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Redox dynamics of manganese (Mn) were studied in the sediment of Lake Zurich using precise sediment
core age models, monthly long-term oxygen (O2) monitoring data of the water column (1936–2010) and
high-resolution XRF core scanning. The age models were based on bi-annual lamination and calcite precipi-
tation cycles. If present, Mn exhibits distinct maxima, which coincide with the annual maximum deep-water
O2 concentrations in spring according to the monitoring data. In contrast, the iron (Fe) signal is mainly the
result of calcite dilution, as indicated by a strong negative correlation between Fe and calcium (Ca) XRF
data. The Mn/Fe ratio in the core from the maximum lake depth (ZH10-15, 137 m) revealed a moderate cor-
relation with O2 measurements in the lake bottom water confirming the successful application of the Mn/Fe
ratio to semi-quantitatively reconstruct bottom water oxygenation in the lake. Mostly low ratios were ob-
served between 1895 and the mid-1960s as a result of eutrophication. However, geochemical focusing and
sedimentological factors can reduce the applicability of the Mn/Fe ratio in reconstructing O2 concentrations
in the bottom water of lakes.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Trace metals, such as Fe and Mn, have received much attention in
the last decades due to their redox-sensitive behaviour in aquatic envi-
ronments (e.g. Mackereth, 1966; Engstrom and Wright, 1984; Wersin
et al., 1991; Davison, 1993; Calvert and Pedersen, 2007; Och et al.,
2012). This behaviour is strongly dependent on processes of oxidation
and reduction of the coupled pairs Fe(II)/Fe(III) and Mn(II)/Mn(IV),
which result either in precipitation or (re)dissolution. Especially in
lakes, seasonal redox changes in the hypolimnion result in the cycling
of Fe andMn (Sigg et al., 1987; Balistrieri et al., 1992; Davison, 1993). Re-
ducing conditions are the result of O2 consumption during organic mat-
ter (OM) remineralisation,which lead to a release of Fe andMn (Nealson
and Saffarini, 1994; O'Sullivan and Reynolds, 2005). After oxygenation at
the chemocline due to partial or totalmixing of thewater column, Fe and
Mn precipitates are deposited and potentially preserved in the sediment
(Mackereth, 1966; Engstrom and Wright, 1984; Schaller and Wehrli,
1996). Mn precipitation is furthermore catalysed by Mn oxidising bac-
teria (Diem and Stumm, 1984). In fact, Mn-enrichments surrounding
Curie (UPMC), BioEMCo, UMR
s Cedex 05, France. Tel.: +33
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“Metallogenium”/Leptothrix echinata were found in Lake Zurich
(Giovanoli et al., 1980; Diem, 1983).

The oxidation of Fe(II) proceeds more rapidly than Mn(II) (Engstrom
and Wright, 1984) and the involvement of numerous interdependent
reactions, transformation processes and mineral phases lead to a com-
plex pattern of redox-sensitive trace metals (Davison, 1993). However,
Fe is not necessarily remobilised by redox changes and can also be a
tracer for terrigenous sources, such as in the eutrophic Lake Rotsee
(Switzerland), where Fe together with potassium (K) and titanium
(Ti) represent detrital sources (Naeher et al., 2012). In Lake Zurich, par-
ticulate Fe is supplied by sewage treatment plant effluents, soil particles
and sediment resuspension (Sigg et al., 1987; Wieland et al., 2001).
There are two sedimentation maxima during the year, one in winter
and another in summer, as shown by sediment trap data (Sigg et al.,
1987; Wieland et al., 2001). A major part of the Fe in the sediment is
finely dispersed as amorphous iron-oxy-hydroxide phases (only partly
as goethite) or mineral phase coatings (Giovanoli et al., 1980; Sigg et al.,
1987; Wieland et al., 2001).

Mn precipitates in the sediment of Lake Zurich are Mn oxides/
hydroxides (MnO2, Mn3O4, MnOOH), partly with needle habitus
(Giovanoli et al., 1980; Diem, 1983). Manganite (γ-MnOOH) is the pre-
dominant mineral phase in the sediments of this lake (Giovanoli et al.,
1980; Diem, 1983). However, extended X-ray absorption fine struc-
ture spectroscopy (EXAFS) analysis in the eutrophic Lake Sempach
(Switzerland) showed that Mn precipitates, which are formed in
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the water column, are of poorly crystallized H+-birnessite (Friedl
et al., 1997). They further showed that Mn was associated with
authigenic particles in the sediment, consisting of (Ca,Mn)CO3 and
(Fe,Mn)3(PO4)2*8H2O. About 55–60% of Mn was incorporated into
carbonate, whereas 40-45% entered phosphate particles.

The cycling of redox-sensitive trace metals by reductive dissolution
and (re)oxidation progressively leads to geochemical focusing, which
is a process that transfers and enriches these elements in deeper waters
(Schaller and Wehrli, 1996). Geochemical focusing was previously de-
scribed at a lower temporal resolution in similar lake systems, such as
Lake Baldegg in Switzerland (Schaller andWehrli, 1996). In a lake, geo-
chemical focusing only occurs if at some point in the year thewater col-
umn becomes stratified, developing anoxic bottomwater. Evenwithout
a large source of Mn from the inflow, distinct horizontal patterns of Mn
in the sediment may result. The focusing seems to be controlled by
different horizontal and vertical mass transport processes that result
from turbulent mixing and changes in deep-water O2 concentrations
(Schaller and Wehrli, 1996).

Although the redox-sensitive behaviour of Fe and Mn is quite well
understood, the effect of short-term changes in bottom water O2 con-
centrations on the sediment pattern of redox-sensitive trace metals
still needs to be shown. Both metals are oxidised at different rates,
which can be used to reconstruct short- and long-term O2 dynamics
(Engstrom and Wright, 1984; Davison, 1993). Mn/Fe ratios have
been used repeatedly to reconstruct changing redox conditions in
lakes (e.g. Wersin et al., 1991; Loizeau et al., 2001; Koinig et al., 2003;
Dean and Doner, 2012; Melles et al., 2012). In all of these studies,
lower Mn/Fe ratios indicated lower O2 concentrations in the water col-
umn,whereas higher ratios suggested higher O2 levels. This is explained
by a more rapid reduction of Mn than Fe under anoxic conditions
leading to a preferential Mn release, resulting in low Mn/Fe ratios
(e.g. Mackereth, 1966; Wersin et al., 1991; Balistrieri et al., 1992;
Davison, 1993; Loizeau et al., 2001). As Fe oxidises faster than Mn,
high Mn accumulation and thus high Mn/Fe ratios occur only under
oxic conditions. High-resolution measurements of Mn and Fe may
also improve the understanding of short-term impacts on dissolu-
tion and precipitation of these elements and their transport within
lakes, potentially revealing the detailed processes behind geochem-
ical focusing. The development of X-ray fluorescence (XRF) core
scanners has enabled rapid high-resolution, semi-quantitative and
non-destructive measurements of trace metals in sediment cores
(Richter et al., 2006). This technology could allow the reconstruction
of O2 concentrations from inorganic proxies, which was not possible
previously.

The aim of this paper is to study the relationship between short-term
(i.e. annual) bottom water O2 concentrations and the content of Fe and
Mn in the sediment of Lake Zurich (Switzerland) in order to better
understand the redox dynamics at the sediment-water interface. This
lake was chosen because it is a well-studied system for trace metals
(Giovanoli et al., 1980; Diem, 1983; Diem and Stumm, 1984; Sigg
et al., 1987;Wieland et al., 2001), has a seasonally hypoxic hypolimnion
and it is very sensitive to temperature changes that can induce water
columnmixing (Livingstone, 1997; Livingstone, 2003). Butmost impor-
tantly, monthly O2 monitoring data for the full water column are avail-
able from 1936 until the present. This long time-series of monitoring
datamakes Lake Zurich an ideal site to study and calibrate recent limno-
logical and limnogeological processes (e.g. Posch et al., 2012).

The majority of the sediment in Lake Zurich is well laminated and
these bi-annual layers (i.e. varves) could be precisely counted, which
resulted in a very accurate age model. We show that hypolimnetic
Fig. 1. (a) Map of Lake Zurich with the coring locations and the position of the cross-section p
right corner shows the lake morphology near the coring locations and is based on previous s
Switzerland with the location of Lake Zurich (arrow). (b) Water column oxygen concentratio
replenishment of O2 to the deeper lake basin.
oxygenation events can be traced with Mn and that the Mn/Fe ratio
in the core taken at the lake's deepest point is a useful indicator to
semi-quantitatively reconstruct bottom water O2 concentrations.
2. Materials and methods

2.1. Study site

The mesotrophic Lake Zurich (Lower Lake, 406 m a.s.l.; Fig. 1a)
has a surface area of 67.3 km2 and a volume of 3.3 km3 with a maxi-
mum water depth of 137 m (Wieland et al., 2001). The lake is of gla-
cial origin (Kelts, 1978) and its basin is orientated from the southeast
to the northwest. A moraine sill between Pfäffikon and Rapperswil
(Fig. 1a) with a maximum water depth of 3 m divides the lake into
two basins (Upper and Lower Lake Zurich) (Livingstone, 2003). The
main allochthonous riverine supply from the Linth River is effectively
entrapped in the Upper Lake, which acts as a settling basin (Wieland
et al., 2001). The majority of the water flow (84%) into the Lower Lake
is over the moraine sill (Omlin et al., 2001). The water residence
time is about 1.5 yr (Wieland et al., 2001). The lake can behave as
monomictic or dimictic depending on prevailing winter conditions
(Livingstone, 2003).
2.2. Developments of bottom water oxygenation in Lake Zurich

Long-term monthly monitoring of Lake Zurich began in 1936 and
includes O2 concentration data at 19 different water depths (typically
0.3, 1, 2.5, 5, 7.5, 10, 12.5, 15, 20, 30, 40, 60, 80, 90, 100, 110, 120, 130
and 135 m).

The O2 concentrations in the water column were determined with
the Winkler method until 2001. Between 2002 and 2009, an electro-
chemical O2 sensor was used, followed by an optode sensor since
then. Sensor measurements at 2.5 m and 135 m depth were routinely
compared with the results of the Winkler method (Jankowski et al.,
2006). Until late 1999, themeasurement accuracy for O2 was estimated
at ±10%. Since then, the laboratory of the City of Zurich Water Supply
has been ISO accredited (ISO 17025 standard), resulting in measure-
ment accuracies between 0.1 and 0.3 mg L−1. Further details on the
monitoring datasets of Lake Zurich are reported in Zimmermann et al.
(1991), Livingstone (2003) and Jankowski et al. (2006).

The monitoring data indicate that before 1955 bottom water O2

concentrations (at 135 m) in the lake were generally low (Fig. 1b).
This is likely a result of eutrophication, which was first identified
from massive blooms of Tabellaria fenestrata in 1896 and Oscillatoria
rubescens in 1898 (Minder, 1938; Hasler, 1947). Wastewater treat-
ment plants were first constructed in 1955, but it was not until the
1970s when improvements in phosphorus removal and a phosphate
ban in detergents led to a continuous decline in lake phosphorus
concentrations. The drop in phosphorus initiated a change from a
eutrophic to a mesotrophic state (Bossard et al., 2001; Vonlanthen
et al, 2012). Over this period, bottom water oxygen concentrations
increased in the late 1950s and at the end of the 1960s. The variability
in O2 concentrations since 1955 shows that other forcing factors, such
as climate, need to be considered together with eutrophication. The
decline in annual O2 concentration maxima observed since 2000
could be related to increasing air temperatures related to climate
change, leading to reduced mixing intensities and as a result reduced
bottomwater oxygen renewal (Livingstone, 1997; Livingstone, 2003).
rofile (dashed line). The contour interval is 50 m. The cross-section profile in the upper
eismic investigations (Strasser et al., 2008). The inset in the lower left shows the map of
ns for two selected time slices (1940–1950 and 1980–1990) documenting the seasonal
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2.3. Core retrieval and age model

In November 2010, short sediment cores were obtained at depths
of 137 m (maximum lake depth, ZH10-15, 110 cm long), 135 m
(ZH10-19, 111 cm long), and 123 m (ZH10-21, 116 cm long) (Fig. 1a).
The GPS positions (WGS84) of the recovered cores were N 47° 16.995
E 8° 35.624 (ZH10-15), N 47° 17.130 E 8° 35.371 (ZH10-19), and N 47°
17.062 E 8° 35.166 (ZH10-21). The upper part of all three cores is varved
(i.e. annually laminated) for more than 100 years as a result of eutrophi-
cation, whereas the lower part is bioturbated (Fig. 2). The laminations
alternate between a light, slightly brownish, carbonate-rich layer and
a dark, brown-black OM-rich layer, representing spring/summer and
fall/winter, respectively (Fig. 2).

Varved lake sediments are typically associated with periods of bot-
tom water anoxia and often related with eutrophication (e.g. Hsü and
McKenzie, 1985; Lotter, 1989; Lotter et al., 1997; Zolitschka, 2007;
Giguet-Covex et al., 2010; Jenny et al., 2013). Therefore, despite the im-
provements regarding eutrophication and the rise in O2 concentrations
in the lake water since the 1960s, varves in the sediment of Lake Zurich
throughout the discussed period indicate that seasonal hypoxia is still
important, as documented by the monitoring data (Section 2.2).

The age model was based on varve counting and was crosschecked
with previously published age models (Nipkow, 1927; Kelts, 1978).
As the seasonal variations are clearest in the Ca XRF data, the Ca min-
ima were attributed to the beginning of a year. The measurements be-
tween the Ca minima were then linearly interpolated. The seasonally
resolved age model for core ZH10-15 (Fig. 2) reaches back until 1895,
for ZH10-19 until 1897 and for ZH10-21 until 1901. The average sed-
imentation rate in the varved sections of all three cores is approxi-
mately 0.28 cm yr−1.

2.4. XRF core scanning

XRF core scanning provides rapid, non-destructive and high-
resolution determinations of elements in the atomic mass range of
aluminium (Al) to uranium (U) (Richter et al., 2006). However, XRF
core scanning provides only relative results, as XRF counts instead
of absolute concentrations. In addition, profiles of trace metals in a
core can be biased by the water content (Tjallingii et al., 2007), OM
content changes (Löwemark et al., 2011) and grain size variability
(Cuven et al., 2010). Before measurement, the core halves were
dried for 24 h at room temperature due to the high water content
of the Lake Zurich cores. The core surface was then carefully cleaned
and covered with an ultra-thin (4 μm) SPEXCerti Prep Ultralene foil.
The core halveswere scannedwith the energy dispersiveXRF core scan-
ner (AVAATECH) at ETH Zurich, Switzerland (see Figs. S1 to S3). A Rho-
dium target X-ray tube was operated at excitation energies of 10 and
30 kV for 30 s with a spatial resolution of 0.3 mm. With this analytical
resolution one annual cycle in the Lake Zurich sediment cores is covered
with 8 to 10measurements. In ZH10-15 no XRF data were available be-
tween 1963 and 1966 due to a small sediment collapse in the core. Data
between 1983 and 1988weremissing in ZH10-21 because of a turbidite
that caused a deformation in this core interval, while a continuous re-
cord was established for ZH10-19.

3. Results

3.1. Ca, Mn and Fe seasonality

The sediment core taken at the deepest point of the lake (core
ZH10-15, 137 m) showed a pronounced seasonal pattern in the Ca,
Fig. 2. Picture of the short core ZH10-15 taken at the deepest point of Lake Zurich
(137 m) including the age model. The lighter intervals in the years 1898, 1900, 1918
and 1976/77 are turbidite deposits. The turbidites around 1900 are related to slope in-
stabilities after construction work at the lake shore (Nipkow, 1927).
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Mn and Fe signals (Fig. 3).Maxima in Ca are observed in the light layers,
which represent the deposition of autochthonous bio-induced precipi-
tated carbonate during summer. Previous studies showed that calcite
precipitation in Lake Zurich occurs in pulses during phases of high
primary production between May and October (Kelts, 1978; Sigg
et al, 1987).

If present in the record, Mn exhibits clear maxima in the upper
part of the dark layer (Fig. 3) coinciding with observed annual maxi-
mum deep-water O2 concentrations, which occur, as documented in
the monitoring data, sometime between January and April (Fig. 1b).

Fe shows the opposite behaviour to Ca with peaks in the darker
layers (Figs. 3 and S4) deposited during winter. Fe in lake sediments
could havemultiple sources, as it can be sedimented in the particulate
form or precipitated through redox processes. The particle flux in
Lake Zurich was studied with sediment traps in 1983 and 1984, dur-
ing which two Fe maxima were recorded, one in winter (December–
February) and one in summer (July–September) (Sigg et al., 1987;
Wieland et al., 2001). These results disagree with the XRF data, which
only show one Fe peak in each year. Fe precipitation rates from redox
processes reach a maximum during periods of O2 replenishment to
the bottomwater. Lake Zurich normally does not freeze over in winter,
and is considered to be facultatively dimictic. During very coldwinters it
may overturn twice, but generally only overturns once during normal
winters, or not at all duringmilder winters (Peeters et al., 2002). There-
fore, the deep-water is generally replenished only once a year with O2

resupply to the bottom water in spring.
Another reason for themissing Fe peak in summermay be diagenetic

alterations. Fe can be remobilised after dissolution of iron-oxy-hydroxide
precipitates under anoxia and resulting in its loss from the sedimentary
archive (Thamdrup et al., 1994; Granina et al., 2004). However, previous
studies showed that Fe is not necessarily remobilised and/or fixed
by changing redox conditions (Engstrom and Wright, 1984; Davison,
1993; Glasby and Schulz, 1999). This was also concluded from results
of sediment trap data (Sigg et al., 1987), which indicated only minor
Fe remobilisation from the traps and therefore also from the sediment.

A third possible explanation of the missing Fe maxima in late sum-
mer might be dilution effects by other elements, because XRF core
scanning is a relative determination of the element concentrations
(Richter et al., 2006). Based on sediment trap data, CaCO3 alone rep-
resents about 20–80% (dry weight) of settling particles in Lake Zurich
(Sigg et al., 1987). Therefore, the dominance of Ca in the varve couplet
may introduce artefacts by decreasing the concentration of the other
elements during the deposition of the light lamina. A negative correla-
tion between Fe and Ca XRF data points towards a possible dilution by
calcite in core ZH10-15 (Fig. 4). In contrast, dilution effects might
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Fig. 3. Ca, Fe and Mn XRF signals (×1000; note the different scales) in core ZH10-15 overlyin
of each year is aligned with the Ca minima and occurs in the dark laminae. Only the centra
have much less affected Mn. The Mn signal shows a distinct peak in
most cases before the onset of the light, calcium-rich lamina, whereas
it stays low during the light lamina (Figs. 3 and S4). These dilution arte-
facts can be circumvented by calculating elemental intensity ratios to
minimize variations in the physical sediment properties and any inter-
actions between different elements within the cores (Weltje and
Tjallingii, 2008). Especially in the upper part of sediment cores, where
porosity increases, XRF ratios could also account for reduced intensities
of XRF signals due to higher water contents (Tjallingii et al., 2007;
Löwemark et al., 2011). The effect of differences inwater content are in-
dicated by the same slope but different intercept of the regression func-
tions of the correlations between Fe and Ca XRF counts considering
different time intervals (Fig. 4). As a consequence, the ratio of Mn to
Fe was defined, in order to explore bottom water oxygenation in Lake
Zurich.

3.2. Mn/Fe ratios along a core transect

Mn/Fe ratios were determined in the three Lake Zurich cores taken
at different water depths (Fig. 5): ZH10-15 (137 m), ZH10-19 (135 m)
and ZH10-21 (123 m). The seasonal character of the Mn signal is ob-
served in all three cores, but its amplitude varies strongly with water
depth inwhich the corewas taken and the respective time interval con-
sidered within the cores. Core ZH10-15 (deepest core) shows a promi-
nent increase in the amplitude of the Mn/Fe ratio after 1967,
characterised by strong inter-annual variability with Mn/Fe ratios up
to 4.1 (Fig. 5). Before this year the Mn/Fe ratios are low with values
below 1, except in the years 1906, 1954, 1955 and 1956. Despite a
water depth difference of only 2 m between ZH10-15 (137 m) and
ZH10-19 (135 m), the latter core exhibits considerably less variability
in the Mn/Fe ratio. The ratio remained below 1 in every year except
1954, 1967 and 1971 (Fig. 5). These three elevated Mn/Fe ratios coin-
cide with elevated ratios in core ZH10-15. Mn/Fe ratios in ZH10-19
were on average about 26% lower than in core ZH10-15, whereas in
core ZH10-21 (123 m) the valueswere on average 45% lower. The latter
core was taken 15 m above the relatively flat lake bottom (Fig. 1a). No
distinct Mn peaks are present and only during the years 1944 and
2009 slightly higher Mn/Fe ratios are observed (Fig. 5).

3.3. Mn/Fe ratios as a proxy for bottom water oxygenation

The relationship between Mn/Fe ratios measured in core ZH10-15
(137 m, maximum lake depth) and O2 concentrations measured at the
lake bottom was investigated only using annual maxima and minima
(i.e. annual highest/lowest O2 concentrations andMn/Fe ratios) instead
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Fig. 4. Correlation between XRF counts of Ca and Fe (×1000) in core ZH10-15 with cor-
relation coefficients for the time intervals 1936–1980 and 1980–2010. The R2 values
comprise all data in the corresponding time intervals, except the missing values be-
tween 1963 and 1966.
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of the whole dataset (Figs. 6, 7). Restricting the comparison to maxima
andminima avoids inconsistencies resulting from the linearly interpolat-
ed age model, which cannot account for sedimentation rate variations
over the course of the year (Bloesch, 2007). However, the minimum
and maximum of annual O2 concentrations were based on three-month
running mean levels applied to the entire dataset, which generally oc-
curred during fall (minimum) and spring (maximum). In contrast, values
of Mn/Fe data were not smoothed due to the low number of values
obtained in each year.

The Mn/Fe ratios and bottom water O2 concentrations exhibited a
clear seasonal pattern (Fig. 6). Prior to 1967 the annual maxima of
both the Mn/Fe ratios and the O2 concentrations were consistently low
with a small variance (Mn/Fe ratios b0.6 and [O2] b2 mgO2 L−1), except
between 1955 and 1958 with up to 6 mg O2 L−1 and aMn/Fe ratio of up
to 1.4, and in 1946with 3 mgO2 L−1 (Figs. 6, 7). After 1967, the variance
increased and amplitudes were consistently larger (Mn/Fe ratios up to
Fig. 5. Profiles of the Mn/Fe ratio (complete dataset) in cores ZH10-15, ZH10-19 and
ZH10-21 between 1900 and 2010.
4.1 in 2006 and up to 9.4 mg O2 L−1 in 1970; Figs. 6, 7). However, be-
tween 2000 and 2010, annual maximum bottom water O2 concentra-
tions at 135 m were consistently below 5 mg O2 L−1 (Figs. 6, 7). This
observation is in line with lower Mn/Fe ratios over the same period, ex-
cept the high Mn/Fe ratio in 2006 (Figs. 6, 7).

Maxima of the Mn/Fe ratio in core ZH10-15 (137 m) were well
correlated with maxima of the three-month running mean bottom
water O2 concentration data (R2 = 0.60, n = 66; p b 0.01; 1936–2010,
XRF data missing: 1963–1966) (Fig. 8). In general, the Mn/Fe ratio is in-
creasing with higher bottom water O2 concentrations and the relation-
ship is best approximated by a logarithmic function (Fig. 8). However,
there is considerable variability in this relationship, but by a careful
sedimentological analysis some outliers can be explained. The layers of
the years 1970–1972 are slightly deformed as a result of core disturbance
(Fig. 6). A dominant diatom layer (dominated by Melosira) occurred in
spring 1982 (Fig. 3) and a turbidite deposit in spring 1999 likely blurred
the Mn/Fe ratio (Fig. 6). Therefore, these 5 years were excluded from
the correlation (Fig. 8).

4. Discussion

4.1. Bottom water oxygen reconstructions based on Mn/Fe ratios

Themoderate correlation (R2 = 0.60, n = 66; p b 0.01; 1936–2010,
XRF data missing: 1963–1966) of the Mn/Fe ratio with the O2 con-
centration data (Fig. 8) indicated that this ratio could be used as a
high-resolution proxy to semi-quantitatively reconstruct bottom water
oxygenation in annually laminated sediments. However, there is still
considerable variability in this relationship, reflecting the complexity of
the redox processes that are involved.

The Mn/Fe ratio decreases systematically from the maximum lake
depth towards shallower water depths (Fig. 5). This is likely due to
geochemical focusing, a process in which redox-sensitive trace metals
are transferred and enriched at higher lake water depths (Schaller and
Wehrli, 1996). Geochemical focusing can explain major deviations
between the Mn/Fe ratio and the O2 monitoring data as well as the
subsequent decrease of the Mn XRF signal up to peak disappearance
in the shallower cores.

Sediment focusing could support redox-driven transfer to deeper
waters (Garrett, 1990; Wieland et al., 2001). It causes higher sedimen-
tation rates with increasing water depth. Probably, sediment focusing
can also increase Mn transfer towards deeper sediment, therefore en-
hancing geochemical focusing. Because of the low densities and fine
textures of Mn and Fe precipitates, water turbulence and mixing tend
to preferentially move these particles to deeper regions of the lake,
also affecting Mn and Fe (Engstrom and Wright, 1984).

The difference between O2 monitoring data and Mn/Fe ratios in-
creased progressively between 1955 and 1958, and also in 1994, 1996
and 1999 at times of generally high O2 levels (Fig. 7). Therefore, persis-
tently higher maximum O2 concentrations in successive years seemed
to result in lower maximum Mn/Fe ratios in the following years (Fig. 7).
Oxidation of Mn in shallow waters may have effectively trapped Mn,
which reduced the supply of Mn to deeper water depths.

Also heterogeneities of Mn and Fe in the sediment might influence
Mn/Fe ratios, which especially arise at high spatial resolution mea-
surements (Cuven et al., 2010; Löwemark et al., 2011). Very subtle
changes in the internal structure of the annual lamination may lead
to variations in the maximum Mn/Fe ratio, which would lead to inac-
curate bottom water O2 reconstructions from Mn/Fe ratios. Applying
micro-XRF technique with repetitive measurements might overcome
limitations associated with heterogeneities and sampling resolution.

4.2. Indication of diagenetic alteration of the Mn/Fe ratio

The errors between reconstructed and observed bottom water O2

show only a slight trend throughout core ZH10-15 (Fig. 9a), which
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Fig. 6. Profiles of maximum (winter/spring) andminimum (summer/fall) Mn/Fe ratios in core ZH10-15 and the corresponding maximum andminimum three-month running mean
bottom water oxygen concentrations (in mg L−1) at 135 m (monitored since 1936) vs. time (yr AD). No XRF data were available between 1963 and 1966. Shaded areas show parts
of the core influenced by a turbidite (1999), a diatom bloom (dominated by Melosira; 1982; see also Fig. 3) and small-scale deformation of the sediment (1970–1972).
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indicates that the errors in the reconstructed O2 did not change signif-
icantly with time. Therefore, the Mn/Fe signal in the lake sediment is
largely preserved in the sediment after deposition. This suggests that
despite the anoxic conditions in the sediment, there is not a substan-
tial loss of Mn from the sediment due to reductive dissolution. The
trendline mainly results from the relatively low O2 concentrations
during deposition of the lower part of the core, in which the estimates
of past bottom water O2 concentrations are too high compared to the
upper part of the core with relatively lower reconstructed O2 levels
(Figs. 9a, b).
The application of theMn/Fe proxymight be limited to special cases,
in which oxygenated systems show pronounced seasonal redox
changes throughout the year. If the whole water body is oxygenated
throughout the year, Mn is trapped completely as soon as it enters the
lake and remains immobilised. In contrast, in a consistently anoxic
water body Mn remains in solution under reducing conditions and/or
precipitates are dissolved (Davison, 1993; Friedl et al., 1997). This
means that if the impact of alteration processes can be assessed, the
Mn/Fe ratio might be an accurate indicator for bottom water O2 recon-
structions in similar lake settings.
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Fig. 7. Profiles of maximum (winter/spring) Mn/Fe ratios in core ZH10-15 and corre-
sponding maximum three-month running mean bottom water oxygen concentrations
in mg L−1 (135 m, monitoring data) vs. time (yr AD). No XRF data were available in
ZH10-15 between 1963 and 1966.

Fig. 9. (a) Plot of deviations (in mg L−1) between the three-month running mean bot-
tom water O2 monitoring data (135 m) and the reconstructed O2 concentrations based
on the Mn/Fe ratios. Positive values indicate that the Mn/Fe ratios based estimates of
bottom water O2 levels are higher than the monitoring data, whereas negative values
represent lower values. The trendline of the data is shown as a thick solid line. The values
for 1970–1972, 1982 and 1999 were removed from the dataset (see text for details).
(b) Maxima of three-month running mean bottom water O2 concentrations from the
monitoring data at 135 m. No values were removed from the dataset.
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Our results further suggest that even in such special cases like
Lake Zurich, it is necessary to sample at the maximum lake depth in
order to determine accurately bottom water oxygenation based on
sedimentary Mn/Fe ratios.

4.3. Oxygen concentrations in the early 20th century in Lake Zurich

The correlation between the annual maxima of Mn/Fe ratios and
three-month running mean bottom water O2 concentrations (Fig. 8)
can be used to semi-quantitatively reconstruct bottom water O2 levels
for the unmonitored period of the laminated part of core ZH10-15
(1895 to 1936). The Mn/Fe ratios are varying around 0.3 throughout
this section of the core and only exceed 1 in 1906 (1.4) and 1921 (1.0)
(Figs. 5 and 6). Based on the correlation shown in Fig. 8, these ratios
would indicate O2 concentration below 1 mg O2 L−1. Only in the years
1906 and 1921 higher O2 concentrations of 4.4 and 3.6 mg O2 L−1
Fig. 8. Correlation between maxima of the Mn/Fe ratio in core ZH10-15 and maximum
(winter/spring) three-month running mean bottom water oxygen concentrations in
mg L−1 (135 m, monitoring data). Square symbols (with years) represent values that
have been excluded from the correlation (see text for details).
were reached. Despite the errors and uncertainty of the correlation, the
reconstructed values suggest that Lake Zurich bottom water O2 levels
were generally very low between 1895 and 1936, likely as a result of eu-
trophication (Section 2.2).
5. Conclusions

Due to precise sediment age models, monthly long-term O2 moni-
toring data and high-resolution XRF core scanning, Mn redox dynamics
could be studied on a seasonal resolution in the sediment of Lake Zurich,
Switzerland. The age models were based on bi-annual lamination in
sediment cores and yearly calcite precipitation cycles. Ca, Fe and Mn
showed pronounced seasonal behaviour. Ca was governed by higher
calcite precipitation during summer, whereas Fe showed peaks in win-
ter andMn in spring. The strong negative correlation between Ca and Fe
suggested that the Fe XRF signal was governed by calcite dilution. At
least in this lake, Fe is hardly remobilised from the sediment under an-
oxic conditions. In contrast to Fe, Mn traced bottom water oxygenation
due to its redox-sensitive behaviour. The Mn/Fe ratio was correlated
with three-month running mean bottom water O2 concentrations.
Therefore, the Mn/Fe ratio from core ZH10-15 (137 m, maximum lake
depth)was used as a proxy for bottomwater oxygenation. Oxygenation
has been consistently high since the mid-1960s, and relatively lower
prior to this time because of eutrophication. However, it was shown
that geochemical focusing and sedimentological factors can bias or
even prevent the utilisation of the Mn/Fe ratio for O2 reconstructions
in the bottom water of lakes.
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