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ABSTRACT

Seismic surveys were conducted and bathymetric data obtained from four

alpine lakes in Switzerland. The curvature of the delta slopes was analysed

with mathematical equations. Linear or exponential pro®les are observed,

representing planar or concave morphologies respectively. Planar pro®les are

interpreted to represent sediment that rests at the angle-of-repose. The slope

angle of these pro®les shows a correlation with sediment calibre. Exponential

pro®les do not show a clear correlation between sediment calibre and slope

angle; they do not rest at the angle-of-repose, and different kinds of sediment

can rest at the same slope angle. At the transition from lower slope to toe-

of-slope, the exponential equation fails to predict the present-day morphology.

The toe-of-slope lies above the predicted trend. This is attributed to a drastic

increase in turbidite deposition that provides additional sediment and raises

the basin-¯oor pro®le above the predicted trend. The breaks between delta

plain and slope are sharp, re¯ecting an abrupt change from transport by river

¯ow and waves to gravity-driven transport. In these lakes, the base-level

¯uctuations relative to supply are small and insuf®cient to alter this sharp

topographic break. The absence of sigmoidal pro®les on the Swiss deltas is

attributed to the high rate of progradation coupled with small ¯uctuations in

base level.

Keywords Deltas, glacial lakes, lacustrine sedimentation, morphology, slopes,
Switzerland.

INTRODUCTION

The explanation of the origin of seismic re¯ection
patterns is a recurrent problem in seismic inter-
pretation. An important issue is the interpretation
of the geometry of clinoforms in seismic sections
in terms of style of deposition. Adams & Schlager
(2000) proposed a hypothesis that a sigmoidally
curved slope pro®le results from the interference
between wave-dominated shelf transport and
gravity-driven slope transport on the upper por-
tion of the slope. This interference might be the
result of base-level ¯uctuations. Strongly pro-
grading systems or systems in which the shelf

break is ®xed (Adams et al., 1998) are not
disturbed at the shelf break by this interference,
and will therefore have a concave or planar slope
morphology (Fig. 1). In the present report, this
hypothesis is tested by studying the morphology
and curvature of delta slopes in Swiss lakes.

Since Gilbert (1890) published his classical
model of a prograding delta, numerous studies
have focused on the depositional architecture of
deltas (e.g. Postma, 1990), the processes acting in
and on delta regimes (Nemec, 1990a; Prior &
Bornhold, 1990) and the in¯uence of sediment
grain size on deltaic processes (e.g. Orton &
Reading, 1993). Kenyon & Turcotte (1985) were

Sedimentology (2001) 48, 661±679

Ó 2001 International Association of Sedimentologists 661



among the ®rst to model delta fronts numerically
and to compare results with the geological record.
Extensive modelling of the stratigraphic sequence
geometry of clinoforms has been carried out (Ross
et al., 1995; Pirmez et al., 1998; Driscoll & Karner,
1999). However, quantitative and empirical stud-
ies on slope morphology have received less
attention.

Alpine lakes in Switzerland (Fig. 2) are ideal
systems within which to analyse the subaqueous

slope morphology of lacustrine deltas and to
study sedimentary processes acting in delta and
basin environments; they can be viewed as
analogues for small ocean basins (Hs�u & Kelts,
1985) that are easy to monitor and study. Study-
ing glacial lakes has the following advantages:

1. Alpine lakes, formed by glacial erosion, are
®lled with sediments at the end of a glacial period
and during interglacial periods; sedimentation

Fig. 1. Schematic cross-sections of
prograding deltas. Sigmoidal pro-
®les represent regular planar or
concave-upward curvatures whose
upper parts have been disturbed at
the shelf break during base-level
¯uctuations. Wave-dominated
transport on the shelf interferes with
gravity-driven transport on the
slope. (A) Rapidly prograding deltas
exceed the ¯uctuations in base level
and have concave-upward curva-
tures in cross-section. (B) Fluctu-
ation in base level exceeds
progradation rates, resulting in
sigmoidal pro®les.

Fig. 2. Map of Switzerland showing the distribution of lakes and major rivers. The boxes indicate the lakes studied
in this report.
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rates are high in these alpine settings, producing
rapidly prograding delta sequences.

2. There is a good record of lake-level ¯uctu-
ation. Average daily, monthly and yearly values
of the lake-level position have been recorded
since 1870.

3. There is good control on the `oceanographic'
setting, such as major wind and current direc-
tions.

4. The recent history (including major slides
and earthquakes) is well known in these areas.

In the present paper, the origin of delta slope
morphology is examined, the processes acting
in and on this depositional environment are
reviewed, the in¯uence of sediment calibre on
slope morphology is examined and the signi®-
cance of these lacustrine slopes as models of
submarine slopes is discussed.

SETTING

The genesis of alpine lake basins in Switzerland
is variable (for a discussion, see Finckh et al.,
1984). In general, however, these basins owe their
present condition to glacial erosion of valleys and
subsequent sedimentation during the ®nal stages
of the last glacial periods and interglacial periods.
Although sediments were deposited into these
lakes before the W�urm glacial period (Finckh &
Kelts, 1976), only those of Holocene age are
considered here. The morphology of these basins
is more or less similar (see Table 1 for a summary
of geomorphological parameters):

1. Alpine lakes have an elongate shape with
steep lateral mountain slopes and axial deltas or
out¯ows.

2. Distinct alluvial Gilbert-type deltas (Gilbert,
1890) are formed in front of the main tributaries.
These input points provide most of the sediment
in¯ux.

3. Along the steep lateral mountain slopes,
scree-apron deltas (Nemec, 1990b) are formed by
lateral input points, which do not contribute
much to the total amount of sediment delivered to
the lake basins.

4. The main part of these lakes consists of a ¯at
ponded basin ¯oor.

5. The lakes are oligotrophic as a result of
infusion of oxygen-rich surface waters entrained
in turbidity currents (Sturm & Matter, 1972).

6. Thermal strati®cation occurs in summer,
complete mixing in winter.
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7. Strong thermal winds (6±11 m s)1) blow
from the alpine range (Foehn winds). This is not
the dominant wind direction but is one of the
strongest wind systems in the Alps.

METHODS

Seismic pro®ling

High-resolution seismic pro®ling was conducted
with a 3á5-kHz single-channel pinger containing
four piezoelectric transducers. This pinger was
loaded between two parallel in¯atable hulls and
pulled at a distance of 30 m from an in¯atable
Zodiac boat. Shot intervals were set at 0á5 s,
triggered by a seismic processor (Octopus Marine
360). After A/D conversion, the signal was gained,

bandpass ®ltered (1400±6500 Hz) and printed
with a graphic recorder (EPC 1086). The un®l-
tered analogue seismic signal was converted by
the seismic processing unit into digital format at
a sampling rate of 42 ls and stored on 8 mm
Exabyte tapes in SEG-Y format. GPS co-ordinates
were recorded and stored into the trace header.
On a workstation, the digitally recorded data were
processed using SPW processing software for
Macintosh. Navigation was performed by map
and GPS readings.

RESULTS

The four lakes studied are Lake Uri (Urnersee),
which is the south-eastern branch of Lake
Lucerne (VierwaldstaÈttersee; Fig. 3A), Lake

Fig. 3. Bathymetric maps. (A) Map
of Lake Uri with the Reuss delta in
the south and the Muota delta in the
north. Note the tracklines of the
seismic pro®les. (B) Map of Lake
Brienz with the Aare delta in the
north-east and the L�utschine delta
in the south-west. Note the trackline
of the seismic pro®le. Contour lines
are given in metres above sea-level.

664 E. W. Adams et al.

Ó 2001 International Association of Sedimentologists, Sedimentology, 48, 661±679



Brienz (Brienzersee; Fig. 3B), Lake Thun (Thu-
nersee; Fig. 4A) and Lake Constance (Bodensee;
Fig. 4B). Seismic surveys were conducted on
Lake Uri and Lake Brienz; bathymetric data were
obtained from Lake Thun and Lake Constance.

This presentation of results begins with the
description of seismic and bathymetric data,
followed by an analysis of slope curvature.
Finally, information on sediment calibre and
lake-level ¯uctuations is given.

Lake Uri

Lake Uri (Fig. 3A) is 11 km long, 1±3 km wide
and has a maximum depth of 200 m. Two main
rivers, the Reuss in the south and the Muota in
the north, provide most of the sediment in¯ux
and make distinct deltas in Lake Uri. Four
3á5 kHz single-channel seismic pro®les were
taken (the tracklines are shown in Fig. 3A).

Line 1 started in the basin in front of a smaller
tributary, the Sisikon delta. Slump deposits
derived from this lateral delta created relief on
the basin ¯oor (Fig. 5). Towards the Reuss delta,

Fig. 4. Bathymetric maps. (A) Map of Lake Thun with the Kander delta in the north-west. (B) Map of Lake Constance
with the Rhine and Bregenzer Ach deltas in the south. Note the tracklines of the bathymetric pro®les. Contour lines
are given in metres above sea-level.
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the Bauen delta (another lateral delta) has also
in¯uenced the topography of the basin. Re¯ec-
tions onlap against and drape over this topogra-
phy. A layered seismic facies is observed only at
the toe-of-slope and basin ¯oor (Fig. 5). Layered
sediments are ®ne and the surfaces suf®ciently
smooth to allow seismic energy to penetrate. At
the toe-of-slope of the Reuss delta, deformed
layering is evident (Fig. 5), interpreted to origin-
ate from slumping and creeping of turbidite
deposits. On the lower slope, parabolic re¯ections
are seen (Fig. 5), interpreted to be caused by
ridges and gullies. On the upper slope, no such
subsurface re¯ections are observed (Fig. 5) since
coarse material re¯ects nearly all energy and
creates many overlapping diffraction hyperbolae.
Therefore, the absence of subsurface re¯ections
on this steep upper slope might result from the
presence of coarse material, such as coarse sand
and gravel. Additionally, the large amount of
organic matter brought in by the river might also
cause a high content of free gas in the sediments,
which does not favour penetration of the acoustic
signal.

On the upper slope, which has a maximum
slope angle of 14°, erosional pits are observed
(Fig. 5). These pits are not submarine channels,
but are formed by gravel mining. Line drawings of
line 1 and line 2 (Fig. 6) show the morphology of
the upper slope with gravel pits from 45 m to
72 m water depth, and delta channels up to 25 m
deep. Line 3 (Fig. 7) crosses line 1 obliquely and,
again, the in¯uence of the Bauen delta can be
seen on the relief of the basin.

A large slump is observed at the base of the
Muota delta (Fig. 8) (cf. Siegenthaler & Sturm,
1991). The head of this slump deposit is 2 km
from the delta front. Siegenthaler & Sturm (1991)
interpreted this slump event to have occurred on
the evening of 23 September 1687. The impact of
the slump triggered a surge with a height of 5 m.
The Muota delta has been inactive since this
event, and the resulting sharp nick of the slump
scar is still evident. A drape of mud on the middle
slope and slumps on the lower slope are the only
evidence of sedimentation after this event
(Fig. 8). A drape of ®ne sediment (distal turbi-
dites?) is observed on the inactive toe-of-slope.
Creep has deformed the basal part of this drape.

Fig. 5. Seismic line 1 across the basin ¯oor and Reuss delta of Lake Uri. The topography on both sides of the basin
¯oor results from sediment transport from lateral deltas, i.e. the Sisikon delta and the Bauen delta. The channel-like
features are created by gravel mining. Note the change in line direction.
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Fig. 7. Seismic line 3 across the basin of Lake Uri. The relief in the centre of the basin is created by sediment
transport from the Bauen delta. Note the steep lateral slopes created by glacial erosion.

Fig. 6. Seismic line 2 across the
Reuss delta of Lake Uri. (A) Line
drawings of lines 1 and 2 show the
gravel pits and submarine channel
of the Reuss delta. (B) Seismic line 2
shot across the slope and delta front
of the Reuss delta. Note the steep
upper slope, gullies and gravel pits.

Morphology and curvature of delta slopes 667
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Lake Brienz

Lake Brienz (Fig. 3B) is 14 km long, 2±3 km wide
and has two main in¯ows: the Aare and the
L�utschine. These two rivers provide Lake Brienz
with most of its sediment in¯ux and make
distinct deltas in the north-east and the south-
west respectively. Around 1900 AD, the in¯ow
of the Aare was moved »500 m southwards
(Fig. 3B). Scree-apron deltas (Nemec, 1990b) are
observed along the steep lateral slopes, and the
main part of the lake consists of a ¯at ponded
basin ¯oor with a depth of 260 m.

A seismic pro®le is shown in Fig. 9 (cf.
Schmidt, 1998). The upper slope of the Aare
delta has a maximum slope angle of 17°.
A depositional centre, represented by a zone of
low-amplitude re¯ections, is observed below the
upper slope. The lower slope is cut by gullies
and, at the toe-of-slope, deformation by creeping
and slumping of turbidite deposits can be seen. In
the south-western part of this pro®le, turbidite

deposits of the Aare and L�utschine delta appar-
ently inter®nger (Fig. 9; Sturm & Matter, 1978;
Schmidt, 1998). The south-western end of the
pro®le shows the toe-of-slope of the L�utschine
delta, deformed by creeping and slumping. The
morphology of the L�utschine delta was obtained
from bathymetric data (Sturm, 1976).

Lake Thun

Lake Thun (Fig. 4A) is 18 km long, 2±3 km
wide and has a maximum depth of 215 m. Two
major rivers, the Aare in the south-east and the
Kander in the north-west, supply the majority of
the water to this basin. However, as the Aare is
connected to Lake Brienz where it deposits
most of its sediment, the sediment in¯ux to
Lake Thun is mostly provided by the Kander.
A delta is formed in front of this river. Its
bathymetry was obtained from the literature
(Sturm & Matter, 1972). The Kander has ¯owed
into Lake Thun only since 1714. Since then, a

Fig. 8. Seismic line 4 across the basin ¯oor and Muota delta of Lake Uri. The slump deposits, deposited by the
Sisikon delta, can be seen in the south of the pro®le. Note the large buried slump mass and the sharp nick point of the
slump scar at the toe-of-slope.
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concomitant increase in turbidity current activity
has changed the environment of the deep lake
from eutrophic to oligotrophic as a result of the
infusion of oxygen-rich surface waters entrained
in turbidity currents (Sturm & Matter, 1972).
The main part of the lake consists of a ¯at
ponded basin ¯oor.

Lake Constance

Lake Constance (Fig. 4B) is located on the bound-
ary between Germany, Austria and Switzerland
and is an order of magnitude larger than the other
three lakes described above. One of Europe's
largest rivers, the Rhine, ¯ows into this 45-km-
long, 7- to 14-km-wide and 250-m-deep lake. The
entry point of the Rhine was arti®cially altered in
1900 AD, and a distinct Gilbert-type delta has
formed in front of this new inlet. Bathymetric
data were obtained from this part of the lake
(Meixner, 1991). Two pro®les were constructed
from these charts: a pro®le across the Rhine delta
and one across the Bregenzer Ach delta.

Curve-®tting the delta slopes

The curvature of the delta slopes was analysed by
®tting equations to them. In a survey of the recent

morphology of submarine slope pro®les, it was
found that three simple mathematical equations
can describe planar, concave and sigmoidal ®rst-
order morphologies (cf. Adams & Schlager, 2000).
A concave pro®le is best described by an expo-
nential function, whereas a Gaussian distribution
was found to ®t a sigmoidal morphology well.
The most simple slope geometry is a planar
surface, which in cross-section is described by
the equation of a straight line. The lower slope of
such planar pro®les passes into the horizontal by
a segment of concave curvature, which is again
well described by an exponential function. The
boundary between the planar upper slope and
the exponential lower slope is determined at the
point of deviation from the linear trend.

In order to curve-®t the delta slopes, the lake-
¯oor pro®le of the seismic pro®les was digitized
and two-way travel time converted into depth by
using 1á50 km s)1 as the sonic velocity of water.
All three equations described above are curve-
®tted to each digitized delta slope. A v2-test and
correlation coef®cients from non-linear least-
squares regression were used to determine which
equation best ®tted the pro®le. The slope is
de®ned as the area between the break and the
toe-of-slope, which are de®ned in strict analogy to
shelf break and continental rise respectively. The

Fig. 9. Seismic line 10 across the basin and Aare delta of Lake Brienz. A depositional centre is observed below the
steep upper slope at 0á2 s. This depositional centre is interpreted as being a mud bulge, because it is represented by a
zone of low-amplitude re¯ections. The lower slope is dissected by gullies and, at the toe-of-slope, deformation of
turbidite deposits can be seen. In the south-western part of this pro®le, turbidite deposits of the Aare and L�utschine
deltas inter®nger. The strange seismic pattern in the SW part of the large pro®le is arti®cial.
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break is de®ned as the point of marked increase in
gradient relative to the delta plain (Vanney &
Stanley, 1983). The upper limit of the toe-of-slope
is de®ned as the point where the angle of the
slope drops below the tangent of 0á025 (Heezen
et al., 1959).

The four lakes studied contain seven deltas (see
Table 1). The slope pro®les of these seven deltas
and their curve-®ts are plotted in Fig. 10. Five
pro®les are best ®tted with a combination of the
equation of a straight line ®tted to the upper slope
and an exponential function ®tted to the lower
slope (Fig. 10A±E). The maximum slope inclina-
tion of the planar upper slopes varies from 14° to
26°. The lower slopes, which are gullied, follow
the exponential trend. However, the surface of
these pro®les is somewhat irregular. The two
pro®les of Lake Constance show a good ®t with

the exponential function ®tted to the whole
pro®le (Figs 10D and 10F). The maximum slope
inclination, measured at the upper slope of these
pro®les, is 6°.

The origin and quality of the data differ for the
seven delta slopes studied. Three pro®les were
taken from seismic pro®les. Four pro®les were
taken from bathymetric charts with different
resolutions: two with 10 m and two with 1 m
contour spacing. Despite these different resolu-
tions, however, all observed breaks between the
topset delta plain and the delta slope are sharp
(Fig. 11).

Sediment calibre

A triangular diagram shows the sediment calibre of
the deltas (Fig. 12). Lakes Uri, Thun and Brienz

Fig. 10. Curve-®ts of slope pro®les.
Dots are measured slope data; lines
are curve-®ts. (A±E) Combination of
the equation of a straight line ®tted
to the upper slope and an exponen-
tial function ®tted to the lower
slope. (F and G) Exponential curve
®tted to the whole pro®le. (D) Data
from Sturm (1976). (E) Data from
Sturm & Matter (1972). (F and G)
Data from Meixner (1991).
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have more or less the same sediment calibre (Sturm
& Matter, 1972, 1978; Siegenthaler & Sturm, 1991).
The delta plains of these three lakes consist of sand
and gravel. The upper slopes are sand dominated,
the lower slopes silt dominated. The basins consist
of varved sediments of alternating laminated mud
and silt layers, with intercalations of sandy turbi-
dites. Sediments in Lake Constance are ®ner
grained and better sorted (M�uller, 1966; FoÈrstner
et al., 1968). The slopes consist mostly of ®ne
sand. Gravel and mud are absent.

Lake-level ¯uctuation

The ¯uctuation in base-level in alpine lakes is
determined by two factors: the ¯uctuation in lake
level, which is mostly determined by the vari-
ation in total water discharge, and the effective
wave base of wind-generated waves.

The measured lake-level ¯uctuations of the last
century are shown in Fig. 13. In Lake Brienz
and Lake Constance, the lake-level ¯uctuation
between summer and winter is 1 m and, over
years and decades, is 2 m. In Lake Uri and Lake
Thun, the lake level ¯uctuates 0á4 m between
summer and winter and 1 m over years and
decades. With wind speeds of the order of
6±11 m s)1 and a fetch of 10±40 km, the effective
wave base (»50% of the wave length) is of the
order of 1á5±4 m (Sly, 1978; Bearman, 1989).
Therefore, the total base-level ¯uctuation in these
lakes reaches to a depth of about 2á5±6 m.

DISCUSSION

The goal of studying alpine lakes is to use these
natural laboratories for studying the depositional
anatomy of lake deltas and to compare these
®ndings with submarine slopes. In this section,
the sedimentary processes acting in alpine lakes
are examined, followed by the in¯uence of
sediment calibre on delta-slope morphology.
Finally, the relevance of these lacustrine delta
slopes for the interpretation of submarine slopes
is discussed.

Sedimentary processes

Six depositional zones can be recognized in these
lacustrine basins: an alluvial topset plain; a
planar upper slope; an exponential lower slope;
a toe-of-slope; a basin ¯oor; and a lateral slope.
The processes acting in these depositional zones
are reviewed below.

Fig. 11. Details of the upper slopes of the deltas shown
in Fig. 10. All have sharp breaks between delta plain
and slope. The origin and quality of the data vary. The
Reuss and Aare deltas were taken from seismic pro®les.
The L�utschine and Kander deltas were taken from
bathymetric pro®les with 10-m contour spacing. The
Rhine and Bregenzer Ach deltas were taken from a
bathymetric chart with 1-m contour spacing. L�utschine
delta, data from Sturm (1976); Kander delta, data from
Sturm & Matter (1972); Rhine and Bregenzer Ach del-
tas, data from Meixner (1991).

Fig. 12. Triangular composition plot. The upper slopes
of the deltas are all sand dominated, and the lower
slopes are silt dominated. Data from FoÈrstner et al.
(1968), Siegenthaler & Sturm (1991) and Sturm & Mat-
ter (1972, 1978).
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Alluvial plain

On the alluvial plain, coarse sediments are depo-
sited, whereas the ®ner fractions are transported to
the delta front by rivers. At the delta front, the cold
dense water of the in¯ow loses its power, and the
sand fraction is deposited on the upper slope. The
®ner sediments stay in suspension and are trans-
ported in density currents further into the lake and
settle on the basin plain. Owing to the summer
density strati®cation, some of these density cur-
rents travel into the lake as inter¯ows (Sturm &
Matter, 1978); others travel downslope as turbidity
currents. More powerful and higher discharges,
resulting from heavy rainfalls or spring meltwater,
can bring gravel and coarse sand to the delta front
where it is deposited on the upper slope.

Planar upper slope

The upper slope consists predominantly of sand,
with minor amounts of gravel, silt and clay. The
planar shape of the upper slope is interpreted as
being at the angle-of-repose. Non-cohesive planar
slopes at the angle-of-repose behave as one
system in a self-organized critical state (Bak et al.,
1988); a minor addition of sediment may lead to
adjustments of grain packing anywhere on the
slope. The slope inclination is ®xed for these
systems, and the sediment transport rate adjusts
to maintain these maximum slope inclinations,
i.e. the transport rate by avalanches, the dominant
slope process, increases with an increase in
sediment delivery to this critical pile (Allen,
1970).

Fig. 13. Fluctuations in lake level
in the last century for the four Swiss
lakes. (A) Lake Uri. (B) Lake Brienz.
(C) Lake Thun. (D) Lake Constance.
Data obtained from the Swiss
National Hydrological and Geologi-
cal Survey. Upper line ± summer
month of highest water level
(normally June); lower line ± winter
month of lowest water level
(normally February).
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Exponential lower slope

Sediment, transported by avalanches on the
upper slope, comes to rest on the non-critical
lower slope. Turbidity currents generated on the
upper slope, or triggered by avalanches, which
arrive from the upper slope, shape the lower
slope. The exponential curvature of this part of
the slope is attributed to the exponential decay of
transport capacity or competence of the signi®-
cant transport mechanisms (mainly turbidity
currents). Whether the capacity or the compet-
ence of these transport processes is the main
control remains open (cf. Hiscott, 1994). The zone

of low-amplitude re¯ections below the planar
upper slope of the Aare delta in Lake Brienz
(Fig. 9) is interpreted as being a depositional
centre where ®ne muddy sediments from suspen-
sion plumes and inter¯ows accumulate. If this
pile reaches its critical angle, slope failure occurs,
and turbidity currents are triggered, which in turn
¯ow through the gullies and deposit their load on
the basin ¯oor.

Toe-of-slope

At the transition from gullied lower slope to
toe-of-slope are the ®rst continuous subsurface

Fig. 14. Start of major turbidite
deposition at the transition from
lower slope to toe-of-slope. (A) Aare
delta in Lake Brienz; lateral scale is
4000 m. The ®rst appearance of
subsurface re¯ections is observed at
the transition from gullied lower
slope to toe-of-slope. A layered
seismic facies onlaps the gullied
lower slope. (B) Log-log plot of
digitized data from three delta
slopes ®tted with an exponential
function. At the toe-of-slope, a sys-
tematic deviation can be seen, in
that the distal part of the slope lies
above the predicted exponential
trend. These points are at the same
location as the appearance of the
®rst subsurface re¯ections, which
have an angle of 1á4±1á6°. This
deviation is attributed to a drastic
increase in turbidite deposition at
this slope angle, which raises the
basin ¯oor above the predicted
trend.
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re¯ections. This layered seismic facies onlaps the
gullied lower slope (Fig. 14A). The ®rst appear-
ance of subsurface re¯ections is interpreted as a
drastic increase in turbidite deposition, not as a
lateral change into an opaque facies resulting
from a lateral change in grain-size (Schlager &
Chermak, 1979). Figure 14B shows a semi-log
plot of digitized data from the lower slope and
toe-of-slope of the Reuss and Aare deltas. An
exponential trend plotted on semi-log paper
plots as a straight line. At the toe-of-slope, these
pro®les exhibit a systematic deviation, in that the
distal part of the slope lies above the predicted
exponential trend. The points of deviation from
the exponential trend coincide with the appear-
ance of the parallel re¯ections and have an angle
of 1á4±1á6°. The deviation from the exponential
trend is attributed to the start of major turbidite
deposition, raising the basin ¯oor above the
predicted trend (Schlager & Camber, 1986). From
the limited information available on sediment
texture, it cannot be inferred whether the coarse
fraction is already deposited on the slope and
only the ®ner fraction bypasses the slope, but a
drastic increase in turbidite deposition probably
starts at the point of deviation. The slope angle at
this point agrees with the de®nition of the
boundary between continental slope and contin-
ental rise of Heezen et al. (1959). Creeping and
slumping can deform these turbidite deposits,
which indicates that deposition from turbidity
currents alone does not necessarily lead to a
stable slope pro®le.

Basin ¯oor

At the basin ¯oor, ®ne perennial sediments and
turbidites are deposited. Slump deposits derived
from the lateral slopes create topographic highs
on the basin ¯oor that are onlapped by turbidites
and draped by perennial sediments.

Lateral slope

Most of the sediment in¯ux is provided by the
axial deltas (i.e. a delta prograding in the direc-
tion of the long axis of the lake). However, where
lateral rivers deposit sediment, scree-apron deltas
are formed, which can be viewed as the under-
water extension of mountain-scree slopes
(Nemec, 1990b). The in¯uence of this lateral
deposition increases in a basinward direction,
i.e. the small tributaries do not in¯uence the
progradation of the major deltas. Slump deposits
derived from these lateral slopes create topo-
graphic highs on the basin ¯oor.

Slope curvature and sediment calibre

It is evident that an exponential function or a
combination of a straight-line segment with an
exponential segment describes the slope pro®les
of the lacustrine deltas well. It is noted further-
more that the planar segments of the slope
pro®les are best interpreted as sediments that
rest at the angle-of-repose. The most important
factor in¯uencing the angle-of-repose of sedi-
ments is the sediment texture, i.e. grain-size,
sorting, shape (Chandler, 1973; Kirkby, 1987;
Kenter, 1990). Kirkby (1987) estimates the angle-
of-repose for sand- and silt-dominated sediments
to be 25°, and that of clay-dominated sediments to
be 10° (Fig. 15). The ®ve linear silt- and sand-
dominated slope pro®les in this study have
maximum slope angles ranging from 14° to 26°,
in the range predicted for silt- and sand-rich
systems.

The Rhine delta of Lake Constance consists of
terrigenous sand and silt (Fig. 12). The entry
point of the Rhine was changed arti®cially in
1900 AD. Since then, the delta slope has pro-
graded 1800 m into water 60 m deep (M�uller,
1966). The maximum slope angle of the exponen-
tial pro®les is 6°. The upper slope cannot be
described by a linear equation, and the measured
slope angle does not agree with the angle-of-
repose for silt- and sand-dominated slopes.
M�uller (1966) reported that the Rhine delta has
become steeper with time. It is surmised that the
system has not yet reached its maximum inclina-
tion; the sediment calibre is more or less the same
as the other delta slopes (Fig. 12), but the curva-
ture is different (Fig. 10).

Fig. 15. Generalized relationship between grain-size
and angle of internal friction. The angle-of-repose for
sand- and silt-dominated sediments is 25° and that of
clay-dominated sediments is 10° (modi®ed according
to Kirkby, 1987; taken from Kenter, 1990).
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Table 2 summarizes the sedimentological
parameters of the seven deltas of the Swiss lakes
together with eight other lacustrine and submar-
ine slopes. Figure 16 shows the sediment calibre
and maximum slope inclination of these pro®les.
The trend that non-cohesive linear pro®les have
higher slope angles than cohesive pro®les can be
seen (Fig. 16A). A pro®le from the Scotian Slope

(Jansa, 1991), which is clay and silt dominated
(Mosher et al., 1994), has an angle of 7°. The
lacustrine deltas from Switzerland with mixtures
of silt and sand have slope angles ranging from
14° to 26°. The sand-dominated pro®les, without
clay or silt, from lakes or fjords in Norway (Bogen,
1983; Corner et al., 1990) have maximum slope
angles of 35° at the upper slope. The exponential
pro®les from Lake Constance, a fjord delta in
Canada (Kostaschuk & McMann, 1983), New
Zealand (Carter, 1988) and the Weddell Sea (De
Batist et al., 1997; Bart et al., 1999) do not show a
clear correlation between sediment calibre and
slope angle (Fig. 16B). They have lower slope
angles for the same mixtures of sediment as the
linear pro®les, probably because they do not rest
at the angle-of-repose.

Controls on slope curvature

The goal of studying the curvature of submarine
slopes is to improve the interpretation of the
geometry of clinoforms in seismic sections in
terms of depositional environment. It has been
proposed in an earlier paper that sigmoidally
curved slope pro®les result from the interference
of wave-dominated shelf transport with gravity-
driven slope transport at the upper portion of the
slope, and that this interference might be the
result of base-level ¯uctuations (Adams & Sch-
lager, 2000).

The morphology of the seven lacustrine deltas
in this study supports this hypothesis. They all
have sharp breaks between the delta plain and
slope, and linear or exponential pro®les. Sigmoi-
dal pro®les are conspicuously absent. This is
expected in such an alpine setting: the relief is
high and steep, sediment supply is high and thus
the rate of delta progradation is high. On the other
hand, ¯uctuations in base-level are small: the
climate is humid, and the lake basins remain
®lled with minimal ¯uctuations in lake level;
wave base is very shallow and ¯uctuates little
because the lakes are small and protected by
mountains.

Fjord deltas have a more or less similar setting
to alpine lakes. The difference is that they are
in¯uenced by tides. The Alta delta in Norway
(Corner et al., 1990) is sheltered and sand dom-
inated, the wave energy is low, and the spring
tide range is 2á5 m. A Gilbert delta with a steep
planar upper slope and a sharp break has been
documented. The slope angle is 35°, and the
depth of the break is 3±5 m. Another fjord delta,
the Bella Coola delta in Canada (Kostaschuk &

Fig. 16. Sediment calibre vs. slope angle. (A) The lin-
ear pro®les show the trend that cohesive sediments
have a lower angle-of-repose than non-cohesive sedi-
ments. (B) The exponential pro®les do not show a clear
correlation between sediment calibre and slope angle.
Aa, Aare delta; Al, Alta delta; At, Atnsjù delta; BA,
Bregenzer Ach delta; BC, Bella Coola delta; Ka, Kander
delta; Lo, Losna delta; Lu, L�utschine delta; Mu, Muota
delta; NZ, New Zealand, south-east South Island; Re,
Reuss delta; Rh, Rhine delta; Sc, Scotian Slope; WS,
Weddell Sea. See Table 2 for the sedimentological
parameters of these slopes.

676 E. W. Adams et al.

Ó 2001 International Association of Sedimentologists, Sedimentology, 48, 661±679



McMann, 1983), has an exponential curvature, a
tidal range of 6 m and the depth of its break lies at
15 m.

Examples of pro®les from deltas facing the
open ocean instead of sheltered basins are the
Mississippi delta and the Ganges±Brahmaputra
delta. Kenyon & Turcotte (1985) showed that the
Mississippi delta has an exponential curvature.
The tidal range in the Gulf of Mexico is less than
0á5 m (Bearman, 1989). An example of a storm-
dominated delta is the Ganges±Brahmaputra delta
(Kuehl et al., 1997). The progradation rate and
composition of this delta are similar to that of the
Rhine delta; 15 m per year and dominated by
sand and silt (M�uller, 1966; Michels et al., 1998).
However, the Ganges±Brahmaputra delta, which
is storm dominated, has a sigmoidal pro®le. This
can be attributed to the strongly ¯uctuating depth
range of wave action.

In the present paper, the hypothesis of whether
the sigmoidal pro®les can be explained by the
interference of wave-dominated shelf transport
with gravity-driven slope transport is explored.
The results presented here are compatible with
this hypothesis; the Swiss lacustrine deltas and
the fjord deltas quoted above have low wave
energy and thus stable base levels; the resulting
shelf breaks are sharp and the upper slopes are
exponential or linear in curvature. The Ganges±
Brahmaputra delta, on the other hand, is subjec-
ted to strong and highly varying wave action.
Consequently, the depth zone of interference
between wave-dominated shelf transport and
gravity-driven slope transport is wide, and the
resulting pro®le is distinctly sigmoidal. Important
in this comparison, both the Rhine delta and the
Ganges±Brahmaputra delta prograde at similar
rates, and supply per unit area is nearly equal. If
supply differs signi®cantly, it needs to be con-
sidered in this comparison (Adams et al., 1998,
p. 140).

CONCLUSIONS

1. The curvatures of lacustrine deltas of Swiss
lakes are linear or exponential, which represent
planar or concave morphologies respectively. All
observed breaks between the topset delta plain
and the slope are sharp.

2. The planar shape of the upper slope is
interpreted as resulting from sediment being
deposited at the angle-of-repose. The slope incli-
nation is ®xed for these systems, being related to
sediment texture, and the sediment transport rate

adjusts to maintain these maximum slope incli-
nations. Sediment transported by avalanches on
the upper slope comes to rest at the non-critical
exponential lower slope.

3. The exponential curvature of the lower part
of the slope is attributed to the exponential decay
of transport capacity or competence of the signi-
®cant transport mechanisms. The deviation from
the exponential trend at the distal end of the
slope is attributed to the onset of ponded turbi-
dite deposition, raising the basin ¯oor above the
predicted trend.

4. The slope angle of planar pro®les shows a
correlation with sediment calibre. Exponential
pro®les do not show a clear correlation between
sediment calibre and slope angle; they do not rest
at the angle-of-repose, and different sediments
can rest at the same slope angle.

5. The absence of sigmoidal pro®les on the
Swiss deltas is attributed to the high rate of
progradation coupled with weak wave action and
thus small ¯uctuations in base level.
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