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a b s t r a c t

Differentiating between regularly seasonal, irregular and event-based clastic sedimentation is difficult if
sedimentation structures resemble and dating methods are imprecise. In this study - clastic light and
dark laminae from lava-dammed Paleolake Alf in the Late Pleistocene in the Quaternary West Eifel
Volcanic Field are analyzed to clarify how they formed and if they are of annual origin and comparable to
assumed periglacial varves from neighboring Lake Holzmaar. Therefore, a multiproxy approach is applied
combining sediment thin section analysis which focuses on composition and structure with 14C dates.
The results are compared to recently-formed annually-laminated clastic sediments of, e.g., the High
Canadian Arctic. Observed sedimentation structures reveal sediment delivery by over- and interflows
and deposition from suspension forming two characteristic microfacies: Type I graded laminae and Type
II laminae with graded sublayers. Additionally, erosional bases and event deposits indicate episodic
underflows. Thus, lamination is potentially seasonal but is significantly veiled by extreme runoff causing
erosion and resuspension processes or a mixed water body preventing sediment delivery into the lake
basin. However, sedimentation processes between watershed and lake could be reconstructed by
comparing recent and paleosediment structures.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Sediments are recorders of past environmental and climatic
conditions. Especially clastic laminated lacustrine sediments pre-
serve information about sediment delivery processes generally
related to either event-related deposition, e.g., rainfall events or
slope instabilities, or to seasonal snow/glacier melt forming
annually laminated sediments (varves) (Lamoureux, 2000; Ojala
et al., 2012; Zolitschka et al., 2015). Focusing on clastic lamina-
tions formed in glacial or periglacial environments, studies in the
Canadian High Arctic or Svalbard explain their formation based on
monitoring (Cook et al., 2009; Guilizzoni et al., 2006; Leonard,
1997; Zolitschka, 1996). Most abundant particle transport types
from the watershed into the lake basin forming a clastic sediment
Eichhorn), michael.pirrung@
itschka), georg.buechel@uni-
record were considered, e.g., fluvial processes, gelifluction, drifting
ice, wave movements and eolian deposition (Retelle and Child,
1996). Menounos and Clague (2008) considered hydrological
discharge event monitoring and climate data to differentiate when
laminations in the lacustrine sediment were formed. Studies by
Francus et al. (2008) focused on temperature and density profiles of
the water column to model sediment delivery by over-, inter- or
underflows through the lake basin. These observations are espe-
cially helpful for the interpretation of sediments, if monitoring data
are unavailable, like for paleolakes.

In this study, fluvio-lacustrine sediments from Palaeolake Alf, a
volcanically-dammed lake situated in the West Eifel Volcanic Field,
are investigated. The lacustrine sediment consists of alternating
light and dark laminae which cover the Late Pleistocene immedi-
ately prior to the Last Glacial Maximum. As this Paleolake Alf differs
from maar lakes due to its elongated shape, a main inlet and a
bigger catchment area, it provides an important supplementary
archive of this time.

The focus of this study is to give an explanation of the deposi-
tional processes that formed the lamination and to examine
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whether the clastic light and dark laminae couplets of Paleolake Alf
can be interpreted as varves.

Therefore, the observed laminated sediment structures are
compared to modern monitoring studies from glacial or periglacial
environments like the Canadian High Arctic or Svalbard (Cook et al.,
2009; Guilizzoni et al., 2006; Leonard, 1997; Zolitschka, 1996) to
understand related depositional processes.

2. Regional setting

Paleolake Alf is located in the Quaternary West Eifel Volcanic
Field. It was formed by volcanic eruptions of theWartgesberg, their
age was determined to 33.6 ± 0.4 ka BP by Schmidt et al. (2017)
using luminescence dating, 27.9 ± 2 by Sirocko et al. (2016) using
varve chronology, and 31 ± 11 byMertz et al. (2015) using 40Ar/39Ar
on groundmass of low-SiO2 lava.

Lava dammed the formerly V-shaped valley of the River Alf -
consequently, the valley was flooded forming an elongated and
dendritic lake (Fig. 1) with a reconstructed lake level at 410 m a.s.l.

Paleolake Alf had a watershed of approx. 50 km2 which was 8
times the size of Lake Meerfelder Maar (Negendank and Zolitschka,
1993), presently the largest maar lake of the WEVF. The watershed
of Paleolake Alf consists of peneplains composed of weakly meta-
morphic clay-, silt- and sandstones of the Siegenian (Saxler For-
mation) and Emsian stage (Eckfeld Formation) of the Lower
Devonian (Meyer, 2013) which were dissected by rivulets and 11
volcanic eruption centers, predominantly maars (Büchel, 1994).

During Marine Isotope Stage (MIS) 3 and 2, Central Europe was
Fig. 1. Study area located in Germany (insert) with the state of Rhineland-Palatinate
(in green) and the West Eifel Volcanic Field (red dot). The shaded relief shows the
morphology combined with a simplified geology of the watershed of Paleolake Alf,
presented in 32 U, WGS84 (Büchel, 1994, State Office for Survey and Geobasis Infor-
mation Rhineland-Palatinate). Locations of cores 5807-70 (Pirrung et al., 2007), 5807-
B8 and 5807-91 are inserted, and young volcanic eruption centers are labelled:1-
Dauner Maar complex, 2 e Mürmes, 3- Holzmaar, 4- Pulvermaar, 5- R€omerberg, 6-
Wartgesberg, 7- Sprinker Maar.
under periglacial conditions. Continuouspermafrost dominatedwith
reconstructed temperatures ranging between �20 and þ 10 �C (e.g.,
Huijzer and Vandenberghe, 1998). Arctic steppe tundra with Cyper-
aceae and Betula nana dominated (Litt et al., 2007). During MIS 2,
temperatures ranged between �25 and þ 11 �C (Huijzer and
Vandenberghe, 1998), cold and drier conditions caused loess depo-
sition (Lauer et al., 2014). Debris from physical weathering and soli-
fluction material as well as eolian sediments accumulated on the
slopes and in the valleys leading to capacity-limited braided river
systems in many areas in Central Europe (Gebhardt, 1963; Houben,
2003; Vandenberghe and Woo, 2002). By the end of MIS 2,
snowmelt-driven discharge regimes mostly eroded the periglacial
sediments (Gebhardt,1963;Houben, 2003).Due to the local situation,
periglacial erosion did not affect the sediment record of Paleolake Alf
and is still preserved e a rare exception in the mountain ranges of
Central Europe. Still today, 22mof rhythmically laminated lacustrine
deposits fill the valley bottom under a cover of fluvial sediments.

3. Material and methods

All methods were applied on core 5807-91 (Fig. 2). Different
sampling sections derived from differing sediment quality corre-
sponding to the specific method.

3.1. Coring and core handling

During a coring campaign for a hydrological survey in 2012, the
40 m-long sediment core 5807-91 (Latitude ¼ 50� 7.0831200 N,
Longitude ¼ 6� 54.598500’ E, WGS84; Z ¼ 32 U, E ¼ 350587,
N ¼ 5553848) was recovered from the Alf valley using wireline
drilling (diameter: 110 mm). From a preside survey in the Alf valley
it is assumed that the coring position is located at the deepest part
of the paleolake basin (Fig. 1). After core splitting and lithological
description, one half was digitally photographed using the high
resolution DMT Core-Scan® from GFZ Potsdam.

3.2. Grain size analysis

Granulometry was determined with a Fritsch analysette 22 on
26 fresh sediment samples. For measurements, 30e60 g of wet
sediment was taken between 19.79 and 22.97 m (11 samples from
Unit I) and laminae-wise between 18.72 and 18.79m core depth (15
samples of Unit II). Samples were mixed with distilled water and
sodium pyrophosphate for dispersion. After homogenizing, grains
with diameters between 0.31 and 350 mm were analyzed, grains
larger than 350 mmdid not occur in any of the samples. Prior to each
measurement, a purification run including rinsing and ultrasonic
was carried out. Grain size distribution data were calculated based
on the Fraunhofer optical diffraction model.

3.3. Thin section preparation and microfacies analysis

Between 18.48 and 18.90 m, six large format sediment slabs
(10 � 2 cm) with 2 cm overlap were cut from the fresh sediment
surface. The samples were shock-frozen with liquid nitrogen for
three to five minutes in folded aluminum moulds and freeze-dried
for 44 h starting with a temperature of �51 �C. The freeze-dried
samples were impregnated with epoxy resin Araldite 2020. A vac-
uum was applied to extract air bubbles and to allow the resin to
penetrate even into the fine pores of the sediment. All further steps
concerning cutting, mounting and polishing of the impregnated
sediment slab until a sample thickness of 30 mmwas achieved were
carried out by MKfactory at Potsdam Golm. The final thin sections
were sealed by glass cover.

Microfacies analysis was carried out under plain and polarized



Fig. 2. Location and lithology profile of cores 5807-70, 5807-B8 and 5807-91. Applied methods on core 5807-91 are displayed: X-ray diffraction (XRD), X-ray fluorescence (XRF),
grain sizes, thin section microscopy and 14C age.
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light with magnifications between 5� and 40 � using a petro-
graphic microscope (Axioplan 2, Carl Zeiss, Jena). Thin section im-
ages were taken with a microscope-mounted digital camera
(KYF75U, JVC) and the AxioVision (Rel. 4.8) software.

3.4. X-ray fluorescence (XRF)

X-ray fluorescence (XRF) data were obtained using an ITRAX
XRF-core-scanner at GEOPOLAR (University of Bremen). Measure-
ments were carried out as a single line scan on a subsampled
minicore (U-channel) with the Mo tube at settings of 20 kV, 10 mA
and 10 s exposure time. The presented section between 15 and 16m
core depth was analyzed with a resolution of 200 mm. This section
was chosen due to its regular laminations without any deformation.
Relative element intensities are indicated as counts per second
(cps).

3.5. Qualitative mineralogical composition, X-ray diffraction (XRD)

X-ray diffraction (XRD) was examined using a diffractometer
(Bruker D8 AXS Advance DaVinci) at Cu Ka radiation
(l ¼ 1.54058 Å). Two samples were analyzed from Unit II: one dark
(15.37m) and one light lamina (15.44 m). In Unit I the laminaewere
not thick enough to be subsampled laminae-wise.

The fresh sediment was dispersed with ethanol on a silicon
single crystal sample-holder. Diffraction data were collected be-
tween 5 and 130 �2qwith a step size of 0.02 �2q and a dwell time of
10 s. For noise reduction from Fe-fluorescence, the energy window
of the detector was set to 0.18e0.25 V. All samples werematched by
a full-profile fit with the program DifracEVA® version 4.0 using the
database PDF-2 released in 2011.

3.6. Radiocarbon dating

Radiocarbon measurements were carried out via accelerator
mass spectrometry (AMS) using the 3 MV Tandetron 4130 AMS at
the Leibniz-Laboratory for Radiometric Dating and Isotope
Research in Kiel as described by Nadeau et al. (1997). The con-
ventional radiocarbon ages were converted into calibrated calendar
years (cal. a BP) by applying the online software CALIB 7.1 (Stuiver
and Reimer, 1993) using the IntCal13 calibration dataset, 2 sigma
(Reimer et al., 2013). For establishing the age-depth model, a linear
interpolation between calibrated means was used.

The age-depth model (Fig. 3) presented in this study is based on
one 14C-dating of the humic acid fraction from a bulk sample of core
5807-91 and five AMS 14C determinations from core 5807-B8, sit-
uated 175 m east of 5807-91. Another five AMS 14C ages of core
5807-70 (Pirrung et al., 2007), situated 580mnorth of core 5807-91
(Fig. 1), were utilized. The dates of both cores were obtained on the
humic acid fraction extracted from bulk and wood and projected on
core 5807-91 using magnetic susceptibility, lithology and a marker
layer. This marker layer is a dark, silty layer and is increased in Si, Ca
and most importantly Mn. The latter is most likely deciding for its
darkish color. Its thickness measures 0.8 cm.

4. Results

4.1. Mineralogy

The lacustrine sediment of Paleolake Alf mainly consists of



Fig. 3. Age-depth model of core 5807-91. 14C ages of the neighboring cores 5807-70 (Pirrung et al., 2007) and 5807-B8 were projected on core 5807-91 with regards to lithology and
a marker. For more details concerning the correlation please see in the Appendix.
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quartz, feldspar, transparent mica, chlorite, calcite and opaque ox-
ides. In addition, single idiomorphic, rounded and silt-sized
(200 mm) olivine, pyroxene and plagioclase crystals as well as
basaltic clasts occur sporadically either isolated or as layers in a
fine-grained matrix. Isolated siltstone extraclasts of up to 45 mm
were found in the silt-sized sediments, which show hardly any
deformation of the underlying sediment. Apart from its mineral-
ogical components, the sediment contains parts of insects, seeds,
shell fragments, ostracod valves and pollen (Heike Schneider, 2015,
pers. com.).

4.2. Sedimentary units

Core 5807-91 contains Lower Devonian bedrock at its base from
40 to 35 m sediment depth, followed by mafic lava between 35 and
32 m and a mix of scoria and volcanic ashes between 32 and 23 m
(Fig. 2). The overlying lacustrine sediments were visually and
geochemically separated into Unit I (23e19.2 m) and Unit II
(19.2e5.8 m). Unit I differs from Unit II due to higher values in
potassium in the K/Ti ratio and whereas Unit II is characterized by
higher Calcium values shown in the Ca/Al and Ca/Ti ratios. The
topmost 5.8 m display a mixture of clay- and silt-to gravel-sized
sediments interpreted as fluvial deposits (Fig. 2).

Focusing on the laminated lacustrine sequence, Unit I is
composed of clay-rich silt (on average: 21% clay, 78% silt, 0.08%
sand) with a mean grain size of 6 mm. This unit is predominantly
characterized by a (sub)millimeter lamination with intercalated
slump structures showing a 30 cm-thick folded section with
extension faults between 21.00 and 21.30 m, a 45 mm-sized
extraclast at 19.75 m and two 30 mm-thick homogeneous sand
layers at 20.81 and at 20.97 m depth. Due to the very fine lami-
nation which is partly disturbed, a layer counting of Unit I was not
possible.

Unit II is composed of light and dark couplets averaging 8 mm in
thickness. The light laminae have a mean grain size of 6 mm and are
clay-enriched (18% clay, 81% silt, 0.3% sand) whereas dark laminae
with a mean grain size of 10 mm contain a higher content of silt
particles (9% clay, 90% silt, 0.07% sand, Fig. 4). Within the lamination
two volcanic ash layers at 14.56 and 18.31 m are intercalated.

Two graded beds with thicknesses of 4 and 70 mm fining up-
wards occur with concordant bases from 16.09 to 16.13 m and from
16.65 to 16.72 m. They are interpreted as event-related deposits, i.e.
as turbidites. As an example, the grain size distribution of the
70mm event layermarks a clear fining-upward grain size evolution
typical for a turbidite (Fig. 5).

The basal sandy silt layer has a very low clay content and fines
upward via a silty central part to a clay-rich top (clay cap) con-
taining highest clay and lowest silt and sand content. Additionally,
the grain size distribution shown as cumulative curves reveals the
light and dark laminae and the event deposit (Fig. 6).

The curves for dark laminae are shifted by 4 mm towards coarser
grain sizes. However, light as well as dark laminae show a similar
slope and good sorting, which indicates suspension fall out through
a several meter thick water column. The top and middle sections of
the event deposit are similarly well-sorted, only the basal layer has
a fine tail indicating erosional reworking of the underlying clay
layer at the base of the turbidity current. In addition, distal and
proximal turbidite sequences of Meerfelder Maar (MFM) are dis-
played for comparison (Drohmann and Negendank, 1993). The
distal turbidite of MFM shows a higher clay content than the light



Fig. 4. Grain size distribution presented in volume percent sampled laminae-wise over
71 mm between 18.718 and 18.789 m depth from core 5807-91. Light and dark laminae
of Unit II are implied by bright and dark gray boxes, respectively.

Fig. 5. Grain size distribution presented in volume percent of the 70 mm thick and
graded event-layer between 16.645 and 16.715 m depth of core 5807-91.
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laminae of Paleolake Alf whereas the proximal turbidite of MFM
contains much more sand.
4.3. Mineralogy and geochemistry of light and dark laminae

XRD-data of the light (15.445 m) and dark laminae (15.375 m),
taken from Unit II, show that the main mineral phases are quartz,
muscovite and chlorite as identified by diffraction reflexes (Fig. 7).
Although the mineral phases of both laminae are almost identical,
their proportions vary: the light lamina is enriched in phyllosili-
cates, whereas in the dark laminae quartz dominate.

XRF-data from a sediment section of Unit II (15.35e15.60 m,
Fig. 8) display a higher K/Ti ratio in the light laminae compared to
the dark laminae indicating a higher content of mica in the fine-
grained light laminae. Ca/Ti ratio is generally higher in the dark
laminae (Fig. 8), which points to the presence of calcite. It is
microscopically visible but present in too small proportions to be
verified with XRD. In the thick dark and light couplet
(15.55e15.565 m), a gradation is indicated by arrows, i.e., Ca-
enrichment at the base of the dark laminae and K-enrichment to-
wards the clay top.

4.4. Sedimentary microfacies

Microfacies analysis was carried out by microscopic investiga-
tion of thin sections from Unit II. For Unit I this was impossible,
because thin sections cracked during drying due to the higher
amount of clay. The thickness of the dark and silt-enriched laminae
varies between 0.4 and 18.6 mm with a mean of 5.9 mm (n ¼ 74),
whereas the thickness of the light and clay-enriched laminae varies
between 0.2 and 8.0 mm with a mean of 1.9 mm (n ¼ 78). Defor-
mation of sedimentary structures by bioturbation has not been
observed.

The following two microfacies types are differentiated. Both are
randomly distributed throughout the investigated section of Unit II.

4.4.1. Microfacies type I: lamination with normal grading
Type I (19% occurrence) is characterized by grain-supported

coarse-grained basal silt which fines up towards the clay top. The
transition from dark to light laminae is gradational indicated by a
smoothly rising clay content (Fig. 9, A). The typical dark lamina
thickness of this type varies between 0.6 and 14 mm (n ¼ 14).

4.4.2. Microfacies type II: lamination with graded sublayers
Laminae with graded sublayers are more frequent (81% occur-

rence). The coarse basal layer is characterized by grain-supported
silt (20e60 mm). The upper part of the dark laminae is character-
ized by graded transitions from silt to clay-sized sublayers ranging
from two to eleven (Fig. 9, B). This pattern repeats until the upward
fining ends in a distinct light lamina. The typical dark lamina
thickness varies between 0.4 and 18.6 mm (n ¼ 60).

4.4.3. Clay caps with isolated grains
Often, the lower parts of the clay-enriched light laminae of

microfacies types I and II contain dispersed coarser and isolated
silt-sized minerals (Fig. 10, A-C). These dispersed coarse silt grains
have the grain size of the overlying dark lamina, rarely they are
coarser.

The upper part of the light lamina is often undulated, parts of
the clay layer are sheared-off or laminae-thickness variations
indicate erosional bases of the overlying sediment (Fig. 10, D-F).

4.5. Chronology

Based on a correlationwith the two neighboring sediment cores
5807-70 and 5807-B8, an age-depth model for core 5807-91 was
established (Fig. 3). By correlating 14C dates (Table 1, Appendix) and
lithology of core 5807-B8, Unit I of core 5807-91was dated between
32,995 and 30,558 cal a BP. For the age of Unit II, core 5807-91 was
correlated with cores 5807-70 (Pirrung et al., 2007) and 5807-B8
using magnetic susceptibility, lithology and a marker layer
revealing a time span between 30,558 and 20,837 cal a BP which



Fig. 6. Cumulative grain size curves showing light and dark laminae (light laminae from core depths 18.718e18.789 m, dark laminae from 18.723 to 18.786 m, cf. Fig. 4) and one
event deposit from core 5807-91, cf. Fig. 5. The labels indicating mm reveal layer thicknesses. Green lines show grain size distributions of proximal and distal turbidites from
Meerfelder Maar (MFM) for comparison (Drohmann and Negendank, 1993). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. X-ray diffraction pattern of the light, clay-enriched (top) and the dark lamina (bottom). Their position in the laminated sediments is indicated by the arrow next to the core
images. Note that the upper pattern is shifted by an intensity value of 2000 cps for better illustration.
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represents approx. 9721 a.
Assuming that one light-dark couplet represents one year, the

couplet-counting between 15.35 and 19.90 m depth of core 5807-
B8 (projected section marked with a blue star is shown in Fig. 3)
revealed 591 couplets, whereas the 14C dates for the same interval
covers a time span of 930e1990 a.
5. Discussion

Clastic lamination can be formed by fluvial processes (Retelle
and Child, 1996), gelifluction (Doran, 1993), drifting ice (Francus
et al., 2008), reworking by waves (Geirsd�ottir et al., 2009) and/or
eolian input (Antoine et al., 2009). Sediment delivery into Paleolake
Alf is supposed to have been dominated by runoff from snow melt



Fig. 8. XRF-data (interpolated 5 point mean) analyzed with 200 mm spatial resolution
plotted on the core image demonstrating K-enrichment in the light laminae and a Ca-
enrichment in the dark laminae.

Fig. 9. (A) shows microfacies type I - normal grading of a dark lamina shown under crosse
sublayers shown under crossed (left) and plain (center) light. A complete lamina of types I
contrast to microscopic images, in core scan images the lower coarser part is dark, the upp
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and precipitation. The predominant mineral composition of the
lacustrine sediments (chlorite, mica, quartz, siltstone extraclasts)
resembles that of weathered Lower Devonian bedrock (Felix-
Henningsen, 1990) by more than 90%. Sparsely occurring olivines
and pyroxenes are typical minerals for basanite volcanism as
documented from surrounding maars and scoria cones (Becker,
1977; Shaw and Eyzaguirre, 2000). Certainly, these components
entered the lake basin as reworkedmaterial. This applies also to the
two ash layers which contain mostly subrounded fragments and
lack of glass shards (Thor Thordarson, University of Iceland, 2014,
pers. com.). Neither in Holzmaar, Meerfelder maar nor Auel maar
these two ash layers were described but flood events from that time
from Auel maar (Brunck et al., 2016) which supports the assump-
tion that the ash layers were reworked. Single calcite grains of
predominantly rounded and the only few calcites of rhombohedral
shape implicate a mixture of (1) calcite precipitation in the water
column, like they are triggered by algae blooms from recent lakes
(Koschel, 1997), and (2) detrital origin as reworked eolian input as
documented in a reconstructed high-resolution dust record from
Eifel maar lake sediments e the Eifel Laminated Sediment Archive
(ELSA) stack (Schaber and Sirocko, 2005; Seelos et al., 2009) and the
Holzmaar sediment record (Zolitschka et al., 2000).

The abundance of fine to middle-silt fraction in our laminated
sediments can be explained by loess that was found recently at the
former crater top of the Wartgesberg quarry. Additionally, the
volcanic activity in the watershed of Paleolake Alf provided a high
amount of disintegrated bedrock because especially maar eruptions
promote up to 90% of country rocks (Zimanowski, 1986).

During the Wartgesberg eruptions, the southern part of the Alf
catchment area was covered by ash and scoria. This volcanic ma-
d (left) and plain (center) light. (B) shows microfacies type II e laminae with graded
and II including the light lamina is also schematically displayed (right). Please note: in
er fine part is light. The core scan nomination is applied throughout the text.



Fig. 10. Microphotographs (plain light) of light laminae with dispersed mineral grains and intercalated silt bands of Type II (AeC). Photos D and E show the transition from light
lamina to dark lamina with ripped-off clay fragments embedded in the silty matrix. Clay thickness variations in photo F indicate an erosional base.
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terial was eroded and immediately transported into the young lake
basin as indicated by the 9m-thickmix of ashes and scoria on top of
the lava flow as documented in core 5807-91. During melting sea-
son, catchment sediments were transported to the lake basin: the
transport capacity caused a near shore and within-tributary
deposition forming subaquatic alluvial fans of coarser sediments
near the inlets of rivulets (Fig. 11) whereas silt-sized particles
settled from suspension in the center of the lake basin forming Unit
I.

After the water level reached its final elevation of 410 m a.s.l.,
Paleolake Alf might also have had a spillover acting like a contin-
uous sediment pull current, probably comparable to observations
of the recent spillover at Lehnmühle reservoir (K€ampf et al., 2012).

From correlation of the Paleolake Alf Ca/coh curve (coh stands
for coherent radiation which minimizes the matrix effect of the
sediment) with the Greenland NGRIP Ca2þ curve, Unit I formed
during Greenland Interstadial 3 (Eichhorn et al., in prep.), Fig. 12.

The higher amount of precipitation during interstadials is re-
flected in an increased occurrence of slumping indicated by folding
structures and event layers in Unit I. At around 26,300 ka BP, the
amount of calcium increases in both records indicating a cold spell -
the Greenland Stadial 3 - with enhanced dust accumulation as
described by Schaber and Sirocko (2005) and Seelos et al. (2009),
forming Unit II. Loess that accumulated on the Devonian ridges was
redeposited into the lake basin. The longer onset of the Ca/coh
curve in the Paleolake Alf record can be explained with continuing
loess cover in the catchment that was longer redeposited. Due to
the same mineral composition of the light and dark laminae, the
varying silt content can only be associated with seasonal sediment
delivery. During the snowmelt season, the high transport energy
carried silt-sized, carbonaceous loess that was accumulated in the
catchment into the lake basin as indicated by the slightly higher
mean grain size of 10 mm and calcite enrichment in the dark
laminae.

During winter when the lake is ice-covered, still-water condi-
tions caused suspension settling and the 6 mm-sized particles of the
light laminaewere deposited. Effectively, grain size and grain shape
caused a mineral fractionation in favor of more isometric quartz
grains in the dark laminae whereas foliate chlorite and mica grains,
due to their higher surface causing uplift, dominate in the light
laminae. The 45 mm-sized extraclast and isolated coarse silt grains
in the light laminae might indicate a seasonal ice-cover when
meltwater slush accumulated on the lake-ice surface as described
by Retelle and Child (1996) for Lake C2 in Canada. Load fractures on
the ice might have stimulated the meltwater path inducing ice-
brake-off. Wind could then have drifted ice floats around the lake
in early summer as described by Francus et al. (2008) from
Sawtooth Lake in Canada. As documented in core 5807-91, a similar
process might have released extraclasts in the center of Paleolake
Alf (Fig. 11). Silt bands in the light laminae are interpreted as wind-
blown loess deposition on the ice cover.

A further indication for an at least seasonally ice-free lake sur-
face is the abundance of ostracod valves (Fig. 11). They were spec-
ified as Candona neglecta and Cytherissa lacustris (P. Frenzel,
University of Jena, pers. com.), interestingly, they were only
observed in Unit II. Cytherissa l. is a glacial species that lives in the
littoral and profundal zone of lakes and is not recently living in
middle Europe but fossil in shallow glacial and interglacial lake
sediments (Fuhrmann, 2012; Meisch, 2000). Candona n. is oligo-
thermophil recently occurring in North West Saxony in permanent
or slow-flowing water (Fuhrmann, 2012). Both species were also
found in the Dehner dry maar in depths between 7 and 34 m
(Adams, 2010) equaling a time span between 15,000 and 34,000 a
BP (Sirocko et al., 2013).

The question if these laminations are varves, meaning annual
deposits (De Geer, 1912), is difficult to answer as processes that
drive the formation of theses sedimentary structures are complex.
As this clastic lamination is drainage-controlled it depends on
whether seasonal discharge took place or not, when and if it
appeared once or several times a year. This information is impor-
tant to ensure a continuous record. Further it is essential to know if
the lake waterbody was stratified to transport the sediment sus-
pension along the thermocline into the lake basin or if the lake
water was mixed. The two randomly occurring micofacies types
forming laminae with normal gradation (Type I) and laminae with
graded sublayers (Type II) suggest single and multiple discharge
events under stratified lake conditions. Microfacies Type I could
have been formed by suspension fall out of an over- or interflow



Fig. 11. Sediment structures and components indicating paleoenvironmental processes and conditions are summarized in a conceptual model.
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Fig. 12. Correlation of Paleolake Alf with NGRIP ice core using Ca as dust input parameter.
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reaching the basin center (Fig.11). Such conditions are promoted by
an early-season discharge when the lake is still stratified due to
temperature- and density-differences between the inflowing river
and the lake's epilimnion as described by Menounos and Clague
(2008) from the Canadian Cheakamus Lake. Microfacies Type II
suggests repeatedly occurring melting events (between two and
eleven; on average six) during summer and/or enhanced precipi-
tation events, as described by Chutko and Lamoureux (2008) for the
Canadian Arctic, forming stacked graded sublayers as described by
Brauer (1994) for Holzmaar.

The up to several centimeter thick graded beds are interpreted
as event-related turbidites in analogy to studies by Mulder and
Alexander (2001) that might have formed during mixed lake con-
ditions. These high energy hyperpycnal turbidity currents
distribute as concentrated density flows or underflows during the
late melt season due to the missing stratification as described by
Menounos and Clague (2008) from Cheakamus Lake or if the
inflowing river suspension is denser than the lake water. They are
triggered by peak water discharge, slope failure or delta front
collapse as described by Zolitschka (1996) from Lake C2 on north-
ern Ellesmere Island, Canada. A higher amount of clay in the event
layers indicates resuspension of formerly deposited light laminae
and a higher amount of sand suggests a more proximal origin of the
density current and a higher transport energy, most likely origi-
nating from neighboring slopes.

The reconstructed climatic conditions for Central Europe during
the Pleniglacial reflect the similar conditions as presently occurring
in the Canadian Arctic at, e.g., Iqaliut in Nunavut (WMO ID: 71909,
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Canadian Climate Normals, 1981e2010) with cold winters, short
summers and prevailing permafrost (Huijzer and Isarin,1997; Kasse
et al., 1998; Vandenberghe and Pissart, 1993) except for, e.g.,
differing insolation. Therefore, most studies for comparison were
chosen from this region. During the short summer period, we as-
sume melting conditions with sediment erosion and transfer. For
the other months the environment is under snow and ice cover
leading to suspension fallout from the lake water column. Due to
the more southern location of Germany and the associated higher
solar radiation we suggest that the ice-cover of Paleolake Alf dis-
appeared every summer. Taking these assumptions into account
there should be a seasonal signal in the sediments. The regularity
and the good sorting of the laminae of Paleolake Alf would support
this argument. Also the sedimentation pattern of gradation and
stacked graded silt layers are described as probably being related to
varves by studies from Holzmaar, Quaternary West Eifel Volcanic
Field in Germany (Brauer, 1994) and Lower Murray Lake, High
Arctic of Canada (Cook et al., 2009). However, main concerns about
an annual mode of deposition are the discrepancy between 14C
dating and counted dark-light couplets. An explanation for this
could be that not every seasonal sediment delivery has reached the
lake basin at the core position so there is a seasonal but irregular
deposition. Another possibility might be errors in layers counting
as this was only done on high-resolution core scan pictures of 5807-
B8 where the 14C measurements were taken from as well. Possibly,
the light lamina was eroded in some cases and some sublayers are
real varves that we did not identify as such due to their missing clay
cap.

Since the time span of 14C ages is two to three times higher than
the amount of counted couplets, the 14C dating itself might be
questioned because there is hardly any organic matter (humic acid:
1.1e1.5 mg C) preserved for dating under Pleniglacial climate con-
ditions. Another option is resuspension of the rare organic matter
either by waves eroding old material from the lake shores as
described by Geirsd�ottir et al. (2009) from Lake Haukadalsvatn,
Iceland, or by density flows incorporating older and already
deposited lake sediments.

However, 14C ages of the humic acid fraction show an age of ~30
ka BP for the lowermost lacustrine deposits of Paleolake Alf which
is on order of magnitude of what other scientists determined for
the Wartgesberg eruption age.

As 14C dating of minerogenic, organic carbon poor sediment is
always difficult, the key to a better understanding of the formation
of laminae at Paleolake Alf cannot be obtained until further tech-
niques like magneto- and pollenstratigraphy or luminescence
Table 1
14C ages of humic acid fraction of cores 5807-70 (Pirrung et al., 2007), 5807-B8 and 580

Core Sample Name Original Sample Depth [m]

5807e70 KIA30251 2.08
5807e70 KIA32746 3.01
5807e70 KIA32747 12.15
5807-B8 KIA50678 15.35
5807e70 KIA30254 14.67
5807e70 KIA30253 17.27
5807-B8 KIA50679 19.90
5807-B8 KIA50680 20.90
5807-B8 KIA50681 21.80
5807-B8 KIA50682 23.80
5807e91 KIA50012 22.08
5807e70 KIA32748 23.30
5807e70 KIA30252 25.60
5807e70 KIA32749 30.25
5807e70 KIA30255 31.17
dating have been applied successfully in the future.

6. Conclusion

The laminated lacustrine sediments of Paleolake Alf assumedly
formed by runoff from snow melt and precipitation predominantly
consist of quartz, feldspar, mica, calcite and opaque oxide minerals
from frost weathered material of the watershed. Dark laminae
formed during summer reflected by higher grain sizes due to higher
transport energy, light laminae indicate still water conditions pre-
sent under ice-cover during winter.

The dominating inner structure of the dark laminae shows
graded sublayers (Microfacies Type II) suggesting repeatedly
occurring melting events during summer and/or enhanced pre-
cipitation, less abundant is normal grading (Microfacies Type II)
which is related to suspension fall out of an over- or interflow.

Due to the regularity of the laminae and seasonal melting, we
suggest a seasonal signal in the sediments. However, counted
laminae and 14C dates from the same section differ implying partly
resuspension.
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Appendix
7-91.

Humic acid
[a BP]

Depth [m]
Projected on
Core 5807-91

Humic acid
[cal. a BP]

12260 ± 50 1.40 14224 ± 50
12400 ± 50 2.30 14486 ± 50
20760 ± 120 11.48 24968 ± 120
23800 ± 245 13.75 27962 ± 245
22410 ± 260 14.03 26690 ± 260
23530 ± 220 16.65 27690 ± 220
25260 ± 285 18.21 29422 ± 285
26630 ± 400 19.82 30591 ± 400
27230 ± 420 20.53 31318 ± 420
28870 ± 510 21.71 32748 ± 510
29160 ± 795 22.16 33004 ± 795
25740 ± 325 e 29050
25290 ± 300 e 28500
24690 ± 205 e 27800
24210 ± 300 e 27300



Fig. 13. Core-to-core-correlation using humic acid 14C ages, magnetic susceptibility and a marker layer is displayed. Sedimentation rates of Units II and III were extrapolated. Units I
and II cover a period between 33 and 21 cal ka BP. Core location (bottom left) and marker layer correlation (bottom middle) is inserted.
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