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Mapping Sediment Accumulation Rate by using Volume magnetic
Susceptibility Core Correlation in a contaminated Bay (Lake Geneva,

Switzerland)

JEAN-LUC LOIZEAU !, STEPHANE ROZE 2, CHRISTOPHE PEYTREMANN !, FABRICE MONNA 3, & JaNUSz DOMINIK!
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ABSTRACT

The Bay of Vidy is the most contaminated area of Lake Geneva: contamina-
tion is caused by the effluent of the sewage treatment plant (STP) of the City
of Lausanne. The implementation of a chemical stage in the treatment plant to
remove phosphorus using FeCl3 in 1971 is indirectly recorded in the lake sed-
iments by a strong and sharp increase in the volume magnetic susceptibility
(VMS) signal. A total of 43 sediment cores have been retrieved and mea-
sured for VMS. The synchronism of the VMS signal increase and its relation
to the implementation of the P-removal stage in the STP has been shown in
seven '3’Cs-dated sediment cores. The VMS signal has been used to date by
stratigraphic correlation all of the 43 sediment cores and map the three-dimen-
sional distribution of contaminated sediments. Over an area of 0.5 km?, the
sediment accumulation rates vary from 2.8 cm/y close to the effluent mouth, to
0.3 cm/y 1 km away. The total mass of contaminated sediments is estimated
to 274,000 tons.

RESUME

La Baie de Vidy est la zone la plus contaminée du Léman, de part la présence
des rejets des eaux de la station d’épuration de la ville de Lausanne et des
communes environnantes. La mise en fonction en 1971 d’une étape de
déphosphatation des eaux usées, utilisant du FeCl3, est indirectement enreg-
istrée dans les sédiments de la baie par une rapide et forte augmentation du
signal magnétique. Un ensemble de 43 carottes de sédiment a été prélevé dans
la baie pour en mesurer la susceptibilit¢ magnétique. Le synchronisme entre
I’augmentation du signal magnétique et la mise en place de la phase de
déphosphatation des eaux usées est vérifié par la datation (méthode du 137Cs)
de 7 carottes. Le signal magnétique est utilisé pour corréler et ainsi dater les
43 carottes sédimentaires et établir une distribution tridimensionnelle des sédi-
ments contaminés. Sur une étendue de 0.5 km2, le taux de sédimentation varie
entre 2,8 cm/an, pres de 1’effluent de la station d’épuration, et 0,3 cm/an a en-
viron | km de 1a. La masse totale de sédiments contaminés est estimée a
274’000 tonnes

1.- Introduction

Lake sediments are invaluable archives of the historical
changes of a water body and its watershed. Deciphering the
environmental signal stored in the sediment requires the estab-
lishment of an absolute time scale. In the absence of varves
the dating of recent sediments is usually accomplished using
137Cs or 219Pb (e.g. Krishnaswami et al. 1971, Robbins & Edg-
ington 1975, Dominik et al. 1981, Oldfield & Appleby 1984).
However, these techniques are time consuming, and therefore
only a restricted number of sediment cores can be dated. Thus
mapping sediment accumulation rates (SAR) based on a dense
set of cores is usually not feasible, unless another time marker,
easily and rapidly measurable, is available. Volume magnetic

susceptibility (VMS) has been used for core correlation and
indirect dating (e.g. Thompson et al. 1975, Bloemendal et al.
1979, Appleby et al. 1985, Loizeau et al. 1997). In addition,
Versteeg et al. (1995, 1996) have successfully used the VMS
signal as a proxy for heavy metals and PAH contamination in
Hamilton Harbour sediments.

In the present paper, we show that in the Bay of Vidy,
the increase of the VMS signal is synchronous over the entire
area and corresponds to 1971. Therefore, it can be used as a
local isochron. The analysis of VMS in numerous sediment
cores enable the preparation of a precise map of sediment ac-
cumulation rates. This map is also a representation of the
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Figure 1. Topographic map of the Bay of Vidy,
Lake Geneva. The mean lake level is 372 m asl.
Crosses indicate site location of sediment cores.
The 7 circled crosses indicate '¥’Cs-dated cores
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three-dimensional distribution of sediments contaminated by
the STP.

2.- Settings

Lake Geneva is the largest freshwater body in western Europe
with a volume of 89 km?. The Rhone river is its major tribu-
tary and provides about 70% of the affluent waters. In 1999,
the permanent population in the lake watershed was 933,750
inhabitants and the tourist capacity was 624,240. The largest
city on the lake shore is Lausanne, which releases its treated
domestic and industrial wastewaters into the Bay of Vidy, on
the northern shore of the lake (Fig. 1). The present capacity of
the sewage treatment plant (STP) is 410,000 equiv. inhabi-
tants. The STP of Lausanne started operation in 1964 with bio-
logical treatment, followed in 1971 by the implementation of
phosphate elimination using FeCl; addition and subsequent
precipitation in Fe(OH)3. Most of the iron hydroxides are re-
moved in the STP by sedimentation, but a fraction of it is re-
leased into the lake through the outlet. This results in higher Fe
concentrations (factor 2 to 3) in the sediments of the Bay of
Vidy compared to concentrations recorded before the imple-
mentation of the STP (Peytremann & Haller 1997). Gibbs-
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with their name. Inset: Location of the Bay of
Vidy in Lake Geneva.

Eggar et al. (1999) have shown that the high values of VMS in
the recent sediments of the Bay of Vidy are due to the presence
of superparamagnetic magnetite grains. These type of grains
can be formed either as secondary minerals in soil or as prod-
uct of bacterial activity. In a recent study, Snoeyenbos-West et
al. (submitted) show that these magnetite grains originate from
the metabolic activity of Geobacter, a dissimilatory Fe(III) re-
ducing bacterium. There is no other credible source of fine-
grained detrital magnetite within the predominantly urban
catchment. Studies elsewhere have shown that the magnetic
properties of urban particulates are dominated by a mixture of
MD magnetite and heamatite (Hunt et al. 1984, Hunt 1986).

The Bay of Vidy has long been recognised as the
most contaminated part of the lake in term of nutrients
(Williams et al. 1978), heavy metals (Mondain-Monval et al.
1984, Arbouille et al. 1989, Span et al. 1992), and organic pol-
lutants (Pardos et al., submitted). Loizeau et al. (submitted) re-
port sediment enrichment factors (compared to natural values)
of 180, 71, 58, 18, and 18 for Hg, Cd, Zn, Pb, and Cu, respec-
tively, in the most contaminated area, whereas these factors
vary between only 1.1 and 2.6 for recent sediments from the
centre of the lake.



Core C5 Core C7 Core E6 Core CF11 Core TLV Core BV Core CF30
VMS (x 10°%)
0 50 100 150 0 100 200 0 20 40 60 800 100 200 0 25 50 75 20
10
1986
20 1986
—~ 30
£
L,
c 40
=4 1964
[}
0 50 _— o
1964
60
1964 1964
70
80
0 100200 300 400 0 50 100150200 O 200 400 O 50 100 150 O 100200300 O 100 200 300 O 100 200 300 400

¥Cs Ba kg™

Figure 2. VMS and '3"Cs activity profiles of the seven dated cores. The arrows indicate the maximum gradient used to determine the date of the VMS increase

(Tab. 1).

3.- Methods

The sampling was performed from “La Licorne”, the 13m-
long boat of the Institut F.-A Forel. The initial aim of this
study was to draw an accurate topographic map of the Bay, as
the only available map is 120 years old. Data were collected
using a E-Sea Sound 206 echosounder (Marinatech) with a
200kHz transducer. The horizontal positioning was obtained
by a Ashtec GPS (SCA-12) using a differential correction.
The accuracy of the positioning was about 0.5 m. A total of 40
km of depth profiles were recorded over a 4 km? area, with a
50-m spacing between each profile.

Sediment cores were recovered from the boat with a
Benthos gravity corer (figure 1) One core (named BV) was re-
trieved from the manned submersible F.-A. Forel, which al-
lowed a visual selection of the sampling site and control of the
coring operation.

VMS was determined in all cores using a MS2 sus-
ceptibility meter from Bartington with a type C probe. The
susceptibility type C probe is 2 cm wide and the sediments
within a few centimetres around the probe influence the mea-
surement, which smoothes the profile. To identify with the
same criteria the depth of a sharp transition, we selected in all
cores the sediment section showing the maximum VMS gradi-
ent (Fig. 2).

Seven cores have been dated using *’Cs activity.
This artificial radionuclide has been introduced by atmospher-
ic nuclear tests and by the Chernobyl accident. High 3’Cs ac-

tivity in sediments can be used as stratigraphic markers by
comparison with documented fallout pattern from the atmos-
phere. Maximum fallout from the tests occurred in 1963/1964,
although the Chernobyl accident labelled sediments in 1986
(Ritchie & McHenry 1990). '37Cs g-activity has been mea-
sured in bulk sediment samples with an HPGe spectrometer
(Ortec EG&G).

Porosity was determined using the water content fol-
lowing Hakanson & Jansson (1983, eq. 4.2). Depth scale was
converted to mass scale to compute sediment accumulation
rate in [gcm? y'!].

Sediment accumulation rates (SAR) have been ob-
tained by the following equation:

SAR =mgcs/t[gem?2y!'] (1)

With mcs the mass of sediment accumulated between the two
137Cs peak horizons (Fig. 2), and t the time elapsed between
these horizons (22 years). In the two cores where the '37Cs
peak of 1986 is absent, SARs have been calculated between
1964 and the sediment surface. Dating the VMS increase has
been performed by using the equation:

Date of VMS increase = 1964 + myms/ SAR  (2)

With myms the mass of sediment accumulated between the
137Cs activity peak of 1964 and the maximum VMS gradient,
and SAR the sediment accumulation rate determined by equa-
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tion (1).
Finally SARs have been determined in all unopened
cores by using equation (3):

SAR=dvms/t [cm/y] (3)

With dyms the depth (in cm) of the maximum VMS gradient,
and t the time elapsed between 1971 and date of core recovery
(Table 1).

Organic matter content has been estimated by loss on
ignition (LOI) (Hakanson & Jansson 1983).

Heavy metal (Fe, Pb, Cd, Cr, Cu, Zn, ...) concentra-
tions in sediments were obtained using an ICP-AES / ICP-MS
(Poemsl, TJA) after nitric acid (2M) digestion.

4.- Results and discussion
Topographic map

The topography of the bay (Fig. 1) is relatively simple, with
the slope generally perpendicular to the coast line. However a
sublacustrine canyon has been observed on the western side of
the study area. It is 600 m long, SO m wide and between 5 and
10 m deep. It ends at an altitude of 250 m (122 m water depth)
with a deposition fan at 240 m (132 m water depth). This
structure was observed during the previous topographic sur-
vey in 1892, but was represented with a less pronounced mor-
phology, probably due to the discrete point measurement
method used at that time.

Dated sediment cores

In the 7 dated cores (Tab 1, Fig. 2), the date of the VMS in-
crease ranges between 1967 and 1972 with an average date for
the 7 cores of 1970.4 £ 1.6 y, whereas the sediment accumula-

tion rates vary between 0.14 and 0.89 [g cm™ y*!], that is by a

1980

1975

1970 H

++

Date (AD) of VMS increase

0.0 0.2 0.4 0.6 0.8 1.0

Sediment accumulation rate [g cm?y™']

Figure 3. Dating of the VMS increase vs sediment accumulation rate. The 7
137Cs-dated cores give a date of the VMS increase not significantly different
from 1971 (box labelled FeCls), in spite of sediment accumulation rates vary-
ing from 0.14 to 0.89 [g cm™ y*!] (Tab. 1). This date corresponds to the time
of the implementation of a chemical stage in the STP using FeCls. Dates and
sediment accumulation rate errors are given at | G.

factor 6 (Fig. 3). Taking into account the uncertainty of dat-
ing, there is not significant difference in the date of the VMS
increase in all dated cores, and this corresponds exactly to the
implementation of the chemical treatment using FeCl; to re-
move phosphorus from waste waters. Therefore, under the as-
sumption of continuous sedimentation, the first maximum gra-
dient in VMS profiles can be used as a time marker dated to
1971. Moreover, even if the sedimentation is discontinuous,
the VMS signal can be used as a proxy for the contaminated
sediment layers.

The assumption of continuous sedimentation is not
always valid. The upper section of some cores (C5, C7,E6, CF
11) present a large trough in the VMS signal (Fig. 2). More-

Core name | X coordinates | Y coordinates Date of SAR Date of VMS
[m] [m] recovery [gcm?y™] increase
C5 534516 151794 15/08/1995 0.89+0.03 May 1970+1.4y
Cc7 534784 151732 15/08/1995 0.77+0.03 July 1970+1.2y
E6 534440 151398 24/08/1995 0.54+0.03 August 1971+1.8y
CF11 534560 151540 01/06/1999 0.52+0.02 April 1967+3.1y
TLV 534500 151300 01/04/1988 0.51+0.02 October 1970+1.6y
BV 534442 151377 30/04/1997 0.17+0.02 January 1970+4.3y
CF30 533970 151060 01/06/1999 0.14+0.02 March 1972+5.1y
_ Table 1. Main data of the seven dated cores, or-
Errc;n;\évgggted dered with decreasing sediment accumulation
June 197311‘“ rates (SAR). Error are given at 1 ©.

S76 J.L. Loizeau et al.



Core E6

VMS (x 10°%)  Porosity (%) LOI (%)  “Cs (Bqkg™')

Fe (%) Pb (mg kg™)

0 20 40 60 8060 70 80 90 1000 10 20 30 400 200 400 6000 2 4 6 8 100 400 800 1200

Figure 4. Sediment core E6. Profiles of

VMS, porosity, LOI (organic matter), '3’Cs

activity, and concentration of Fe and Pb.
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the layer presenting the maximum gradient.
Pb concentration profile presents a sharp in-
4 crease corresponding to the start of the
sewage treatment plant of Lausanne (1964),
whereas Fe increases simultaneously with
VMS, both resulting from the implementa-
tion of a chemical stage in the STP using
FeCls.

over, in cores C7 and CF11 the peak of '3’Cs of 1986 is ab-
sent, whereas it is extended in core BV (see also Monna et al.,
1999). The sediments corresponding to the low VMS values
are slightly finer grained than the under- and overlying sedi-
ment (Rozé 2001) and have lower concentration of heavy met-
als (Fig. 4 and Peytremann & Haller, 1997). These sections
probably correspond to sediment originating from another
source, from coastal areas, displaced as local slumps or by en-
gineering work undertaken in 1986 to fasten down the effluent
pipe on the lake floor (M. Maulaz, STP of Lausanne, oral com-
munication). The dynamic transport of sediment may have
eroded the sediments deposited in 1986 in some areas and ac-
cumulated '¥’Cs-enriched sediment down current. However it
seems that the eroded material did not represent an important
fraction of the sedimentary record, because sediment accumu-
lation rates derived from '3’Cs dating give all cores a similar
date for the VMS increase.

As an example of the relation between the VMS and
chemical parameters, profiles of VMS, porosity, organic mat-
ter, '37Cs activity, and Fe and Pb concentrations from core E6
are shown on Fig. 4. In this core the two activity peaks of 13’Cs
are attributed to fall-out from nuclear bomb tests (1964) and
the Chernobyl accident (1986). From these dates we calculat-
ed an average sediment accumulation rate of 0.54 [g cm? y'!]
and determined August 1971 as the date corresponding to the
first maximum gradient of VMS (from bottom to core top).
There are notable differences in the profiles of Fe and Pb (Fig.
4). The contamination by Pb starts 8 centimetres below the Fe
increase. Porosity, organic matter and other heavy metals (Cd,
Cr, Cu, and Zn, not shown) behave the same as Pb. The Pb
concentrations in the sediments significantly increase in 1964,
which corresponds to the start of operation of the STP of Lau-
sanne. From this date, the STP effluent played the role of a
point-source of pollution, concentrating in one spot the conta-
mination which was before dispersed from many outlets along

the lake shore. On the other hand, the increase of the Fe con-
centration coincides with the VMS increase in 1971. This
finding confirms the excellent quality of dating in this sedi-
ment core.

Mapping sediment accumulation rates

Using the VMS marker, sediment accumulation rates have
been determined in all 43 cores sampled in the Bay of Vidy.
The mean SAR from 1971 vary between 0.3 and 2.8 cm/y. A
map of the SAR has been derived from these data (Fig. 5)
which evidently shows the impact of the STP effluents on the
SAR pattern. Maximum SARs are observed close to the end
of the effluent pipe, with a preferential extension to the south-
western zone of the Bay. The SAR then decreases linearly
with the distance from the pipe end. This pattern is similar to
the distribution of contaminants (heavy metals) in the surface
sediment in the Bay (Pardos et al. submitted). Using this map,
we determine that the volume of contaminated sediments de-
lineated by the VMS signal reaches 204,600 m3. This repre-
sents a sediment mass of 274,160 tons, assuming a sediment
density of 1.34 [g cm™], calculated from an average porosity
of 85%, and a particle density of 2.25 [g cm™] (including 25%
of organic matter), or 69,000 tons of dry sediments. The medi-
an concentrations of heavy metals in post-1964 sediments in
the area vary, for example, between 632 and 3447 pg/g (mean
value = 1170 pg/g) for Zn and between 165 and 528 ng/g
(mean value = 280 pg/g) for Pb (Loizeau et al., submitted).
Taking mean values, the mass of Zn and Pb stored in the sedi-
ments are 81 and 19 tons, respectively. This constitutes a po-
tential hazard source for the lake biota when sediment resus-
pension occurs, as has been observed by the erosion of the sed-
iment layer deposited in 1986.
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Figure 5. Map of the sediment accumulation rate (SAR) based on the VMS
dating.

5.- Summary

The Bay of Vidy is influenced by a sewage treatment plant ef-
fluent outflow. The sediments record the start of the chemical
stage in the STP by the presence of a strong magnetic signal.
This signal results from the presence of magnetite grains orig-
inating from dissimilatory Fe(iIl) reducing bacteria. Dating of
7 cores indicates that the increase in the volume magnetic sus-
ceptibility (VMS) correlates over the entire bay, and can thus
be used as an accurate time marker indicating 1971. From a
total of 43 cores dated by the VMS signal, a high resolution
map of sediment accumulation rates has been drawn. It shows
the direct influence of the STP on the distribution of the sedi-
ments. [t correlates also with the spatial distribution of conta-
minants such as heavy metals.

The method of detailed sedimentation rate mapping
by using VMS signal, induced by Fe discharge from a STP, is
probably also appropriate in other lakes receiving effluents
from a similar source.
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