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1 Introduction

This report is a part the SKB project “SAFE” (Safety Assessment of the Final Repository
of Radioactive Operational Waste). The aim of project SAFE is to update the previous
safety analysis of SFR-1. The analysis is to be presented to the Swedish authorities not
later than the end of 2000. SFR-1 is a low and intermediate level radioactive waste
disposal facility, which is situated in bedrock beneath the Baltic Sea, 1 km off the coast
near the Forsmark Nuclear Power Plant in Northern Uppland.

The Gulf of Bothnia is characterised by low wave energies, no tides, low salinity and
strong positive shore displacement. The highest shoreline is situated at approximately
270 meters above the present sea level. This means that littoral processes have effected
an extensive area around the gulf, and consequently the soil distribution has a clear
littoral footprint. On top of the hills the till has been washed away and the rock is
visible, on the slopes there is wave-washed till, and fine-grained sediment is found in
lower parts of the terrain and in areas sheltered from the sea.

A comparison between the distribution of fine-grained sediment above and below the
present sea level shows a more extensive distribution in the littoral zone and even more
extensive distribution in deeper parts of the sea. It is obvious that some of the fine-
grained sediment in the littoral zone is resuspended and transported to deeper parts of
the sea.

The aim of this study is to develop a method for deciding through the use of a mathe-
matical model which fine-grained sediments in the littoral zone will “survive” the littoral
processes and which form terrestrial fine-grained post-glacial soils due to positive shore
displacement. The model simulates the wave-induced near bottom water dynamics based
on meteorological data and the bathymetry of the study area.

The study is being performed because many radionuclides have a capacity to adsorb on
fine-grained particles. At a possible discharge of radionuclides from SFR-1 today, ground
water currents will presumably transport the radionuclides to the sea bottom. The
radionuclides can be adsorbed in the seawater on fine-grained particles. The associations
are often strong and therefore the dynamics of the radionuclides are governed by the
dynamics of the fine-grained particles. Consequently, it is of great importance to know
the sediment dynamics in the coastal area in order to predict the distribution of the
radionuclides.
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2 Method

Resuspension of fine-grained particles is in most aquatic environments governed by
different types of processes, i.e. longshore currents, tidal currents, wind-induced currents
and wave orbital motions. In near-shore shallow areas the processes associated with
breaking waves are predominant, while in deeper situated bottoms the wave orbital
motions are the predominating resuspension processes.  In order to decide if resus-
pension occurs, it is necessary to calculate both the distribution of the maximum grain
size, which can be resuspended due to the breaking waves, and the wave orbital motion.

When the water velocity over a bed is increased, eventually a stage is reached when the
particles are moved from the bed. The stage is known as the threshold of sediment
movement. Many equations have been proposed for determining the threshold of
sediment movement due to wave action. In a review by Komar and Miller (1973) it was
found that for grain diameters less than 0.5 mm, the threshold is best related by the
equation

Where u is the near-bottom threshold velocity, d0 is the near-bottom orbital diameter, p
is the water density, ps is the density of sediment grains and D is the diameter of the
sediment grains.

For grain diameters larger then 0.5 mm, the threshold is best related by the equation

Komar and Miller (1975) were able to compare the threshold under waves with the
threshold under unidirectional steady currents and found that the equations for waves
could also be used for unidirectional currents. Therefore, equation (1) and (2) could also
be used for longshore currents generated by the breaking wave.

The grain size of the resuspended material is determinable, provided that the threshold
velocity and the orbital diameter are known. These two parameters can be calculated
using linear wave theory (Airy, 1845). The horizontal component of the orbital velocity is
given by

where H is the wave height, ó is the wave number (2�/L), L is the wave length, z is the
vertical distance to still water surface, positive upward, h is the still water depth, x is
the horizontal space co-ordinate, T is the wave period and k is the wave angular velocity
(2�/T).
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When determining the resuspension of fine-grained sediments due to wave action, the
threshold velocity is substituted by the near bottom horizontal component of the orbital
velocity. Linear theory assumes waves of small amplitude in deep water, so that it does
not accurately describe the water particle motion at shoal depths. Nevertheless, it has
been shown experimentally that the linear theory gives a good estimation of the near-
bottom horizontal component of the orbital velocity (Le Mehauté et.al., 1968).
Furthermore, May and Thanner (1973) found that if the mean value of the horizontal
component of the orbital velocity is calculated with Stoke’s theory (Wigel and Jonsson,
1951), cnoidal theory (Wigel, 1960) and linear theory (Airy, 1845), the value obtained by
linear theory falls between the two others, which both are supposed to better describe
conditions at shoal depths.

The near-bottom horizontal component of wave orbital velocity is given by setting
Z = -h in equation (3):

where ub is the near-bottom horizontal component of wave orbital velocity.

The maximal near-bottom horizontal component of the wave orbital velocity (umax) occurs
when cos(kx-�t) = 1 in equation (3), so umax is given by the equation

Airy (1845) gives the near-bottom orbital diameter of the wave motion (d0):

If wave height, wave period and water depth are known, it is possible to calculate the
threshold velocity and the near-bottom orbital diameter with equation (5) and (6). Sub-
sequently the maximum resuspendable grain size is determined with equation (1) or (2).

The deep-water wave height and period are predicted using semiempirical methods from
known storm conditions, i.e. wind velocity, fetch distance and storm duration. From
known wind data the significant wave heights are calculated using the equation (Silvester,
1979).
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where H1/3 is the significant wave height, U is the wind speed, g is the acceleration of
gravity, F is the fetch and FFAS is the minimum fetch for fully arisen sea.

The wave period is calculated using the equation

As the waves enter shallow water they undergo a transformation. The wave velocity and
length decrease progressively, the height increases but the period remains constant.

A mathematical model for determining this transformation is presented in May (1974).
The model is based on linear theory and calculates the transformation caused by
shoaling, refraction and bottom friction. The wave is approximated to a number of wave
rays, i.e. lines drawn normal to the wave crest in the direction of wave advance. The
computer program tracks the wave rays from deep water to the shore. The wave
direction and phase velocities are recalculated at short intervals along the rays. The
change in wave height is computed using the following equation (May, 1974):

where subscript 0 refers to deep water, i to point in shoal water and j is the jth increment
along the path of the wave ray. The refraction coefficient (Kr) is calculated by reference
to equal points in time on adjacent rays. The friction coefficient (Cf) is empirically
determined to 0.03 (May and Tanner, 1973).

If the ray reaches shore, the point where the wave is breaking is determined using
solitary theory by the equation

The longshore current velocity is calculated with radiation stress approach using the
equation (Komar, 1975)

where �b is the angle between the wave crest length and a line parallel to the shoreline.

The maximal resuspendable grain size due to the longshore current is then calculated
with equation (2).
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4 Model calibration

The model is calibrated on and applied to the coastal area close to SFR-1 (Figure 1).
The outer model area is marked with a rectangle in the figure, while the inner model
area (marked with a red line in the figure) is defined as the watershed to a future lake
which will be formed approximately 5,000 AD (Brydsten, 1999). The model areas are the
same for all sub-projects within the SAFE-project, where some models are only applied
to the inner model area, while other models (i.e. this sub-project) are applied to the
outer model area.

The outer model area is impressed by glacial and littoral processes. The dominating soil
is a boulder rich till deposited by a northerly ice flow. The glacial ice melted off the area
approximately 9,500 BP and the sea level was at least 50 meters above the present sea
level. This means that all the land within the model area has been affected by wave
washing. In areas with the strongest wave washing, the till soil is completely removed
and the bedrock is visible. In areas with weaker wave washing, the till is eroded from the
fine-grained fraction. This fine-grained fraction has often redeposited as post-glacial
sediment in lakes or deeper parts of the coastal area where it often overlay glacial clay.

The coastal area is shallow and rich in islands. The deepest part is a north-south channel
on the west side of Gräsö (Figure 1). The area is relatively exposed to the north so the
sediment dynamics are influence by the waves generated in the Bothnian Sea. The area is
also in contact with the Baltic Proper through a narrow sound, Öregrundssundet. The
sound is so narrow that waves generated in the Baltic Proper cannot affect the sediment
dynamics within the model area.

The model is calibrated to four areas with different geological conditions:

Site 1. The bottom above SFR-1 with a total lack of post-glacial fine-grained sediment
(Sigurdsson, 1987).

Site 2. A number of soil samples taken north and north-east of SFR-1 in an area with
small patches of post-glacial fine-grained sediments (Kautsky, 1999).

Site 3. A shoal bay close to SFR-1 with thin layers of post-glacial, organic rich fine-
grained sediment (Wallström et al, 1997).

Site 4. An accumulation bottom in the deep channel west of Gräsö with thick layers of
post-glacial fine-grained sediments (Notter, 1988).

The Swedish Geological Survey has carried out a sea bottom survey in an area above
SFR-1 (Site 1 in Figure 1) (Sigurdsson, 1987). The survey was done with common
marine geophysical instruments and sediment sampling with what is referred to as a “till
sampler”. The results show a bottom dominated by wave-washed till and small areas
with glacial clay, i.e. a total lack of post-glacial fine-grained sediments.

Five sediment samples were taken north of SFR-1 in the deepest part of the region
(Site 2 in Figure 1) (Kautsky, 1999). The bottom is characterised by large boulders with
sandy sediments between but in some places patches of silty sediments. This means that
the area today has an accumulation environment for silt particles but the lack of widely
spread sediment areas indicates that the sedimentation period has been short.
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Figure 1. The study area with the outer model area marked with a rectangle, the inner model
area with a red line and the possitions of the four calibration sites. Permission: The National
Land Survey of Sweden.

Some shoal sea bays in the western part of Öregrundsgrepen have been investigated
concerning sediments (Wallström et al, 1997). One bay close to SFR-1, Kallrigafjärden
(Site 3 in Figure 1), has a bottom dominated by fine-grained, organic rich sediments.

According to Notter (1988), there are accumulation bottoms in the deep channel on the
west side of Gräsö with thick layers of post-glacial fine-grained sediments. The thickness
proves that sedimentation has occurred for a long period. The two deepest basins are
selected as calibration areas (Site 4 in Figure 1).
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Altogether, four areas are selected for calibration: one area with accumulation over a long
period, one with a limited accumulation period, one that recently switched from
erosional to accumulation environment and one area with a total lack of post-glacial fine-
grained sediments, i.e. an erosional environment. The change of maximum resuspendable
grain size (MRGS) over time will be simulated for these areas, and both the trend and
present level of MRGS will be used to distinguish between areas with erosion and
accumulation of fine-grained particles.

4.1 The resuspension model

The resuspension model is run for every combination of:

– wind speeds between 5 and 25 m s-1  with 1 m s-1 steps,

– wind directions from 170 to 250 degrees in 10 degree steps,

– sea water level for the period –6,000 AD to 3,000 AD in 500 year steps (73 meters
above present sea level to 6 meters below present sea level).

Approximately 10,000 simulations were performed.

The reason for simulating different wind speeds instead of only the highest wind speed
recorded is that the program uses only the significant wave height while in nature the
wave train also contains waves with lower heights. A high and steep wave can break in
deep water or break when passing a shallow part of the basin, while lower and steep
waves can reach the shore. Thus, the highest wave energies close to the shore are not
necessarily due to waves generated by the highest wind speeds, and consequently it is
necessary to simulate a range of wind speeds.

The resuspension model generated a grid with MRGS values in Arc/Info Ascii Grid
format. The grid was imported to ArcView. The four calibration sites were digitised on
screen to ArcView shape format. The grid cells within each calibration site were selected
using an Avenue script in ArcView. The average value and the standard deviation were
calculated for the selected MRGS values for each time step.

Figure 2 shows the change in MRGS over time for the SFR-1 site (Site 1 with erosional
environment). The time development is typical for a site with an open slope, i.e. a slope
that is affected by breaking waves, in contrast to a closed slope that is a part of a local
basin and that will become a lake bottom. When the water depth is high, the MRGS
is low or zero, but as the water depth decreases the MRGS increases, known as the
shoaling effect. As the water level decreases, the effect of breaking waves in the coastal
area increases, and only waves with lower energy will reach the shore, known as the
energy filter effect. In the early part of the process, the shoaling effect is the dominating
effect, but in the Öregrundsgrepen area the energy filtering effect becomes the
dominating effect after approximately 3000 BP. The last stage in the time development is
a rapidly increased MRGS. This is due to water dynamics associated with breaking waves
and is therefore only found in low water depths.
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As noted earlier, the SFR-1 area (Site 1) lacks post-glacial, fine-grained particles. After
the inland ice melted off (–7000 AD), the area was an accumulation environment for
at least 3,000 years. This period was followed by a long period with an erosional
environment, presumably up until today. It is possible that it was an accumulation
environment during the period with low MRGS between 0 and 1,000 AD, with
sediments that later could have been eroded during the wave breaking stage. Never-
theless, the figure shows that the dividing MRGS must be lower than 100 µm.

Figure 3 shows the MRGS-values for the deep area north of SFR-1 (Site 2 with 19
meters water depth). The level of the shoaling peak of MRGS is much lower compared
to the SFR-1 site (Site 1), and the wave breaking effect is lacking since the site is located
in a local basin. The site has only minor patches of post-glacial fine-grained sediments,
which, as previously noted, is an indicator of a recent switch from an erosional to an
accumulation stage. The lack of extensive fine-grained sediments at the site indicates an
earlier long period with an erosional environment. This means that the dividing MRGS
should be lower than approximately 20 µm. This also implies that the fine-grained
sediment found at the site is newer than 500 years.
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Figure 2. The change in MRGS over time for the SFR-1 site (Site 1). The stock diagram
shows the average value and +/- one standard deviation.
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5 Results

The model calibration led to the definition of an accumulation bottom as a bottom with
a maximum resuspension grain size (MRGS) of less than 20 µm. Erosion bottoms were
thus defined as bottoms that the model indicates have a MRGS larger than 20 µm.

The shift between the two types of bottoms over time for both the outer (solid line) and
inner model areas (dotted line) is shown in figure 6. The glacial ice cover melted from
the area approximately 9500 BP (–7,500 AD) and accumulation bottoms are present
throughout the area of study. The shift from accumulative to erosional environments
began approximately –5,550 AD. This occurs in the highest areas in the outer model’s
south-west section. A gradual decrease in the number of accumulation bottoms from
100% down to approximately 14% occurs for the outer model area during the period
–5,500 to 500 AD. From this point until the present day, the number of accumulation
bottoms increases to approx. 31%, and this increase will continue until approximately
3,000 AD when approximately 43% of bottoms will be accumulation bottoms.

A comparison of the development of the outer and inner model areas over time
(Figure 6) shows that the inner model area changed more quickly and was only made
up of erosional bottoms during the period –2000 to 500 AD. The explanation for this
difference is that the inner model area has a shorter interval in terms of water depth and
that a change initiated by a change in water depth influences the entire area for a shorter
period.
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Figure 6. The change in % accumulation bottom over time for the outer (solid line) and inner
model area (dotted line).
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The extent of the accumulation bottoms at the time they were at a minimum (500 AD) is
shown in Figure 7. The larger occurrences are located along the Gräsö Channel, the
deep channel that runs north to south parallel with the west coast of Gräsö. The change
in the extent of the accumulation bottoms from 500 AD to the present is primarily the
result of existing accumulation areas that have grown in size (Figure 8). This trend will
continue until at least 3,000 AD (Figure 9).

Figure 7. The extension of accumulation bottoms for the outer model area at 500 AD. The
accumulation bottom is defined as bottoms with average MRGS-values lower than 20 µm.
The black line is the present shoreline.
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Figure 8. The extension of accumulation bottoms for the outer model area at present (2000 AD).
The accumulation bottom is defined as bottoms with average MRGS-values lower than 20 µm.
The black line is the present shoreline. Permission: The National Land Survey of Sweden.
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Figure 9. The extension of accumulation bottoms for the outer model area at 3000 AD.
The accumulation bottom is defined as bottoms with average MRGS-values lower than 20 µm.
The dotted line is the present shoreline.
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The inner model area, as noted previously, has been influenced by erosion for
approximately 2500 years until 500 AD (Figure 6). The first accumulation area after this
period developed on the leeward side of a shallow rock outcropping, which protected it
from the waves generated in the open sea, and not the deepest sections of the inner
model area. The number of accumulation bottoms increased rapidly from 500 AD (0%)
to the present (23%), primarily as a result of the increasing shallow areas that developed
in the inner model area’s northern and north-eastern sections.
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Figure 10. The extensions of areas that have accumulative environments during the entire
period –7500 AD until the present. Permission: The National Land Survey of Sweden.
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Figure 10 shows the areas that have accumulative environments during the entire period
–7500 AD until the present. These areas are most likely made up of thick accumulations
of fine-grain sediment. The areas correspond with the deep channel west of Gräsö and
correspond relatively well with the empirical results presented in Notter (1990) and in
Mo and Smith (1988). Note that no such bottoms occur within the inner model area.
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