatively little was known about runoff generation from peat mines. A
monitoring program was setup at Pohjansuo (Paper V). The aim was to obtain
detailed information on how runoff occurs. Both surface and groundwater runoff
were considered to be central components in storm flow. Stream water,
groundwater and rainwater conductivity were measured in order to separate the
hydrograph into sources from rain on channels and rapid groundwater response.
Two runoff plots were constructed in 1995 to directly measure surface runoff
from the soil surface. However, due to lack of surface runoff during the
observation period in 1995 and due to difficulties in maintaining and observing
the surface runoff plots, the continuous measurements were replaced by
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continuous groundwater measurement during the spring of 1996. The results from
Pohjansuo and previous studies on drained forestry areas and natural mires were
used in Paper V to construct a Darcian flow model for the comparison of
maximum runoffs from different mire utilisation scenarios (undrained, forestry
drained and peat mines).

Groundwater obs (3 wells)
o Water quality observations
e Rainfall gauge (tipping bucket)
+ Rainfall gauge (pan)

iml Sedimentation pond
El Artificial floodplain

Subsurface drainage
zfi; Peak runoff control structure

Fig. 4. The location of measurement points at Pohjansuo and photographs of the measurement
station used at areas 1 and 2 for streamwater quality and rainfall observation.
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3.2 Development of treatment methods for removing SS loads

Sedimentation ponds were studied both in the laboratory and in the field. A large
experiment was set up where different types of basins (rectangular, circular and
compartmental basins) were compared in the laboratory with scaled basins (see
Paper I for details). Settling was considered to depend mainly on the surface load
(Q/A), and this parameter was held constant respective to scale. In order to
reduce the uncertainty in scaling, the basins were constructed at two scales, 1/10
and 1/20, and experiments on both performed. Two types of experiment were
carried out. Firstly, the residence time distribution of rodamine tracer was
measured. Secondly, the sedimentation efficiency of peat was determined. In both
experiments, measurements were taken with three different discharges
corresponding to 400, 210 and 20 Is1 at full scale. The study of settling basins
was continued in the field at Pohjansuo by measuring the retention of SS, Ptot
and Ntot (Paper VII).

Different treatment alternatives were compared first with modelling presented
in Paper II and later in the field at Pohjansuo as reported in Paper VII. The initial
comparison was performed using a model constructed from controlled
experiments carried out in the laboratory and in the field. The alternatives studied
using the model were: traditional sedimentation in ponds, peak runoff control, bed
ditch pipe barriers and a shallow settling pond called an artificial floodplain. The
structures discussed in Paper II were built at Pohjansuo as shown in Fig. 4 and
further tested in the field during the period 1995-1996 and the results reported in
Paper VII. Different peak runoff control structures used in the bed ditches (bdp
barriers) were further compared and developed in the laboratory (Paper IV).

4. Results and Discussion

4.1 The effect of drainage on runoff generation

Runoff generation from the Pohjansuo study area

The runoff water is a combination of old water, rainwater on ditches and newly
infiltrated water. The proportion of the rain that generates runoff is similar to that
reported for other types of peatlands. During the observation periods in 1995, 324
mm water fell as rain and an average of 279 mm water was generated. The next year,
less runoff was produced (218 mm), although the precipitation in 1996, 341 mm,
exceeded that of 1995. A decrease in runoff is partly due to the fact that excess water
in the soil was emptied after the drainage network was improved during the winter of
1995 which is a typical observation for newly drained areas (Sallantaus 1983, Burt et
al. 1990). The average annual runoff coefficient over the whole measurement period
was 53 % which is in agreement with previous studies on peatlands in Finland and in
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regions with a similar climate (Paper V). During individual storm events, the average
runoff coefficient was only 26 %, which indicates that a large proportion of the rain is
stored in the soil and released as baseflow.

A typical rainfall runoff event is shown in Fig. 5 (a). It can be seen that the
response to a storm is rapid and the amount of quickflow is small. During low
intensity rainfalls on dry surfaces, most of the rain is stored in the soil. Generally, at
least 8 mm rain is required to wet the soil before a considerable amount of water is
generated which is in agreement with previous studies. The daily outflow from
Pohjansuo is usually below 1 mmd*1 during dry periods and seldom exceeds 6 mmd"1

even during high rainfall events except for the case when water from the upland
portion of the catchment flooded the mine and the daily runoff increased to 78 mmd"1.
As the volume of the storms increased, not only was the rain on ditches released but
runoff was also generated due to the rapid groundwater response rather than on-
channel rain (see Paper V for details). This type of event can be seen in Fig. 5 (b)
where the rain causes a rapid increase in groundwater depth and an increase in
streamwater conductivity due to the recharge of infiltrated water rich in NO3.
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Fig. 5. Rainfall, groundwater elevations, runoff and stream water and electrical conductivity
(marked with dots) at the Pohjansuo area 1. (a) During a frequent type of storm in 2-4
September 1996 and (b) during a heavy storm in July 1996
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The effects of alternative mire management scenarios on runoff peaks

When the hydrology of Pohjansuo is compared to previous studies from undrained
areas as in Paper (V), it can be noted that during individual storm events, there are
large differences in runoff generation from drained and undrained mires. After
periods of drought, the runoff from undrained and forestry drained areas might stop
completely if the groundwater table drops below the bed of the channel draining the
mire, whereas the runoff from deeply drained areas usually continues throughout the
summer. If precipitation occurs following dry spells, it is completely stored in the
peat of natural mires while in heavily drained areas such as peat mines, the rain that
falls on the channels quickly increases the runoff. After prolonged rainfall events, the
storage in natural mires and forestry drained areas is filled up and the groundwater
reaches the acrotelm of high conductivity. Due to the high conductivity and lack of
available storage capacity, increased rainfall will rapidly be generated as large peaks.
At peat mines similar to Pohjansuo, the rain will infiltrate the catotelm and be
released slowly.

Table 1. Soil characteristics and evaluation of peak runoff from natural mires,
forestry drained areas and peat mines

Management
practice

Natural state
Natural state
Natural state

Forested (shallow drainage)
Forested (shallow drainage)

Forested (deep drainage)
Forested (deep drainage)

Peat mine
Peat mine
Peat mine

Drain spacing
(m)

300
400
500
40
40
40
40
20
20
20

Depth of active
flow layer (m)

0.025
0.025
0.025
0.025
0.02
0.4
06
04
06
0 8

K
(m/s)

0 1
0 1
0 1
0 1
0 1

1E-07
1E-07
1E-07
1E-07
1E-07

S

0.8
08
0 8
0 8

1
0 1
0 1
0.1
0.1
0.1

qmax/P
P=20
mmd"1

0.132
0.092

0.0735
0.865
074

0.0297
003205
0.0682
0.0729

007685

P=50
mmd"1

0.1948
0.1458
0.1166
1.008
0.964

002968
0.03204

0.068
0.07292
0.0768

The Darcian flow calculations presented in Table 1 show that drainage will either
increase or decrease the maximum runoff peaks from mires depending on whether
the groundwater table lies in the acrotelm or catotelm prior to the rainfall events. The
results clearly show that runoff peaks from natural mires tend to be larger than the
peaks from deeply plough-drained peat mining sites. If the channels are deep enough,
as in case of Pohjansuo, the groundwater table will fluctuate in the catotelm where
the hydraulic conductivity is low, thus when the groundwater level controls the
runoff, the peak discharge rates will always be smaller on peat mines similar to
Pohjansuo and on deeply drained forestry areas than on natural mires. It should be
noted that at some peat mining sites, the soil surface is lowered, compacted and the
storage capacity reduced, as discussed in Paper VII, so that the groundwater level
might easily reach the soil surface and decrease the initial soil storage which can
result in peak flow rates similar to those observed in natural mires.
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4.2 Non-point pollution loads from peat mines

Sediment erosion and delivery

A summary of the results from the rainfall simulations on the Haapasuo soil
surface are given in Table 2. The time needed for the initiation of surface runoff
decreased with increasing antecedent soil moisture content and rainfall intensity.
The sediment load from the mine surface increased considerably with rainfall
intensity. The highest concentration was observed immediately after surface
runoff was initiated (Paper III). Usually, the SS concentration decreased from the
start of surface runoff until steady surface runoff was obtained. The decrease is
most likely to be associated with a decrease in the erosive effect of rainfall due to
the increased amount of water on the soil surface. In all cases, the second rainfall
event resulted in a somewhat smaller sediment yield than the first rainfall event,
suggesting that the sediment yield decreased as a function of previous rainfalls.

Table 2. Summary of results from erosion plot experiments at the Haapasuo peat mine.

Exp.

1

2

3

4

5

6

7

g

9

10

11

12

Plot

1

1

1

1

1

1

1

1

1

2

2

3

P

(mm)

4 4 9

40

29

4 1 8

30.3

4 0 8

72.3

70.2

74.4
*

*

*

Rainfall (P)

Pint.

(mmmin"

0.60

0.65

0.58

0.97

1.01

106

4.38

4.01

4.13
*

«

*

Durat.

') (min)

75

62

50

43

30

38.5

16.5

17.5

18

15

15

15

Q

(mm)

7

10

12

18

15

20

47

39

53

63

90

90

Runoff (Q)

Q max.

(mmmirr1)

0.2

022

032

0 5 9

0 7 1

0 6 6

3.25

2.82

2.86

4.20

6.00

6.00

Q start

(min)

41

25

175

13

0

6.3

3

1.4

1.5

*

*

Q/R

0 2

0 3

0 4

0 4

0.5

0.5

0.7

0.6

0.7

*

*

*

Soil moist

Deficit

(mm)

130

50

98

93

146

117

38

16

140

*

*

m

Erosion

Surf.

(kg)

0 14

0.13

0.10

1.30

0.38

0.89

11 65

2.62

3.59

4.90

2.60

9.70

Total

(kg)

0.15

0 13

0.17

0.50

0.68

0.39
*

*

*

5.10

4.00
*

• No measurements carried out

The ditch erosion experiments show that the erosion of bed material greatly
contributes to sediment delivery. As runoff continues, the concentration decreases
rapidly in most ditches due to the depletion of erodible bed deposits. Studies on
Pohjansuo (Paper V) and Haapasuo (Paper III) show that a large amount of
rainfall is required to generate surface runoff. Therefore, the erosion of channel
deposits is the most likely source of sediments during storm runoff. The
hypothesis that channel erosion is more significant than surface erosion is
supported by the data from Sallantaus (1983) who observed that, in the case of
two consecutive storms, there was a remarkable decrease in delivery from the
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high load observed during the first storm to the low load observed in the second
storm runoff which is most likely due to the depletion of erodible material in the
channels. At the soil surface, there is usually a lot of peat material available for
transport and there is not a remarkable decrease between consecutive events. If
the material were to come mainly from the mine surface, the erosion plot studies
imply that the decrease in sediment yield of the second storm would be at most 7-
29 %, as recorded in the low intensity study.

Findings on erosion and sediment delivery can be used to develop more
rational treatment alternatives. The study presented in Paper III shows that both
channel and soil surface erosion rates are highest when runoff is initiated. Clearly,
storm water treatment needs to be particularly effective during this initial flush of
sediments. On mines where surface runoff does not occur, channel erosion is the
most important source of sediments and this can be prevented by reducing the
flow velocities in the ditch network e.g. with peak runoff control as seen in
Papers II and VII.

Nutrient leaching from Pohjansuo

The leaching of organic matter and phosphorus during the intensive field study was in
the same range as that observed in previous studies (phosphorus 16-38 kgkm'2,
suspended solids, SS, 2-8 tkm"2 and dissolved solids, DS, 40 tkm"2) although the
leaching of nitrogen (1073-1500 kgkm"2) was higher than 800 kgkm"2 which has been
reported as a typical value for Finnish peat mines (Statistics Finland 1994). The
leaching of N, SS and DS is considerably higher in peat mines than in drained or
natural peatlands which confirms observations that peat mines generate higher loads
than other, alternative forms of peatland utilisation. Methods of reducing organic
sediment transport and nitrogen leaching are therefore necessary. The control of
nitrogen should be focused on the non-frost season when most of the nitrogen load
occurs. The leaching of phosphorus from peat mines is not higher than from other
forms of peatland utilisation and considerably less than from cultivated agricultural
land (Rekolainen 1989) and its removal is therefore not necessary in all cases.

The extensive variation observed in streamwater nutrients and organic matter
concentration depended mainly on the source of stream runoff. When the runoff was
due to rain on channels, a decrease in concentrations was observed. Increases in
groundwater following rainwater percolation resulted in a large leaching of NO3 and
an increase in groundwater and streamwater NO3 concentration which could be seen
as high concentration during high runoff as shown in Fig. 6a. Phosphorus decreased
during peak flow as seen in Fig. 6b and was highest when the groundwater was
lowest and the water rich in colour. The spatial variation of groundwater nutrient
components in 18 wells was high and showed very little dependence on the distance
between the wells. Increases in streamwater temperature decreased concentrations of
PO4 and NH* as seen in Figs. 6 (b and d) which suggests biological uptake of these
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nutrient compounds in the ditch network as also suggested by the increase in organic
P as the temperature increases (see Fig. 6c).

(b)

I
2 4 6

Runoff (Is-1)

(C)

0 5 10 15 20
Stream water temperature (C)

2 4 6
Runoff (Is-1)

(d)

0 5 10 15 20
Streamwater temperature (C)

Fig. 6. Variation of nutrient concentrations at Pohjansuo with stream water temperature and
runoff, (a) Variation of NO3 with discharge, (b) Variation of Ptot and PO4 with discharge, (c)
Variation of Porg and PO4 with temperature, (d) Variation of NH4 with runoff water
temperature.

4.3 Development of treatment methods for removing SS and nutrient loads

Sedimentation ponds

Three different type of settling ponds, as shown in Fig. 7, have been suggested for
SS removal and were therefore tested in the laboratory and the results reported in
Paper I. The flow patterns and residence time distributions vary from basin to
basin. Each peak occurs prior to the theoretical detention time. No scale
dependency of the rodamine pulse was observed. The rectangular basin had a
retention time characteristic similar to that of a favourable plug flow with a peak
at almost 1.0 and with little variation. In the compartment basin, a large portion of
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the rodamine flowed out very quickly, the peak was low and the dispersion of the
pulse considerable. The flow-through curves of the circular basin system
displayed a clear dependency of discharge; the curve for the smallest hydraulic
loads was substantially different from the others. The two highest hydraulic loads
had a high peak and a long tail. The observed tail is typical for a basin
characterised by complete mixing.

(a) (b) (c)

•• /

\ '' I '

Fig. 7. Observed flow patterns in 1/10 scale settling basin for 2.1 Is"1 discharge, (a)
Compartment basin, (b) Rectangular basin, (c) Circular basin.
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The results of the sedimentation of fine particles in the laboratory showed that a
circular vortex-settling pond is superior during high hydraulic loads while a
rectangular basin favoured settling during low flow. During high flows in the
circular settling basin, settling was possible because a large portion of the water
remained longer in the swirls and thus moved at a lower velocity than was the
case in the rectangular basin with an ideal detention time. The decrease in flow
depth decreases turbulence which results in an increase in sedimentation in the
smaller, 1/20 scale basin than that observed in the 1/10 scale basin where the
higher turbulence keeps the small particles in suspension. Consequently, equal
surface load scaling will overestimate the sedimentation of small particles. Due to
increased settling in shallow basins, an artificial floodplain is suggested as a
treatment alternative for the removal of small peat particles.

The inflow and outflow series of SS for the sedimentation basin A at Pohjansuo
for the observational period of 1995 is shown in Fig 8. It can be seen that the removal
of SS is highest when the concentration is high and that nothing is removed when the
incoming concentration is small. This confirms laboratory observations that when the
particle sizes are small, as can be assumed during low flows, the sedimentation
basins do not reduce SS loads as particles are held in suspension. However, when the
concentration is high and particle sizes large, the reduction is good if the hydraulic
load is not too great. The removal of nutrients in the ponds was observed during large
nutrient peaks as seen in Paper (VII) and was, in the case of phosphorus, due to the
sedimentation of peat in the pond. The study reported in Paper (VII) shows that in
areas with peak control structures, the sedimentation ponds have a significant effect
on SS removal during low flows. During high runoff events, sediment erosion is
reduced by peak runoff control and the effect of the sedimentation ponds is therefore
small.

- , 100
•a,
H 80

I 60 -

I 40 -

o SSout

• SSin

CXmnVvrk) -- 7
- 6
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19950531 199507 10 19950819 19950928

Fig. 8. Inflow and outflow of SS from sedimentation pond A at Pohjansuo during 1995
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(a) (b)

(c) (d)

(e) (f)

Fig 9. The artificial floodplain at Pohjansuo. (a) After Construction in 1995. (b) Flooding
during snowmelt in 1996. (c) Vegetation cover in 1996 (Photo: Marja-aho). (d) Flooding
during the summer peak runoff in 1996. (e & f) Vegetation cover in 1997(Photo: Marja-aho).



Dissertation summary 19

A rtificial floodplaines

The new method tested involves what are called, artificial floodplains, as they
resemble natural floodplains. These areas are dry during low flows and are flooded
during high runoff when the settling of SS occurs. The observed removal was high;
76-79 % during peak flows. During snow melt runoff, the melt water flooded the ice
and snow layer of the floodplain (Fig. 9b) and no erosion of previously deposited
material could occur as was observed in the sedimentation pond, hi fact, the SS
concentration in melt water was reduced from 120 to below 7 mgl'. The construction
of the plain was successful as mire plants rapidly invaded the plain as seen from
photographs in Fig. 9 taken between 1995 and 1997. The mire grass grew quickest
near the outlet where the soil surface was dryer than close to the inlet where plant
development took a long time. Because the grass improves settling in the basin as it
increases the surface area on which particles can settle, floodplains should be built in
such a way that the ditch bottom at the inlet also is 15-30 cm above the channel water
level. The outlet arrangements should be strong enough to sustain high runoff.

Peak runoff control

Peak runoff control was studied by comparing runoff and SS transport from two
adjacent, 6 ha areas at Pohjansuo. During the calibration period of 1995, the runoff
produced by different rainfall events showed the same hydrologic characteristics for
the both areas, the SS transport was also about the same. The structures built (see
Fig. 10) on areas 2 and 3 worked well during 1995 and 1996 and reduced SS loads
efficiently with the concentration always remaining below 20 mgl"1 on area 2. During
the extreme summer runoff peak in July 1996, this structure reduced the
instantaneous runoff to 63 Is"1 (compared to 174 Is"1 observed on area 1) which
completely prevented erosion of channel deposits (see Papers V,VI and VII). All the
structures also worked well during snowmelt observation in 1996 and 1997. No
clogging was observed, even in the smallest (4.5 cm diameter) pipe, indicating that
the pipe inclination did indeed reduce the transport of floating peat.

During snowmelt peak in 1996, runoff control reduced SS transport from 4800
kgkm"2 to approximately 300 kgkm"2 with an almost 95 % reduction in SS which is in
agreement with modelled results (Paper II) and laboratory experiments (Paper IV).
This field study shows that extreme events can be control with the structures used
and the SS load due to channel erosion will be completely removed. Reducing
channel bed erosion will also reduce phosphorus transport as the phosphorus is
retained and stored in the channel during low flows (Svendsen & Kronvang 1993)
and is carried with the peat sediments during channel bed erosion. Data by Sallantaus
(1983) imply that the reduction percentages of particular phosphorus would be as
high as the reduction of SS when the sediment load is reduced. When channel bed
erosion is prevented, the 30% of phosphorus reduction required by the water
authorities by the year 2005 could be achieved with peak runoff control.
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The effect of the Pohjansuo dimensioning principle on runoff from mines with the
characteristics given in Paper VII was estimated. The controlled outflow was
calculated using reservoir routing under the assumption that observed hydrograph is
the inflow into the ditch network. The observed and calculated runoff for different
mines are shown in Fig. 11. At Haukkasuo, the runoff intensities are low due to
the large water storage capacity of the unsaturated peat and due to the lack of
flooding from outside of the drainage area. On this mine, peak runoff needs only
to be reduced during snowmelt events. At Huppionsuo, a large and old mine of
low hydraulic conductivity, the calculation show that a structure similar to that at
Pohjansuo would have only slightly affected runoff during 1995. The two peaks
occurring in late August would have been reduced from 167 and 90 Is"1 to 110 Is'1

and 50 Is"1 respectively. The exceptionally high peak in July 1996 which delivered
more than 100 mm in 10 days would have been delayed, but the peak values would
have remained almost the same.

At the Lakeanrahka and Lappasuo mines, the observed runoff peaks are
exceptionally high during both 1995 and 1996 - probably due to flooding from the
uplands. Indeed, such flow was noted at Lakeanrahka during the July 1996 event.
The calculated effect of peak runoff control shows that at Lappasuo the peaks
would have been generally be reduced from approximately 30 to 5 Is1. For the
large event in July 1996 the peak would have been reduced from 36 to 8 Is"1.
Similarly, at Lakeanrahka the peaks would have been reduced from 63 to 9 Is"1 for
1995 and from 80 to 24 Is"1 in 1996. In May 1996 the peak would have been
reduced from 128 to 37 Is"1. At Ropolansuo, all the calculated peaks are lower
than the observed peaks in 1995 and a smoother hydrograph would have ensued
with control. On all mines, the calculated outflow hydrograph quickly returned to
the same shape as the uncontrolled hydrograph after the peak. Only during the
July 1996 event can a clear delay be observed as the runoff is considerably
reduced. The results suggest that the same type of structure used on Pohjansuo
can be used to control peak runoff from different types of peat mines.

Peak runoff is reduced by storing the storm-water in ditches and basins
during extreme runoff events. The ponding of water in the ditch may negatively
affect peat mining operations. For instance, elevated water levels in the ditches could
increase the water-table and soil moisture at soil surface; the deposition of mineral
soil transported by floodwater from the ditch bed could lower the quality of the peat
as fuel. Previous studies show that the runoff generated by large rainfalls during the
non-frost season is controlled on new peat mines such as Pohjansuo and Haukkasuo
by the hydraulic conductivity of the peat. Hence, the structures will not affect the
water-table movement and, therefore, will not stop the surface peat from drying.
During the summer flood in July 1996, the ponding did not affect peat mining as there
was no difference between the groundwater level variations of area 1 and area 2. The
time taken for groundwater table to return to pre-storm levels after a large rain-storm
is much longer than the time interval that the storm-water is ponded and delayed in
the ditches Therefore the peak runoff control structures do not affect peat
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production. At older mines where the surface is less permeable, for instance,
Lakeanrahka, Ropolansuo and Lappasuo, the ponding of storm-water does not
generally continue for a long time, but after the July 1996 event, the storm peak was
considerably prolonged. After the storm, the water levels in the ditches remained at
above normal values (max. 30 cm) for a maximum of two weeks. It is not likely that
this would greatly affect peat mining as, roads and so on, usually need several days
after a large storm to dry-out before peat harvesting re-commence. During 1995,
1996 and 1997, peat production was normal at Pohjansuo and no hindrance to peat
harvesting was noted. During snowmelt, flooding depends on the melt rate, but the
delay in runoff in this season is not so important as peat is not harvested. It
follows from the above discussion that the structure built on area 2 at Pohjansuo
can safely be used on different peat mines to control runoff without negatively
affecting peat production.

(a) (b)

m

(c) (d)

Fig. 10. Photographs of peak runoff control structures at Pohjansuo (a) Schematic drawing of
the structure (b) Photo of a structure at area 3 during the summer 1996 peak runoff, (c) Photo
from flood event during snow melt (d) Photo of the structure at area 2 during the event when
water from the upland flooded the mine
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Fig. 11. Runoff from different peat mines observed during 1995 and 1996 with no peak runoff
control and with peak runoff control structures designed to detain 60 mm runoff for 3-5 days.
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5. Proposals for future studies

Based on the results presented in this thesis, I would venture to propose certain
studies and experiments which could be carried out as a continuation of this
project.

I Channel bed erosion needs to be studied in the laboratory. If the characteristics
of bed sediments from different mines were known, it would increase the
certainty of peak runoff control also in reducing SS loads from mines other than
Pohjansuo which might have different bed sediment characteristics. On some
mines, the bed deposits might be finer than at Pohjansuo and the structures used
might not prevent bed erosion. The outcome of the study might also be that
structures which pond water less than those used at Pohjansuo could also prevent
the sediment transport if the maximum flow velocity for bed initiation is not
exceeded. This would increase the possibility of also using peak runoff control at
older mines with less storage capacity in their ditch networks.

The study could be carried out by observing the relationship between wall
shear stress and sediment concentration in a laboratory hydraulic flume using peat
deposits from different mines. Water could be recirculated in a tank and the wall
shear stress measured, e.g. with regard to differences in water level elevations at
the inlet and outlet during steady flow. Sediment concentration in the water
should be measured after the point at which an equilibrium between stress and
sediment concentrations has been reached. Usually a large portion of the bed
suddenly erodes at a certain shear stress limit. It would be very important to
detect this limit as this could be use to design the drainage network and peak
runoff control structures so that the bed will not be eroded.

II More information is needed on the hydrology of older peat mines where peat
production has continued for a number of years and where the peat soil
characteristics have been altered due to compaction by heavy mining machinery.
This would be necessary in order to assess efficient treatment alternatives. It is
reasonable to assume that the runoff peaks are much higher in older mines where
the soil storage capacity has been reduced. In cases where soil storage is lacking,
the runoff will depend either on rainfall intensity or the hydraulics of the network.
If the runoff is not controlled, runoff peaks will be similar to rainfall intensities;
high runoff peaks and sediment transport will result.

The study could be carried out by measuring soil properties at different peat
mines. Properties such as hydraulic conductivity, peat shear strength and specific
storage should be compared to runoff rates. A groundwater model could be useful
in evaluating the effects of different soil characteristics, drainage procedures and
channel and basin storage on surface runoff, peak runoff and water table
movements.



24

III It would be of use if a study were carried out in which the new treatment
alternatives presented in this thesis would be tested and further developed on
older mines. This study would be a logical continuation of the studies I and II
outlined above. In older areas, the runoff is higher than in newly drained areas.
Therefore, the sediment ponds in older areas must be enlarged to maintain the
original residence time and efficiency of the basins. In older areas, peat
production might cease on some strips earlier than on others. These cut-away-
areas could be adapted as artificial floodplains and storm water could be
conveyed to these strips using runoff control structures. The storage in these areas
could also be used to detain the quick runoff. The increased storage and settling
possibilities of grass covered areas would reduce the transport of mineral soils
that often occurs in older mines where clay and silt layers are exposed and
eroded.

IV More information is needed on the effect of peak runoff control on nutrient
transport. The usefulness of the large ditch network in reducing nutrient
concentrations should be studied. The effects of reduced SS yields on nutrient
losses should be studied in more detail.

V It is necessary to study the effects of drainage taking into consideration the
whole mire catchment not just the mine area itself. This study would be a
continuation of the discussions in Paper V of this thesis. When peat is mined, the
upland water is conveyed around the mining area. This means that the water that
previously might have deposited SS and converted inorganic nutrients into
organic components in the fen area now delivers the load directly into receiving
waters. This might have a considerable impact on the environment and should be
considered when water treatment options are planned. Some attenuation of the
floodpeak from the upland and partial water treatment might be easily arranged
and should be considered. The worst case scenario of discharging the upland
water into the peat mine itself (noted in some mines) should be prevented because
the excess water will erode the channels and greatly increase the sediment load.
Techniques to prevent this type of flooding should be developed.
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