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Abstract

Proxy data from a total of 30 sediment cores and information from a seismic survey show that the
sedimentological and limnological history of Lago di Tovel (1178 m a.s.l.) has been significantly influenced
by slope dynamics of its mountainous catchment. The lake represents a dead-ice lake with pro-glacial
deposits at the base of its sedimentary record. A prominent lake level rise in 1597/1598 that increased
maximum water depth from ~20 to 39 m caused slope instabilities, leading to the deposition of mass-flow
sediments with a maximum thickness of 2.5 m in the northern part of the lake and less than 50 cm in the
southern part, resulting in a total volume of more than 113,000 m>®. Consequently, a rough lake bottom
morphology was produced, which led to distinct differences in sedimentation rates of 0.07 cm yr~' on sills
and 0.18 cm yr~! within depressions. The age of the top of the mass-flow deposits was used to validate the
ages of the younger, laminated sediments, which were dated by *'°Pb and '*’Cs. Lithological investigations
showed that the sediments below the mass-flow deposits are also laminated and that they were not bio-
turbated. The long-term meromixis of Lago di Tovel is therefore mainly due to a combination of its
topographic setting and the 5-month period of ice cover. Both prevent effective mixing of the lake by strong
winds during spring and autumn. Distinct spatial differences in sediment distribution within the lake show
that it is risky to interpret proxy data from only one coring site, even if the lake is very small. This is
especially true in mountainous areas, where rock falls, mass movements, and slope instabilities of a
significant size may have considerable effects on lakes.

Introduction et al. 2002; Bradley et al. 2003; Ohlendorf et al.

2003; Sturm et al. 2003).

Mountain lakes are sensitive ecosystems that react
fast and directly to environmental changes. The
importance of mountain lakes and their sediment
records for obtaining a better understanding of the
causes and dimensions of past and recent climate
change, and of the role played by anthropogenic
influence, has been shown in several recent papers
(Agusti-Panareda and Thompson 2002; Battarbee

Lago di Tovel, one of the major attractions of
the Adamello Brenta National Park, has been
famous since the late 19th century. For almost
150 years an intense red color developed in the
shallow part of the lake during summer (Freshfield
1875). However, this phenomenon ceased around
1964. Reddening of the lake water is caused by the
carotenoid pigment Astaxanthin, produced by the
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dinoflagellate Glenodinium sanguineum (described
by Marchesoni 1941). The causes and conditions of
the onset, development and disappearance of the
reddening phenomenon are under discussion. In-
tense summer blooms of the red dinoflagellate
species, the synthesis and accumulation of the
carotenoid, as well as the regular north-eastern
breeze that causes dinoflagellate cells to accumu-
late in the shallow bay, were the major require-
ments identified by Baldi (1941) for the occurrence
of this phenomenon. All these aspects have been
recently investigated (e.g., Cantonati et al. 2003).
Various hypotheses have been advanced to explain
the disappearance of the reddening phenomenon.
Changes in the nutrient budget of the catchment
and of the lake caused by cattle breeding altered the
phosphorus input and changed the productivity of
the lake and the availability of the main algal
nutrients (P and N) at the time of the blooms
(Perini Aregger 1968; Dodge 1970; Paganelli et al.
1980; Fuganti and Morteani 1999; Cantonati et al.
2003). Higher rainfall in spring and summer due to
local conditions, global warming in combination
with a decrease in rainfall in the Alps and pesticide
input by atmospheric transport from the adjacent
main valley are other scenarios proposed to explain
a change in dinoflagellate production (Perini
Aregger 1968; Dodge 1970; Paganelli et al. 1980;
Fuganti and Morteani 1999; Cantonati et al. 2003).

The reddening of the lake, and in particular its
cessation, is both of scientific and of social and
economic (tourism) interest. Thus, in 2001, a
project was initiated to investigate present and
past conditions of the lake ecosystem in detail
using biological, geochemical, mineralogical and
sedimentological methods. The aim of this paper is
to present the results of a study of the lake’s post-
glacial sedimentological history, emphasizing the
relevance of the influence of dynamic slopes and
the necessity of using data from several cores taken
along transects for such studies in mountain lakes.

Lake characteristics

Lago di Tovel is situated at 1178 m a.s.l. in
the Brenta Dolomites of the Italian Alps
(46°15’40” N, 10°49°40” E, Figure 1) with dol-
omites and karstic limestones in its catchment.
Lago di Tovel has a surface area of 382,000 m?, a
water volume of 7.4x10°m® and a maximum

water depth of 39 m. Morphologically, the lake
can be divided into a deep central basin (39 m), a
small eastern basin separated from the main basin
by a sill, and a shallow bay to the south-west, with
a maximum depth of ~5 m, that dries out in
winter. The lake is located in a Late Glacial
landslide area and the lake basin is assumed to
have been formed after the melting of dead-ice.
Octheimer (1992) states that a landslide dammed
an ancient outlet and caused a lake level rise of
21 min 1597/1598, which formed the modern lake.
This event was dated from a rooted tree trunk
found 18 m below the modern lake surface.

The bottom water of the lake is anoxic, partly
because the mountainous surroundings prevent
frequent mixing of the lake water by wind. The
mixolimnion is weakly stratified from June to
October and ice-covered from December to April.
Lago di Tovel is classified as meromictic and
oligotrophic with phosphorus as the limiting fac-
tor (Cordella et al. 1980; Paganelli et al. 1988). The
lake water is supplied by surface inflow and by
underwater springs. The lake level, which varies by
up to 8 m, is low during winter and early spring,
when the inflows are frozen, and is usually high in
spring after snowmelt (Biondi et al. 1981; Lami
et al. 1991; Paganelli 1992; Fuganti and Morteani
1999; Corradini et al. 2001).

Methods
Seismic surveys

In order to obtain information on basin mor-
phology and on the thickness of unconsolidated
sediments, and to find the best sampling sites for
an undisturbed, continuous sediment sequence,
detailed seismic mapping was carried out in
October 2001. A high-resolution, single channel
seismic survey with a 3.5 kHz pinger system
(Geoacoustics) was conducted, using a rubber
dinghy pushing a catamaran carrying the pinger
source. A dense grid of 11 seismic lines resulting in
~8 km of seismic profiles allowed a quasi-3D
architecture of the sedimentary basin-fill to be
compiled (Figures 2 and 3). Precise positioning of
the boat was achieved with a GPS. The shot
interval was 300 milliseconds (ms). The seismic
data were digitally recorded in SEG-Y format,
then processed and interpreted in the laboratory
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Lago
di Tovel
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Figure 1. Bathymetry of Lago di Tovel (7 m contour interval, darkest color: 39.5 m) and coring locations. Sites cored in 2001 are
shown as triangles and those cored in 2003 as open circles with a cross. Inflows and outflow: solid lines, permanent; dashed lines,
temporary.
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Figure 2. Seismic section Q5 crossing the lake in a N-S direction. Piston core TOV01-7 is located on this seismic line; piston core
TOVO01-8 is projected perpendicularly on to the seismic section. Note the different seismic facies of mass-flow deposits and regular
bedded deposits, and the erosion and/or deformation at the base of the proximal (northern) mass-flow unit.
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Figure 3. Seismic lines (dashed) and distribution and thickness of the slump of 1597/1598. Inflows and outflow: solid line, permanent;

dashed line, temporary.

by SPW and KingdomSuite software. Constant
shallow noises, caused by the vibrations of the
pinger itself, were digitally subtracted from the
signal. A bandpass filter (14006500 Hz) and an
automatic gain control with window length of
50 ms were applied.

Coring and sampling

Based on the results of the seismic survey, the best
sites were determined for taking short gravity
cores and long piston cores (Figure 1). During two
campaigns in 2001 and 2003 a total of 27 gravity
cores were taken with a UWITEC gravity corer
(8 kg weight and transparent PVC core liners of
63 mm diameter) and an EAWAG-63 gravity
corer (30 kg weight and transparent PVC core
liners of 63 mm diameter). Cores of length
10-22 cm were obtained from four stations in the
shallow bay where the reddening had occurred in
the past. Three cores (60-96.5 cm) were taken in
an intermediate water depth and 20 gravity cores
of 37-78 cm length were taken from the deep part

of the lake. A total of three piston cores were taken
from the central part of the lake, using a UWITEC
piston corer (transparent PVC core liners of
63 mm diameter). One of the long core sites
(TOVO01-8, 490 cm) lay to the north of the central
lake basin and two sites (TOVO01-5, 721 cm, and
TOVO01-7, 734 cm) to its south. All cores were
opened for lithological inspection and photo-
graphs. Based on the information thus obtained,
several cores were sub-sampled at a resolution of
0.5 cm for the upper 20 cm and at 1-cm intervals
below this. A multi-proxy approach was subse-
quently adopted (sedimentology, geochemistry,
mineralogy) to characterize the sediments. Selected
cores were sub-sampled for pollen, pigments and
other biological parameters.

Physical properties

Physical sediment properties were measured on all
cores longer than 50 cm using an automated
‘Multi-Sensor Core Logger’ (Geotek). This
technique allows continuous, non-destructive



logging and measures P-wave velocity, bulk wet
density, and magnetic susceptibility (Zolitschka et
al. 2001). Physical properties can be used for both
core-to-core correlation and down-core correla-
tion of overlapping core sections.

Sedimentological, mineralogical, and geochemical
methods

The water content was calculated on the basis of
the difference in weight between the wet and dry
samples. The density of the dry sediment was
measured with a glass-pycnometer. A laser particle
analyzer (Malvern Mastersizer) was used to
determine the grain size distribution of the sedi-
ments <150 um. Prior to the measurements,
samples (~40 mg) were suspended in 3 ml of
0.01% Calgon solution to avoid coagulation. The
mineral composition of selected sediment samples
was determined by X-ray diffraction using a
Scintag XDS 2000 diffractometer at 45 kV and
40 mA with Cu Ko radiation between 4° and 70°
(20), and the graphical analysis program MacDiff
4.2.5. Total carbon (TC) and total nitrogen (TN)
content were measured with a Euro EA-CNS
(Hekatech), which heats the samples to 1000° C.
Subsequently, the gas is separated by an internal
gas chromatographical system and determined by
a sensitive heat-conductivity system. The total
inorganic carbon (TIC) content of the sediment
was analyzed by coulometry (UIC Coulometrics),
in which each sample is treated with hot hydro-
chloric acid (2 mol 17") to convert the TIC portion
into CO,. The amount of total organic carbon
(TOC) was calculated by subtracting the TIC ali-
quot from the TC content.

Dating

For dating, the *'°Pb and '*’Cs activities in the
freeze-dried samples were measured in a well-type
Geli detector for a minimum of 24 h by direct
y-assay. >'°Pb activities were determined by accu-
mulated counts at 46.5 keV, and '¥’Cs activities by
the counts at 662 keV. The '*’Cs activities were
used to identify the Cs activity peaks of 1963
(atmospheric bomb fallout) and 1986 (Chernobyl
accident). The decay curve of unsupported *'°Pb
was used to estimate sedimentation rates since 1900.
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Results and discussion
Seismic surveys

Figure 1 shows the bathymetry of the lake. The
small bay in the south-western part of the lake
differs from the main basin of the lake. It has
shallow littoral slopes and a water depth that is
generally less than 5 m. The main basin is char-
acterized by very steep slopes in the south, more
gentle slopes in the north, and a profundal region
in which the water depth is ~39 m. Oetheimer
(1992) assumed that the small eastern basin is
~20 m deep. The seismic surveys confirm this
hypothesis and show roughly the dimensions of
that basin (Figures 1 and 3).

In the deeper basin, the acoustic signal images
5-8 m of regularly layered sediment with lateral
coherent seismic reflections (Figure 2). Seismic
penetration, however, was partly masked, possibly
by free gas, so that bedrock morphology could not
be determined clearly. The layered sections lie
above and below an intercalated unit characterized
by chaotic/transparent seismic facies (Figure 2).
This unit (Figure 2) is up to 2.5 m thick in the
northern part of the central basin, thinning out
towards the south. This unit is interpreted to be
a mass-flow deposit with an interpolated volume
of 113,000 m® (Figure 3) covering an area of
~300x150 m with a maximum thickness of
250 cm. The lithology of the sediment cores refines
the seismic findings and reveals that this unit is the
proximal, debris flow-like part of an extensive
mass-flow deposit. The distal part of the mass-flow
can be tracked in the seismic data as a thinner unit
(Figure 2) with a gradual upper transition to the
overlying layered sediments. This unit can be
mapped over the entire deep basin and coincides in
the cores with much finer lithologies than those in
the proximal parts. Seismic data also show that the
mass-flow is homogenously covered by younger
sediments, which are well-bedded and less than
1 m thick.

Sediment mineralogy

Detailed X-ray diffraction analyses of the sediment
cores TOV01-5V and TOVO01-6V show that they
consist dominantly of dolomite. Minor compo-
nents are calcite and quartz. The sediments clearly
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represent the mineralogy of the bedrock in the
catchment. No regeneration minerals from
weathering of rocks or diagenesis processes were
detected.

Sediment stratigraphy

Three piston cores (up to 734 cm sediment length)
and 19 short gravity cores (up to 76 cm) were
examined in detail in terms of their sedimentology.
The locations of the coring sites are shown in
Figure 1. Based on these 22 sediment cores, 4 main
stratigraphical units and 5 sub-units can be dis-
tinguished. Two representative cores will be de-
scribed here in detail (Figures 4 and 5). TOVO01-8

TOVO1-7

3 0
Sediment

Density
[gicem] [m/s] [S1]

and TOVO01-6V were recovered in the northern
basin, where the main part of the mass-flow was
deposited. TOVO01-7 and TOVO01-5V are from the
southern part of the main basin and consist of the
distal mass-flow deposits. The topmost, post-event
sediments from both gravity cores (TOV01-5V,
—6V) were analyzed in detail. TOVO0OI1-5V and
TOVO01-6V were also used for isotopic dating
(17Cs, 21°Pp),

Unit 1

Unit 1 was recovered only in core TOVO01-7 in the
S of the lake basin and comprises 25 cm of gravel
at the base and gravelly sand at the top (Figure 4).
It is interpreted as the sediment deposited in the
last stage of the proposed dead-ice body. The clay

P-wave velocity Magn. susceptibility
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Figure 4. Sedimentology of core TOV01-7 from the southern part of the lake (distal part of the slump deposits) showing the following
lithological units: 2a, carbonaceous ooze; 2b, stratified sediments; 3a, slump, stony grain sizes; 3b, slump, coarse grain sizes; 3c, slump,
fine grain sizes; 4, laminated sediments. Also shown are the values of density, P-wave velocity, and magnetic susceptibility.
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Figure 5. Sedimentology of core TOVO01-8 from the northern part of the lake (proximal part of the slump deposits) showing the
following lithological units: 1, gravelly sediments; 2a, carbonaceous ooze; 2b, stratified sediments; 3a, slump, stony grain sizes; 3b,
slump, coarse grain sizes; 3c, slump, fine grain sizes; 4, laminated sediments. Also shown are the values of density, P-wave velocity, and

magnetic susceptibility.

and silt grains were washed out in a high-energy
system of water streams induced by the melting
ice. The same mechanism has been described for
the base-sediments of Soppensee, a post-dead-ice
lake in central Switzerland (Sturm, unpublished
data).

Unit 2

Unit 2 is divided into two sub-units, viz. 2a and 2b
(Figures 4 and 5). A sharp boundary separates
unit 1 from unit 2a in core TOVOl-7. In both
representative cores (TOVO01-7, —8) the sediments
of unit 2a consist of carbonaceous/dolomitic ooze,
which is fine-grained and very stiff. The homoge-
nous sediments vary in color from dark to light

gray. They show high average values in P-wave
velocity (~1700 m s~') and density (2.1 g cm ™)
with very little variation (Figure 5). The variation
in magnetic susceptibility is also low. Unit 2a was
recovered completely only in the core from the
southern part of the lake (TOVO01-7), and had a
thickness of 440 cm. Unit 2a is interpreted as the
initial lake sediment. The lake was in a pro-glacial
position and the melt-water from the glacier was
able to transport coarse sediments into the lake
basin. We found no indication of soil formation
and/or erosion in the catchment during this time
period.

Unit 2b differs from unit 2a by having a gener-
ally lower P-wave velocity and a lower density
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(Figures 4 and 5). This is caused by lithological
changes: the sediment succession changes from
a homogenous sediment to a well-stratified and
sometimes laminated sediment with sand layers
and organic-rich layers within the dolomite ooze.
Additionally, some graded layers were observed
that we interpret as the result of turbidity currents.
Unit 2b is twice as thick in the very distal core
TOVO01-7 (185 cm) than in TOVO01-8 (90 cm).

Unit 2b represents a time period with more ice-
free areas in the catchment, resulting in more
heterogeneous sedimentation than unit 2a with a
coarser grain size and a higher organic carbon
content, as well as single sand layers and layers of
wood remains.

Unit 3

Unit 3 consists of much coarser sediment than the
underlying and overlying units and is divided into
three sub-units (Figures 4 and 5). Only core
TOVO01-8 shows the sediments of unit 3a. The
sediments of this unit are 100 cm thick, consisting
of gravel and stones up to 8 cm in diameter. Unit
3b, 25 cm thick in core TOVO01-8 and 15 cm thick
in core TOVO01-7, is dominated by gravel that is
finer than that in unit 3a. Fine grain size charac-
terizes unit 3¢ in both cores. Sixty centimeter of
unit 3¢ sediments were recovered in core TOV01-8
and 20 cm in core TOVO01-7.

Unit 3 is interpreted to comprise the sediments
of the mass-flow, which were also discernable from
the seismic data. This mass-flow had a strong im-
pact on the surface of the lake bottom, because a
large volume of material (at least 113,000 m®) was
released into the central basin of the lake. Based
on our age model (see below) and the large pro-
portion of non-lacustrine components such as
stones and gravel, we assume that the flow was
triggered by the rock fall, which was dated by
dendrochronolgy on rooted trunks in the lake to
have occurred between winter 1597 and summer
1598 (Oetheimer 1992). The rock fall dammed the
lake in the east, resulting in a doubling of the water
depth to its modern value of 39 m. Another theory
(Borsato, personal communication) assumes that
the lake level rise was triggered by a continuously
slow movement of debris down the slope of the hill
rather than by a single short-term event. In fact,
both theories would predict virtually the same
effect on lake deposition and therefore do not
change the interpretation of the mass-flow event as

a time marker horizon for Lago di Tovel. Both
scenarios would imply the clogging of the ancient
outlet and the consequent damming of the lake,
which would have resulted in a rapid increase in
lake level and the formation of a new outlet. There
is no doubt that the rising water level caused
instabilities on the new lake slopes that finally re-
leased material into the lake by means of extensive
mass-flow. Trees on the former shore died very
soon after the lake rose, and the dating of the
rooted tree trunks by Oetheimer (1992) provides
valuable support for both theories. The seismically
imaged flow deposit geometries and the investi-
gation of the two piston cores from the northern
(TOVO01-8) and the southern (TOVO01-7) parts of
the lake, together with the results of the 27 gravity
cores, indicate that the source of the mass-flow is
the northern part of the lake. The thickness of the
mass-flow sediment from the northern piston core,
which even contains stones at its base, is almost
250 cm, whereas the thickness of the mass-flow
sediments in the southern piston core is almost six
times smaller (35 cm) and does not contain the
proximal basal gravel unit (3a; Figures 4 and 5). In
addition, unit 2b is twice as thick in the southern
piston core as in the northern piston core. This
agrees very well with a scenario involving mass-
flow from the northern slope. The erosive energy
of a mass-flow is much higher in proximal areas,
where the slopes of the lake basin are steep,
resulting in a high flow velocity. After sliding
across the relatively horizontal lake basin, its en-
ergy, and therefore its erosive power, is much
lower. Thus, we interpret the thinner layer of unit
2b in the northern part of the lake, in comparison
to that in the southern part, as the result of erosion
due to mass movement. This erosion can also be
clearly seen on the seismic section that images the
base of the mass-flow, where it cut and eroded the
substrate, possibly deforming the underlying basin
plain sediment (Figure 2), as has been observed in
other lacustrine mass-flows (Schnellmann et al.
2002).

Unit 4

Unit 4 was recovered completely in every core
from the profundal region of Lago di Tovel. This
uppermost unit, covering the mass-flow unit lake-
wide, consists of laminated silty sediment that can
be correlated in detail with a resolution of up to
1 cm. The individual laminae consist of different
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Figure 6. Sedimentological and geochemical parameters of
TOVO01-5V (distal part of the slump deposits).

amounts of organic carbon and dolomite. Unit 4
shows the lowest values of P-wave velocity and
density (Figures 4 and 5). Fine turbidite layers
with a relatively high sand content were detected.
Unit 4 is characterized by high-frequency vari-
ability in TOC, TN, and water content (Figures 6
and 7). The sediment thickness of unit 4 at every
single core station depends on its proximity to the
source of the mass-flow (e.g., TOV01-5V, —6V, see
Figures 6 and 7), because the youngest sediment
succession of unit 4 levels off the relief of the lake
basin created by the mass-flow. The sediment
thickness of unit 4 increases from 30 cm in the north
to a maximum of 54 cm in the south. This kind of
sediment represents a phase where the catchment
has been stabilized after the rock fall/mass-flow
event, resulting in a laminated layering of organic-
rich layers and silty dolomite layers with tiny
turbidity sand layers (Figures 6 and 7).

Dating and age model

The sediments of Lago di Tovel were dated using
various different methods (Table 1). The rock fall
is a time marker that was dated exactly by
dendrochronology to have occurred in 1597/1598
AD (Oetheimer 1992). The thickness of the lami-
nated post-mass-flow sediments varies between
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Figure 7. Sedimentological and geochemical parameters of
TOVO01-6V (proximal part of the slump deposits; grain sizes in
the uppermost 20 cm of the core were not analyzed).

~30 and ~54 cm depending on the vicinity of the
coring position to the source of the landslide and
the resulting bathymetric topography. Thus, the
sedimentation rates vary between a minimum of
0.07 cm yr ' in the southeastern part of the lake
and a maximum of 0.18 cm yr~' in the northern
part. This inconsistency in the accumulation rates
in different parts of the lake also affects the inter-
pretation of the radiometric dating for the cores
TOVO01-5V, TOV01-6V, and TOV03-13 shown in
Figures 8 and 9. The '¥’Cs profiles of all three
measured cores show a 1-peak curve instead of the
general characteristic 2-peak curve. Additionally,
the profile of TOVO01-6V reaches its highest value
in the topmost sample (Figure 8b).

Does the '*’Cs peak record the excessive bomb
testing in 1963 or the Chernobyl accident in 1986?
If the peak in the sediments of TOV01-5V and
TOVO03-13 (Figure 8a and c¢) belonged to 1963, the
sedimentation rates would be slightly below the
range calculated by the rock fall event of 1598
(0.05 and 0.06 cm yr'). Assuming that the '¥’Cs
peak belonged to 1986, the resulting calculated
sedimentation rates of 0.12 and 0.13 cm yr !
would agree well with the highest values calcu-
lated from the date of the mass-flow event. Taking
into account that cores TOV01-5V and TOV03-13
are from areas with high sedimentation rates
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Table 1. Comparison of sedimentation rates in Lago di Tovel determined from three sediment cores (TOVO01-5V, TOVO01-6V, and

TOV03-13) and the 1597/1598 rock fall event.

Method Core Age (AD) Sediment depth (cm) Sedimentation rate (cm yr—")
Rock fall/dendrochronology All 1597/1598 30-54 0.07-0.13
137¢s TOV01-5V 1986 1.5-2 0.12
137¢s TOVO01-5V 1963 1.5-2 0.05
137Cs TOV01-6V ?2 Core top ?

137Cs TOV03-13 1986 2-2.5 0.13
137¢s TOV03-13 1963 2-25 0.06
210py, TOVO01-5V 0-11.5 0.18
210py, TOV01-6V 0-9 0.09
210py, TOV03-13 0-11 0.18
210pp CRS-model TOV03-13 0-11 0.08

(e.g., TOV03-13: 0.13 cm yr "), it is likely that the
37Cs peak in TOV01-5V and TOV03-13 indeed
marks the Chernobyl accident in 1986 (Figure 8a
and c) and not the atmospheric bomb tests of
1963. The lack of a second peak might be due to
the very high concentration of '*’Cs in the top-
most samples masking the older and therefore
smaller peak from 1963. Additionally, sampling
intervals of 0.5 cm correspond to a time period of
~4-7 years. The '"*’Cs/*'°Pb U(unsupported)
activity ratios clearly show a second peak at 3.5-
4 cm for cores TOV01-5V and TOV03-13, which
reflect the atmospheric bomb-test maximum in
1963 (Figure 9). There is no distinct second peak
in the sediments of TV01-6V, but a higher activity
ratio in 1-1.5 cm might be an equivalent to that.

The *'°Pb data from TOV01-5V and TOV03-13
suggest higher sedimentation rates (0.18 cm yr—!
in both cases) than those calculated using either of
the other methods. They are considered to be
uncertain because the decrease in 2'’Pb activity
within the uppermost two samples from TOV03-13
is unusual (Figures 8a,c). Additionally, the >'°Pb
dating of the two cores overestimates the sedi-
mentation rates possibly because a small change in
the gradient of the steep slope from the straight
line of the ?'°Pb data would have a big influence
on the resulting sedimentation rates. Moreover,
one could use a different gradient for the upper-
most 2-4 cm of TOV01-6V and TOVO03-13.
Nonetheless the *'°Pb dating also indicates that
the '3’Cs peak belongs to 1986.

The non-monotonic variations in '°Pb activities
precluded use of the Constant Initial Concentra-
tion (CIC) model. We therefore applied the
Constant Rate of Supply (CRS) model (Appleby
and Oldfield 1978; Appleby 2001) to the *'°Pb

profiles, e.g., to TOV03-13 (Figure 9). The CRS
calculation shows good agreement with the '¥’Cs
measurements (Figure 9), clearly indicating that
the '*’Cs peak records the Chernobyl fallout in
1986. The model also suggests a period of rapid
sedimentation ~50 years ago, which is in good
agreement with the lithology, where a fining
upward sequence (sand to clay) was sedimented
between 4 and 5.5 cm.

In conclusion, the sedimentation rates calcu-
lated from the date of the mass-flow are very
reliable. They range between 0.07 and
0.13 cm yr~!, depending on the lake bottom
morphology after the landslide event.

Conclusion

Based on a preceding seismic survey, a total of 27
gravity cores and 3 piston cores were taken in
Lago di Tovel in 2001 and 2003. The investigation
of the sediments revealed a complex sedimentation
history within this lake basin. In 1597/1598 a
major rock fall altered the sedimentation condi-
tions completely and led almost to a doubling of
the water depth. It triggered a huge mass-flow in
the northern part of the lake that was deposited
over the entire deep basin.

The newly acquired bathymetric map reveals a
39 m deep central lake basin with steep slopes to
the north and to the south. In the east of the main
basin, separated from it by a small sill, exists
another small sub-basin. Results of a seismic sur-
vey and detailed analyses of the sediment cores
revealed the existence of mass-flow deposits with a
maximum thickness of 2.5 m in the northern part
of the lake and 50 cm in the southern part. In



TOVO01-5V
Depth
[em] } E
4 - ]
C f
i3 5
16 f
(Barkg] 3
20 -
1 10 100 1000
—e— (Cs-137
—— Pb-210-U
o TOV03-13
Depth T TN T ]

[Barkg] -
1 10 100 1000

—— Cs-137
—&— Pb-210-U

335

TOVO01-6V

N N S N S S N NN N

[Barkg]

100 1000

— Cs-137
—&— Pb-210-U

Figure 8. Profiles of fallout activities of unsupported 2'°Pb and of '*’Cs in sediment cores from the deepest part of Lago di Tovel. (a)
TOVO01-5V (distal part of the slump deposits). (b) TOVO01-6V (proximal part of the slump deposits). (c) TOV03-13 (distal part of the

slump deposits).

accordance with the mass-flow geometry, the sed-
iments are much coarser in the north than in the
south. The event is a consequence of slope insta-
bilities caused by the water level rising from ~20 to
39 m.

Sedimentation in Lago di Tovel is generally
characterized by dead-ice/pro-glacial sediments,

mass-flow sedimentation, regular run-off sedi-
mentation from the catchment, and autochtho-
nous bio-productivity. Sedimentation rates based
on dating using *'°Pb, '¥’Cs, the CRS model, and
dendrochronology, show very heterogeneous val-
ues within this small lake, ranging from 0.07 to
0.18 cm yr—'. The '*'Cs peak recorded in the
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sediment cores was caused by fallout after the
Chernobyl accident. '*’Cs/?'°Pb activity ratios re-
vealed the bomb-testing peak of 1963, and all
137Cs dates are in good agreement with the *'°Pb
chronology.

The stable and permanent meromixis of the
oligotrophic lake, which existed even before the
doubling of the water depth, is likely to have been
caused by a combination of its topographic setting
(mountainous landscape) and a five-month period
of ice cover. Both shicld the water body from
stormy winds in spring and autumn.

Even during the pre-rockfall time periods, the
sediments were laminated and stratified when the
lake was half as deep as it is now. Analyses of the
modern and ancient sediments of Lago di Tovel
lead to the assumption that the lake was always
meromictic even before the lake level rise. This is
in accordance with the meromixis of the modern
lake (Oetheimer 1992; Corradini et al. 2001).

Especially in small lakes, there is a tendency to
base paleoenvironmental reconstructions on proxy
data derived from very few sediment cores, or in
the worst case even from one single core. The
validity of this approach rests on the assumption
that the final horizontal distribution of sediment-
ing material is influenced only by the funnel effect
(Ohle, 1962). Our studies on Lago di Tovel dem-
onstrate that this is a risky assumption that can

lead to serious misinterpretation of the results. The
sediments of small lakes can have a complex
structure. In the case of small alpine lakes, with a
catchment area spanning a large altitude range, the
resulting enhanced structural complexity makes
multiple coring an absolute necessity if serious
errors in interpretation are to be avoided.
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