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A novel approach to investigating annually laminated lake sediments combines micro-facies analyses on thin 
sections with high-resolution X-ray fluorescence scanning on impregnated sediments. It facilitates improved 
varve counting and interpretation of seasonal paleoclimate signals including extreme events and the dynamics 
of abrupt changes.

Varved lake sediments are important 
high-resolution climate and environment 
archives for paleolimnological investi-
gations because they provide indepen-
dently datable evidence of environmen-
tal change in response to either climatic 
change or human impact (Lamoureux, 
2001; Brauer, 2004; Zolitschka, 2003; 
2006). Such records are not only found in 
present-day lakes but also in paleolake de-
posits and allow detailed reconstructions 
for time intervals without any human in-
fluence (Mangili et al., 2005; Brauer et al., 
2007). Varved sediments provide both an 
independent dating tool (e.g., Kitagawa 
and van der Plicht, 1998) and high-reso-
lution proxy data. Traditional geochemi-
cal, physical and biological analyses at 
discrete sample intervals commonly 
provide data at decadal to sub-decadal 
resolution. Annual resolution is revealed 
from varve thickness measurements. A 
comprehensive interpretation of the latter 
requires profound knowledge of the sea-
sonal composition and structure of varves 
because many different varve types can 
form depending on the climate regime 
and environmental conditions. The clas-
sification of varves into three major types, 
i.e., clastic, organic and evaporitic (e.g., 
Zolitschka, 2003), however, is too broad to 
describe all variations in varve deposition. 
Further details about seasonal sub-layers 
can be obtained by micro-facies analyses 
(Brauer, 2004) and provide crucial infor-
mation on the seasonal signals in varve 
records, thereby enabling the detection 
of low-amplitude and short-term climate 
changes (Brauer et al., 2008a; b). The main 
limitation of micro-facies data, however, 
lies in their only semi-quantitative charac-
ter. This problem can be overcome by in-
tegrating microscope analyses with µ-XRF 
scanning, which allows detailed element 
profiling across individual varves.

Methodological approach
Direct combination of varve micro-facies 
data and high-resolution element scan-
ning requires that both analyses be per-

Figure 1: Abrupt micro-facies changes at the Allerød/Younger Dryas boundary (12,680 varve years BP) in the Lake 
Meerfelder Maar sediments. a) Varve thickness plot (note: age scale for (a) has been adjusted to fit image (b)); b) 
Thin-section scan (polarized light) and superimposed Fe-profile indicating siderite (iron carbonate)-rich winter 
layers (light colors); thin section images (plain parallel light) of c) Early Younger Dryas varves exhibiting distinct 
light spring/summer diatom layers and dark layers of reworked minerogenic and organic matter and d) Late 
Allerød varves characterized by dark siderite layers. Figure modified from Brauer et al., 2008a.

formed on the same sectional plane in 
order to exclude spatial inhomogeneities 
within the sediment column. Therefore, 
µ-XRF measurements are performed on 
impregnated sediment blocks that are 
prepared for thin section analyses. Fresh 
sediment slices (10 x 2 cm) are impregnat-
ed with resin after freeze-drying (Merkt, 
1971) or acetone exchange (Lamoureux, 
2001). The impregnated sample blocks 
are cut along the long axis so that the 
cutting plane of one half can be used for 
large-scale thin section preparation, while 
the other half serves for major element 
scanning. Element analyses conducted in 
a vacuum chamber of a µ-XRF spectrom-
eter reduce the loss of radiation intensity 
due to absorption by air. Measurements at 
highest resolution have a spot size (beam 
diameter) of 50 µm and an increment of 40 
µm (width between two consecutive mea-
surements), resulting in 5 to 30 data points 
per varve depending on annual sedimen-

tation rate. A further advantage of analyz-
ing impregnated samples is the perfect re-
producibility of measurements even after 
long storage times, because changes in 
sediment geochemistry are prevented by 
impregnation. 

In conclusion, parallel micro-facies 
and element analyses enable unambigu-
ous identification and allocation of each 
peak in element variations directly to the 
microscopic observation. This facilitates 
interpretations of the observed chemical 
signals and provides better quantification 
of micro-facies changes. Using this novel 
approach, it is possible to improve detec-
tion of abrupt climate changes, seasonal 
event layer deposition and understanding 
of long-term changes in seasonality.

Abrupt climate change
Abrupt climate changes are a key issue in 
paleoclimate research (Alley et al., 2003) 
because understanding the processes 
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and dynamics of rapid and high-ampli-
tude climate shifts is crucial for assessing 
the probability of such changes in the 
future. The last major climatic shift at the 
end of the last glaciation was related to 
the Younger Dryas cold phase, which has 
commonly been connected to changes 
in North Atlantic thermohaline circula-
tion triggered by major melt-water fluxes 
(Broecker, 2006). Detailed analyses of the 
onset of the Younger Dryas in the varved 
sediment record from Lake Meerfelder 
Maar (Germany) provides several lines of 
evidence from micro-facies and elemental 
changes in less than a decade from a main-
ly quiet, anoxic lake environment to a sea-
sonally well-mixed and turbulent lake (Fig. 
1). The five-fold increase in varve thickness 
is explained by both higher amounts of re-
worked littoral material caused by strong 
wave activity and pronounced diatom lay-
ers as a result of increased nutrient fluxes 
and remobilization. Together, these data 
point to a very abrupt wind shift suggest-
ing that changes in atmospheric circula-
tion may have played a crucial role (Brauer 
et al., 2008a). Similar evidence for abrupt 
atmospheric change has been recently 
reported from Greenland ice cores (Stef-
fensen et al., 2008). 

Seasonal flood layers
A further concern in the climate debate is a 
possible increase in flood frequencies as a 
consequence of global warming. Interpre-
tation of historical records does not pro-
vide an unequivocal picture since intense 
human activities in river catchments have 
an impact on flood characteristics and may 
mask climatic effects. This information gap 
can be filled through analyses of natu-
ral flood frequency records from periods 
without human impact. Varved sediments 
allow the seasonality of past flood depos-
its to be deduced through analysis of their 
microstratigraphic position within the an-
nual cycle of sedimentation (Mangili et 
al., 2005). Mineralogical and geochemical 
contrasts between autochthonous sedi-
ments and flood-triggered detrital matter 
are distinctive features of biochemical cal-
cite varves (Lotter and Lemcke, 1999). In a 
long series of such calcite varves from the 
interglacial Piànico paleolake (Italy, south-
ern Alps), even micro-scale flood layers 
could be detected at seasonal resolution 
(Fig. 2). These detrital layers were com-
posed of catchment dolomite and were 
therefore well distinguished from their 
micro-facies and geochemical signatures. 
Preliminary results from the study of Piàni-
co sediments indicate that, under natural 
interglacial conditions, the frequencies of 
spring and summer floods were higher 

during times of colder climate (Mangili et 
al., 2007; 2005), whereas fall and winter 
floods did not show significant frequency 
changes.

Long-term change in seasonality
Many proxy records indicate that the 
Asian monsoon was intensified during the 
warm early Holocene climate. Thus, un-
derstanding seasonal effects and environ-
mental processes during this time interval 
could aid a better assessment of future 
scenarios. A long varve record from Lake 
Sihailongwan in northeastern China en-
abled comparison of present-day with ear-
ly Holocene seasonal dynamics through 
detailed micro-facies analyses. Modern 
varves were characterized by regular, dis-
tinct spring snow-melt layers consisting of 
local minerogenic and organic debris (Fig. 
3; Mingram et al., 2004; Chu et al., 2005). 
Predominantly organic summer deposits 
with few minerogenic components were 
followed by thin autumn diatom layers. 
In contrast, varves that formed between 
11– 8 cal ka BP exhibited additional layers 
of well-sorted, silt-sized dust deposited 

in spring/early summer. These dust lay-
ers were separated from the snow-melt 
deposits by an additional diatom bloom 
(Rioual et al., 2006). The occurrence of 
dust layers differed from varve to varve as 
a result of a clear inter-annual variability 
of the early Holocene climate. Increased 
clay contents in summer and winter layers 
further contributed to higher minerogenic 
sediment fluxes compared to the present-
day situation (Schettler et al., 2006).

Conclusions and outlook
There is great potential for applying µ-XRF 
element scanning to varve records, but 
the value of the huge amount of data pro-
duced can be significantly increased in 
combination with micro-facies analyses. 
Consequently, the major advance of this 
technique is in providing a broader data-
base for more comprehensive interpreta-
tion rather than in reducing the time for 
investigation. A future challenge is to fur-
ther extend the presently mainly sedimen-
tological-geochemical database through 
comparably precise combinations with 
biological proxies.

Figure 2: Thin-section images (polarized light) of varve and detrital layers with superposed µ-XRF data at 50 µm 
resolution (in counts per second, cps) for intervals of the Piànico interglacial sediments. a) Spring detrital layer (DL) 
above the winter layer (w) and below the endogenic calcite layer, and profiles for endogenic calcite (Ca), siliciclastic 
(Si) and dolomite (Mg) detritus; b) Autumn/winter detrital layer (between the endogenic calcite and the upper winter 
layer) and element profiles; c) Summer detrital layer (incorporated within the calcite layer) and element profiles; 
d) Succession of 4 varves including detrital layers and element profiles; d1) – d3) 3D plots exhibiting the spatial 
distribution of Ca, Si, and Mg for the area shown in d). Detrital layers reflect past flood events and can therefore 
provide a record of the natural flood frequency from periods without human impact.
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 Note

Varve and micro-XRF Fe data from Lake Meer-
felder Maar are available from the NOAA/WDC 
Paleo archive: ftp://ftp.ncdc.noaa.gov/pub/
data/paleo/paleolimnology/europe/germany/
meerfelder-maar2008.txt  
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Figure 3: Comparison of modern (a, b) and early Holocene (c, d) micro-facies of varves from Lake Sihailongwan, 
China. a) and d) show scanned thin sections (polarized light) and superposed Al-profiles as proxy for siliciclastic 
detritus; note the pronounced inter-annual variability in the occurrence of dust layers (light colors); b) and c) show 
thin section images (polarized light) showing differences in seasonal sub-layer deposition and superimposed 
Al-profiles: DU – dust layer; DI – diatom layer; SM – snow melt layer. Fine-grained detrital layers indicate seasons 
of dust deposition and can therefore provide a record of dust transport from periods without human impact.
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FTIRS analysis of small sediment quantities can provide fast, inexpensive and high-resolution records of 
organic and inorganic carbon, nitrogen and biogenic silica that are essential for detailed paleoclimate and 
environmental reconstructions in long sediment records.

Continuous paleoclimate records from 
the continental realm covering several cli-
matic cycles are increasingly recognized 
as important archives of environmental 
responses to climatic change. Given an-
thropogenic global warming, this infor-
mation is particularly crucial for the un-
derstanding of natural climate variability. 
Over the past decade, the recovery of long 
sedimentary records from terrestrial sites 
and, in particular, large and ancient lakes, 
has been made possible by the Interna-
tional Continental Drilling Program (ICDP) 
and associated partners. The most recent 
example is Lake El´gygytgyn, where the 
longest (>300 m, 3.6 Ma) and probably 
most continuous terrestrial paleoclimate 
archive has been recovered during the 
spring 2009 deep drilling campaign. In or-
der to extract information on climatic and 

environmental change from these long 
records at a high temporal resolution, 
fast, cost-efficient and, preferably, non-de-
structive methods are required. X-ray fluo-
rescence scanners and multi-sensor core 
loggers can provide such highly resolved, 
qualitative and semi-quantitative infor-
mation on the inorganic geochemistry, 
mineralogy, and magnetic properties of 
sediments. Non-destructive methods pro-
viding quantitative information on bio-
geochemical properties, however, have 
not been available until present. Within 
the initial Lake El´gygytgyn deep drilling 
project, and preliminary studies for po-
tential deep drilling projects at Lake Ohrid 
and Pingualuit Crater Lake, we tested the 
potential of Fourier transform infrared 
spectroscopy (FTIRS) as analytical method 
for the quantitative determination of bio-

geochemical properties. The great poten-
tial of the FTIRS technique comes from the 
large amount of information on minero-
genic and organic substances provided by 
the FTIR spectra. Most importantly, it is a 
rapid, cost-saving technique, which only 
requires very small amounts (0.01g dry 
weight) of sample material. 

Analytical background and 
principles of FTIRS 
The basic principle of the FTIRS technique 
is that infrared radiation stimulates molec-
ular vibrations and, as a consequence of 
the quantum mechanical behavior, this ra-
diation is absorbed at specific wavenum-
bers. Major changes in organic and inor-
ganic properties present in sediment can 
therefore be qualitatively identified from 
the FTIR spectra. For example, the band 
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