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Abstract

This paper reconstructs the sedimentation volumes and patterns, suspended sediment
yields, wind-induced circulation patterns and sediment trapping efficiency of Lake
Strynevatnet, western Norway as an integrated source to sink system. The lake be-
came deglaciated ca 11 ky cal Bp, with glacio-isostatic uplift isolating the basin from
the nearby fjord (Nordfjord) ca 9.2 ky cal Bp. Based on geophysical data collected
in 2010, the upper 15-20 m of Holocene sediment accumulation in the lake was
mapped. A sediment body in the centre of the lake indicates a depositional mecha-
nism dominated by suspension sedimentation. The source of this sediment is associ-
ated with the adjacent glaciated catchments westward of the lake. Three seismic units
were identified based on seismic facies generating an evolutionary model utilizing
three depositional units (U1, U2 and U3), in which unit U2 represents the Storegga
tsunami event. Unit U3 is further divided into three subunits; U3a, U3b and U3c
based on their spatial continuity and subtle downlapping and onlapping relation-
ships. The degree to which wind conditions could have affected the lake depositional
patterns were studied utilizing an open-source coupled hydrodynamic and sediment
transport model. The results show that fluvial discharge alone is incapable of gener-
ating a circulation pattern in the lake currents. Suspended sediment concentrations in
the lake are highest for strong winds. Modelled sediment accumulation on the lake
floor shows that mild or absent winds lead to a proximal to distal sediment thickness
trend, while strong winds result in uniform sediment thickness. Based on this it is ar-
gued that the thickness trends of seismic subunits U3a-c are related to a variable pal-
aeowind climate. As such, seismic data of lake infills, in combination with numerical

modelling, may provide valuable palacoclimatic information on wind patterns.
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1 | INTRODUCTION

Understanding sedimentation patterns in fjords and fjord-
lake systems is important for palacoenvironemental and
palaeoclimate reconstructions. Lakes in glaciated areas
provide an ideal setting to study their response to Late
Holocene climate changes and glacial fluctuations. The
focus of this paper is on Lake Strynevatnet, a 220 m deep
lake characterized by high sediment trapping efficiency. By
characterizing the sedimentary infill geometry the aim is
to increase our understanding of the interaction between
sedimentation rates, sediment dispersal patterns and gla-
cier activity over the past ca 8150 years. The sediment dis-
persal patterns in Lake Strynevatnet are likely driven by
wind-induced circulation patterns in the absence of other
main driving forces for sediment dispersal such as large
fluvial systems and slope failures. There has been little re-
search on the effects of palaeowind conditions on Holocene
lake sedimentation.

Reconstructions of lake sedimentation using seismic data
allows a detailed view of the shifts in sediment thickness and
volume, sedimentary patterns and sediment yield with chang-
ing glacial conditions. The objective of this paper is therefore
to reconstruct the long-term suspended sediment budget in
Lake Strynevatnet based on geophysical measurements and
to gain insight into the effects of temporal deglaciation of
the Jostedalsbreen ice cap on the infill pattern. In this con-
tribution, the focus is only on suspended sediments as these
usually travel furthest in a lacustrine system. Bedload from
the rivers that drain the glaciers is typically coarse-grained
and limited to the delta foresets, which very locally develop

61°55'0"

in Lake Strynevatnet (Hansen et al., 2009; Beylich and Laute,
2015).

Research questions that are addressed here include: (a)
How much suspended sediment did the lake basin catch-
ment produce during the Holocene? (b) How did the in-
fill change throughout deglaciation of the Jostedalsbreen
ice cap? (c¢) Does the infill pattern indicate changes in
dispersal modes? (d) How do the long-term average sus-
pended sediment flux values compare to contemporaneous
measurements?

2 | RESEARCH AREA

2.1 | Physiography

Lake Strynevatnet is a freshwater lake located at the head of
the 110 km long Nordfjord fjord (Figure 1). The physiography
of Lake Strynevatnet is characterized by a typical fjord-like ge-
ometry that includes up to 1,000 m high steep valley walls and
a U-shaped basin floor. With a total area of 21.6 kmz, its maxi-
mum depth is approximately 220 m, its median width is 2 km
and it reaches 13.7 km in length. A shallow lake (Nerfloen;
less than 10 m deep) connects the western effluent of Lake
Strynevatnet to Nordfjord, continuing into a 10 km long and
500-1,000 m wide valley that is characterized by a meander-
ing fluvial system. The catchment of Lake Strynevatnet is
440 km? in extent, of which 16% to 18% is presently glaci-
ated (Vasskog et al., 2012), including four wide valley sys-
tems that jointly represent 370 km? of the entire catchment.
While two of these valleys (Erdalen and Sunndalen) are

FIGURE 1
research area. (A) Map of Norway marking

Location map of the

the Nordfjord site. Open black square
marks the location of (B). (B) A detailed
shaded relief map of the Strynevatnet area
(obtained from www.norgeskart.no). The
dotted line represents the catchment area
of the lake (redrawn from Vasskog et al.,
2012). Present day glaciers and ice sheets
are drawn in white
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presently connected to the Jostedalsbreen ice sheet, the other
two are mostly affected by fringing glaciers (Hjelledalen and
Glomsdalen) (Figure 1). Sunndalen and Hjelledalen merge
3.5 km upstream of their effluent. Of these valley systems,
sediment and water discharges of Erdalen were monitored be-
tween 2004 and 2015 (Figure 2; Beylich et al., 2009, 2017;
Beylich and Laute, 2012, 2015). The contemporary water
discharge from Erdalen is low (on average 3.5 m’/s), while
peak flow can reach up to 30 m’/s (Beylich et al., 2017).
The Erdalen catchment area encompasses 79.5 km? and con-
sists of a series of small basins and connecting braid plains
descending from the Jostedalsbreen ice sheet. The Erdalen
River builds a coarse-grained delta in the southernmost part
of Lake Strynevatnet (Beylich and Laute, 2015). Between
2004 and 2015 daily discharge-weighted suspended sediment
concentrations were calculated from hourly readings of opti-
cal turbidity at four stationary hydrometric stations in Erdalen
using turbidity sensors (Global Water), in combination with
frequent direct water sampling. From these measurements, a
mean annual suspended sediment yield is calculated for the
Erdalen drainage basin (16.4 t/kmzlyear). Contemporary sus-
pended sediment transport accounts for almost two-thirds of
the total fluvial transport and, accordingly, plays an important
role within the sedimentary budget of the Erdalen drainage
basin as well as for the suspended sediment supply to Lake
Strynevatnet (Beylich et al., 2017).

2.2 | Deglaciation history and
sediment storage

Nordfjord is one of the major fjord systems in Western
Norway in which a detailed glacial and deglacial history
has been well-documented (Aarseth er al., 1989; Nesje et
al., 1991; Nesje and Kvamme, 1991; Aarseth, 1997; Nesje
et al., 2000; Hjelstuen et al., 2009; Lysa et al., 2010). At
the head of Nordfjord, a series of lakes developed after the
area deglaciated as a result of glacio-isostatic uplift. Lake
Strynevatnet deglaciated ca 11000 cal yr Bp during the
Preboreal interval (Rye et al., 1997; Hjelstuen et al., 2009;

FIGURE 2 Picture of the Erdalen valley taken from Lake
Strynevatnet. The U-shaped valley and steep walls of the lake are well
defined

Nesje, 2009; Lysa et al., 2010). It became a freshwater la-
custrine environment ca 9200 cal yr Bp as glacio-isostatic
uplift raised the basin and disconnected it from the fjord
environment (Vasskog et al., 2012). The Jostedalsbreen ice
cap melted between 7300 and 6100 cal yr Bp (Nesje et al.,
2000; Nesje, 2009), which was followed by regrowth ca
4000 cal yr Bp. This latter interval, which is referred to as
the Neoglacial event, eventually led to a glacial maximum
during the Little Ice Age ca 1750 ap (Nesje, 2009). The
glacier history is reflected in the infill pattern of a series
of upstream valley basins in Erdalen, with a total sediment
storage capacity of ca 50 x 10° m® (Hansen et al., 2009).
A number of studies have constrained the sediment budgets
of Nordfjord, with estimates pointing to ca 25 km? of sedi-
ments stored within the entire Nordfjord Basin (Hjelstuen
et al., 2009). Previous geophysical studies, accompanied by
shallow piston cores in Lake Strynevatnet and in the nearby
Nerfloen, Lovatnet and Oldevatnet lakes identify Holocene
climate oscillations (Waldmann et al., 2007). Other investi-
gations record the 8150 cal yr BP Storegga tsunami event in
the shallow basin fill (Vasskog et al., 2013).

3 | METHODOLOGY

3.1 | Parametric echosounder survey

In summer 2010 a 2-week geophysical campaign was con-
ducted to collect echosounder data in lakes Strynevatnet and
Nerfloen using a parametric echosounder system (PES) de-
veloped by Innomar Technologies GmbH, which is a portable
alternative to chirp and boomer sourced geophysical systems.
A total of ca 100 km of high-quality geophysical data was
collected in Lake Strynevatnet using the PES mounted to a
4.5 m inflatable boat powered by a small outboard motor.
Navigation and positioning was provided by GPS. Data col-
lection was constrained by wave heights <0.2 m.

The PES uses non-linear sound pulses that are transmit-
ted in the water body and reach the lake floor (Wunderlich
and Muller, 2003). The transducer transmits two slightly dif-
ferent simultaneous frequencies, which interact in the water
column. A new secondary frequency, ranging between 4 and
15 kHz, is generated from the different frequencies of the pri-
mary transmitted waves and this is low enough to penetrate
the subsurface sediments. However, the primary-frequency
signals (about 100 kHz) can be used to determine the water
depth. The parametric approach results in a narrow secondary
sound beam (+1.8°) with a footprint of about 13 m at 220 m
water depth, and smaller footprint at shallower depths. On av-
erage, the number of pulses per second ranges between 10 and
15, depending on the water depth and the recording window
of the receiver. Four or five pulses per ping were used to in-
crease the signal-to-noise ratio. The reflected signals are used
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to calculate an echo print showing the sub-bottom structures
along the sailed track. The obtained two way travel-time can
be converted into depth based on an assumed sound speed in
unconsolidated, fine-grained sediments of 1,500 m/s (which
is in the range of values used in similar studies by Mullins e#
al., 1991; Van Rensbergen et al., 1998; Chapron et al., 2007;
Fanetti et al., 2008; Waldmann et al., 2010; Cukur et al.,
2015; Schneider von Deimling et al., 2016), in the absence of
local velocity measurements. The echo strength depends on
the reflection coefficient, the attenuation of the signal and the
roughness of the lake floor. The penetration depth is mainly
controlled by sediment parameters (e.g. roughness and atten-
uation), sub-bottom profiling properties (e.g. source level),
secondary frequency and by environmental conditions (e.g.
noise originating from the vessel engines).

3.2 | Geophysical data treatment and
interpretation

The geophysical data were interpreted using the dedicated
PES software ISE (version 2.9.5 from Innomar Technologie
GmbH). The GPS data were visualized and analysed using
Fugawi Global Navigator software version 4.5. The inter-
preted sub-bottom and lake floor reflectors were exported to
Surfer Version 8 (developed by Golden Software) and inter-
polated into surfaces on a 100 m’ grid using triangulation
with linear interpretations (anisotropic ratio of 1 and an angle
of 320°). These surfaces were used to determine bathymetry
and thickness and to calculate sediment volumes.

3.3 | Delft3D model

Data was processed using Delft3D (version 4.02), which is an
open-source software package developed by Deltares designed to
simulate three dimensional hydrodynamics, sediment fluxes and
morphologic changes in fluvial, lacustrine and marine settings
(Lesser et al., 2004; Hillen et al., 2014; van der Vegt et al., 2016).

4 | RESULTS

The geophysical data resulted in three long E-W profiles
(following the lake main axis) and 13 transverse profiles per-
pendicularly crossing the lake long axis (Figure 3).

4.1 | Bathymetry

In the absence of available bathymetric data for Lake
Strynevatnet geophysical profiles were used to construct a
bathymetric map (Figure 3). The map shows steep valley

water depth

FIGURE 3
(the tracks in bold black lines are shown in Figures 4 and 5). (B)

(A) Location of the acquired geophysical data

Bathymetry of Lake Strynevatnet as interpolated from the geophysical
data (see text for further details). The dashed black line represents the
location of the seismic profile published in Vasskog ef al. (2013), see

Figure 4B

sidewalls (typically between 15° and 30°) and a flat lake floor
with a maximum depth of ca 220 m.

4.2 | Seismic stratigraphy and
facies definition

The lake sidewalls were mostly bare of sediment, most likely
due to their steep angles. Based on seismic facies interpreta-
tion, three main seismic units are identified below the lake floor
(U1-U3; Figures 4 and 5). The units are described as follows:

e Seismic unit Ul consists of faint and slightly undulat-
ing non-continuous parallel to sub-parallel reflectors.
Occasionally, some local inclined internal reflectors char-
acterize the unit (e.g. in profile X81; Figure 5). The unit
base is most often unidentified in the seismic profiles due
to local strong attenuation of the signal by the overlying
sediments. Nevertheless, when occasionally visualized,
it is recognized as a clear undulating reflector especially
in the north-west area of the lake. The thickness of unit
Ul can reach up to 5 m. The upper boundary of unit Ul
is typically continuous and less undulating than the lower
boundary.

e Seismic unit U2 consists of a seismically transparent unit
up to 4 m thick, with clear upper and lower reflectors. Unit
U2 is imaged consistently throughout the basin and its
thickness varies between 1.5 and 3.5 m. The upper bound-
ary of unit U2 is commonly very well expressed as a strong
continuous and sub-horizontal reflector.
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FIGURE 4 Density plots showing the raw data (A) and the interpretation (C) of profile L62 using the Parametric Echosounder (see Figure

3 for location). (B) A previously published seismic profile (Vasskog et al., 2013) at a location slightly north-east of profile L62. The interpreted

seismic units by Vasskog et al. (2013) compare well with this papers interpretation of profile L62. The top of the Storegga deposit (black line), top

of U3a (red line) and top of U3b (blue line) are interpreted as shown. Underlying deposits (U1l and U2) are denoted by black dotted lines. Only the

lake infill is shown, not the steep lake side slopes. The inset (D) shows the pinch out of U3b in more detail

e Seismic unit U3 consists of thin, parallel to sub-parallel
sub-horizontal reflectors with a thickness ranging between
2 and 7 m. The continuity and amplitude of reflectors var-
ies within unit U3. Strong reflectors are commonly very
continuous while thin reflectors with lower amplitude are
less continuous (Figures 4 and 5). Overall, this unit thins
towards the north-west. Unit U3 can be further divided into
three subunits: U3a, U3b and U3c based on their spatial
continuity and subtle downlapping and onlapping internal
relationships (Figures 4 and 5). While units U3a and U3c
are relatively uniform in thickness, the thickness of unit
U3b decreases towards the north-west.

4.3 | Thickness trends of stratigraphic units

Based on the geophysical interpretation of key reflectors,
isopach maps have been constructed utilizing the base and

top of unit U1l and the tops of units U2, U3a, U3b and U3c
(when visible). It should be taken into consideration that es-
timates do not include thicknesses thinner than 0.3 m due to
resolution constraints. In addition, there are uncertainties as-
sociated with estimating the thicknesses of individual units
(e.g. seismic interpretation and velocity uncertainties) as
well as gridding (e.g. interpolation uncertainties). Combining
these caveats, it is estimated that the resulting calculations
point to a +20% error.

The thicknesses of the seismic units were calculated
based on the interpreted surfaces (Figure 6). The sed-
iment thickness of seismic unit Ul and U2 reaches up to
8 m, thickening towards the sediment main source areas of
Erdalen and Hjelledalen. The sediment thickness of seismic
unit U3 ranges between 2 and 7 m and thins westwards,
away from the main source areas. The thickest sediment
package of unit U3 is identified in the deepest part of Lake
Strynevatnet. However, the thickness trends of subunits
U3a, U3b and U3c are markedly different and vary across
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FIGURE 5 Density plots showing the raw data (upper figures) and the interpretations (lower figures) of two cross-sections X81 and X76

using the Parametric Echosounder (see Figure 3 for locations). The interpreted tops of each unit are as follows; Storegga deposit (black line), top
U3a (red line) and top U3b (blue line). Underlying deposits (U1l and U2) are denoted by black dotted lines. Only the lake infill is shown, not the

steep lake side slopes. The inset shows the pinch out of U3b in more detail

the lake. Unit U3a is about 1.5 m thick and generally uni-
form across the lake, except for thinning near Erdalen and
Hjelledalen. Subunit U3b, however, has a distinct increase
in thickness towards the Erdalen source area, ranging from
0 to 3 m. Subunit U3c has a relatively uniform thickness,
ranging between 2 to 3 m from south-east to north-west.
There is little variation in thickness perpendicular to the
valley walls.

44 | Sediment volumes

The isopach maps have allowed the preserved sediment vol-
umes to be calculated for the individual units and subunits.
The total minimum volume of sediments mapped in Lake
Strynevatnet equals 0.0537 km?. The sum of unit U1 and U2
represents 55% of this volume (0.0293 km3), while unit U3
represents the remaining 45% (0.0244 km?). From the latter,
subunits U3a, U3b and U3c represent 21%, 31% and 48%,
respectively.

The volume of unit U2 will likely represent reworked ma-
terial from the underlying unit Ul complemented with sedi-
ments that were brought to Lake Strynevatnet from Nordfjord
by the Storegga tsunami.

5 | AGE CONTROL AND SEISMIC
STRATIGRAPHY INTERPRETATION

A major age anchor used to constrain the sediment yield
calculations in this study is based on a sedimentary unit re-
lated to the Storegga tsunami event (Bondevik et al., 1997;
Haflidason et al., 2005). The specific character of the trans-
parent double reflector in this study closely matches the re-
flector assigned to the Storegga event (Figure 4; Vasskog et
al., 2013). This bed was dated to 8150 cal yr Bp by Vasskog
et al. (2013). A second well constrained age is the onset
of marine deposition following the deglaciation of Lake
Strynevatnet calculated to ca 11000 cal yr Bp (Waldmann et
al., 2007; Vasskog et al., 2012). Based on this chronology the
following interpretation is proposed for the lake architecture:

e Unit Ul was likely deposited after the basin was fully
deglaciated ca 11000 cal yr Bp, supporting the findings
of Waldmann ef al. (2007). During this period, glacier
tongues retreated from the Strynevatnet Basin to the sur-
rounding valleys (Rye et al., 1997; Nesje, 2009). Unit Ul is
especially well observed in profile X76 (Figure 5), where
the undulating lower boundary of the unit reflects the pa-
laeomorphology of the basin floor with sub-horizontal



STORMS ET AL.

| 477

sediment thickness U3a

FIGURE 6
U3 and subunits U3a, b, and ¢ based on data interpolation. See text for

Isopach maps of the thickness of units U1, U2 and

further explanation

internal reflectors. In some locations such as in the mouth
of Glomsdalen, the internal reflectors dip ca 0.9° lake-
wards, suggesting local glacio-deltaic deposits.

e Considering the internal seismic properties of unit U2, it
is interpreted as an event bed that can be traced across the
entire basin. Previous studies correlate this unit with the
debris that accumulated following the Storegga tsunami
event of 8150 cal yr Bp (Vasskog ef al., 2013, Figure 4). It
is therefore suggested that the undulating lower boundary
of this unit corresponds to an erosional surface.

According to Vasskog et al. (2012, 2013), sediment over-
lying the Storegga event bed was deposited under full lacus-
trine conditions. In unit U3 this is reflected by the consistently
parallel nature of the reflectors. Unlike the inclined reflectors

characteristic of deposition by slope failure and associated
turbidity currents reported from similar nearby lacustrine
systems (Vasskog et al., 2011), the parallel reflectors reveal
a draping stacking pattern that is traditionally interpreted as
indicating settling-dominated depositional processes.

6 | MODELLING WIND-INDUCED
LAKE CIRCULATION

Discussed below are the possible mechanisms behind the
changing sedimentation patterns identified in subunits U3a—
3Uc by modelling current and sediment transport patterns
in the lake. This approach applies a coupled hydrodynamic
model (Delft3D) to evaluate the effects of river discharge
and wind on dispersal patterns of the lake sediments.

6.1 | Analyses of thickness variability based
on hydrodynamic modelling

Hydrodynamic modelling is a technique that contributes to a
better understanding of the palaeo currents for a given set of
boundary conditions. The seismic data has been used to con-
struct the lake bathymetry. The environmental conditions will
have changed during the Holocene, as the catchment area shifts
from fully glaciated to non-glaciated conditions and back to
glaciated. These shifts will have affected the fluvial discharge
(water and sediment load) and the local weather system. Wind
is an important driver of lake circulation (Krist and Schaetzl,
2001; Nutz et al., 2015; Nutz et al., 2016; Schuster and Nutz,
2018). Given a source of suspended sediment (River Erdalen
and the nearby streams), the circulation pattern in the lake de-
termines the mode and fashion the suspended sediments settle.
Here, hydrodynamic modelling is used to explain the observed
depositional patterns in Lake Strynevatnet as well as the pos-
sible causes of variations in relative thickness. It is not possible
to reproduce the absolute sediment thicknesses due to a lack of
core data from the deep basin.

In addition to discharge, wind is a potential driver of lake
circulation (Krist and Schaetzl, 2001; Nutz et al., 2015; Nutz et
al.,2016; Schuster and Nutz, 2018). Because Lake Strynevatnet
is bordered by steep valley walls (>1,000 m), local winds at the
lake surface are expected to originate either from the south-
east or from the west—north-west (Figure 3). Hydrodynamic
modelling is then used to test the impact of lake currents due
to variabilities in wind strengths and directions. It can be as-
sumed that the wind strength may have varied between full
glacial and non-glacial intervals. This is especially true with
katabatic winds during glacial periods, which may have been
distinctly different from non-glacial conditions. Katabatic
winds consisting of cold air would have run down Hjelledalen,
Sunndalen and Erdalen as the valley confined winds would
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have been funnelled and amplified across the surface of Lake
Strynevatnet. Furthermore, the western winds may also have
changed in intensity during the Late Holocene.

It is hypothesized that changes in discharge and/or wind
will affect the currents in lakes Strynevatnet and Nerfloen.
Complex currents will affect the sediment concentration
patterns and the water mixing rate, thereby potentially af-
fecting the sedimentation pattern at the lake floor. To test
this hypothesis, a full 3D coupled hydrodynamic and sedi-
ment transport model was applied to simulate the water and
sediment flow under different generic wind and discharge
conditions.

6.2 | Delft3D model setup

The absence of clearly identified past input conditions in-
hibits the construction of a valid model. Boundary input
values were assumed and model applications were ap-
proached in a qualitative, rather than quantitative fashion
(main parameters used are summarized in Tables 1 and 2).
As such, three generic scenarios with varying wind forces
were designed to test hypotheses. The selected palacow-
ind conditions represent a realistic range in potential wind
forces and directions. By adding suspended sediments to
the fluvial input boundary, it is possible to describe the

TABLE 1 Delft3D input parameters
Parameter Value Unit Comment
Sediment settling 0.005 mm/s
velocity clay
Sediment settling 0.01 mm/s
velocity silt
Critical shear stress for 0.5 N/m? Silt and clay
erosion
Initial sediment thickness 0.05 m Silt
at the bed
Cell dimension 100 x 100 m
Model domain 125 X 67 x 20  voxels
Bottom roughness 65 m”/s Chezy
coefficient formulation
Input boundary type Discharge —
Outflow boundary type Water level —

Number of vertical layers 20 —
in water column

Composition basin floor — Silt —

Simulation time 1 year

Simulation time step 30 s

Morphological scaling 2 —

factor

TABLE 2 Model scenario parameter setup. Both wind
magnitudes and directions are illustrated in Figure 6

Scenario
Parameter la 1b 2 3
Fluvial water discharge (m’/s) 60 600 60 60
Sediment discharge clay (kg/m®) 0.1 0.1 0.1 0.1
Sediment discharge silt (kg/m®) 0.1 0.1 0.1 0.1

Wind velocity m/s (see Figure 6) 0 0 0.3-7.0 1.5-35.0

lacustrine sediment dynamics, mixing of the water column
and sediment trapping efficiency for all three wind scenar-
ios. In addition, by defining two grain-size fractions with
different settling velocities it becomes possible to evaluate
if the grain sizes of the suspended sediments play a role in
the sedimentation patterns of the lake. The generic Delft3D
model setup includes the lake bathymetry (Figure 3) and
a simplified setup for river inflow that includes the total
discharge of all four streams entering the lake from the
south-east.

The effect of discharge on the lake circulation was initially
assessed by imposing a water discharge of 60 m>/s (Scenario
1a) and 600 m*/s (Scenario 1b) without wind, to assess if dis-
charge alone induced circulation patterns. The imposed dis-
charge values represent a duplication of the present-day peak
discharge (60 m?/s) and a more extreme value, potentially
representing deglacial conditions (600 m’/s). Subsequently,
two wind scenarios (Scenarios 2 and 3, see Table 2) were
defined with a discharge of 60 m®/s and a dominant wind
direction approximately parallel to the lake axis (Figure 7).

Winds were set to originate from either the east—north-east
representing katabatic winds from Jostedalsbreen ice cap, or
from the west to north-west reflecting Atlantic winds fun-
nelling through Nordfjord and adjacent fjords. Hence, it was
possible to create two artificial daily wind time series using a
simple stochastic approach with identical directions but with
different magnitudes. The high-wind scenario is characterized
by a fivefold increase in wind speed compared to the low-wind
scenario.

6.3 | Simulation results and analyses

6.3.1 | Scenariol

With no winds (Scenario 1), only minor currents were gen-
erated in Lake Strynevatnet near the inflow and outflow
areas of the fluvial systems (Figure 8A). A similar inter-
pretation can be obtained from the cross-sections. Here,
generated currents are minor at all modelled water depths
with an overall direction towards the lake outlet (Figure
8B,C). To evaluate the sensitivity of the model to fluvial
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FIGURE 7 Synthetic wind climate as used for hydrodynamic

modelling to understand the current patterns in Lake Strynevatnet
under different wind conditions. The rose diagram (inset) shows the
probability for the wind direction, which is similar for the low-wind
and high-wind scenarios

discharge the imposed fluvial discharge was increased by a
factor of 10 (600 m3/s). However, the results indicate that
the increased discharge by itself did not produce a circula-
tion pattern in the lake. The main reason for this is that
the discharge at the outflow point has a similar capacity
as the discharge at the inflow point, preventing the evolu-
tion of complex circulation patterns. A poorly mixed water
column was probably generated, with sediment concen-
trations for both clay and silt increasing with water depth
(Figure 8A,J). Therefore, the simulations show that fluvial
discharge alone is insufficient to create lacustrine circula-
tion patterns.

6.3.2 | Scenario 2

The mild wind conditions of Scenario 2 resulted in a
moving water mass, local downwelling and upwelling
and contrasting flow directions for shallow and deep sec-
tions of the lake (Figure 8D through F). For example,
after 24 h of east—south-east wind (100° at 4.0 m/s) at
day 197 of the simulation, the modelled average flow ve-
locities are well below 0.05 m/s (Figure 8E). A clear 3D
circulation pattern emerges with vertical (Figure 8E) and
lateral currents (Figure 8F). Two different flow regimes
occur at depth: (a) an upper current towards the west—
north-west (similar to the modelled wind direction at
that time), and (b) a return current towards the south-east
below water depths of approximately 50 m. Downwelling
occurs along the southern shores and upwelling along the
northern shore at the location of the cross-section. The

upwelling and downwelling, as well as the return flow,
change direction if the wind direction alternates to a
western wind. As a result of the complex flow pattern
during the low to moderate wind events of Scenario 2, the
water mass is fairly well mixed and concentrations vary
little with depth (Figure 8J). However, during periods of
low wind activity, the degree of water and sediment mix-
ing decreases.

6.3.3 | Scenario 3
Scenario 3 overall shows a similar behaviour of the water
mass under the strong wind conditions (wind from the west
at 20 m/s) computed for scenario 2, yet the flow velocities are
significantly higher (Figure 8G through I). The downwelling
is also more pronounced with much higher overall flow ve-
locities ranging from 0.3 m/s at the surface to 0.1-0.2 m/s at
depth. Furthermore, the boundary between the shallow and
return flows occurs at approximately 25-30 m water depth.
Near Lake Nerfloen, where the water depth is much less, a
more local and complex flow pattern evolves (Figure 7G).
The sediment concentrations (Figure 8J) are higher than for
Scenario 2 and constant with depth, suggesting a well-mixed
water body.

Itis noteworthy that in Scenario 3 the modelled silt concen-
tration exceeds the clay concentration in Lake Strynevatnet,
while the reverse is observed in Scenarios 1 and 2.

6.3.4 | Simulated time-series analyses
Time-series analyses of the simulated scenarios show that the
lake water body reacts quickly to a shift in wind conditions.
Within 3-5 h (depending on the magnitude of the shift), a
new circulation pattern is established.

At the Nerfloen outflow point, the sediment concen-
trations for both the clay and silt sediment class increase
over time for all scenarios (Figure 9). An equilibrium con-
centration will likely evolve over time as a function of the
inflow concentration, the average residence time of the
water in Lake Strynevatnet and the sediment setting veloc-
ity. The modelling scenarios were not designed to quantify
this equilibrium concentration, yet Figure 9 shows that after
365 days, this concentration is not yet reached. Furthermore,
the modelling results show that Lake Strynevatnet is not a
perfect sediment trap. Suspended sediment is able to escape
from the lake while being transported towards Nordfjord.
This has an implication for the Holocene sediment yield
reconstruction.

The time-series of silt concentration for Scenario 3 (Figure
9) does not follow the same trend as for clay sediment concen-
tration, but it shows strong increases and decreases over short
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FIGURE 9 Time series of modelled sediment concentrations for
the three scenarios and both sediment fractions near the Lake Nerfloen
outflow point

time intervals. Further analyses of the simulation data revealed
that there were 12 wind events in Scenario 3 that led to strong
flow velocities in the shallow part of Lake Nerfloen, which

North  South North

FIGURE 8 Results of the simulations
using Delft3D showing depth averaged flow
velocities (A, D and G) and vertical flow

velocities in cross-section (B, E and H), and

@ Current direction

the associated current directions (C, F, I).
(J) The sediment concentration profiles at
the centre of the cross-sections (B, E and
H), annotated with a red star. These results
represent a snap shot in time (day 197)
where the wind has been blowing for 24 h
from the east—south-east at 4 m/s (Scenario
2) and from the same direction at 20 m/s for
Scenario 3. (E) and (H) show upwelling and
downwelling patterns

gave rise to minor erosion of the lake floor (Figure 10). Erosion
ranged between <0.1 and 6 mm per event, depending on the
wind conditions and on the location in the lake. Erosion oc-
curred for storms originating from both western and eastern
directions.

As only silt is defined as lake floor sediment (Table 1),
erosion will only affect the silt concentration in the water col-
umn. The re-suspended silt is drawn into Lake Strynevatnet
by the circulation patterns originating from both western
and eastern winds. The effective mixing of the water body
is rapidly reflected in the silt concentration across Lake
Strynevatnet (Figure 10). Within a day, the silt concentrations
in the lake centre and near the Erdalen effluent respond to the
erosion event in Lake Nerfloen. The silt concentration curve
in the lake centre is quite smooth as mixing of the water body
is highest at this location. Near the Erdalen effluent, the silt
concentration curve is more volatile due to changes in the
wind direction with time that affects the local mixing rate of
fluvial derived and lake waters.

The simulated sediment accumulated rates for Scenarios
1-3 are plotted in Figure 11. A clear proximal to distal
trend in sediment accumulation rate arises for Scenarios 1
and 2, where the rates are highest near the Erdalen effluent.
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FIGURE 10 Time series of 0.01
modelled silt concentrations for Scenario
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FIGURE 11 Simulated cumulative sediment accumulation

in Lake Strynevatnet after one simulation year using Delft3D. The
patterns show a clear shift from a proximal to distal decrease in
sedimentation for no wind and low-wind conditions, while the strong
wind conditions generate a uniform sediment thickness

The absence of wind-driven lake circulation patterns for
Scenario 1 leads to higher proximal deposition rates and
lower distal deposition rates. This trend in deposition rate
also occurs in Scenario 2, but compared to Scenario 1, more
sediment is deposited in the distal (western) area of Lake
Strynevatnet. Wind-induced circulation patterns in the lake
affect the deposition pattern, but not to the extent that the
proximal to distal trend is overprinted. For Scenario 3 it is
evident that the many wind-events that occur during the
year have fully overprinted the proximal to distal trend

100 150 200 250 300 350
Days

resulting in more homogeneous sediment accumulation
rates across the lake.

6.3.5 | Estimated trapping efficiency

The absolute trapping efficiency of Lake Strynevatnet for
suspended sediment is unknown. The numerical simula-
tions do, however, provide a first estimate of the trapping
efficiency for the three scenarios as the supplied and pre-
served sediment volume can be directly compared. The
simulated sediment trapping efficiencies for Scenarios
1-3 over the final 2 months of the simulated year are re-
spectively 0.82, 0.76 and 0.68. The trapping efficiency for
Scenarios 1-3 for clay only are respectively 0.72, 0.65 and
0.61 and for silt 0.93, 0.87 and 0.74. The numbers show
that the trapping efficiency is higher for silt than for clay
sediments and that the trapping efficiency decreases with
the strength of the wind-induced currents. Over time, it is
likely that the simulated trapping efficiency decreases fur-
ther as Figure 9 shows that the sediment concentrations at
the outflow point of Lake Strynevatnet are still rising to-
wards the end of the simulation.

7 | RECONSTRUCTED SEDIMENT
YIELD FOR UNIT U3

The average suspended sediment yield can be calculated
based on the reconstructed sediment volumes interpreted
from the geophysical data. In order to do that, we need to
assume a dry-bulk sediment density and a sediment trap-
ping efficiency. Vasskog ef al. (2012) reported a sediment
dry-bulk density in Lake Nerfloen, the shallow extension
of Lake Strynevatnet, ranging between 400 and 700 kg/
m?, for sediments overlying the Storegga events (see fig. 3
in Vasskog et al., 2012). In the absence of direct dry-bulk
sediment density measurements in Lake Strynevatnet, this
study uses the average value of the measured dry-bulk sedi-
ment density value of 517 kg/m3 based on values reported
by Vasskog et al. (2012). This average value is in agreement
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with the dry-bulk density estimates based on granulometric
measurements of fine silt to clay (Verstraeten and Poesen,
2001) and falls within the range of dry bed sediment den-
sities for Drammensfjord (250-700 kg/m3; Smittenberg et
al., 2005). In addition, it is necessary to correct the mapped
sediment volumes of unit U3 for the trapping efficiency
of the suspended sediment in Lake Strynevatnet. The esti-
mated trapping efficiency of 0.7 is slightly lower than the
calculated value for Scenario 2 which represents clay and
silt combined, as suspended sediment concentrations at the
outflow point of Lake Strynevatnet are still rising (Figure 9).

In order to calculate the sediment yield for unit U3, a
catchment area of 440 km? is used, representing all catch-
ments of Lake Strynevatnet (Figure 1). Based on the above
assumptions regarding dry-bulk density and trapping effi-
ciency, it is estimated that since 8150 cal yr Bp, 5.0 t/kmz/year
of sediment has been supplied to Lake Strynevatnet.

The contemporary suspended sediment yield values for
Erdalen valley (16.4 t/kmz/year; Beylich et al., 2017) ap-
pear to be much higher than the overall value of the past
8150 years. This might suggest that the current glacier re-
treat results in a higher sediment yield than that obtained over
the past 8150 years, which includes a glacier-free period.
Compared to other partly glaciated drainage basin systems in
Norway and in other cold climate environments worldwide,
the contemporary suspended sediment yield measured for
Erdalen is rather low (Beylich et al., 2017).

8 | DISCUSSION
This study indicates the value of combining detailed map-
ping of lake infill sediments and a thorough understand-
ing of the associated hydrodynamic processes in the lake.
The variability in hydrodynamic processes can be better
understood by utilizing numerical process models, assum-
ing there is a basic bathymetric map available. The seismic
lake infill characterization serves as quality control of the
numerical process models. The ongoing challenge is how
to operate these numerical models in the absence of any
hydrodynamic monitoring data to validate and calibrate
model parameters. There are still many lakes in the world
where we lack a basic bathymetric map and have no insight
into the sediment infill, nor are there any hydrodynamic ob-
servations or monitoring data. Global climate models can
provide us with some general climate data on precipitation,
temperature and wind which may be enough to improve
our understanding of lake hydrodynamics and associated
morphodynamics. Yet in order to assess the results of the
hydrodynamic models there needs to be an understanding
of the lake bathymetry and sediment infill.

Specifically, for lakes that are under threat of future cli-
mate change (including the effects of lake-level variations,

and variations in sediment and water discharge), in com-
bination with an overall increasing human population and
associated dependency on lake resources (fresh water, fish
farming, irrigation, etc.) a combination of numerical model-
ling and geophysical characterization (which are both low-
cost) will provide valuable insight into lake hydrodynamics
which will benefit future management of lake waters.

The geophysical data presented in this paper show that
unit U3 consists of three subunits with clearly differentiated
stratigraphic signatures. The Delft3D simulation data pro-
vide a qualitative explanation for such observed trends re-
lated to wind patterns and wind-induced currents. Sediment
distribution observations for subunits U3a-U3c suggests
a pattern of alternating strong and weak wind conditions.
Vasskog et al. (2012) discussed the presence of distinct gla-
cial and non-glacial conditions during the past 8000 years
in the catchment area of Lake Strynevatnet. In the absence
of a core and absolute age dating of the three subunits, it
is only possible to speculate whether the formation of sub-
units U3a-3Uc are related to the variable Holocene glacial
conditions of Jostedalsbreen (Nesje ef al., 1991; Nesje and
Kvamme, 1991) and related Holocene regional climate vari-
ability (Karlén and Kuylenstierna, 1996). Palaeoclimate
reconstructions typically address past temperature and pre-
cipitation patterns yet provide very little information on pa-
laeowind conditions. This study shows that changes in wind
patterns (either originating from the Atlantic side or kata-
batic in origin) will clearly affect lake depositional patterns,
which provides an as yet untapped potential stratigraphic
archive that can contribute to an improved understanding of
palaeoclimate (Krist and Schaetzl, 2001; Nutz et al., 2015;
Nutz et al., 2016; Schuster and Nutz, 2018).

The numerical model study only focused on simulating
wind-induced currents, the associated spatial and temporal
sediment concentrations and the resulting sediment accumu-
lation thickness, ignoring potential complicating factors such
as mass failures along the steep lake valley walls, hyperpyc-
nal events or density driven currents, temperature induced
lake circulation or the effects of surface ice on lake circu-
lation. The model returned qualitative results and allowed
the wind to be identified as an important force that clearly
affects the depositional patterns in the lake. It also shows that
winds from both directions have a similar effect on the lake
circulation. In addition, it has become evident that erosion
resulting from wind-induced currents must have affected the
shallow Lake Nerfloen confirming the findings of Vasskog
et al. (2012).

9 | CONCLUSIONS

e The present study combines geophysical data and nu-
merical model data to increase our understanding of
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palaeocurrent patterns in Lake Strynevatnet.

e Three seismic units and their ages are identified in Lake
Strynevatnet. A chronological framework is obtained from
other studies (a) unit Ul: marine and lacustrine deposits
11000-8150 cal yr BP), (b) unit U2: Storegga-tsunami de-
posits (8150 cal yr BP), and (c) unit U3: lacustrine depos-
its (8,150-present). The latter unit can be subdivided into
three based on differences in geometry and seismic facies.

e Preserved sediment volumes have been reconstructed for
each of the three units and subunits based on the seismic
data. The total minimum volume of sediments imaged and
mapped in the Strynevatnet Basin is 0.0537 km®. The sum
of unit U1 and U2 represent 55% of the preserved sediment
volume (0.0293 km3) while unit U3 represents 45% of the
total sediment volume (0.0244 km3). Of that latter volume,
subunit U3a represents 21%, U3b provides 31% and U3c
represents 48%.

e Based on the hydrodynamic modelling results of wind-in-
duced circulation patterns, it is possible to conclude that
wind magnitude, not wind direction, affects the sediment
dispersal system on the lake floor. Weak winds lead to
a typical trend in sedimentation rate from high near the
river effluent to low in settings that are more distal. Strong
winds are more effective at mixing the upper part of the
water column, which results in a homogeneous sedimenta-
tion rate across the lake.

e Based on the comparison between the sedimentation pat-
tern in the lake and the hydrodynamic simulation pre-
sented here, it is proposed that the glaciation history of
Jostedalsbreen has had an impact on the strength of the
katabatic winds during the past 8150 years.

e Model results show that the trapping efficiency in Lake
Strynevatnet for suspended sediments decreases with mod-
elled wave-induced current velocities in the lake (from
0.82 when the wind is absent to 0.68 for strong winds).
Furthermore, trapping efficiency for silt is higher than for
clays due to the difference in settling velocities.

e The calculated yield for fine sediment (suspended) is 5.0 t/
kmzlyear (post 8150 cal yr BP). Measured present-day val-
ues are 16.4 t/kmz/year.

e Changes in wind patterns (either originating from the
Atlantic side or katabatic in origin) will affect lake deposi-
tional patterns, which provide an as yet untapped potential
to improve our understanding of palaeoclimates in strati-
graphic studies.
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