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Abstract

The effect of climate variations on the magnetic properties of sediments from two small Alpine lakes in the Bernese
Alps, Switzerland was investigated. Although relatively similar in water volume and general environment, Sa«gistalsee
and Hinterburgsee have different catchment vegetation and lithology due to their different elevation and geographic
locations. The climatic signal in the mineral magnetic parameters of the sediments was validated and interpreted with
the aid of palynological and geochemical data. The sediment age was determined with several accelerated mass
spectrometry 14C dates. The results from the different lakes compare well on a common time scale and show that the
influence of local conditions on the magnetic record is rather small. A climatic influence on the mineral magnetism has
been recognized at both studied sites. This is interpreted as a consequence of the production of an authigenic mineral
with particularly uniform magnetic properties during the warmer stages and the influx of heterogeneous detrital
magnetic minerals during the colder stages. The clearest climate record is found in sediments with no organic matter
whereas the anoxic conditions found in highly organic sediment can completely obliterate the climate signal recorded in
the sediment magnetic properties. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alpine lakes are particularly sensitive to climate
variations because of their location and distinct
characteristics, such as small water volume and
long ice-cover [1,2]. Moreover, their sedimentary
record represents a unique environmental archive

for the past climate change in the Alps. For this
reason they can provide valuable records of late
Quaternary continental climatic and environmen-
tal variability (e.g. [2^6]) and they represent ideal
sites for detailed climate studies. Magnetic prop-
erties o¡er an attractive tool to investigate the
sedimentary record of climate change (e.g. [7^
12]). It has been demonstrated that magnetic
properties are a very e¡ective climatic proxy in
a similar Alpine site (Bachalpsee) [13,14] and do
not su¡er from the long response time of the pol-
len assemblages, which make them poor indica-
tors for short, abrupt climatic changes.
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In this paper we investigate the sediment mag-
netic properties of two Alpine lakes from the
same region to explore how local environmental
constraints in£uence the magnetic signal. Two
sediment cores were sampled at Sa«gistalsee and
Hinterburgsee sites, hereafter referred to as
SAEG and HIN, respectively. The cores were tak-
en as part of the AQUAREAL project [14], using
a modi¢ed Livingstone piston corer with a proce-
dure described by Merkt and Streif [15]. The aim
of the paper is to show that the sediment mag-
netic properties in Alpine lakes can provide a de-
tailed and robust record of the climate changes.
Moreover, we validate previous results from near-
by Bachalpsee and discuss the di¡erences in the
climate record due to the local characteristic of
the lakes.

2. Environmental setting

The studied sites are small lakes located in the
Bernese Alps, Switzerland (Fig. 1). The SAEG
and the HIN are similar in water volume and
general environment (i.e., Alpine), mainly di¡er-
ing in catchment vegetation and lithology due to
their slightly di¡erent elevation and geographic

locations. SAEG is located at an altitude of
1935 m asl, has a water depth of 9.7 m, a surface
area of 0.07 km2 and its hydrological catchment
has an area of 3.85 km2. HIN's altitude is 1514 m
asl, with a surface area of about 0.05 km2 and
maximum water depth of 11.1 m. The area of
its catchment basin covers 1.62 km2.

2.1. Palynological and paleoecological data

Aside from the magnetic properties, climate in-
formation at these sites is provided by analysis of
the pollen ([16] and Wick and Lotter, personal
communication), chironomids [17], plant macro-
fossils ([18] and Wick and Lotter, personal com-
munication) and geochemical analyses [19,20].
These environmental proxies give us general infor-
mation on climate; it is not possible to gather
direct information on paleoprecipitation and ice-
cover but it is generally believed that warm peri-
ods have higher precipitation while cold periods
are dry. Ice-cover on the lakes is possibly longer
during cold periods. The pollen assemblages set
the framework for the interpretation of climate
changes in both studied sites. The results of the
pollen analyses (Fig. 3) are summarized as the
¢rst detrended correspondence analysis (DCA)

Fig. 1. Location map of the SAEG and HIN.
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axis [21] carried out using the CANOCO program
[22].

Plant macrofossil remains from the SAEG site
suggest that most of the tree pollen in SAEG
results from long distance transport. Sparse Pinus
cembra (Swiss stone pine) stands dominated the
vegetation before Abies alba (¢r) migrated into
the catchment at about 8000 cal BP. This rather
open vegetation was gradually replaced by Picea
abies (spruce) forests beginning around 6500 cal
BP. Forest clearance during the Bronze Age
which began around 4500 cal BP led to an open-
ing of the forest cover. Medieval forest clearance
resulted in a second anthropogenic lowering of
the tree line at SAEG. It is only during the last
century that the tree line, which is now at about
1900 m, reached the lake again.

Pollen and plant macrofossil analyses at HIN
show that the catchment vegetation was open dur-
ing the late-glacial period, most probably with no
trees locally present. At the onset of the Holo-
cene, P. cembra spread and dominated the vege-
tation for about 4000 yr, before A. alba migrated
into the catchment around 7500 cal BP. Around
6500 cal BP P. abies spread and subsequently re-
placed the open Swiss stone pine and ¢r forest.
Spruce dominates the forest still today.

At both sites the abundance of Alpine herbs
(Gramineae and Plantago alpina) found near the
core top indicates an increase of local grazing.

2.2. Age models and sedimentology

Sediment chronology is based on calibrated ac-
celerated mass spectrometry (AMS) 14C dating
and, to a lesser extent, on known pollen events
[2]. In particular in the HIN core, pollen is used
to extend dating at the core bottom where organic
matter suitable for 14C dating was not available.
The depth^age models are shown in Fig. 2a,b.

Radiocarbon results for the SAEG core are co-
herent and the sedimentation rate varies smoothly
from the top to the core bottom, which is dated at
about 9000 cal BP. Sedimentation rate decreases
from about 2.5 mm/yr in the core bottom, below
1000 cm core depth, to an almost constant 1.2
mm/yr in the top 800^900 cm of the core (Fig.
2a).

Several AMS dated samples are available in the
HIN core above 800 cm depth, a few specimens
that gave too old dates compared to adjacent
samples or that originated from turbidites were
discarded in the construction of the depth^age
model. Turbidites and slump deposits constitute
a signi¢cant part (about 30% or a total of 466
cm) of the entire length of the HIN core. Due
to this large amount, their non-uniform distribu-

Fig. 2. Depth^age model for the SAEG (a) and the HIN (b).
The data points are AMS 14C dates, except for the labeled
point in (b) that represents the estimated age for the Holo-
cene/Pleistocene boundary based on the pollen assemblage.
The vertical axis is in calibrated 14C years before 1950
(present), depth is in cm from the core top. In the HIN core
the sediment depth was recalculated by removing the thick-
ness of the turbidite beds as described in the text.
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tion, and the fact that these sediments were de-
posited almost instantaneously, the turbiditic and
slump deposits were excluded from the sediment
column when constructing the depth^age model.
We refer to the depth without the turbidites as
real-depth. In the HIN core a noted change in
the pollen assemblages (Fig. 3), which is associ-
ated with the Younger Dryas cold stage, occurs at
approximately 800 cm real-depth; following [2]
we give this event a conventional age of 11 500

cal BP. The age at the core bottom is undeter-
mined, moreover, the core sections below 1280
cm depth could not be lithologically correlated
with the section above, and their actual depth is
somewhat uncertain. This lower part of the core
was discarded when interpreting the climatic rec-
ord. A change in sedimentation rate from 1.60 to
0.65 mm/yr occurs at about 500 cm depth from
the core top, this corresponds to 1.20 and 0.45
mm/yr, respectively, at 400 cm in real-depth as
depicted in Fig. 2. The change in sedimentation
rate marks a transition in the sedimentation style
that goes from mostly clastic to organic. The high
content of organic matter above 500 cm depth
creates an anoxic environment in the sediment
that has profound consequences on its magnetic
properties.

3. Sediment magnetic results

Samples for magnetic analyses were collected
from the SAEG and HIN cores with a 2 cm in-
terval and sealed in 3.4 cm3 cylindrical plastic
boxes. To prevent sediments from drying and, as
far as possible, from undergoing chemical
changes, they were stored at 4³C. A total of 650
samples from SAEG and 732 samples from HIN
were measured, corresponding to an average sam-
pling rate of approximately 15 yr in both the
cores. The wet samples were weighed and the
magnetization and the susceptibility expressed in
mass units.

3.1. Magnetic mineralogy

The magnetic mineralogy of selected samples
was investigated using the acquisition of isother-
mal remanent magnetization (IRM) and thermal
demagnetization of orthogonal IRMs [23]. In the
SAEG core we used stepwise IRM acquisition up
to a maximum ¢eld of 1 T (Fig. 4a). A character-
istic magnetic phase with a rather uniform coer-
civity spectrum, showing saturation at about 150
mT was found in all the samples. In addition to
the low-coercivity phase, the samples taken from
the bottom of the core have a variable contribu-
tion from a high-coercivity mineral that does not

Fig. 3. DCA of the pollen data from SAEG and HIN. The
¢gure shows the main trend of variation in the pollen assem-
blages and thus represents the major variations in the region-
al terrestrial vegetation.
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saturate by 1 T. Isothermal magnetization was
imparted with a 1 T ¢eld along the sample Z-
axis and 150 mT along the sample X-axis before
thermal demagnetization, and typical results are
shown in Fig. 4b. In samples in which the high-
coercivity phase is low or absent, such as B1950-
51, the IRM lies along the X-axis, and has an

unblocking temperature around 575³C. This indi-
cates that the magnetization is carried by magnet-
ite. In samples with a larger high-coercivity phase,
such as A2100-66, the IRM is a composite of two
components. The low-coercivity component has
an unblocking temperature between 550 and
575³C, indicative of magnetite, and the high-co-
ercivity component exceeds 600³C. This suggests

Fig. 4. IRM acquisition (a) and thermal demagnetization of
orthogonal components (b) in SAEG sediments, in which the
triangles represent the component with coercivity s 150 mT
and circles the component with coercivity 9 150 mT in this
and Fig. 5. Open and ¢lled symbols are measurements from
sample A2100-66, characteristic of cold stages, and sample
B1950-51, characteristic of warm stages, respectively. The in-
sert is an enlarged plot of sample A2100-66 showing that the
magnetic phase with high coercivity has an unblocking tem-
perature exceeding 600³C.

Fig. 5. IRM acquisition (a) and thermal demagnetization of
orthogonal components (b) in HIN sediments. Triangles rep-
resent the high-coercivity component (s 150 mT) and circles
represent the component with coercivity 9 150 mT. Open
and ¢lled symbols are measurements from sample 72150-70,
characteristic of glacial stages, and sample 62200-12, charac-
teristic of interglacial (warm) stages, respectively.
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that the main carrier of the high-coercivity phase
is hematite.

IRM acquisition curves in the HIN samples
(Fig. 5a) have a similar behavior to the SAEG
samples. For practical reasons a ¢eld of 1 T was
¢rst applied in the 3Z direction in the HIN sam-
ples and subsequent increasing ¢elds up to a max-
imum of 1 T in the +Z direction. The results of
this back¢eld IRM acquisition were then normal-
ized between zero and the maximum magnetiza-
tion for a better comparison with the SAEG re-
sults. A magnetic mineral with a maximum
coercivity of about 150^200 mT and a rather uni-
form coercivity spectrum is found along the whole
core. In samples taken from speci¢c depth inter-
vals (e.g., Younger Dryas) this signal is superim-
posed with a high-coercivity phase that does not
saturate at 1 T. The thermal demagnetization of a
composite IRM with orthogonal ¢elds of 150 mT
and 1 T is shown in Fig. 5b for two typical sam-
ples. Sample 72150-70, taken in the Younger
Dryas section is representative of the mineralogy
of glacial samples in the HIN core. It shows a
large high-coercivity phase and unblocking tem-
perature exceeding 600³C suggesting the presence
of hematite in addition to another low-coercivity
mineral. Sample 62200-12, representative of the
non-glacial section of the core, has an unblocking
temperature of the low-coercivity phase (9 150
mT) between 575 and 600³C and a negligible
high-coercivity phase. We interpret this result to
show that magnetite is the main magnetic carrier
in samples from the warm Holocene stage. No
evidence for a signi¢cant amount of greigite or
other magnetic sul¢de was found in the measured
samples of either site.

Fig. 6. Hysteresis loops after the removal of the paramag-
netic component of the magnetization of typical samples
from SAEG and HIN cores. Loops drawn with the thin and
thick lines are taken from the `cold/dry' and `warm/humid'
part of the cores, respectively. The magnetization is in mass
units (A m2/kg) and the ¢eld is in T.

Table 1
Mean values and standard deviation of the principal magnetic parameter in the Alpine lakes

Data Hinterburgsee Sa«gistalsee Bachalpsee
(450^1280 cm) (whole core) (0^700 cm)

MHiField (m3/kg) 3.90U1038 þ 1.85U1038 4.12U1038 þ 1.49U1038 4.40U1038 þ 1.29U1038

M (m3/kg) 5.30U1038 þ 1.64U1038 5.50U1038 þ 8.59U1039 5.77U1038 þ 1.55U1038

IRM1 T (A m2/kg) 2.93U1034 þ 2.95U1034 5.89U1034 þ 3.57U1034 6.59U1034 þ 3.51U1034

ARM (A m2/kg) 1.76U1035 þ 1.75U1035 3.83U1035 þ 2.66U1035 ^
Hc/Hcr 2.78 þ 0.95 2.18 þ 0.60 2.15 þ 0.41
Ms/Mrs 0.20 þ 0.061 0.26 þ 0.063 0.26 þ 0.062
c-ratio 0.80 þ 0.18 0.93 þ 0.096 0.92 þ 0.070
t-ratio 0.69 þ 0.10 0.57 þ 0.18 0.87 þ 0.051
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3.2. Hysteresis properties

Magnetic hysteresis was measured on a subset
of 149 samples from the SAEG core and 129 sam-
ples from the HIN core using an alternating gra-
dient ¢eld magnetometer. The hysteresis loops
from the two cores are remarkably similar (Fig.
6 and Table 1) and in general con¢rm the results
from the IRM experiments. They show either a
single low-coercivity mineral, with a maximum
coercivity of 100^150 mT or a mixture of low-
and high-coercivity minerals. In this latter case,
the mass magnetization is several times smaller
and the loop is not closed at the maximum ¢eld
of 1 T.

The hysteresis parameters (Hc/Hcr and Ms/Mrs),
calculated after removal of the paramagnetic com-
ponent of the magnetization, are plotted on a Day
graph [24] in Fig. 7a,b. Samples from di¡erent
core sections are plotted with di¡erent symbols
to show their systematic clustering according to
the interpreted climatic stages. In the HIN (Fig.
7b) we also di¡erentiate between the sedimenta-
tion styles. Because of the mixed magnetic miner-
alogy in the samples with a high-coercivity phase
the hysteresis parameters are not interpreted as
being due to grain size variations. Nevertheless
they clearly show the di¡erent behavior between
warm and cold climatic stages as well as the sim-
ilarity of the magnetic properties between the two
studied sites. The paramagnetic component of the
magnetization was computed from the high-¢eld
rectilinear part of loops and it is found to be al-
ways very large. The mean high-¢eld susceptibility
(MHiField) in the SAEG and HIN cores is about
4.12U1038 þ 1.49U1038 kg/m3 and 2.79U1038 þ
1.9U1038 kg/m3, respectively. Compared with the
mean low-¢eld susceptibility (M) for the same set
of samples (5.5U1038 þ 8.6U1039 kg/m3 and
4.44U1038 þ 2.67U1038 kg/m3, respectively) it is
evident that MHiField accounts for about 70% of
M on average. It is not possible to estimate how
much of MHiField originates from paramagnetic
and how much from superparamagnetic (SP) min-
erals.

An anhysteretic remanent magnetization
(ARM) was acquired in all samples using a dc
bias ¢eld of 50 WT and a maximum ac ¢eld of

100 mT. The ARM correlates very well with the
IRM acquired at the similar ¢eld of 150 mT in
both the SAEG and HIN cores (Fig. 8a,b), indi-
cating a uniform ARM/IRM ratio that suggests a
uniform grain size of the low-coercivity mineral
along the whole cores. An excellent estimate of

Fig. 7. Hysteresis parameters computed after the removal of
the paramagnetic component of the magnetization. Parame-
ters plotted with di¡erent symbols correspond to di¡erent
core depths and are interpreted as climatic stages or changes
in sedimentation style.
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the mean ratio ARM/IRM is given by the slope of
the best-¢t line, which is practically identical in
the two sites (Fig. 8a,b) and emphasizes similar
magnetic properties within di¡erent lakes.

4. Variation of magnetic parameters with depth

The low-¢eld susceptibility (M), ARM and IRM
(acquired in a ¢eld of 1 T) are plotted against
depth in Figs. 9 and 10, respectively, for the
SAEG and HIN cores. In these and subsequent
plots the data have been smoothed to reduce the
high frequency variations using a ¢ve point Gaus-
sian ¢lter [25].

The ARM and the IRM correlate very well in
both cores and their intensity is generally larger
during the warm stages, indicating a higher con-
centration of ferrimagnetic minerals. The rema-
nent magnetization in SAEG is low at the core
bottom, then increases in the middle part of the
core (above 800 cm) and decreases slightly again
near the core top (Fig. 9). In the HIN core, the
ARM and the IRM are low during the Younger
Dryas stage (1000^1200 cm depth) and the 7500^
9000 cal BP cooler phase at about 600 cm depth
(Fig. 10). A major decrease in ARM, IRM and
M occurs at about 450 cm depth with the onset
of the organic sedimentation. In both lakes, the
low-¢eld susceptibility is roughly parallel to the
IRM (Fig. 9b), although they do not correlate
very well in detail presumably because of the large
in£uence of the paramagnetic and possibly SP
minerals.

Following Lanci et al. [13], we use the ratio of
the isothermal magnetization acquired in ¢elds of
150 mT and 1 T (IRM0:15 T/IRM1 T), hereafter
called c-ratio as a measure of the amount of
high-coercivity minerals in the sediments. Values
of the c-ratio are close to 1 when virtually no
high-coercivity mineral is present, while lower val-
ues mean a higher content of high-coercivity min-
erals. For practical reasons we used the back¢eld
magnetization instead of the direct magnetization
with a ¢eld of 150 mT in the samples from the
HIN core. We also use the ratio of magnetization
acquired at room temperature (290 K) and liquid
nitrogen temperature (77 K) (IRM290 K/IRM77 K)
in a ¢eld of 150 mT, hereafter called the t-ratio as
an estimate of the content of SP minerals. The
accuracy of this technique was tested in the Bach-
alpsee sediments [13] where the presence of SP
grains was investigated with precise low-temper-
ature measurements. Values close to 1 indicate no

Fig. 8. Scatter plot of ARM versus IRM. In both the plots
the ARM was acquired with a dc ¢eld of 50 WT and a maxi-
mum ac ¢eld of 100 mT, the IRM was acquired in a ¢eld of
150 mT. ARM and IRM magnetization are in mass units
(A m2/kg). Data are plotted with di¡erent symbols corre-
sponding to di¡erent climatic stages or sedimentation styles.
The mean value of the ARM/IRM ratio is given by the slope
of the best-¢t line.
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SP minerals and lower values mean a higher con-
tent of SP minerals. The low-temperature IRM
was acquired after the samples had been cooled
down to the liquid nitrogen temperature (77 K) in
a magnetically shielded space to avoid the acqui-
sition of low-temperature TRM. During the
whole process the samples were kept in liquid ni-
trogen, and particular care was taken during the

magnetization and the measurement to avoid any
signi¢cant re-heating of the samples.

In the SAEG core the c-ratio is low in the core
bottom and increases upward, indicating a de-
crease of the high-coercivity magnetic minerals
above approximately 800 cm depth. The t-ratio
is roughly parallel to the c-ratio in the lower
part of the core, suggesting a decrease in the con-

Fig. 9. Sediment magnetic properties of the SAEG core plotted versus core depth in cm below the surface. The ARM is acquired
with a dc ¢eld of 50 WT and a maximum ac ¢eld of 100 mT, and the IRM is acquired in a ¢eld of 1 T. The low-¢eld susceptibil-
ity and the magnetization are in mass units (m3/kg and A m2/kg, respectively), the c-ratio and t-ratio (i.e. IRM0:15T /IRM1T and
IRM290K /IRM77K ) are dimensionless. The minimum at about 500 cm depth in the t-ratio is due to a forest ¢re. Smoothed signals
are plotted with a continuous line and the actual measurements are plotted with markers in this and subsequent ¢gures.
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centration of SP minerals upcore from the bot-
tom. In the upper part of the core, the t-ratio
decreases again in a more pronounced fashion
than the c-ratio, although most of the peaks in
the two records can be correlated along the whole
core. The large peak in the t-ratio at 500 cm depth
in the SAEG corresponds to signi¢cant charcoal
matter in the sediment. It is associated with defor-
estation and burning from Bronze-Age settle-

ments and therefore it is not interpreted climati-
cally. In the HIN core both the c-ratio and t-ratio
are low around 1000 cm depth, corresponding to
the Younger Dryas, and to a smaller extent be-
tween 500 and 600 cm. There are no signi¢cant
variations of the ratios between 450 and 100 cm;
above 100 cm the anthropogenic activities (cattle
grazing) have altered the sedimentation process.

A set of 39 samples taken from the bedrock and

Fig. 10. Sediment magnetic properties of the HIN core plotted versus core depth, units are as in Fig. 9. The horizontal gray
bands represent turbidites or slump deposits that were removed when calculating the depth^age model. Vertical dashed lines in
the c-ratio and t-ratio plots are the average values of samples from the catchment, which are interpreted as characteristic of the
detrital input.
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soils in the catchment area of the HIN were mea-
sured to gather information on the magnetic
properties of the detrital fraction. In fact we as-
sume that they represent a purely detrital sedi-
ment component. The average results are listed
in Table 2 using the same magnetic parameters
used in the core. The content of SP minerals in
these samples was also investigated using the fre-
quency dependent susceptibility (Mfd) measured
with the dual frequency Bartington meter. The
mean Mfd values of di¡erent groups of samples
are listed in Table 3. No samples could be col-
lected from the SAEG catchment.

5. Discussion

5.1. Climatic interpretation of the rock magnetic
record

The general environment in the catchment areas
of the SAEG and in HIN is quite similar to that
of the previously studied Bachalpsee [13]. The
main di¡erences between these sites are the alti-
tude, that in£uences the vegetation, and the bed-
rock lithology. The SAEG is located slightly
above the present tree line, although plant macro-
fossils suggest that trees were present in the catch-
ment during the Holocene. The HIN, on the other
hand, is located well below the current tree line.
At this site the development of the forest during
warm stages and their retreat during the cold
stages probably had some in£uence on the sedi-
mentation that will be discussed later.

The sparse vegetation in the SAEG catchment
does not seem to have any perceptible in£uence
on the sediment magnetic properties. The mag-

netic properties of the sediments are very similar
to those of the Holocene section of the Bachalpsee
in terms of concentration (i.e., ARM and IRM
intensity), mineralogy and hysteresis parameters
(Table 1). Therefore the magnetic record is inter-
preted using the same criteria used on the Bach-
alpsee core [13]. In our interpretation, high values
of the c-ratio and t-ratio correspond to warm
stages and low values to cold stages, which is in
good general agreement with the biological data.
The IRM intensity, indicating the concentration
of ferromagnetic minerals, is another climatically
sensitive parameter that has largely increased dur-
ing the warm stages. The shape of hysteresis loops
(Fig. 6) is consistent with the magnetic mineral
interpretation and the Day parameters conform
to the results and climatic interpretation in the
previously studied Bachalpsee. Compared to the
Bachalpsee, however, in the SAEG record the
cold stage magnetic mineral assemblage (which
is, in our interpretation, the most detrital) has a
smaller content of high-coercivity minerals and a
higher content of SP minerals. Since in the Bach-
alpsee the high-coercivity minerals are found to be
detrital, this di¡erence can be explained as being
caused by the di¡erent bedrock lithology. The
catchment area of the Bachalpsee consists of
shales with some limestone units from the Dogger
formation, whereas limestones from the Malm
formation characterize the catchment area of
SAEG. Possibly as a consequence of these local
di¡erences the amplitude of the c-ratio and t-ratio
response to climate changes are di¡erent.

In the HIN core the average magnetic proper-
ties of the Holocene section are very similar to
those of the Bachalpsee and SAEG cores (see Ta-
ble 1). Moreover, in the HIN the core bottom
reaches the Younger Dryas cold stage (Fig. 2b),
and we were able to use samples taken from this
and from the subsequent warm stage (Preboreal)
to verify the changes of magnetic properties pre-
dicted from the Bachalpsee site. The samples tak-
en from the Younger Dryas age are characterized
by a signi¢cant contribution of high-coercivity
minerals as deduced from the IRM acquisition
curves (Fig. 5). On the other hand, samples taken
from the Holocene section have a higher IRM
intensity and the IRM acquisition curves saturate

Table 2
Mean value and standard deviation of rock-magnetic param-
eters of samples from the HIN catchment

Data Mean value N

M (m3/kg) 6.40U1038 þ 1.92U1038 39
ARM (A m2/kg) 1.84U1035 þ 8.81U1036 39
IRM1 T (A m2/kg) 1.75U1034 þ 7.33U1035 28
c-ratio 0.40 þ 0.24 28
t-ratio 0.42 þ 0.10 28
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at about 150^200 mT, showing no sign of high-
coercivity minerals. The hysteresis loops (Fig. 6)
conform to the interpretation of the magnetic
mineralogy, and the hysteresis parameters show
a clear clustering of warm and cold samples
(Fig. 7) as also found in the other Alpine sites.
Detailed low-temperature measurements are not
available for the HIN samples, nevertheless the
t-ratio and the c-ratio parallel each other, suggest-
ing that the SP content is also climate controlled.
The magnetic results from HIN are consistent
with that of SAEG and Bachalpsee, and are there-
fore interpreted in the same way.

The mean magnetic properties of catchment
samples (see Table 2) compared with those from
the HIN core indicate that the detrital magnetic
signal is very similar to that of the cold periods in
the core in both concentration (IRM and ARM),
coercivity (c-ratio) and SP content (t-ratio). The
Mfd measurements con¢rm the relatively high con-
tent of SP minerals. The lower values of Mfd mea-
sured in the organic-rich soil compared to the
higher values found in the regolith and bedrock
samples (Table 3) show that the SP minerals in
the catchment samples are not produced in the
poorly developed soils but are characteristic of
the bedrock. This is in agreement with the results

from Bachalpsee. The low IRM and ARM inten-
sity in the detrital fraction indicates that the more
abundant magnetite concentration found in the
core during warm periods must have a di¡erent
origin. Since the larger concentrations cannot be a
consequence of the detrital input (which is also
likely to be smaller during the warm periods)
the increase in IRM intensity in this and other
studied Alpine lakes is interpreted as resulting
from a magnetic mineral of authigenic origin.

In the HIN the content of organic matter in the
sediment is greatly increased as the sedimentation
changes from clastic to organic at about 450 cm
depth (corresponding to the age of 7500 cal BP).
The onset of dense vegetation and the develop-
ment of soil can explain the change in sedimenta-
tion type. At the same time the vegetation can
e¡ectively reduce the erosion in the catchment
and thus the sedimentation rate in the lake as
indicated by the depth^age model. The concentra-
tion of magnetic minerals is lower during the in-
terval of organic sedimentation (Fig. 10). The low
values of ARM, IRM and susceptibility could be
interpreted as a consequence of magnetite disso-
lution due to reducing condition in the anoxic
sediment [26,27]. An alternative explanation is
that the production of authigenic magnetite is re-
duced in an anoxic environment. In either case
this e¡ect completely obliterates the climatic sig-
nal recorded in the sediment magnetism, and we
restrict our interpretation to the section of core
between the lower recovery gap at 1280 cm and
the beginning of organic sedimentation at 450 cm
depth. This section of the HIN core, correspond-
ing approximately to 7500^12 000 cal BP, gives us
a detailed record of the last deglaciation in the
Alpine region.

A sudden increase in the concentration of the
magnetic minerals is observed in the upper 100 cm

Table 4
Principal component analysis

Sa«gistalsee Hinterburgsee

Principal components 4.067U1031 39.136U1031 9.066U1031 34.220U1031

9.136U1031 4.067U1031 4.220U1031 9.066U10311
Eigenvalues 3.943U1032 3.423U1033 3.081U1032 3.246U1033

Explained variance (%) 92.0 8.0 90.5 9.5

Table 3
Mean value and standard deviations of the frequency depen-
dent susceptibility (Mfd) of samples from the HIN catchment

Sample Mfd N
(%)

Soil (organic) 4.76 þ 3.88 10
Regolith 9.73 þ 2.38 7
Bedrock (shale) 9.43 þ 1.20 5
Bedrock (limestone) 13.89 þ 4.61 4
Near-shore sediment 9.69 þ 3.10 13
Overall 9.10 þ 3.89 39
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of the core, corresponding approximately to the
last 1000 yr. It is suggested that an erosive phase
took place in the catchment that interrupted the
organic sedimentation, therefore the magnetite
dissolution. This phase is associated with defores-
tation and grazing, as indicated by an increase of
Alpine herb pollen and it is interpreted as evi-
dence for human impact.

5.2. Comparison of the Alpine lake records

The records from SAEG, HIN and the previ-
ously studied Bachalpsee are expected to give a
comparable picture of the climate change in the
Alpine region. Therefore, we compare a climate
proxy derived from the magnetic measurements
in the three lakes on a common time scale derived
from the described depth^age models. Although
sensitive to di¡erent properties (the hematite and
SP content) the c-ratio and t-ratio are assumed to
have a nearly identical response to climate, there-
fore we reduce them to a single proxy. The c-ratio
and the t-ratio are reduced to a single data using
the principal component analysis (PCA) (e.g.
[28]). This technique is able to extract the part
of signals that have a common variability (co-
variance) and discard the other, which is possibly
due to noise, giving a more signi¢cant climate
proxy. PCA was computed using the non-
smoothed data of the c-ratio and t-ratio in each
core without any normalization since the ratios
vary naturally between 0 and 1. The principal
components (i.e., eigenvectors of the covariance
matrix), their eigenvalues and the explained var-
iance are shown in Table 4. The ¢rst PCA com-
ponent can account for more than 90% of the
variance of the c-ratio and t-ratios validating their
very good visual correlation. The ¢rst PCA com-
ponent is therefore taken as our `best' climate
proxy.

Some further processing was necessary in order
to compare directly the three records on the same
time scale. The main PCA components were in-
terpolated to evenly space time intervals based on
the respective depth^age models, and ¢nally the
high frequency signal was ¢ltered out using a low-
pass, second-order Butterworth ¢lter with a cuto¡
frequency of 200 yr. The reason for ¢ltering was

to minimize the e¡ect of the di¡erent sampling
densities in the di¡erent cores as well as in di¡er-
ent sections within the same core, caused by var-
iable sedimentation rates. The ¢ltered principal
PCA component from the SAEG, HIN and Bach-
alpsee core are compared in Fig. 11. The part of
the HIN record above 450 cm and below 1280 cm
depth was discarded as explained above.

The three cores record the same general climate
variation and some ¢ner scale variations can also

Fig. 11. Magnetic climate proxies from the Alpine lake cores
plotted versus calibrated 14C age (cal BP). The Bachalpsee
data are from [13]. Low values of the PCA relative units in-
dicate a cooler climate and high values indicate a warmer cli-
mate.
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be correlated. The ages in the Bachalpsee core
older than 8300 cal BP and in the HIN core older
than 10 000 cal BP are based solely on a level
having similar pollen assemblages. Although its
absolute age may not be well de¢ned, this level
marks an event that is coeval in the whole region
and therefore can be appropriately used in cor-
relating the records from Bachalpsee and HIN.
This relatively poor dating at the core bottom
can explain the less than perfect match of the
two records during the Younger Dryas. Di¡er-
ent amplitudes in the response to the same cli-
matic £uctuation can be observed comparing
the SAEG to the Bachalpsee record. This may
provide insight into the site dependency of
this climate proxy and suggests a non-linear re-
sponse.

6. Conclusions

The response of the magnetic properties of sedi-
ments to climate changes in the three di¡erent
Alpine lakes is remarkably uniform and not
strongly in£uenced by di¡erences between sites.
We have found that the t-ratio, indicating the
content of SP grains and, the c-ratio, indicating
the contribution of hematite, are the parameters
that best represent the environmental processes.
The choice of our climate proxy was based on
the distinct characteristic of these Alpine lakes,
particularly the presence of hematite and SP
grains in the catchment bedrock, authigenesis,
lack of magnetic sulphides and minimal human
impact. Although quite constant in the studied
sites, these characteristic are certainly not univer-
sal and their use should not be generalized else-
where.

The e¡ect of climate on the sediment magnetic
properties in this particular environment is mainly
a consequence of the erosion in the catchment
basin (hence the in£ux of heterogeneous detrital
sediments in the lake) and the formation of authi-
genic magnetic mineral with remarkably uniform
magnetic properties, identi¢ed as magnetite by
IRM acquisition and thermal demagnetization.
The properties of detrital sediments are a high
concentration of hematite, identi¢ed by IRM ac-

quisition and thermal demagnetization, and SP
grains, identi¢ed by low-temperature IRM and
frequency dependent susceptibility. These charac-
teristics are found to be controlled mainly by the
bedrock magnetic properties. Authigenic magnet-
ite is found during warm and humid climate
stages if the anoxic conditions in the sediments
are not too severe. In such a case authigenesis
seems to be the main factor controlling the con-
centration of magnetite. Biogenic bacterial mag-
netite is likely to be produced in lake environ-
ments [29^31], nevertheless chemical formation is
also possible. Direct evidence such as observation
of magnetosomes would be required to con¢rm
the bacterial hypothesis.

In the studied Alpine lakes the organic sedi-
mentation is a disturbing factor in the magnetic
record of climate changes. When it becomes too
large it can strongly reduce the concentration of
the authigenic magnetite and completely destroy
the climatic signal. This e¡ect was observed in the
upper part of the HIN core from 100 to 450 cm
depth. Therefore the best results are obtained in
the sites at the highest elevation where little or no
vegetation is present in the catchment area. For
the same reasons these results cannot be applied
to lakes with a high degree of anoxia. Forest ¢res
may represent another important source of noise
in the climatic signal as in the SAEG core at
about 500 cm depth. They can usually be identi-
¢ed, and thus removed, due to the `spiky' nature
of the signal and the presence of charcoal in the
sediments.

Although we have found that the concentration
of ferrimagnetic mineral is clearly enhanced dur-
ing the warm and humid stages in all the Alpine
sites, neither the ARM, the IRM nor the suscep-
tibility are found to be the best climate proxy.
The t-ratio and the c-ratio can mediate between
detrital minerals transported to the lake and au-
thigenically produced ferromagnetic minerals giv-
ing a smoother and possibly more linear parame-
ter. The t-ratio and the c-ratio usually parallel one
another but they can be combined and reduced to
a unique and more reliable parameter using the
PCA. The hysteresis loops were not extensively
used in this study, but they have shown a good
potential to discriminate uniform authigenic mag-
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netite, characteristic of the warm stage, from the
magnetically more heterogeneous detrital input.
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