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Abstract Terrigenous (Sc, Fe, K, Mg, Al, Ti) and

anthropogenic (Pb and Cu) element fluxes were measured

in a new sediment core from Lake Biel (Switzerland) and

in previously well-documented cores from two upstream

lakes (Lake Brienz and Lake Thun). These three large peri-

alpine lakes are connected by the Aare River, which is the

main tributary to the High Rhine River. Major and trace

element analysis of the sediment cores by inductively

coupled plasma mass spectrometry (ICP-MS) shows that

the site of Lake Brienz receives three times more terrige-

nous elements than the two other studied sites, given by the

role of Lake Brienz as the first major sediment sink located

in the foothills of the Alps. Overall, the terrigenous fluxes

reconstructed at the three studied sites suggest that the

construction of sediment-trapping reservoirs during the

twentieth century noticeably decreased the riverine

suspended sediment load at a regional scale. In fact, the

extensive river damming that occurred in the upstream

watershed catchment (between ca. 1930 and 1950 and up to

2,300 m a.s.l.) and that significantly modified seasonal

suspended sediment loads and riverine water discharge

patterns to downstream lakes noticeably diminished the

long-range transport of (fine) terrigenous particles by the

Aare River. Concerning the transport of anthropogenic

pollutants, the lowest lead enrichment factors (EFs Pb)

were measured in the upstream course of the Aare River at

the site of Lake Brienz, whereas the metal pollution was

highest in downstream Lake Biel, with the maximum val-

ues measured between 1940 and 1970 (EF Pb [ 3). The

following recorded regional reduction in aquatic Pb pol-

lution started about 15 years before the actual introduction

of unleaded gasoline in 1985. Furthermore, the radiometric

dating of the sediment core from Lake Biel identifies three

events of hydrological transport of artificial radionuclides

released by the nuclear reactor of Mühleberg located at

more than 15 km upstream of Lake Biel for the time period

1970–2000.

Keywords Lake sediment � Terrigenous flux �
Trace metals � Radionuclides � Human impact

Introduction

The high denudation rate (the sum of chemical weathering and

physical erosion) affecting the European Alps (up to

0.9 ± 0.3 mm/year in the Swiss Central Alps) is due to a high

relief, a steep topography and a high crustal thickness (Witt-

mann et al. 2007). The resulting particle transport is

particularly elevated in peri-alpine rivers with glacial catch-

ments, and the suspended particles primarily accumulate on
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the bottom of peri-alpine lakes, which have been acting as

sediment trap for upstream sediment erosion since the

deglaciation from the last glacial maximum (Bezinge et al.

1989; Hinderer 2001; Wessels 1998; Ivy-Ochs et al. 2004).

The quantification of sediment transport and terrigenous

fluxes at a river-basin scale therefore allows a better under-

standing of biogeochemical cycles at a regional scale

(Gaillardet et al. 1999; Millot et al. 2003; Pokrovsky et al.

2010). In addition, the analysis of the terrigenous particles

transported to peri-alpine lakes using sediment cores provides

an excellent opportunity for reconstructing the impacts of past

climate changes on the natural environment (Arnaud et al.

2005; Chapron et al. 2005; Girardclos et al. 2005). However,

little attention has been paid so far to the superimposed

anthropogenic influence, which substantially altered the sus-

pended sediment load of the main alpine rivers during the last

decades, principally due to particle retention in large reser-

voirs located behind hydropower dams (Loizeau and Dominik

2000; Syvitski et al. 2005; Wetter et al. 2011). In fact, the

riverine sediment transport in the European Alps, which is

primarily controlled by environmental factors (climate, veg-

etation cover and topography) influencing the rate and process

of weathering, has been significantly altered by the extensive

construction of reservoirs and hydroelectric dams that dras-

tically changed hydrological patterns and reduced suspended

sediment loads (Vörösmarty et al. 2003; Finger et al. 2006;

Thevenon et al. 2012). Therefore, attempts at understanding

present-day riverine discharge patterns based on river-borne

sediment material, or the reconstruction of past climate and

runoff variations based on the accumulation of lacustrine

sediments, should be applied with caution due to possible

human impact on the terrestrial elemental fluxes at the scale of

the drainage basin (Walling et al. 1998; Yang et al. 2005;

Wüest et al. 2007).

The studied system of the three lakes (Lake Brienz,

Lake Thun and Lake Biel) connected by one major river

(Aare River; Fig. 1) provides an excellent opportunity to

evaluate the impact of anthropogenic changes on element

fluxes through time. Indeed, the numerous hydropower

dams constructed upstream of Lake Brienz in the high-

alpine Grimsel area (up to 2,300 m a.s.l; Fig. 1) have

strikingly altered the seasonality of the river flow (shift of

the particle input from summer to winter) and have con-

siderably reduced the overall particle input from upstream

glaciers to Lake Brienz (Wüest et al. 2007). In addition to

these hydropower operations, the Aare River, which is the

main water supplier of the High Rhine River, was redi-

rected into Lake Biel in 1878 and has been regulated by the

Hagneck hydroelectric dam since 1900, in an effort to

prevent flooding of the nearby area called ‘‘Seeland’’

(Fig. 1). Finally, precipitation and stream-flow discharge

have been monitored for about 100 years in this region

(FOEN 2010; MeteoSwiss 2012) and therefore offer a

comprehensive dataset to compare historical climate and

human-induced hydrological changes with the recon-

structed changes in terrigenous sediment transport to peri-

alpine lakes.

The quantification of trace elements continuously

accumulating in the sediments at the bottoms of peri-alpine

lakes can be used to evaluate the modern pollution level as

well as to assess the temporal evolution of the water pol-

lution and its relation with (past) human activities

(Thevenon et al. 2011a; Thevenon and Poté 2012). Indeed,

the enrichment of trace metals in lacustrine sedimentary

archives gives access to the history of anthropogenic pol-

lutant input, and provides the possibility to evaluate the

recent metal contamination in comparison to the natural (or

pre-historic) level (Eades et al. 2002; Thevenon et al.

2011b). In the absence of long-term environmental records

that could provide pre-anthropogenic levels of pollutants

(i.e. natural background levels), the enrichment of trace

metals can be expressed relative to the lowest values in the

record, which are generally found in the oldest sections of

the analysed sediment records (Shotyk et al. 1998; Arnaud

et al. 2004; Thevenon et al. 2011b).

As a prerequisite of such a sediment-based environ-

mental reconstruction, well-dated sediment records are

demanded. Additionally to historical events, activity pro-

files of 137Cs and 210Pb radionuclides provide a valuable

dating tool for the 20th century and thus allow for the

calculation of element fluxes and the comparison of sedi-

ment records from different sites. Such a radiocesium

profile of sediment cores from Lake Biel (Switzerland,

Fig. 1) revealed anomalous 137Cs peaks dated to 1977 and

1982 that were caused by radionuclide discharges from the

upstream Mühleberg Nuclear Power Plant (NPP) (Albrecht

et al. 1998). The contamination of fluvial waters by liquid

releases from Swiss and French nuclear installations and

the long-term retention of long-lived radionuclides have

also been evidenced in surface and overbank sediments

from some of the major European rivers (e.g. Rhine, Rhône

and Moselle Rivers) (Mundschenk 1992, 1996; Provansal

et al. 2012; Ferrand et al. 2012). However, despite major

concerns for human health and the environment, continu-

ous and well-dated sedimentary records reconstructing the

historical deposition of anthropogenic radionuclides

released by the nuclear industry are still scarce.

Materials and methods

Study sites

The basic parameters of the tree studied lakes are sum-

marized in Table 1 and described in the presentation of the

lakes below.
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Lake Brienz

Lake Brienz lies at an altitude of 566 m a.s.l. in a frontal

range valley of the Swiss Alps. The Lake Brienz catch-

ment area covers 1,140 km2 and is situated in a partially

glaciated (*19 % of total area) mountainous environment

with 50 % of its surface lying above 2,000 m a.s.l. The

lake has a surface area of 29.8 km2, a volume of 5.17 km3

and a maximum depth of 261 m. It is holomictic and

ultra-oligotrophic with almost exclusively allochthonous

clastic input. The water residence time is 2.7 years

(Liechti 1994).

The Aare and the Lütschine rivers are the major water

and sediment suppliers to Lake Brienz. Although the dis-

charge of the heavily dammed Aare River (gauging station

in Brienzwiler) is still nearly twice as high as that of the

Lütschine River (not dammed; gauging station in Gsteig)

(Figs. 1, 4), the annual sediment loads are almost equal in

both rivers. However, the annual particle input to the

uppermost part of the lake’s water column is dominated by

material from the Aare River (92.8 kt/year compared with

64.7 kt/year from the Lütschine River) (Finger et al. 2006).

The total annual sediment input into Lake Brienz lies in the

range of 250–350 kt (average 302 kt) and has decreased by

approximately 232 kt/year due to sedimentation in the

reservoirs Grimselsee, Räterichsbodensee and Oberaarsee

(Anselmetti et al. 2007) (Fig. 1) (for details about the

construction of the hydroelectric dams in the Grimsel

region see Supplementary Data, Table S1).

The sediments of Lake Brienz mainly consist of fine-

grained (clayey silt) material that is intercalated by sandy

layers. The most conspicuous deposit present in the sedi-

ment record during the investigated time period is a large

subaquatic mass movement that was triggered at the Aare

delta in 1996 and eroded up to 20 cm of sediment in the

deep basin (Girardclos et al. 2007).

Fig. 1 Map of the studied area

presenting the old and new

courses of the Kander and Aare

rivers, the location of the dams

mentioned in the text (marked
by black rectangles), the

location of the sediment cores

(indicated by red dots) retrieved

from Lake Biel (BIE10-3; this

study), Brienz (BR03-10;

Anselmetti et al. 2007) and

Thun (THU07-06; Wirth et al.

2011), as well as the location of

the Mühleberg nuclear power

plant and the gauging stations

(grey dots) mentioned in the

text. Upper right insert Map of

Switzerland indicating mean

annual precipitation

(1961–1990; MeteoSwiss 2012),

the studied area (white dashed
square) and the catchment area

of Lake Biel (non-shaded area)

Table 1 Physical characteristics of Lake Brienz, Thun and Biel (Liechti 1994)

Lake Brienz Lake Thun Lake Biel

Surface area 29.8 km2 48.4 km2 39.3 km2

Surface elevation 566 m a.s.l. 558 m a.s.l. 429 m a.s.l.

Maximum water depth 261 m 217 m 74 m

Water volume 5.17 km3 6.44 km3 1.24 km3

Water residence time 2.7 years 684 days 58 days

Catchment area 1,140 km2 2,451 km2 8,305 km2

Present trophic state Ultra-oligotrophic Oligo-mesotrophic Mesotrophic

Lake type Holomictic Holomictic Holomictic

Main tributaries Aare and Lütschine Kander and Aare Aare

Human impact on the transport
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Lake Thun

Lake Thun is situated downstream of Lake Brienz along

the Aare River course (Fig. 1). It has a surface area of

48.4 km2, a volume of 6.44 km3, a maximum depth of

217 m and is situated at an altitude of 558 m a.s.l. It is

holomictic and oligo-mesotrophic and has a residence time

of 684 days (Liechti 1994). Its main tributaries, the Kander

and Aare rivers, are responsible for 90 % of the water

supply. The Aare River, which first flows through deep

Lake Brienz (Fig. 1), arrives in Lake Thun almost free of

coarse particles (Sturm and Matter 1972). In contrast, the

Kander River, which was deviated into Lake Thun in 1714

(Fig. 1), is rich in clastic sediment load. Its deviation

therefore increased the lake’s sediment input by a factor of

two or three between 1714 and 1840 before river-bed

erosion in the Kander catchment ceased and the sedimen-

tation rates re-adjusted to almost pre-Kander conditions

(Wirth et al. 2011). At present, 85 % of the sediment input

to Lake Thun is supplied by the Kander River (Sturm and

Matter 1972).

Lake Biel

Lake Biel is situated downstream of Lake Brienz and

Lake Thun (Fig. 1). It has a surface area of 39.3 km2, a

volume of 1.24 km3, a maximum depth of 74 m and lies

at an altitude of 429 m a.s.l. Lake Biel is subdivided into

two basins (north and south) that merge in the eastern

part of the lake. It is holomictic and has changed from

mesotrophic in the 1950s to eutrophic in the 1990s, with

a hyper-eutrophic peak in the 1970s (Liechti 1994). The

Aare River is the only tributary for the southern basin

and the main water supplier of Lake Biel. It delivers

80 % of the water and 90 % of the allochthonous par-

ticulate matter to the lake. This sediment load largely

derives from the Sarine River, a tributary to the Aare

River downstream of the city of Bern (Fig. 1), as the

Aare River first flows through the large decantation

basins of Lake Brienz and Lake Thun acting as efficient

sediment traps. The Aare River has only been flowing

into Lake Biel since 1878 when the river was deviated

by the Hagneck Channel into the lake in order to control

devastating floods in the Seeland area (Fig. 1). The

Hagneck Channel was widened in 1878 but the river

continued to intensely erode the river-bed and new sta-

bilisation constructions were built between 1887 and

1900. With the completion of these additional construc-

tions the Hagneck hydroelectric dam was finally

inaugurated in 1900 (Nast 2006). The Aare River devi-

ation increased the catchment area of Lake Biel by a

factor of four, leading to an increase in the mean water

input from 55 to 240 m3/s, which in turn reduced the

mean residence time from 253 to 58 days (Liechti 1994).

In addition to this major deviation, the regional river

management program called ‘Jura waters correction’ also

included the canalization of the naturally inflowing small

rivers (Broye and Thielle) as well as a *2.5 m lowering

of the mean lake level of Lake Biel in order to drain the

surrounding wetland areas.

Reservoirs built along the Aare River

Upstream of Lake Brienz, the flow of the Aare River is

affected by seven reservoirs associated with six hydro-

power units. 68 % of the Aare River runoff is collected

in this reservoir-lake system (between 862 and 2,365 m

a.s.l) and is reinjected into the Aare River at an altitude

of 620 m a.s.l (Fig. 1) (Finger et al. 2006). It has been

demonstrated that the construction of hydropower dams

upstream of Lake Brienz in the high-alpine area of the

Grimsel Pass (Grimsel dam at 1909 m a.s.l built in

1929, Räterichsboden dam at 1,767 m a.s.l in 1950, and

Oberaar dam at 2,303 m a.s.l. in 1953; Fig. 1) has

drastically diminished particle fluxes from the upstream

glaciers to Lake Brienz. Specifically, hydropower oper-

ations have induced a shift of the particle inputs from

summer to winter and have minimized peak discharges

(i.e. summer high-flow events) as well as the intrusion

depth of the Aare River waters in Lake Brienz (Finger

et al. 2006; Wüest et al. 2007). Anselmetti et al. (2007)

furthermore estimated that only 39 kt/year of fine-

grained (\4 lm) sediment (of the total 271 kt/year of

solid particles that entered the Grimsel reservoirs on

average during the last 71 years) were transported

downstream to Lake Brienz, while 232 kt/year of mostly

coarse particles were retained. Therefore, the total sed-

iment input of the Aare River into Lake Brienz was

reduced by two-thirds. Further details about the con-

struction of the main dams in the Grimsel area are

provided in the Supplementary Data (Table S1) of this

study.

Concerning the Sarine River, which is a major tributary

of the Aare River downstream of the city of Bern, the most

important hydrological change over the past century was

the construction of the Rossens dam that was finished in

1948. Following the completion, it took 4 months for the

river to form the second largest artificial reservoir in

Switzerland (200 millions m3) by filling Lake Gruyère

(Fig. 1). Since then, the Sarine river discharge pattern has

been heavily influenced by the hydroelectricity production,

which maintains the downstream water discharge almost

constant, excluding times of strong flood events (i.e. in

1999, 2005 and 2006).

F. Thevenon et al.
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Methodology

Sediment coring, logging and sampling

In 2003, a 77-cm-long gravity core (BR03-10) was col-

lected from central Lake Brienz (46�4401700N, 7�5805400E)

at 260 m water depth. This core was initially analysed to

reconstruct the sediment input to Lake Brienz (Anselmetti

et al. 2007).

In 2007, a 98-cm-long gravity core (THU07-06) was

also collected from central Lake Thun (46�4003600N,

7�4503700E) at 212 m water depth, in an effort to evaluate

changes in sediment input to Lake Thun following the re-

routing of the Kander River (Wirth et al. 2011).

In 2010, a 119.5-cm-long gravity core (BIE10-3) was

collected from the southern basin of Lake Biel (47�301400N,

7�80800E) at 52 m water depth.

After their collection, gamma-ray attenuation bulk

density was measured on whole-round cores using a

GEOTEK multi-sensor core logger. Afterwards, the cores

were opened, photographed and sliced into 1 cm thick

sections. These sediment samples were frozen, freeze-dried

and ground into a fine homogeneous powder for chemical

analysis. Water content was measured by weighing indi-

vidual samples before and after freeze-drying.

Radionuclide activities

The 137Cs activities of the cores from Lake Brienz, Lake

Thun and Lake Biel were measured following the same

procedure at Eawag (Dübendorf, Switzerland). Radionu-

clide activities (226Ra t1/2 = 1,601 years; 241Am t1/2 =

432 years; 137Cs t1/2 = 30.2 years; 210Pb t1/2 = 22.3 years

and 60Co t1/2 = 5.3 years) were determined in Bq/kg (dry

weight) by c-ray spectroscopy on high-purity germanium

(Ge) well detectors. Geometry correction and calibration

were based on standard solutions from 1 to 10 mL, which

were adapted to sample masses ranging between 0.5 and

1 g dry weight.

Chemical treatment and ICP-MS measurements

Around 2–3 mg of sediment powder was completely

digested using pure acids in Teflon bombs and a glass

ceramic hotplate. The procedure involves three heating

steps with (1) 0.5 ml HNO3 (suprapur�, 65 %), (2) a

mixture of 0.3 ml of HClO4 (suprapur�, 70 %) with 0.3 ml

HF (suprapur�, 40 %), and (3) one additional treatment

with 0.3 ml of HNO3 (suprapur�, 65 %). The samples were

evaporated between each step of the procedure and finally

diluted to 10 ml with 1 % HNO3 solution for chemical

analysis.

The concentrations of major and trace elements

[including scandium (Sc), iron (Fe), potassium (K), mag-

nesium (Mg), aluminium (Al), titanium (Ti), copper (Cu),

and lead (Pb)] were measured using a quadrupole-based

inductively coupled plasma-mass spectrometer (ICP-MS,

model 7700 series, Agilent). Multi-element standard solu-

tions at different concentrations (0, 0.02, 1, 5, 20, 100 and

200 ppb) were used for calibration. Standard deviations of

four replicate measurements (done for each element) were

below 10 %, and chemical blanks for the procedure were

less than 5 % of the sample signal. Concentrations of the

different elements (given as lg/g or mg/g dry weight) were

converted to element fluxes in order to correct for varying

sedimentation rates when comparing the records from the

three lakes. Element fluxes were calculated using the fol-

lowing equation:

Element flux (lg or mg/cm2/year) = Element concen-

tration (lg/g or mg/g) 9 Sedimentation rate (cm/year) 9

Density (g/cm3)

In order to decipher the anthropogenic contribution to

the trace-metal content, we calculated the enrichment

factors (EFs) for Pb concentrations using the following

equation:

EF = (Pb concentration in sample/Sc concentration in

sample)/(the lowest Pb/Sc ratio of each record)

The conservative element scandium (Sc) was chosen

because it occurs in the same concentration range as Pb in

natural (uncontaminated) sediments and is unaffected by

human activities.

Results and discussion

Age models for Lake Brienz and Lake Thun

The age models for the records of Lake Brienz (BR03-10)

and Lake Thun (THU07-06) are based on core-to-core

correlations with previously well-dated sediment cores

from these two lakes (see Supplementary Data of this

study, Figs. S1 and S2). The age-depth relation is estab-

lished using the 137Cs markers of 1951 (zero level), 1963

and 1986, as well as event-layer stratigraphies from flood

and mass movement deposits. Details about the dating of

the cores from Lake Brienz and Lake Thun are described in

Anselmetti et al. (2007) and Wirth et al. (2011),

respectively.

Age model for Lake Biel

The age model for the Lake Biel core (BIE10-3) is well

constrained by radionuclide activity profiles of 137Cs, 60Co,
210Pb, 226Ra and 241Am as well as by two additional

tie points, which are the coring year (2010) and the

Human impact on the transport
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completion of the Hagneck hydroelectric dam (1900;

Fig. 2). Using the CFCS (constant flux constant sedimen-

tation) model (Krishnaswamy et al. 1971), the 210Pb age

model is constrained by the best-fitted (R2 = 0.91) linear

slope of excess 210Pb (obtained by subtracting the 226Ra

activity to the 210Pb activity), which could be measured

down to 63.5 cm core depth (i.e. 1932) and provides a

mean sedimentation rate of 0.86 cm/year. This sedimen-

tation rate was applied to the lower part of the core by

extrapolation, resulting in an age of 1900 AD at 94.5 cm

core depth. This stratigraphic level coincides with con-

spicuous changes in lithology and magnetic susceptibility

(Fig. S3), which are interpreted as decreased clastic input

caused by sediment retention due the upstream Hagneck

hydroelectric dam. However, as river-bed erosion by the

Aare River only stabilized with the completion of the

Hagneck dam in 1900 (Nast 2006), the sedimentation rate

is likely enhanced for the period 1878–1900. Due to this

uncertainty, the age model was not extended beyond 1900

(i.e. 94.5 cm). For the period 1951–2010, the age model

was verified using the 137Cs activity peaks of 1986 (1985

with 210Pb age model) and 1963 (1962 with 210Pb age

model) generated by the Chernobyl accident and the global

maximum radionuclide fallout due to atmospheric tests of

nuclear weapons, respectively. In addition, the beginning

of 137Cs emission in 1951 (i.e. end of 137Cs zero activity) is

also used as a marker horizon (1950 with 210Pb age model,

Fig. 2). Furthermore, the 241Am activity peak at 41.5 cm

depth confirms the 1963 137Cs peak due to atmospheric

fallout. Overall, the 210Pb- and 137Cs age models differ

only by about 1 year, which is likely due to measurement/

sampling uncertainties and model used.

Impact of manmade reservoirs on element fluxes

Instrumental precipitation records from different monitor-

ing stations in Central Switzerland (Begert et al. 2005)

present strikingly similar variations but nonetheless indi-

cate that more precipitation falls in mountainous areas

(Engelberg and Chateau d’Oex: 1,200–1,700 mm/year)

than on the Swiss Plateau (Bern: *1,000 mm/year)

(Fig. 4). This pattern is due to the altitude effect of pre-

cipitation (*0.7 mm/m in altitude in the northern part of

the Alps; Schädler and Weingartner 2002), which is

strongly influencing the distribution of mean annual pre-

cipitation in Switzerland (Fig. 1). Despite considerable

seasonal and topographic effects, the analysis of meteoro-

logical data sets has shown that the annual precipitation

amounts in Switzerland during the twentieth century

slightly increased in most sub-regions and for all seasons

with the exception of summer (Widmann and Schär 1997).

Regarding the here used meteorological stations, a slight

long-term increase in total annual precipitation is observed

for the station of Chateau d’Oex, while the two other

precipitation series (Engelberg and Bern) remain relatively

constant over the last century (Fig. 4).

The discharge records of the Lütschine River (number 5

in Fig. 4), which is an Alpine torrent largely unaffected by

human activities, and of the Aare River in Thun and Bern

(number 3 and 2 in Fig. 4) both show a good consistency

with the temporal trends of the precipitations series (FOEN

2010). However, these patterns strongly contrast to the

discharge of the Aare River measured in the upper part of

its watershed (gauging station in Brienzwiler, number 4 in

Fig. 4), for which a decreasing trend is observed between

1930 and 1970, occurring synchronously with the con-

struction of the hydropower reservoirs upstream of Lake

Brienz (number 12 in Fig. 4). Synchronously with the

extensive construction of dams in Switzerland, abrupt

drops are also recorded in the discharge pattern of the

Sarine River in Fribourg (number 1 in Fig. 4). Thereby, the

most conspicuous decrease in the Sarine River discharge

occurred after the construction of the Rossens dam in 1948

(number 13 in Fig. 4). Furthermore, the intense contem-

poraneous economic development as well as the

availability of infrastructures for water storage and water

delivery in these areas certainly fostered water withdrawal

for human uses (agriculture, industry and municipal use).

This may be especially important in the Rossens area and

in the vicinity of Lake Biel, where agriculture is more

important than in the upstream course of the Aare River.

It has recently been demonstrated that the river-trans-

ported sediment load into Lake Brienz is strongly

dependent on the peaks in the discharge regime and that

hydropower damming has drastically diminished particle

fluxes and minimized (short-term) peak discharges (Finger

et al. 2006; Bonalumi et al. 2011). Hence, hydropower

operations in the Grimsel area significantly modified sus-

pended particle loads (and seasonal water discharge) to

Lake Brienz (Finger et al. 2006). An additional study

conducted on the sedimentation of the fine particle fraction

from the water column in the two high-altitude reservoirs

Oberaarsee and Grimselsee (Fig. 1) that have been used for

pump-storage operations since 1980 demonstrated that

pump-storage operations have not only strongly modified

the downstream but also the overall sedimentation pro-

cesses (Bonalumi et al. 2011). Before the construction of

the reservoirs particle input to Lake Biel mainly happened

during snowmelt in late spring/early summer and during

extreme runoff events in summer (Finger et al. 2006).

However, upstream hydropower operations have shifted

the main part of the sediment input from summer to winter.

The fluxes of terrigenous elements (Sc, Ti, Mg, Fe, K

and Al) transported to the coring sites of Lake Brienz, Lake

Thun, and Lake Biel do not follow the precipitation pattern

of the area, strongly suggesting a catchment scale impact of
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the numerous water reservoirs constructed in the upstream

part of the catchment area since about 1930 (Fig. 3). For

example, the Ti flux record of Lake Biel shows a strong

decrease from values ranging around 4 mg/cm2/year to

values around 3 mg/cm2/year after ca. 1950 (Fig. 4), sug-

gesting a reduction of the terrigenous flux of *25 %

during the second part of the twentieth century. A similar

reduction in the transportation of Ti is also observed in

Lake Brienz between 1950 and 1970 (Fig. 4). Although an

additional effect of artificial water withdrawal (especially

for agriculture) cannot be ruled out, our sedimentary

records of terrigenous material fluxes from Lake Biel and

Lake Brienz indicate that the shift of the main runoff from

summer to winter due to the hydropower damming com-

bined to the retention of suspended particles in the

reservoirs (see previous paragraph), significantly reduced

the riverine sediment load of the Aare River. A similar

reduction in the recent transport of terrigenous elements

has been reported in other large and deep peri-alpine lakes.

Before the beginning of massive land-use changes in the

late-nineteenth century, the crustal element concentrations

in the sediments of Lake Lucerne that are associated with

the silicate-clay fraction were primarily influenced by cli-

mate-induced hydrological changes (Thevenon et al. 2012).

By contrast, the lower Ti input also measured in the

deepest part of Lake Geneva during the twentieth century

(Fig. S5; details in Thevenon et al. 2011a) indicates

reduced terrigenous sediment transport due to lower sum-

mer Rhone River flows and increased sediment entrapment

in the numerous reservoirs built along the upstream Rhone

River course (Loizeau et al. 1997). These studies demon-

strate that the extensive construction of water reservoirs

during the middle of the twentieth century in Switzerland

significantly reduced terrigenous fluxes to major alpine

rivers and to the large and deep peri-alpine lakes.

The three times higher flux of terrigenous elements into

upstream Lake Brienz compared to downstream Lake Thun

and Lake Biel can be easily explained by more intense

weathering and hydrological processes in its glaciated

mountainous catchment (resulting in a higher flux of ter-

rigenous sediment transported by the Lütschine and Aare

rivers) and also by the fact that Lake Brienz constitutes the

first large sediment sink of the Aare River (Girardclos et al.

2007) (Fig. 3 and S5).

Importantly, turbidites related to large mass movements

in Lake Brienz (details in Girardclos et al. 2007) were not

reported in Figs. 3 and 4. Apparently, such events strongly

enhance elemental fluxes because of a sudden increase

in sedimentation rate and terrigenous element input

(Fig. S5). However, these mass movement deposits represent

Fig. 2 Left Radionuclide activities of the Lake Biel sediment core

(BIE10-3). Excess 210Pb activity (226Ra activity subtracted) with

horizontal error bars expressed as 95 % confidence levels and the

regression line (R2 = 0.91) showing a constant sedimentation rate

(0.86 cm/year) down to 63.5 cm (1937). Activities of 137Cs, 241Am,
60Co and 60Co were decay corrected with peak emission sources (the

data below the detection limit for 60Co are not represented). Right
Age-depth model of the sediment record based on excess 210Pb

showing the chronological markers derived from radionuclides

activities (left part). The coring year (2010) and the Hagneck

hydroelectric dam inauguration year (1900) have been added (Fig. S3

for details on core interpretation)
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material redeposited within the lake basin and therefore do

not reflect riverine sediment input. In contrast, two small

turbidites triggered by flood events detected in the lower

and upper parts of the sediment core of Lake Thun reflect

real short-term increases of elements fluxes (Figs. 3 and 4)

(see Wirth et al. 2011 for details about these turbidites).

Element fluxes for tracking anthropogenic pollution

In contrast to the natural elemental fluxes, differences

among the three lakes are observed in the occurrence of

anthropogenically-derived elements. Indeed, Pb and Cu

fluxes into Lake Biel during the middle of the 20th century

strongly differ from the above-presented pattern of the

natural trace elements (Fig. 3 and S4). This is explained by

a higher anthropogenic contribution to heavy metal influx

in the downstream reaches of the Aare River (EF Pb,

Fig. 4). The natural flux of Pb into Lake Brienz (80 lg/

cm2/year) is two times higher than to Lake Thun

(40 lg/cm2/year) and four times larger than to Lake Biel

(20 lg/cm2/year) (Fig. 3). The Lake Brienz record does

not give evidence for anthropogenic lead deposition,

whereas a moderate enrichment of Pb ([1.5) is detected in

Lake Thun. In contrast, the Lake Biel sediment record is

characterized by a strong enrichment of Pb, which is

similar as in the deepest part of Lake Geneva following the

industrial revolution (Thevenon et al. 2011a; Fig. 4). One

must note that the lowest values found in the records might

still include some amounts of human-induced trace metals

because anthropogenic trace-metal pollution in the large

Swiss lakes started to increase following the industrial

revolution in Europe in ca. 1850 (Thevenon et al. 2011a,

2011b; Thevenon and Poté 2012). However, as a result of

the very high dilution by the Rhône River (mean discharge

Fig. 3 Trace element fluxes of Lake Biel, Lake Thun and Lake

Brienz as a function of age (calendar years). A large turbidite layer

deposited in 1996 interrupts the sedimentary record and generates a

hiatus of 17 ± 1 years in core BR03-10 (details in Girardclos et al.

2007). Note the log scale for Fe, K and Al
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of 654 m3/s over the last 56 years; FOEN 2010) for Lake

Geneva and by the Aare River (mean discharge of

717 m3/s over the last 27 years; FOEN 2010) for Lake

Biel, EF Pb remains relatively low in both lake sediments

shortly after the industrial revolution whereas maximum

values are reached between 1950 and 1970 (EF Pb [ 3;

Fig. 4). Since 1970, anthropogenic Pb has decreased to the

level of the late 19th century in Lake Thun and Lake Biel

(Fig. 4). Interestingly, this long-term reduction in aquatic

Pb pollution started about 15 years before the introduction

of unleaded gasoline and synchronously with the large

peri-alpine Lake Lucerne and Lake Geneva. As demon-

strated by the isotope systematic of Pb, which was used to

determine the origin of Pb (Monna et al. 1999; Thevenon

et al. 2011a), the reduction in Pb input into these lakes

primarily resulted from an increase in the number of

sewage plants and thus the improved treatment of indus-

trial (and domestic) wastewaters in the largest cities of

Switzerland.

Although the maximum anthropogenic Pb input to Lake

Biel occurred between 1950 and 1970, i.e. during the time

period when leaded gasoline was used in Switzerland

(between 1947 and 1985), the striking similarity between the

Pb and Cu records (Fig. 3) suggests the same origin and

transport pathway for these two elements rather than the use

of leaded gasoline as dominant source of lead in Lake Biel

during this period. This result is consistent with (1) the

sedimentary records from other low- and high-altitude lakes

Fig. 4 Instrumental records of annual precipitation as 3 year running

average (numbers 2, 6 and 7) (Begert et al. 2005) and of annual river

discharge as 5 year running average (FOEN, 2010) with locations of

gauging stations (1 to 5) reported on the inserted map. Beneath follow

the dates of dam constructions upstream of Lake Biel (12 and 13) as

well as Ti fluxes and Pb enrichment factors (EF Pb) for Lake Biel (8),

Lake Thun (9) and Lake Brienz (10). EF Pb from Lake Geneva (11) is

reported for comparison
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recently studied in Switzerland, indicating a similar pattern

of Pb enrichment and of other anthropogenic metals (e.g. Hg,

Cu, Zn, Mn) (Thevenon et al. 2011a, 2011b, 2013), and with

(2) peat bog records of lead pollution in Switzerland, indi-

cating a maximum extent of atmospheric contamination

(primarily supplied by coal burning) in Europe in 1954,

which predates the maximum impact of Pb emissions from

the use of leaded gasoline (Shotyk et al. 2002). Similarly to

the large and deep peri-alpine Lake Constance (NE Swit-

zerland), the apparent absence of a significant gasoline Pb

peak in Lake Biel (and in the other peri-alpine lakes men-

tioned before) during the 1970s and 1980s could therefore be

due to a compensation of the enhanced aeolian Pb flux

(gasoline Pb) by a much lower release of fluvial Pb (building

of sewage plants) after 1960 (Kober et al. 1999). The sedi-

mentary records from the large peri-alpine lakes therefore

exclude alkyl-lead added to petrol as the major source of

(aquatic) Pb pollution, and rather point at an overall metal

pollution due to increasing urbanization and industrializa-

tion processes (waste incineration, metal smelting processes

and fossil fuel combustion) until the 1970s. Increased

emission controls, becoming effective in the late 1970s,

reduced atmospheric (metal) pollution and implemented

wastewater treatment plants to reduce industrial (and

domestic) aquatic metal pollution.

Evidence for contamination by the nuclear power plant

Additionally to the three 137Cs markers generally used for

dating (1951, 1963 and 1986) European sediment records,

the Lake Biel sediment core (BIE10-3) revealed two

additional 137Cs activity peaks at 8.5 (41 Bq/kg) and

30.5 cm core depth (94 Bq/kg) (Fig. 2). On the basis of the
210Pb age model, these peaks are dated to 2000 and 1975.

The peak dated to 1975 has been reported in a previous

study and detected in several Lake Biel sediment cores,

of which the nearest is only 300 m away from our site

(Albrecht et al. 1998). This increased 137Cs activity was

caused by higher radionuclide discharges of the upstream

Mühleberg NPP due to the use of low-quality fuel rods

between 1976 and 1978 (Albrecht et al. 1998). In addition,

a small 60Co activity peak detected at 22.5 cm core depth is

dated to 1984 on the basis of our 210Pb activity age model

(Fig. 2). Albrecht et al. (1998) suggested that this peak was

related to higher wastewater discharges from the Mühle-

berg NPP documented in August of 1982. The age

difference of 1–2 years between the age model and the date

of the known nuclear events lies within the error range of

our age model (see next paragraph). Our results therefore

confirm the previous identification of increased radionu-

clide discharge by the Mühleberg NPP in 1976 (137Cs) and

1982 (60Co). However, regarding the 1982 event, our data

is not as definite as Albrecht et al. (1998, 1999) because

60Co, which was the only released radionuclide during this

event, shows at present only slightly elevated activity in

our Lake Biel record.

In the upper part of our Lake Biel sediment core, a small
137Cs activity peak dated to 2000 is for the first time

revealed by this study (Fig. 1). The 60Co as well as the
210Pb in excess (obtained after subtracting the 226Ra

activity to the total 210Pb activity) profiles demonstrate that

this 137Cs activity peak was not caused by other processes,

such as reworking of sediment containing Chernobyl-

linked activity or changes in sedimentation rates which

would appear in the 210Pb in excess profile. Therefore, this
137Cs activity peak that is not accompanied by a coeval
60Co peak can be explained by two possible causes: (1)

only 137Cs radionuclides were released to the environment,

or (2) the 137Cs was better scavenged by the minerogenic

fraction than 60Co. Indeed, only 30 to 55 % of the dis-

charged 60Co is transferred to Lake Biel sediments and the

scavenging efficiency of 60Co is higher during the winter

period than during summer, in spite of higher particle

fluxes during summer (Albrecht et al. 1999). Thus, the

found moderate 137Cs activity peak likely points to an

additional and so far undetected release of liquid radio-

nuclides from the Mühleberg NPP to the Aare River in the

year 2000 ± 2. This discharge event could coincide with

an event reported at the Mühleberg NPP on the 6th of June

1998, when an accidental opening of a steam-relief valve

led to an emergency shutdown of the reactor (Prêtre 1999).

Yet, the Swiss government monitors radionuclide activity

in the air and water near the Mühleberg NPP, but registered

values for 1998 are similar to those of previous years and

lie all below 3 % of the legal limit (Prêtre 1999). Similarly,

the automatic dose rate monitoring network (MADUK),

which consists of four subsidiary networks located within a

radius of 6 km of each Swiss nuclear power plant and

which has been recording since 1995 the local dose rate of

Mühleberg NPP every 10 min as a function of natural

levels of radiation, does not reveal any conspicuous values

since data was not published for most of 1998 because of

technical problems (Baur and Schug 2003).

In any case, considering that (1) Lake Biel sediments most

probably only recorded a small portion of the discharged

radionuclides (Albrecht et al. 1999), that (2) 70 % of the

drinking water of the city of Biel (57,000 inhabitants) orig-

inates from Lake Biel, and that (3) the Aare River is a main

tributary to the High Rhine River, the sedimentary profiles of

radionuclides from Lake Biel raise serious concerns about

possible large-scale contamination of drinking water and

groundwater systems by the hydrological dispersion of

radioactive materials over long distances. Indeed, NPPs are

generally built at the shores of lakes, rivers or oceans to

provide large quantities of cooling water and, similarly to the

sediment records from Lake Biel, previous studies from the
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Rhône River also demonstrated that radionuclides released

by the nuclear industry are dispersed through surface waters

over long distances (Martin and Thomas 1990; Provansal

et al. 2012; Ferrand et al. 2012; Albrecht et al. 1998).

Conclusion

This study highlights natural variations in terrigenous

fluxes (controlled by factors such as catchment relief,

denudation rate, river discharge volumes) and anthropo-

genic effects (building of dams and river regulation) on the

transport of suspended sediment loads from the alpine

environment to the peri-alpine foreland, i.e. to peri-alpine

lacustrine basins. The terrigenous fluxes reconstructed at

our studied sites indicate that sediment-transfer processes

at the catchment scale are significantly altered by artificial

hydropower reservoir lakes located in the upper reaches of

the catchment. Our research demonstrates that the con-

struction of dams in Switzerland significantly reduced trace

element fluxes to downstream areas over the last

*50 years. In fact, terrigenous particle fluxes have been

significantly reduced by the construction of reservoir dams

in the Swiss Alps. This result reveals the importance of

considering human-induced effects when reconstructing

past climate variations using historical discharge data and

lacustrine sedimentary archives or when estimating modern

weathering rates based on the abundance of riverine sus-

pended mineral particles. The fluxes of anthropogenically-

produced trace elements (Cu and Pb) indicate that metal

pollution significantly increases in the lower, less moun-

tainous, reaches of the Aare River by revealing the

maximum pollution between *1940 and 1970 in the sed-

iments of Lake Biel. In addition, we found that the alkyl-

lead added to gasoline was not the dominant (aquatic)

source of lead input to the studied large peri-alpine lakes.

Last but not least, the radionuclide dating of the sediment

core from Lake Biel evidences the deposition of radio-

nuclides emitted by the upstream nuclear reactor of

Mühleberg (distance 15 km) during the late 20th century.
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