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Abstract

A 9000 cal. year record of geochemistry was analysed in a sediment core obtained from a Swiss alpine hard-water
lake (1937 m a.s.l.) that is located at the present-day tree-line. Geochemical stratigraphies are compared to changes
in mineralogy, grain-size, pollen, and macrofossil records. This allows the reconstruction of the effects of changes
in vegetation and of 3500 years of land-use in the catchment area on sediment geochemistry. Using principal com-
ponent analysis, two major geochemical groups are distinguished: (i) Changes in concentrations of Rb, Ti, Zr, Fe,
As, and Pb are closely related to corresponding changes in the concentrations of quartz and clay. They are thus
considered to represent the silicate fraction which shows an increase from the oldest to the youngest core section.
(i1) In contrast, Ca and Sr concentrations are positively correlated with changes in silt, sand, and calcite. They are
therefore considered to represent the carbonate fraction which gradually decreased. Based on constrained cluster
analysis, the core is divided into two major zones. The oldest zone (A; 9000—6400 cal. BP) is characterised by high
concentrations of detrital carbonates. The more open catchment vegetation at that time promoted the physical
weathering of these carbonates. The second major zone (B, 6400 cal. BP-1996 AD) is divided into four subsec-
tions with boundaries at ca. 3500, 2400, and 160 cal. BP. The lower part of this zone, B1, is characterized by a
gradual decrease in the carbonate-silt fraction and a pronounced increase in the silicate-clay fraction. This is con-
current with the expansion of Picea in the catchment area, which probably stabilized the soil. The middle part, B2
and B3 (3500-160 cal. BP), comprises pronounced fluctuations in all elements, especially Ca, Sr, Mn, and Rb, but
also in clay and silt. These changes are related to varying intensities of alpine farming. In the same section, Mn/Fe
ratios are highly variable, suggesting changes in the mixing regime of the lake with phases of anoxic bottom water.
The uppermost section, B4 (since 160 cal. BP), is characterized by a steep decline in the silicate fraction and an
increase in Ca and Sr. Despite the decrease in the silicate fraction, Pb increases, due to elevated atmospheric input
resulting from early metal pollution, are masked by the high natural variability. Generally, changes in vegetation,
which correspond to climate changes in the early Holocene and to human activities since ca. 3700 cal. BP, are the
controlling factor for variations in the geochemical composition of the sediment of Ségistalsee.

This is the sixth in a series of eight papers published in this special issue dedicated to the palacolimnology of Sagistalsee. Drs. André F.
Lotter and H. John B. Birks were the guest editors of this issue.
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Introduction

Lake sediments allow the study of long-term natural
environmental variations and of the impact of early
and recent human activities on lakes and their catch-
ments. Most studies performed on freshwater lake
sediments have focused on changes in biological
proxies. Apart from saline lakes, few studies have ana-
lysed long-term changes in sediment geochemistry in
detail (e.g., Norton and Kahl, 1991; Norton et al., 1992;
Kauppila and Salonen, 1997; Wolfe and Hartling, 1997).
More commonly, investigations have focused on trace-
metal trends as indicators of atmospheric pollution
(e.g., Blais and Kalff, 1993; Renberg et al., 1994;
Camarero et al., 1998; Brinnvall et al., 1999) or on
changes in carbonates as indicators of climate or
trophic change (e.g., Wessels et al., 1995; Dean,
1999). Several studies also present changes in stable
isotopes as indicators of changes in climate, salin-
ity, or trophic state (e.g., Valero-Garces et al., 1997;
Brenner et al., 1999; Lamb et al., 1999; Schwalb et
al., 1999, Teranes et al., 1999). However, special
types of XRF-analyses of bulk geochemistry offer a
fast and inexpensive tool to quantify lithogenic ele-
ments such as Ti, Zr, Rb, Sr, Fe, and Mn, and also
Pb, As, Zn, Cu, and Cr (Cheburkin and Shotyk, 1996;
Cheburkin et al., 1997; Boyle, 2000). These can pro-
vide insights into the causes, timing and extent of
changes in the weathering regime of the catchment.
Furthermore, these analyses allow detection of changes
in atmospheric deposition (e.g., Pb pollution or soil
dust) and in redox conditions (Mn/Fe ratio).
Among the long-term palaeoenvironmental changes
reflected in sediment geochemistry, the impact of cli-
mate is of major interest. Climatic variations affect the
transport of lithogenic elements from the catchment
to a lake. During warm periods, chemical weathering
might be accelerated (e.g., Sommaruga-Wograth et
al., 1997; White et al., 1999), while the denser veg-
etation cover and more stable soils may reduce physi-
cal weathering (e.g., Kauppila and Salonen, 1997). In
contrast, physical weathering is elevated during cold
periods when vegetation cover is reduced and higher
amounts of dust are transported to the lake. Also vari-
ous human impacts can be traced in sediment geo-
chemistry. Deforestation and agriculture influence
soil stabilisation and erosion (e.g., Wilmshurst, 1997).
Anthropogenic atmospheric deposition affects trace-
metal concentrations (e.g., Briannvall et al., 2001).
Land-use affects nutrient concentrations and the re-
dox and mixing regimes of lakes (e.g., Engstrom et

al., 1985; Lotter, 2000). In consequence, many changes
in sediment geochemistry may be observed.

Here we investigate the changes in lithogenic major
and trace elements in an alpine hard-water lake and as-
sess their value as indicators for natural and anthro-
pogenic changes in the catchment. We address the
following questions: (1) What is the impact of climate
change on bulk sediment geochemistry? Is it mainly a
direct (weathering, in-lake processes) or an indirect (veg-
etation, soil development) influence that we observe in
the sediment? (2) How did early human activities in the
catchment area (e.g., the onset and development of al-
pine pasturing) affect sediment geochemistry? (3) Is it
possible to detect signals of early anthropogenic atmos-
pheric metal deposition?

Study area

Sagistalsee (46°40'50"'N, 7°58'40"'E) is located in the
Bernese Alps, Switzerland, at 1935 m a.s.1. It has a wa-
ter surface area of 0.073 km?, a volume of 490,600 m3,
and a maximum depth of 9.7 m. The extent of the wa-
tershed is 4.12 km?. The lake is fed by 4 surface inflows
and has one subsurface outflow. The lake is a mesotrophic
(total phosphorus 20 ug I', total nitrogen 0.39 mg 17,
DOC 0.9 mg C 1), alpine hard-water lake (pH 8.4;
alkalinity 2.7 meq I'; 52 mg Ca 1') with a conductiv-
ity of 225 uS cm™'. The catchment mainly consists of
calcareous bedrock. The steep slopes are composed of
black and yellow-brown limestone which are partly
found as breccia with siderolithic weathering crusts and
which contain some oolithic ironstone. The flatter base-
ment consists of carbonaceous, clay-rich Vallanginien
schist and dark marl. Located at present-day tree-line,
the lake is expected to be sensitive to climate-driven
changes in vegetation. Lotter and Birks (2003) give a
more detailed description of the lake and catchment
characteristics.

Materials and methods

A 13.5 m long core was retrieved from Sigistalsee in
1996 using a Livingstone piston corer. For analyses of
the top 50 cm, a short sediment core was retrieved with
a gravity corer. The core was subsampled in 1 or 2 cm
slices for different analyses including pollen and plant
macrofossils (Wick et al., 2003), chironomids (Heiri
and Lotter, 2003), cladocera (Hofmann, 2003), grain-
size, mineralogy, organic and inorganic carbon (Ohlen-
dorf et al., 2003), and inorganic geochemistry.



A total of 176 sub-samples (1-2 cm thick, on aver-
age at 68 cm intervals corresponding to an average
time interval of 47 yrs) have been analysed for bulk
geochemistry. The samples were dried at 105 °C and
ground with an agate ball mill. Selected major and trace
elements (As, Ca, Cr, Cu, Fe, K, Mn, Ni, Pb, Rb, Sr,
Ti, Zn, and Zr) were analysed with an energy-disper-
sive miniprobe multi-element analyser (EMMA), a
special type of X-ray fluorescence analyser consisting
of a conventional X-ray tube with Mo target (17.44
keV, Mo Ka), a focused LiF (220) variable wavelength
monochromator, and a rotating sample holder. Detec-
tion is accomplished with a Si(Li) detector (for detailed
description of EMMA see Cheburkin and Shotyk, 1996;
Cheburkin et al., 1997). From each sample, about 0.8—
1.5 g dried sediment were analysed as loose powder
without further treatment. Lower limits of detection for
the elements are given in Table 1. Due to the inherent
limitations of the EMMA instrument, Ca and K meas-
urements are subject to relatively high standard errors
(15% for Ca, 20% for K; based on the analyses of 12
standard reference materials consisting either of sedi-
ment, soil, or coal fly-ash). Thus Sr and Rb profiles
were used for comparison with grain-size and miner-
alogy. In addition, high iron concentrations increase the
analytical errors for Mn and Ti (and also K and Ca)
because of the higher absorption of their characteris-
tic X-rays in the sample. Ti is also affected by escape
peaks from Fe-Ko and Fe-Kf3, which are located in the
Ti-Ka region if the Fe concentration is high.

For trace-metals, which may be affected by recent
anthropogenic activities such as Pb, As, and Zn, enrich-
ment factors (EF) were calculated by normalizing the
element/Zr ratio in the samples to the average element/
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Zr ratio in the section older than 6440 cal BP (= nor-
malized, pre-anthropogenic background concentration
of core zone A; see Equation 1). Zirconium (Zr) was
used for normalization because it is a largely insolu-
ble, immobile, and weathering-resistant element that is
not utilized biologically and that has no significant
anthropogenic sources. Thus Zr is widely used in weath-
ering studies as a conservative lithogenic element against
which elemental enrichments and depletions may be
viewed. Subsequently, normalised concentrations and
enrichment factors were used to separate natural, lith-
ogenic inputs from anthropogenic ones.

metal
Zr
sample

EF= —— (1)

[metal )
Zr background

Total carbon (C ) was analysed using a CNS analyser
(Carlo Erba). Inorganic carbon (Cimrg_) was measured
as CaCO, with a Coulometer. Organic carbon (Cmg_) was
calculated as the difference between C  and Cimrg_ For
analyses of mineralogy, bulk smear slides have been
analysed with X-ray diffraction (XRD). XRD results
are given as % peak-sum. To avoid confusion, we use
calcite _ for calcite measured with the coulometer
and calcite ,  for results from XRD analyses. Grain-
size was determined on untreated sediments using a
Laser-Particle-Analyser (Mastersizer). For details, see
Ohlendorf et al. (2003).

Age dates are based on “C dates (AMS) of plant ma-
terial from 17 samples. The model used for calculation

of calibrated years is discussed in detail in Lotter and

Table 1. Range of concentrations measured for geochemical elements, lower limits of detection (LLD) and analytical errors

Element Min Max Mean Mean Mean LLD Analytical
All Zone A Zone B error (%)

Ca [%] 8.81 27.21 17.17 15.42 20.63 0.1 15

Fe [%] 2.50 6.49 3.31 3.51 2.91 0.01 10

K [%] 2.94 8.52 422 4.57 3.52 0.1 20

Ti [%] 0.33 0.91 0.45 0.48 0.38 0.01 10

As [ng g'] 7 23 13 14 10 2 12

Mn [ng g'l 277 1923 519 602 354 40 10

Pb [ug g1 14 47 21 23 17 1.8 7

Rb [ng g'] 78 190 128 143 99 0.5 5

Sr [ng g'l 308 531 427 396 488 0.7 7

Zn [ug g1 72 204 106 118 84 1.5 10

Zr [ng g'] 113 213 150 160 129 1 10
Mn/Fe 0.028 0.192 0.052 0.060 0.035
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Birks (2003). The dates mentioned in this article refer
to calibrated radiocarbon years before present (cal. BP)
where 0 year is equal to 1950 AD.

All stratigraphies are depicted as running means (n
=35). Zonation is based on stratigraphically constrained
cluster analyses calculated with ZONE (version 1.2 by
Steve Juggins) first using only geochemical data (n =
176) and then including other data measured in the
same horizon for comparison (Cimrg_ and Corg, n=169;
+ mineralogy data and grain-size fractions, n = 86). The
number of statistical significant zones was determined
for the results of an optimal sum-of-squares partition
by comparison with the broken stick model (Bennett,
1996). For cluster analyses, data were ranged (Legendre
and Legendre, 1998, p. 37) prior to analyses to allow
for comparison of data measured in different units.
Principal component analysis (PCA) and redundancy
analysis (RDA) were performed on centred and stand-

ardized data using CANOCO for Windows 4.0 (ter
Braak and Smilauer, 1998).

Results

General changes in lithogenic major and trace
elements

Two contrasting trends are observed in the sediment
geochemistry. While Sr and Ca concentrations (Fig. 1a)
gradually decrease from the bottom to the top of the
core, all other elements increase: Rb, K, Zr, Ti (Figs.
1b and Ic); Fe, Mn (Fig. 2); and Pb, As, Zn (Fig. 3).
However, fluctuations are high for all elements, espe-
cially in sections B2, B3, and B4.

Based on the constrained cluster analysis results, the
geochemical stratigraphies are split into seven signifi-
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Fig. 1. Stratigraphies of lithogenic elements in Ségistalsee — concentrations of indicators for carbonate and silicate weathering: (a) strontium
and calcium, (b) rubidium and potassium, (c) zircon and titanium. All concentrations are depicted as running means (n = 5).
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Fig. 2. Stratigraphies for concentrations of redox and pH-sensitive elements and for carbon in Sigistalsee: (a) iron, (b) manganese, (c) man-

ganese to iron ratio (Mn/Fe, thick black line), C.

inorg

(measured as calcite

coulom”

thin black line) and organic carbon (Corg, grey line). Major proc-

esses affecting Mn/Fe are mentioned on the right margin. All concentrations are depicted as running means (n = 5).

cant sections, which fall into two main zones. Zone A
(9050-6440 cal. BP) is characterized by the highest
levels of Sr and Ca observed in the core and by the
lowest concentrations of all other elements. Sr and Ca
(and also calcite, - and calcite ) concentrations
decrease slightly. All other elements show some fluc-
tuations but remain within a constant range. Sediment
accumulation rates are highest in the bottom of this
section, reaching 0.33 cm yr~' around 9050 cal. BP, but
decreasing strongly to 0.20 cm yr~' around 7900 cal. BP
and to 0.11 cm yr' around 6440 cal. BP.

In zone B (6440 cal. BP—present), Ca and Sr concen-
trations (Fig. 1a) continue to decrease while all other
elements start to increase (Figs 1b, 1c, 2 and 3). Three
subsections are distinguished: In section B1 (6440-
3540 cal. BP), the decline of Sr and Ca and the increase
of many other elements are most distinct. Most pro-

nounced increases are observed in Rb, while K increases
only until ca. 5300 cal. BP and then starts to decrease
(Fig. 1b). Concentrations of Pb (Fig. 3a) increase only
slightly. As and Zn (Figs 3b and 3c) show a distinct
increase between 6600 and 5700 cal. BP and then remain
more or less stable. Sediment accumulation rates are
lowest in this section, ranging between 0.11 cm yr' and
0.10 cm yr'. In sections B3 (3540-2410 cal. BP) and
B2 (2410-160 cal. BP) variations are high for all ele-
ments. Generally Rb, Zr, Ti, Fe, Mn, Pb, As, and Zn are
enriched, especially in section B2, and most elements
(except Pb) reach their maximum at the top of this sec-
tion. Sediment accumulation rate increases again from
0.10 cm yr" around 3540 cal. BPt0 0.18 cm yr around
500 cal. BP. Section B4 reflects the changes over the
last 200 years. Here a reversal in trend is observed:
concentrations of all elements show a steep decline
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Fig. 3. Stratigraphies for concentrations and enrichment factors (EF) of trace-metals in Ségistalsee: (a) lead, (b) arsenic, and (c) zinc. All
concentrations and EF are depicted as running means (n = 5). EF is calculated relative to Zr/metal ratios in section A.

except for Sr, Ca, and also Pb. The most remarkable
feature of zone B is the synchronous changes in Mn,
Mn/Fe, Cmorg Ca, and Sr since ca. 4000 cal. BP.
PCA of geochemistry, carbon, mineralogy, and
grain-size data

In order to explain the high variability in lithogenic
major and trace elements, statistical analyses were
performed including (a) all geochemical parameters
includingC, . (b) grain-size, (c) mineralogy (quartz,, .
calcite ), and (d) organic parameters (Cmg) Using
PCA, 72% of the variance within these data can be
explained by the first two principal components (Fig.
4). An additional 10% is explained by component 3,
and 5% by component 4. PCA axis 1 is positively cor-
related with Cmor (r=0.95) > Sr (0.88) > calcite, , >
coarse silt > medlum grain-size > Ca > sand (r = 0.76)

and also medium silt. In contrast, PCA axis one is nega-
tively related to Rb (r =-0.98) >Zn >C__ > clay > fine
silt > Ti > Zr > quartz > Pb > Fe (r = —0 72) and also
As, K, Mn, and Mn/Fe. PCA axis 2 is mainly related
to K (0.63), Mn (0.62), and Mn/Fe (0.60).

Of all the geochemical elements, the loadings of Rb
and Sr on PCA axis 1 are highest. Their arrows point
in opposite directions. Axis 1 thus reflects a gradient
from Ca (and carbonate) rich samples to Rb (and clay)
rich samples. Performing a RDA with Sr as the sole re-
sponse data and manual forward selection in order to
test which variables explain the highest proportion of
the variation in Sr, C_ ore is chosen as the first predictor
variable explaining 89% (p <0.001) of the changes.
Positive Sr correlations are strongest with Ca (r = 0.94,
p<0.001), C,_ org (r=0.93, p<0.001), and calcite
(r=0.86,p<0. 001) This indicates that the sedimen-
tation of Sr is strongly linked to that of CaCO, in this



Silicate Fraction

313

Carbonate Fraction

o :
+{ Clay Silicates Calcite
K Mn Mn/Fe |
< < » Ca
i ; Calcite
Finesilt N O Medium Silt
Fe [e] oo Sr
- Clay S~ o ' o0 .
% Ti ' o \ O C inorg
o d Zn >, < ‘
s s N O -
>~ Rb |t AR o
X As OO«
g O . .
O Lo Median Grain Size
<
15 al % < < ¢ ) TS
e Pb 00 ©
<<>> ‘ Coarse Silt
Quartz (o] Sand
21 Quartz Silicates Coarse Particles

-1.0

+1.0

PCA Axis 1 (59.1%)

Fig. 4. Biplot based on principal component analyses of concentrations of lithogenic elements, organic and inorganic carbon, minerals, and
grain-size fractions measured in the same sample horizons (n = 86). In order to depict the changes between zones A and B, the samples of each
zone are marked differently: Black dots are samples of section A. Open diamonds are samples of section B.

lake, a finding which is generally expected as Sr is an
abundant trace element in CaCO, especially when no
aragonites are present, as is the case in these sediments.
Rb is significantly positively correlated with all other
geochemical elements, except Mn/Fe. Its variation is
significantly negatively related to changes in C; (first
variable selected in RDA, 82%, p < 0.001), suggesting
that it is bound mainly in the silicate fraction. A rela-
tive increase in the carbonate fraction will consequently
cause a decrease in the silicate fraction and vice versa.

Based on these results, two major geochemical groups
are distinguished (Fig. 4): (i) A carbonate fraction: Ca
and Sr concentrations correlate with those of calcite,
Cinmg_ (measured as calcite ), medium silt, coarse
silt, and sand and can therefore be considered to rep-
resent the carbonate fraction. (ii) A silicate fraction: The
changes in concentrations of Rb, Ti, Zr, Fe, Pb, As, Zn,
Ni, and Cr, are closely related to corresponding changes
in the concentrations of quartz, clay, and fine silt and
can thus be considered to represent the silicate fraction.

The changes between zones A and B are depicted in Fig.
4. The samples measured in zone A are all located in
the carbonate-rich fraction, whereas there is a shift
towards the silicate fraction with a higher proportion
of fine grained particles in zone B.

Comparison of changes in sediment geochemistry
with mineralogy and grain-size

For comparison of sediment geochemistry with the
changes in mineralogical composition and grain-size
fractions, we choose Rb as representative for the sili-
cate fraction and Sr as representative for the carbonate
fraction. These elements were selected because of
their high loadings on PCA axis 1 and their contrast-
ing trends. In addition, Rb and Sr probably reflect changes
in the sediment sources with Rb mainly originating
from clay-rich schist and marl, which form the catch-
ment basement while the major source for Sr are the
steep limestone slopes.
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peak-sum) in the sediment of Ségistalsee. All concentrations are depicted as running means (n = 5).

Figure 5 depicts the strong relationship between
changes in mineralogical composition and sediment
geochemistry: Rb follows the trend of quartz (Fig. 5a)
while Sr follows calcite,, (Fig. 5b). The trends are
very similar throughout the whole core.

Rb and Sr stratigraphies are additionally compared
with changes in grain-size (Fig. 6). As indicated by the
PCA (Fig. 4), the Rb trends compare well with changes
in the grain-size fraction smaller than 10 um (i.e., fine
silt and clay) throughout the core (Pearson r = 0.86, p
< 0.001). The Sr concentration follows the trends of
coarse particles (grain-size > 10 um; Fig. 6b, r=0.71,

p <0.001) and median grain-size (r = 0.67, p < 0.001).
However, the depletion of coarse particles in the lower
part of section B1 (6500—4700 cal. BP) is stronger than
that of Sr (or Ca). The geochemistry is nevertheless
strongly reflecting changes in grain-size. These changes
are most likely related to changes in physical erosion.
In Fig. 6, processes affecting erosion as a result of
changes in vegetation cover and soil stabilisation are
indicated. As discussed in more detail below, major
shifts in sediment geochemistry are concurrent with
changes in local vegetation as observed in the macro-
fossil records (Wick et al., 2003).
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Trace-metals (Pb, As, Zn)

From the oldest to the youngest parts of the core, con-
centrations of Pb, As, Zn (Fig. 3) and Ni, Cr, and Cu
(data not shown) gradually increase in a comparable
manner to changes in trace elements of the silicate frac-
tion (Zr, Rb, Ti; Fig. 1). Investigating enrichment fac-
tors (EF), Pb and As (Figs 3a and 3b) depict a high
variability. Arsenic only shows a very small increase

in the topmost layers (EF 1.2) that cannot be separated
from the long-term natural variation. In contrast, Pb
shows a more distinct increase over the last 350 years
when enrichment factors range between 1.2-2.4. The
strongest Pb enrichment is observed in the 1970s. In
the very top (last 15 years), Pb enrichment shows a
slight depletion but remains elevated (Fig. 3a). Ni and
Cu show no enrichment. Zn (Fig. 3c) is slightly en-
riched over the last 300 years (EF ca. 1.4).
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Discussion

The high fluctuations observed in both the major and
trace elements are closely related to variations in min-
eralogy and in the grain-size distribution. Deviating
trends are observed in parameters often considered as
indicators of redox changes (Mn and Mn/Fe, Fig. 2c).
What are the processes causing these variations and
what are their driving forces?

Weathering of carbonates

A gradual decrease was observed in the Ca and Sr con-
centrations. The major source for these elements is
carbonate weathering in the catchment and in-lake pre-
cipitation of CaCO, with co-precipitation of SrCO,.
Consequently depletion could either be caused by a de-
crease in (1) physical or (2) chemical carbonate weath-
ering, or (3) dilution by elevated silicate weathering in
the catchment, or (4) pH changes in the lake, or (5) a
combination of these processes. During physical weath-
ering, CaCO, grains will be transported to the lake and,
at high pH, most of the calcite grains should quickly
reach the sediment without significant in-lake chemi-
cal reaction. An increase in chemical carbonate weath-
ering will increase CaCO, dissolution and thus elevate
Ca* and CO,” transport to the lake. Given a high pH
(present pH 8.4), only small amounts of Ca’* remain
in solution in the lake water and an increase in Ca?*
input will result in CaCO, precipitation. However, al-
though the chemical composition of the lake water of
Ségistalsee indicates that authigenic CaCO, precipita-
tion is possible, Ohlendorf et al. (2003) did not observe
authigenic calcite grains in 10 selected samples and the
contribution of in-lake precipitation is negligible com-
pared to detrital calcite input. In addition, Sr and Ca
trends closely follow changes in grain-size (Figs. 4 and
6b) indicating that a change in physical weathering in
the catchment was the major driving force for decreases
in Ca and Sr concentrations in the sediment.

The transition from zone A to B, i.e., from a Ca- and
Sr-rich sediment with a high proportion of coarse par-
ticles to a sediment that is relatively poor in Ca and Sr
with over 50% fine particles (Figs. 1a and 6), therefore
reflects a reduction in detrital carbonate input which is
in agreement with the trends observed by Ohlendorf et
al. (2003). In section A, when the woodland was still
fairly open (see Wick et al., 2003), Ca and Sr concen-
trations are highest and the grain-size composition is
most coarse. Ca and Sr concentrations start to decrease

slightly with the immigration of Abies alba (around
8500 cal. BP) but the decrease is most pronounced after
the immigration of Picea abies into the catchment area
around 6500-6000 cal. BP (compare Fig. 1a, section
B1). The gradual immigration of trees most certainly
resulted in soil stabilisation and subsequently lower
physical weathering. This argument is supported by
sediment accumulation rates, which start to decrease
in section A and are lowest and remain very stable in
zone B1 which represents the period with the densest
woodland in the catchment. Since the onset of alpine
farming (deforestation around 3700 cal. BP, see Wick
et al., 2003), Sr and Ca concentrations increase again
and start to fluctuate, suggesting soil instability.

Weathering of silicates

The elements originating mainly from silicates (in this
study K, Rb, Ti,) and also Zr, and quartz show a con-
stant increase, especially in zone B (Figs. 1b, 1c and
5a), and generally oppose the trends seen in Ca, Sr,
and calcite .. While calcite can either be of detrital
or authigenic origin, quartz grains are exclusively al-
logenic and mainly reflect changes in physical weath-
ering and transport. The shift to higher concentrations
of Rb, K, Ti, Zr, and quartz in the sediment points to
enhanced physical weathering of silicates in the water-
shed. This is in agreement with the observed increase
in the clay and fine silt fraction (Fig. 6a) as weathered
silicates are usually observed in the silt and clay frac-
tion. However, as indicated by the decrease of carbon-
ates, sediment accumulation rate, and coarser particles,
physical weathering is actually gradually reduced in the
catchment. The higher proportion of silicates observed
in the sediment is thus largely a result of the reduced
input of physically weathered carbonates.

The trends of Rb, Ti, and Zr closely follow changes
in mineralogy and grain-size (Figs. 4, 5a and 6a). Cor-
responding to the changes observed in carbonates, ma-
jor shifts in the silicate fraction, in grain-size, and in
quartz are concurrent with vegetation changes in the
catchment (Fig. 6). The zones, which have been delim-
ited independently for both the geochemistry and plant
macrofossil (Wick et al., 2003) data sets match well,
especially the boundaries around 6500 cal. BP (period
of immigration of Picea resulting in soil stabilisation,
the lowest sediment accumulation rates, and a high
proportion of the silicate fraction) and around 3700—
3500 cal. BP (onset of deforestation causing soil de-
stabilisation and pronounced fluctuations in the silicate



fraction). This suggests that catchment vegetation was
also the controlling factor for changes in silicate weath-
ering.

Establishment of anoxia and changes in manganese
and iron

Since ca. 4700 cal. BP, Mn concentrations start to vary
independently of the trends observed in Fe and in the
silicate fraction. In contrast, they follow the trends of
Cmor or calcite and contrast with those of C_ ore, HOW Can
the decouphng of Mn variations from that of Fe and the
silicate fraction be explained? There are a number of
lines of evidence to suggest that in Sigistalsee it was
the redox potential (pe) that controlled Mn concentra-
tions since ca. 4700 cal. BP:

(1) Low concentrations of Mn coincide with low Mn/
Fe ratios and high C_ concentrations. The Mn/Fe ra-
tio is commonly used as indicator for palaeo-redox
conditions (Wersin et al., 1991; Davison, 1993; Stumm
and Morgan, 1996): Generally the reduced form of Fe
is less stable in the water column than that of Mn and
consequently Mn/Fe ratios in the sediment are low
when the sediment becomes anoxic. At low pe, the
mobilised, reduced from of iron, Fe**, re-precipitates
as FeCO,, or, more commonly, as FeS.. In contrast,
Mn?* mamly precipitates as MnCO, and is therefore
also more dependent on pH. In Saglstalsee MnCO,
will precipitate at high pH and low pe (cf. Dean, 1999
Stevens et al., 2000). However, the periodically higher
Cmg_ concentrations in the sediment cause higher de-
composition rates. Consequently the consumption of
oxygen is increasing while pH is decreasing due to the
release of CO, into the unmixed bottom-water layer.
When pH is decreasmg, MnCO, becomes less stable
and more manganese is moblhsed thus depleting the
Mn/Fe ratio. In addition, the pH changes will affect
authigenic CaCO, precipitation. However, in Ségistalsee
the authigenic CaCO precipitation is masked by the
high amounts of detr1ta1 CaCO, input (see carbonate
weathering). Still, since ca. 4700 cal BP, periods of low
Mn/Fe-ratios are concurrent with periods of high Cmg_
concentrations (Fig. 2c). Degradation of organic mat-
ter in the bottom water must have caused oxygen de-
pletion and low pH during these more productive
periods. Consequently, larger amounts of Mn?** re-
mained in solution.

(2) In addition, only very low numbers of chir-
onomid head capsules are observed in the sediment
during periods of low Mn/Fe ratios (Heiri and Lotter,
2003). Chironomids are well established indicators of
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changes in redox conditions (e.g., Quinlan et al., 1998;
Francis, 2001; Quinlan and Smol, 2001). The concur-
rence of low chironomid accumulation rates with low
Mn/Fe ratios and high Cmg_ concentrations thus suggests
further that the bottom water became periodically an-
oxic.

(3) During the same periods, concentrations of char-
coal and non-aboreal pollen (herbs) were high indi-
cating more intense human activity (Heiri and Lotter,
2003; Wick et al., 2003) which most likely occurred
during warm phases in this alpine catchment. Warmer
temperatures would have favoured lake stratification
and thus promoted anoxia. Prolonged ice-free periods
with higher primary productivity and enhanced top-
soil erosion (related to human activities) probably has
caused the higher C_ concentrations observed during
these periods. In addition lake depth was less than in
the previous sections (ca. 7 m less) due to the high sedi-
ment accumulation. The pe of the shallower bottom
water might have been more sensitive to increases in
the decomposition rate caused by the higher Cmg_ con-
centration.

(4) Further evidence is given by the mineral mag-
netic record, which also points to the occurrence of low
redox conditions during periods of low Mn/Fe (Hirt et
al., 2003).

However, the establishment of anoxia was a gradual
process. In zone A and section B1, the lake became
more productive (Fig. 2c). At the same time the increas-
ing proportion of the silicate fraction resulted in higher
concentrations of Mn and Fe (Figs. 2a and 2b). After a
transition period in the lower part of B1, Mn and Mn/
Fe started to follow C, - thus likely indicating the
onset of authigenic MnCO, precipitation with a strong
dependency on pH and pe. Since 4700 cal. BP, high
C,,. corresponds to low Mn, Mn/Fe, and C, - (Figs.
2b and 2c). The variations of the Mn/Fe ratlos in sec-
tions B2 and B3 indicate that redox potential depleted
periodically.

Natural changes in trace-metal concentrations and
consequences for investigation of early metal
pollution

Natural changes in metal concentrations in the sediment
of Ségistalsee are high. A distinct difference between
early, mid and late Holocene concentrations is observed
(Fig. 3). Consequently the normalized values and en-
richment factors also depict natural variability. The
changes are correlated to variations in grain-size and
mineralogy and are largely caused by climate-driven
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changes in vegetation (see Wick et al., 2003; leading
to soil stabilization) and weathering (enhancing ero-
sion and dust transport). Early human impact by al-
pine farming caused a slight increase in metals due to
higher erosion after deforestation and the onset of ag-
riculture. During the past 350 years, Pb, As, and Zn
increased to higher levels (Fig. 3). However, while the
enrichment of Zn, As (Fig. 3), and also Cu and Ni, are
comparable to that of Fe (Fig. 2), Ti, or Rb (Fig. 1),
indicating that the increases are mainly caused by
lithological changes, the stronger Pb enrichment can
only be explained by elevated atmospheric pollution.

Compared to Pb enrichment in a Swiss peat-bog pro-
file (Shotyk, 1996; Shotyk et al., 1998), anthropogenic
Pb enrichment in Sigistalsee is only distinct in the top
core sections (Fig. 3a). While the profile of the om-
brotrophic peat bog exclusively reflects changes in
atmospheric metal deposition, the profile in the lake
sediment is largely dependent upon changes in the
catchment (erosion, weathering). In the sediment of
Ségistalsee, the Pb background concentrations and the
range of natural variations are high. As a consequence,
early atmospheric metal pollution (e.g., the Roman or
Medieval lead peaks) is masked by high background

concentrations and high natural variability. Metal en-
richment is only detected in the past centuries due to
increased pollution resulting from industrialization and
leaded gasoline.

The influence of changes in vegetation, climate and
human activities

As discussed in detail for carbonate and silicate weath-
ering, several catchment and in-lake processes affected
the geochemical stratigraphies (Table 2) among which
changes in catchment vegetation (described by Wick
etal., 2003) had the most pronounced influence. Warm-
ing after the late-glacial period led to a gradual immi-
gration of trees (Pinus cembra, Abies alba). After Picea
immigrated around 6500-6000 cal. BP, the slopes be-
came covered with denser woodland and were subse-
quently less sensitive to weathering. As a consequence,
the sediment accumulation rate and the supply of coarser
particles, dominated by CaCO, in Sigistalsee, de-
creased (Figs. 1a, 6b and 7b). Both trends indicate that
the denser vegetation promoted soil stabilisation. In
contrast, the input of silicate minerals from the flatter
basins as well as Pb, As, Zn, Ni, Cr, and Cu, increased

Table 2. Zonation of geochemical stratigraphies in Ségistalsee and related changes in the lake, in its catchment and in atmospheric pollution

Zone Time* Changes in geochemistry

Changes in the lake

Changes outside the lake
(catchment and atmosphere)

in B2 and B3:
changes in C
changes in pH and redox

changes in chironomid acc.

in top: establishment of anoxic

atm. Pb pollution

in B2 and B3:

alpine farming

soil destabilisation — erosion T
deforestation

org

immigration of Picea
soil stabilisation — erosion ¥

bottom water
lowest sediment accumulation

1996 AD
B4 Pb enrichment
160 BP
B3 Rb, Ti, Zr, Fe, Pb 11
changes in Mn/Fe with
changes in Cinorg
2410 BP
B2 strong fluctuations of all
elements
changes in Mn/Fe with
changesin C,
3540 BP
Bl carbonate fraction 44 Ce T
silicate fraction T
6440 BP
A carbonate fraction ¥
9000 BP

detrital calcite
high sediment accumulation

immigration of Abies & Pinus
more open landscape

instable soils

physical weathering high

*cal. "“C years BP (relative to 1950). For changes in chironomids see Heiri and Lotter (2003); for changes in vegetation see Wick et al. (2003)



(Figs. 1b, 1c, 2, 3, 5a and 6a). Later, after the onset of
alpine farming, erosion increased again due to the more
open landscape.

Human activities in the catchment area are traced
back to ca. 4300 cal. BP, but became most pronounced
around 3700-3500 cal. BP when changes in pollen and
plant macrofossils indicate the onset of deforestation,
grazing, and agriculture (Wick et al., 2003). At the same
time, major changes in all lithogenic major and trace
elements are observed (boundary between zone B1 and
B2). Deforestation and grazing likely caused an in-
crease in erosion and physical weathering and led to
high variations in silt and clay, and in consequence, in
all geochemical elements. Periods of more intense alpine
land-use are related to high Corg_ concentrations in the
sediments, pointing either to top soil erosion or higher
within-lake productivity, and led to anoxic bottom wa-
ter. This strongly affected the concentrations of pe- and
pH-sensitive elements (Fig. 3, esp. sections B2, B3).

In contrast, the impact of climate is much more dif-
ficult to detect as it is mainly indirectly influencing
sediment geochemistry. In zone A and section B1, the
effect of climate on sediment geochemistry is masked
by concurrent changes in the vegetation cover and by
gradual soil development. In sections B2 and B3 warm
periods might have promoted higher productivity and
caused stronger stratification of the lake. However, the
intensity of alpine farming varied at the same time and
it is impossible to judge whether warming alone would
have been sufficient to cause anoxic periods.

Conclusions

The sediment geochemistry of Ségistalsee is charac-
terized by a high natural variability of all elements.
Changes in catchment vegetation strongly affected the
proportion of the carbonate versus the silicate fraction
in the sediment with forest development reducing the
losses of coarse-grained soil fractions. The onset of
human impact was clearly indicated by changes in all
elements. Deforestation (ca. 3700 cal. BP) caused the
strongest variations in sediment geochemistry due to
the destabilisation of soils. Redox-sensitive elements
reflected variations in C_ and indicated phases with
anoxia that were related to periods of intensified alpine
land-use. Climate impact overlapped with the influence
of vegetational changes and is difficult to separate from
the effect of human activities. Due to high background
concentrations and strong variations in metal concen-
trations, anthropogenic Pb enrichment is observed only
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in the topmost layers. In Ségistalsee, bulk geochemistry
has proved to be a sensitive indicator of both changes
in the lake and in its catchment. Its potential to provide
information about palaeoenvironmental conditions
should be utilized more often in palaecolimnological
studies.
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