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a b s t r a c t

Finely laminated sediment records have been studied from a small landslide-dammed lake (Bol�at�au)
located in Bukovina, Romania. An age-depth model for the Bol�at�au sediment record was established
based on 8 AMS radiocarbon dates from terrestrial macrofossils and the double peaks of the 137Cs flux
(i.e. mid-1960s: global fallout maximum; 1986: Chernobyl accident). The onset of the lacustrine sedi-
mentation is estimated to ~5e6.5 ka while the landslide event can be constrained by ~6.8e7 ka as an
inferior age estimate. The laminated structure is interpreted as organic and clastic type varvite at the
lower and upper part of the core, respectively. Major fluctuations found in the coarsely sampled (5 cm)
stable carbon isotope data showed remarkable correspondence with nearby palynological records and a
lacustrine d13C record. It suggests that the sediment record preserves environmental signals with a
broader regional relevance. The established timescale provides the necessary chronological basis of the
records from Lake Bol�at�au for further analysis.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Reconstructing past climate conditions throughout ample time
frames is becoming increasingly necessary in order to place current
climate changes into a broader context. Lacustrine sediments
typically integrate and preserve environmental signals into their
structure and composition, therefore geochemical and sedimen-
tological analyses of these archives have become an instrumental
tool for monitoring environmental change by providing an impor-
tant longer-term temporal perspective and enhancing environ-
mental assessment (e.g., Smol,1992; Anderson and Battarbee,1994;
Anderson,1995; Smol, 2008; Akinyemi et al., 2013). Awide range of
lake sediment-based analysis techniques pertaining to several
and Geochemical Research,
TA, Buda€orsi ut 45., H-1112,
research fields (i.e. geochemistry, geology, botany etc.) are currently
employed for understanding the dynamics of local and regional
climate over various time scales (Smol et al., 2001a,b; Birks and
Birks, 2006).

Moreover, a robust age model is an essential prerequisite for
understanding paleoclimate signals, for comparison of different
records, and for resolving the successions and timing of different
events detected in the sedimentary sequence.

Whereas the potential of mountain lake sediments for providing
accurate climate change indicators has long been recognized and
thoroughly studied, lakes throughout the Carpathian region from
Romania, Slovakia and Ukraine remain as yet ‘seriously under-
investigated although they would be ideal objects of paleolimno-
logical work’, as concluded by Buczk�o et al. (2009). Against this
background, the potential for climate reconstructions of landslide-
dammed lakes (such as Bol�at�au and Iezer in the northern area of
the Eastern Romanian Carpathians) which are rather scarce (Cohen,
2003) was only recently acknowledged and came to the attention of
paleolimnological research in Romania (Mindrescu et al., 2010a,b;
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2013).
Of the two, Lake Bol�at�au was first reported in the literature as

late as the 1960s (Georgescu and Georgescu, 1964, brief mention
regarding lake origin); however, it was completely overlooked in
terms of research until recently (Mindrescu et al., 2010a,b). Along
with lakes Iezer and Paşcanu (Georgescu and Georgescu, 1964),
located in the nearby mountain area under largely similar geolog-
ical conditions which favoured landslide damming of the respective
streams, Bol�at�au is part of the ‘Bukovinian Millennial Lakes’
triangle.

The study of historical and cartographical data and preliminary
assessments on sediments extracted from Lake Bol�at�au resulted in
two hypotheses: (i) the lake is likely significantly older than pre-
viously thought and (ii) the sediments are varved and suitable for
multi millenial-scale paleoenvironmental reconstructions, both of
which we wanted to test.

Finally, we wanted to test the potential of Bol�at�au lacustrine
sediment archive for future paleoclimate studies and acquire a
preliminary impression on the achievable record which would
guide subsequent detailed geochemical studies; to this purpose,
stable carbon isotope composition of the bulk carbonate-free
sediment was analysed and compared to coeval terrestrial re-
cords available from the broader region.

2. Materials and methods

2.1. Lake description and sampling

Lake Bol�at�au (1137 m a.s.l.) is located in Obcinele Bucovinei, an
outer subdivision of the Eastern Romanian Carpathians (Fig. 1),
which rise to an elevation of around 1300 m a.s.l. in the vicinity of
the lake catchment. The lake formed in the southwestern area of
Obcina Feredeului, in the drainage basin of a tributary of river
Moldova on Bol�at�au stream (also known as Holohoşca on the lower
course). As the toponym Bol�at�au (literally, pond or puddle, often
with marshy characteristics) is rather common in the local and
regional toponymy (Gr�adinaru et al., 2012), the lake is presently
referred to in the literature as Lake Bol�at�au-Feredeu (Mindrescu
et al., 2013).

The geology of the study area comprises Cretaceous (‘Black shale
formation’) and Paleogene flysch formations pertaining to the
Audia Nappe (S�andulescu, 1984). The stratigraphy consists mainly
of sequences of glauconitic sandstones, red, green and striped clays,
blackmarly shales etc. The lake catchment overlies truncated edges
of near vertical folded flysch strata which were subjected to
weathering and erosion, thus resulting in increased susceptibility
to landsliding under triggering conditions, i.e. heavy rainfall,
earthquakes etc. (Georgescu and Georgescu, 1964). Consequently,
Lake Bol�at�au was created by the obstruction of a deep and narrow
stream valley by landsliding of the surrounding Cretaceous flysch,
which displaced roughly 9 M m3 of rock. Currently the maximum
depth of the lake ranges up to 5.4 m; the lake has a small inflow and
an outflow stream.

The lake catchment (approx. 30 ha, see Table 1) is entirely
covered by coniferous forest comprising to a large extent of Picea
abies which dominates the landscape at the lake site.

Whereas the regional climate falls into the temperate conti-
nental type, the site located nearby Cîmpulung Moldovenesc (CM -
642 m a.s.l.) and Rar�au Mts (1572 m a.s.l.) meteorological stations
(Fig. 1) exhibits some distinctive features, particularly in terms of
annual precipitation amounts ranging from 696 mm (CM) to
902 mm (Rar�au), 73% of which fall during the warm season
(AprileSeptember). Rar�au station and the surrounding area are also
included in the zone of maximum duration of rainfall within the
Romanian territory (Rusu, 2002). The mean annual temperature is
6.4 �C (16.5 �C in July and �5.2 �C in January, from 1934 to 1987).
Moreover, 41% (CM) to 48% (Rar�au) of the duration of a year consists
of days with temperatures below 0 �C, typically from October to
April (Rusu, 2002) when the conditions are met for the lake to
freeze. Depending on the temperature regime during late autumn,
freezing may be delayed until December, as was often the case
during the past decade (anecdotal data).

The sediment cores were retrieved in April 2013 using both a
Russian corer and a gravity corer from the frozen surface of the lake
(see Supplementary FigS1). The distance between the cores were
less than 1 m since they were extracted from the same slot cut in
the ice. The gravity core preserved the wateresediment interface
intact; however the preservation of the unconsolidated sediment at
the top of the Russian core is known to be imperfect and a couple of
centimetres of sediment lost is conceivable. However, when char-
acteristic stratigraphic levels were compared between the over-
lapping sections of the cores we found very good agreement
(<1 cm) without any systematic shift, therefore the depth scale of
the Russian core was used without modification subsequently. The
Russian corer extracted 0.6 m long sediment units. The resulting
cores (Russian corer: 401 cm, and gravity corer: 66 cm beneath the
wateresediment interface) were visually inspected on site,
described, photographed and sectioned at intervals of 1.0 cm into
pre-labelled plastic bags. The samples were weighed and kept
refrigerated before they were dried at 40 �C.

The occurrence of an apparent sharp change in the laminated
lacustrine sediment at the depth of 387 cmwas documented which
indicated that the landslide body deposit was penetrated by the
Russian corer at that depth in the coring point.

2.2. Microsedimentological study

Four sections (depth ranges: 72e73 cm, 178e179 cm, 298e299
cm, 352e353 cm) were selected for microsedimentological anal-
ysis. Dried sediment samples (soaked with Araldite) and petro-
graphic thin sections have been prepared. The
microsedimentological sections were studied by polarization mi-
croscopy using a Nikon Eclipse E600 Pol microscope and attached
Spot insight camera.

Backscattered electron (BSE) images and elemental composition
of carbon coated sections were studied by a JEOL Superprobe 733
electron microprobe with INCA Energy 200 Oxford Instrument
Energy Dispersive Spectrometer. The analytical circumstances
were: acceleration voltage: 20 keV, beam current: 6 nA, count time:
60 s for the spot measurement and 5 min for line scan analysis.

The mineralogical composition was determined by X-ray pow-
der diffraction (XRD) analysis on oriented samples. XRD analysis
was made on a Philips PW1710 type X-ray diffractometer with the
following instrument parameters: CuKa radiation, graphite
monochromator, 45 kV acceleration voltage, 35 mA intensity, 1�

divergence slit.
Polarization and SEM microscopy, and XRD analyses were car-

ried out at the Institute for Geological and Geochemical Research,
Research Centre for Astronomy and Earth Sciences, MTA (Budapest,
Hungary).

2.3. Gamma-spectrometry for 137Cs activity

Radiocaesium (137Cs, t1/2 ¼ 30.07 yr) is originally absent in na-
ture and has been produced and released by anthropogenic pro-
cesses. Its most important global environmental source was the
fallout from atmospheric thermonuclear weapon tests (from 1954
to 1963) which peaked in the early 1960s and declined rapidly in
terms of intensity after the Nuclear Test Ban Treaty in 1963. After-
wards, the majority of Eurasia was affected by a subsequent



Fig. 1. Location of the study site. A: Location of Lake Bol�at�au is marked (circle) on the relief map of Romania. B: Bathymetric map of Lake Bol�at�au. Star indicates the coring point of
April 2013. C: Landscape of the lakeshore.

Table 1
Lake and catchment characteristics.

Parameter Lake Bol�at�au-Feredeu

Latitude, N 47
�
3701900

Longitude, E 25
�
2504900

Altitude (m a.s.l.) 1137
Catchment area (ha) 29.57
Lake area in 1981 (cartographic data) (m2) 2280
Lake area in 2010 (GPS data) (m2) 2350
Water volume in 2010 (m3) 5699
Max. water depth (m) 5.4
Sediment thickness (m) at coring point of April 2013 3.87
Water depth (m) at coring point of April 2013 4.00
pH 6.8
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deposition of 137Cs due to the accident of Chernobyl Nuclear Power
Plant (26 April 1986) (IAEA, 1991; De Cort et al., 1998). The depth-
distribution of fallout-derived 137Cs is widely used to establish
the recent (max. 6 decades) chronology of sediment cores retrieved
from various depositional systems.

The radiocaesium (Eg ¼ 661.6 keV) contents of sediment sam-
ples have been measured with two gamma-spectrometry systems:
i) Canberra-Packard BE5030-7915-30ULB thin-windowed broad-
energy HPGe detector (48% relative efficiency) and ii) Canberra
GC10021-7915-30ULB large crystal HPGe detector (101% relative
efficiency). Both detectors are equipped with DSA2000 multi-
channel analyser and Genie-2000 spectroscopy software (incl.
Gamma Analyses module and Interactive Peak Fit module). Both
the samples and the calibration sources have been packed into
90 mm diameter Petri dishes and have been placed directly on the
detector cap for measurement. Efficiency calibrations have been
performed using IAEA-385 sediment CRM. Efficiency calibration
curves include self-attenuation and coincidence correction.

The samples have been counted for at least 24 h on each system.
The final results for each sample are calculated as the weighted
average of the results from the two systems but the uncertainty
from the calibration source is taken into consideration.
2.4. AMS radiocarbon analysis

Nine organic macro remains have been separated from the cores
for radiocarbon analysis. Eight samples were picked out from the
lacustrine sediment profile (1 from the gravity core, 7 from the
Russian core) while one piece of wood was found in the landslide
mass reached after penetration of the lacustrine deposit (Table 1).

The samples were prepared by the conventional acid-alkali-acid
(AAA) treatment. Measured targets were prepared using a sealed-
tube graphitization method (Moln�ar et al., 2013a; Rinyu et al.,
2013).

The 14C/12C ratio and its 13C/12C correction were measured by
accelerator mass spectrometry on the EnvironMICADAS 14C facility
in the Hertelendi Laboratory of Environmental Studies in Debrecen,
Hungary (Moln�ar et al., 2013b). Measurement time and conditions
were set to collect at least 200,000 net counts for every single
target in case of a modern sample. The overall measurement un-
certainty for a modern sample is < 3‰, including normalization,
background subtraction, and counting statistics.

The conventional radiocarbon ages were calculated according to
Stuiver and Polach (1977) using the Libby half-life (5568 years) and
corrected for isotope fractionation using the AMSmeasured 13C/12C
ratio which accounts for both natural and machine fractionation.
2.5. Calibration and age-depth modelling

Calibration of 14C dates to calendar years and age-depth
modelling were performed using P_Sequence function from the
OxCal v.4.2 (Bronk Ramsey, 2009) program in conjunction with the
Northern Hemisphere IntCal13 (Reimer et al., 2013) dataset. Cali-
brated ages are reported with two standard deviations (2s).

We assumed a core-top age of AD 2012, the last entire year
preceding core collection. Two distinct 137Cs peaks were found in
the uppermost 20 cm of the sediment core and used as indepen-
dent time markers to validate the poorly constrained upper section
of the 14C based age-depth model (Appleby, 2008).
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As an exception, the 14C date obtained from the deepest sample
(DeA-2636) has been calibrated separately following the classical
single-date calibration scheme since this sample does not belong to
the lacustrine sediment profile.
2.6. Stable carbon isotope composition of the lacustrine profile

To test the potential of the geochemical signals of the sediment
recordwe decided to perform a pilot study on stable carbon isotope
composition. Since both the XRD results (3 samples) and the visual
HCl solution test made on 5 additional samples selected randomly
along the core indicated carbonates are absent in the sediment bulk
sediment samples were subsampled for 13C/12C analysis without
carbonate removal.

For bulk d13C analysis aliquots (100 mg in duplicates) were
oxidized with CuO in evacuated and flame-sealed Pyrex tubes at
480 �Cbased on themethodof Sofer (1980). The evolvedH2O andCO2
were separated online by cold traps using liquid nitrogen and ethyl-
alcohol cooled below �80 �C. The 13C/12C ratios were determined
using a Finnigan MAT delta S mass spectrometer (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). The results are given in the con-
ventional d value (d ¼ (Rsample/Rstandard � 1)*1000, where Rsample and
Rstandard are the 13C/12C ratios in the sample andstandard, respectively
(McKinney et al., 1950) relative to V-PDB (Coplen et al., 2006), in ‰.
Based on sample reproducibility and differences in d13C values ob-
tained for standards (IAEA CH-7 and laboratory reference) from their
theoretical values, the results are accurate at <±0.1‰ for d13C.
3. Results

3.1. Microsedimentology

Alternating laminae of allochthonous clay/silt and organic ma-
terial (OM) rich layerswerevisible on thepetrographic thin sections.
The thickness of these couplets varies on a scale from200 mmtomm.
The quantity and size of allochthonous clasts is highly variable: in
certain couplets only a thin, silty lamina is visible between the two
OM rich layers (Fig. 2A,B,C) while others consist of thicker fine sand
laminae (Fig. 2 D, E, F). The boundary between the clastic and OM
rich laminae is often gradational while the top of the couplets is
sharply separated from the clastic bottom of the next one (Fig. 2D).

Thicker (500 mm to mm), normally, or sometimes also inversely
graded laminae are intercalated with the coupled laminae
(Fig. 2H,I). Sometimes they are distinguishable even macroscopi-
cally due to their white or greyish clay cap (Fig. 2G).

Two mineral phases attracted the attention during the detailed
inspection of the sediment samples: a bluish powdery or micro-
crystalline aggregate and an opaque one with metallic luster. XRD
Table 2
Radiocarbon activities and calibration results of the analysed samples from the Bol�at�au

Lab codea Depth (cm) C-14 pMC abs. Conv. C-14 age (yrs BP)

DeA-2637 26e27c 98.77 ± 0.31 100 ± 25
DeA-2638 41e42 97.92 ± 0.30 169 ± 25

DeA-2639 50e51 95.35 ± 0.31 383 ± 26
DeA-2640 61e62 96.1 ± 0.30 320 ± 25
DeA-2641 126e127 86.11 ± 0.27 1201 ± 25
DeA-2642 156e157 80.44 ± 0.27 1749 ± 27
DeA-2643 170e171 79.43 ± 0.27 1850 ± 27
DeA-2644 305e306 60.73 ± 0.22 4006 ± 29
DeA-2636 Wood from the

landslide
47.28 ± 0.18 6018 ± 31

a Individual laboratory code of Debrecen radiocarbon lab for samples measured with
b Individual agreement percent of the Bayesian age-depth model (see Fig. 5).
c Depth beneath the top of the gravity core.
analyses of two separated samples helped to identify vivianite and
pyrite for the bluish and themetallic phase, respectively (Fig. 3A,D).

Vivianite is macroscopically visible only under 306 cm in the
core. It is abundant as microcrystalline filling in the cavities of
organic material (e.g. in seeds) (Fig. 3E,F).

Pyrite occurs in two different forms: it is also abundant in OM
rich layers as micro-botryoidal cavity filling, however it often forms
framboids in the sediment with the usual diameters of 5e10 mm
(Fig. 3B,C). Some larger (with 30e35 mm diameter) framboids are
attached to organic pellets. The space around them is often filled by
micro-botryoidal aggregates; these are usually smaller than 1 mm
and based on their shape and location they were clearly formed
after the larger framboids. Smaller ones (d~10e15 mm) can be also
found separately in the clay or silt. These particles are not associ-
ated with organic material.
3.2. Chronology of the Bol�at�au sediment

The measurement and calibration results of the radiocarbon
analyses are presented in Table 2. The calibrated age of the wood
fragment obtained from the underlying landslide body is
6947e6783 cal BP. It provides an inferior limit for the age model
and a time constraint for the landslide event of the basin genesis.

Two distinct 137Cs peaks were found at 6e7 cm and 11e12 cm
depth interval (Fig. 4.). The deposited inventory of bomb-derived
fallout of 137Cs has been about 5e7 kBq/m2 for sites with medium
latitudes and continental climate (Ritchie and McHenry, 1990). The
radiocaesium release of the accident of the Chernobyl NPP affected
the areas far off according to short-term plume trajectories and
weather conditions (De Cort et al., 1998). Regarding the territory of
Romania the highest deposits were found in Transylvania (>80 kBq/
m2) while measured average deposition in Suceava following the
event was 13.5 kBq/m2 (Cosma, 2002).

This double peak pattern of 137Cs profiles is quite typical for the
undisturbed sediment profiles in the broader region (Begy et al.,
2009, Blebea-Apostu et al., 2012; Alhajji et al., 2014). Thus, in line
with the usual practice, the higher and the deeper 137Cs peak ho-
rizons were assigned to AD 1986 and AD 1964, respectively.

The OxCal agreement indices for the individual 14C samples
ranged from 74.9 to 103.6% (Table 2), while the overall series OxCal
agreement index (Amodell ¼ 93%) proved to be satisfactory.

The established age model allowed for estimating the achieved
temporal resolution corresponding to the 1 cm sampling units
(Supplementary Fig. S2). The 1 cm samples integrate 6e7 years over
the uppermost 50 cm, 20e22 years between 170 and 300 cm depth
interval while a 10e15 years resolution is obtained over the rest of
the core. As a consequence, the present sampling strategy offers
(sub)decadal resolution for the last 1200 years, while the finest
sediment profile.

Unmodelled age (cal BP) Modelled (cal BP) A (%)b

264e219 or 143e23 254e219 or 145e27 100.5
288e254 or 225e136 or
115e106 or 100e73 or 34e < 0

290e252 or 225e165
or 157e141

103.6

506e427 or 378e320 392e315 74.9
463e306 468e350 100.4
1225e1212 or 1183e1060 1230e1210 or 1184e1062 98.3
1718e1569 1715e1591 or 1586e1570 101.8
1865e1715 1865e1720 100.3
4527e4419 4525e4419 99.8
6947e6783 e e

accelerator mass spectrometry (Moln�ar et al., 2012).



Fig. 2. Different microfacies in the Bol�at�au core. Alternating organic material (OM) rich clay and silt couplets at 273 cm core depth under A: petrographic microscope; B: with
crossed polarizators; C: backscatter electron (BSE) image. Fine sand alternating with clay at 72 cm core depth in D: petrographic microscope; E: with crossed polarizators, F: BSE
image. G: photograph of the macroscopically visible graded laminae and their light coloured clay caps. Graded laminae in the 174 cm thin section with H: petrographic microscope
with crossed polars and I: BSE image.
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achievable uniform temporal resolution is bidecadal from the cur-
rent dataset. If a decadal-scale environmental history is desired to
be deciphered from this sedimentary archive then finer sampling
resolution (e.g. 0.5 cm slicing) is needed for future cores.

3.3. Stable carbon isotope ratio of the bulk sediment

Stable carbon isotopic composition ranged between �29.2
and �26.5‰. Based on the distribution of d13C values two main
stages could be designated. Duplicates showed larger difference
over the lower section of the core, whereas they closely matched
above the 290 cm level (Fig. 6.). Mean difference of the duplicates
below the 290 cm level (n ¼ 10) is 0.17‰, while above this level is
only 0.08‰ (n¼ 28). Another kind of breakpoint in the record is the
~210e220 cm depth level. In addition, the samples showed a wider
distribution between d13C values of �27.2 and �29.2‰ below the
~210e220 cm depth level. Interesting to note that section of most
depleted carbon isotope composition corresponds to the same
section of the sediment where macroscopically visible vivianite
patches were very abundant (Fig. 6). Above the ~210e220 cm depth
level d13C values remained mostly between �28.2 and �26.5‰.

The increased proportion of allochthonous sediment, docu-
mented by the decrease of organic and increase of minerogenic
detrital material in the banded structure (Figs. 2 and 6), for the
upper part of the core, however suggests an increase of allochth-
onous organic material input too, from the surrounding forest and
the soil which coincides with the positive shift in the d13C values.



Fig. 3. XRD patterns and micrographs of authigenic minerals. Top: XRD pattern of the bulk sediment from the 353e354 cm section of the core (A) with cross sections of pyrite
framboids seen as white circular features with BSE images (B, C). Bottom: XRD pattern of bluish powdery phase separated from the section 342e343 cm (D) with clear peaks
corresponding to vivianite. Inset photos show bluish microcrystalline aggregate around a seed under binocular (E) and in thin section under a petrographic (F) microscope.
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4. Discussion

4.1. Age of the lake

The lake was first mentioned in a scientific study in AD 1964,
and the first recorded historical reference to Lake Bol�at�auwas in AD
1806 (Mindrescu et al., 2013); however, until now the age of the
lake remained in doubt. The estimated age range
(6593e4988 cal yr BP, 95.4% probability range) obtained by pro-
jection of the age-depthmodel to the first lacustrine sediment layer
(387 cm) is younger than the calibrated age of the wood fragment
embedded in the underlying landslide body. Hence the beginning
of the lacustrine sedimentation, and consequently the expected
available time span of the paleoenvironmental archive can be
estimated to ~5e6.5 ka. Assuming burial coinciding with the
landslide related mass movement, calibrated radiocarbon results
(6947-6783 cal yr BP, Table 2) from the wood fragment embedded
in the landslide body indicate ~6.8e7 ka for the age of the landslide
event of the basin genesis.

4.2. Laminated structure e regular seasonal layers and irregular
flood deposit

Further proof will be collected (e.g. sediment trap) however we
think the found alternating clay/silt and organic rich layers repre-
sent seasonal sediment units and their couplet represents annual
layers. Regarding the dominance of warm season precipitation and
the early summer discharge peak in the region we assume that



Fig. 4. Radiocaesium specific activities along the 20 cm topmost section of the Bol�at�au
sediment sequence. Whiskers indicate the estimated analytical error. The distinct
concentration peaks supposed to be coincident with AD 1986 (Chernobyl accident) and
AD 1964 (north hemispheric fallout maximum) are indicated.

Fig. 5. Depth-age model of the Bol�at�au sediment sequence. Light (dark) shading shows
the 95% (68%) confidence range of the Bayesian model. Original and modelled prob-
ability density functions of the calibrated 14C ages are plotted by white and dark grey,
respectively. Uppermost 70 cm is enlarged and the assigned of 137Cs marker horizons
(see Fig. 4) are indicated by stars. The sample below the ‘Bottom’ position presents the
calibration results of the 14C analysis of the wood sample obtained from the landslide
body.

Fig. 6. Sedimentological characteristics and stable carbon isotope records of the
Bol�at�au sediment sequence. Duplicate measurements are shown (open&closed di-
amonds) for d13C rather than the average value to visualize the systematically larger
difference below the 290 cm level. Light blue squares above the d13C points indicate
samples with vivianite occurrence. Striped squares at the lower axis show the position
of the petrographic thin sections. Clay-organic (brown-black) and clay-clastic (brown-
yellow) varves are indicated. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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most of the allochthonous sediment input arrives this time to the
lake. Consequently this is the time when the silt/fine sand laminae
form with a sharp bottom boundary on the OM rich clay laminae.
The minimum rainfall occurs in December and the lake is usually
frozen from December to April (Rusu, 2002) therefore we assumed
that this is the time of settling out of clay with organic particles.

This type of annually coupled sedimentation is widely observed
(Ojala et al., 2012; Sturm and Matter, 1978). Based on the classifi-
cation of Zolitschka (2007) we identified them as clastic varvite
microfacies (Fig. 2A,B,C) and organic varvite microfacies
(Fig. 2D,E,F). The occurrence of two types of varvemicrofacies in the
lake suggests that the rate of sediment input slightly changed
during the history of the lake. These changes probably reflect the
changes in precipitation and discharge or the increasing/decreasing
erosional rates.

The other microfacies, consisting of graded sand, is the result of
a different process. Normal gradation represents the waning of the
sediment laden underwater current but sometimes the graded
laminae start with inversed grading (Fig. 2). This structure can
occur when the velocity increases at the beginning of a turbidite
underflow (waxing) (Mulder et al., 2001). Their light coloured clay
cap indicates that these underflows occurred during episodic
events, then clay could settle out from suspension in the calm
water. Considering these processes, this microfacies can be inter-
preted as microturbidites. The episodic events can be either storm
events or gravitational redepositions (Corella et al., 2014); however,
as Corella et al. (2014) showed, mass movements are less likely to
leave thin, graded structures.

The age-depth model suggests no major erosion or redeposition
could be observed. Consequently the observed annually coupled
lamination and the abundance of pyrite indicates no major bio-
turbation due to the closeness of the oxiceanoxic boundary to the
surface of the sediment.

If we assume that the eroding effect of storms was negligible
due to the winter (clay or algal) layers protecting the bottom sur-
face from erosion, lamina counting could reveal the past frequency
of storms in the lake and could also correct or validate the age-
depth model.
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4.3. Changes in the redox conditions-climate or lacustrine
evolution?

Pyrite is known to precipitate under specific pH and Eh condi-
tions which cannot persist permanently in a small lake populated
by macrophyte plants or vertebrates. Its precursor, iron mono-
sulfide, however, is abundantly formed even on the pH of 7 if dis-
solved Fe2þ and sulfide are available. In this case after the process of
burial in the presence of dissolved H2S it is quickly replaced by the
diagenetic end-member, pyrite (Rickard, 1975; Rickard and Luther,
1997). Waters containing free dissolved sulfide are anoxic or
euxinic, therefore the presence of pyrite can be the indicator of such
conditions even if it was not directly formed on them.

Pyrite was observed throughout the entire sediment sequence
of Lake Bol�at�au and formed two texturally distinctive groups:
micro-botryoidal aggregates as overgrowths on framboidal forms
filling the voids (Fig. 3C) and separate framboids embedded in the
bulk sediment (Fig. 3B). According to Wilkin et al. (1996) and Suits
and Wilkin (1998) separate framboidal forms can be syn-
sedimentary (precipitated from the water column or from the
pore water in the upper 15 cm of the sediment) and the void-filling
aggregates in the OM can be early-diagenetic forms. The presence
of syn-sedimentary pyrite would mean that oxiceanoxic interface
was often in the water column or close to the sediment surface. On
the thin sections from 272 to 372 cm core depth these separate,
framboidal forms with no overgrowth, and not attached to organic
particles were more widely observed (Fig. 2). This feature coincides
with the negative shift in the d13C values and the abundant
occurrence of macroscopically observable vivianite (<306 cm) in
the core (Fig. 5). The latter also precipitates between pH 6e8 and
under reductive conditions (Dill and Techmer, 2009) which sup-
ports the anoxic origin of the observed syn-sedimentary pyrites.

Berner (1984) emphasized that the main factor controlling
lacustrine sedimentary pyrite formation is the availability of sul-
phate. Sulphate reducing bacterial activity in similar lakes usually
takes place a few centimetres under the sediment surface (Sass
et al., 1997) therefore it is quite likely that the formation of fram-
boidal pyrite followed the sediment surface and its intensity re-
flects the change in redox conditions near the sediment surface.

Based on the sedimentological data from the four thin sections
the decreasing abundance of framboidal pyrite seems to corre-
spond to the increase in maximum grain size and lamina thickness.
It suggests that as the erosion in the catchment intensified, redox
conditions became more oxic. This can be explained by the shift
between an initial stage with limited or no drainage and calmer
hydrodynamic conditions and a subsequent stage with drainage
and more turbulent conditions. Regarding this breakpoint all dif-
ferences of the two states (closed-basin at early stage, and overflow
at the latter stage) of the lake must be considered in future efforts
for paleoclimate reconstruction. Calibration based on recent con-
ditions would be valid only for the upper 220 cm of the sediment
corresponding to ca. the last three millennia.

4.4. Major phases of the lacustrine evolution history of Lake
Bol�at�au and correlation with other lakes

By combining sedimentological observations (see Section 4.3.)
and the stable carbon isotope records a preliminary evolution his-
tory can be conceived for the lake. A closed basin status can be
assumed for first phase during which sedimentation was charac-
terized by organic-varve deposition. Stable carbon isotope
composition remained relatively depleted (except from the deepest
sample) over the 370-290 cm range (from 5.5 to 4.2 ka cal BP). The
well distinguishable positive shift in d13C record closely followed
the disappearance of vivianite from the sediment corresponding to
the most recent change in the lithology reported from the nearby
Lake Steregoiu, (Bj€orkman et al., 2003). Carbon isotope composi-
tions were less depleted up to 250 cm (~3.3e3.4 ka cal BP) and
returned to depleted level peaking at 220 cm (~2.7e2.8 ka cal BP).
The outflow of the lake might have been inactive during this time.
At present the outflow of the lake is a shallow brook therefore it is
easy to imagine that a major water level fall could terminate the
drainage. These interpretations and the represented time limits
match quite well with the hydroclimatic changes of another nearby
peat bog where wet conditions reconstructed from 3.57 ka cal BP
ceased due to an abrupt dry period from 3.39 to 3.03 ka cal BP
(Schnichten et al., 2006).

The increased influx of clastic material and variable but char-
acteristically higher d13C values from 210 cm (~2.6 ka cal BP) sug-
gest that Lake Bol�at�au entered a new phase of evolution. The
permanent overflow was probably established at this time, espe-
cially as independent records from the surroundings reported a
significant shift to wet conditions around ~2.55 ka cal BP
(Schnitchen et al., 2006; Skrzypek et al., 2009) suggesting that the
increase in the Bol�at�au lake level and the initiation of the drainage
might be the consequence of a regional precipitation increase.

The most remarkable positive shift in the d13C values was found
at around the 210e220 cm level in Lake Bol�at�au sediments, coeval
with amajor decrease in summer temperatures and precipitation in
a pollen-based climate reconstruction in the nearby Gutaiului
Mountains (Feurdean et al., 2008).

Additional good resemblance can be found in the fluctuation of
the Bol�at�au d13C record over this phase and environmental changes
deduced from a peat bog record with suitable temporal resolution
from southern Poland (Skrzypek et al., 2009). The highest d13C
value in the Lake Bol�at�au record dated to ~1.07 ka cal BP
(120e121 cm depth range), for instance, perfectly coincides with
the d13C culmination of the SW Poland record at 1.1 ka cal BP
(Skrzypek et al., 2009).

These correspondences between the d13C history of Lake Bol�at�au
and the records of a relatively distant and two proximal lacustrine
records imply a potential for future correlation. As an outlook, we
expect that additional geochemical (e.g. C/N) data will complete
and further improve our understanding on the paleoclimatic
interpretation of the proxy data of Lake Bol�at�au sediment archive.

5. Conclusion

Microsedimentological analyses at four selected depth interval
supported a seasonal deposition scheme of the Bol�at�au sedimen-
tary record. The finely banded structure can be interpreted as
organic and more clastic type varves at the lower and upper sec-
tions of the profile, respectively. An age-depth model fitted to eight
AMS 14C data was successfully validated by comparison with the
137Cs marker horizons for the uppermost 20 cm. Based on the nu-
merical age data, the accumulation history for Lake Bol�at�au has
been reconstructed. A major change in the hydrological regime (i.e.
initiation of the overflow) is suspected to have occurred around
4.4e4.5 ka cal BP. Therefore, the initial lacustrine system cannot be
analogue to the current regime. Limnological parameters measured
in the current lake or transfer functions established between
proxies from the most recent sedimentary sections and coeval
instrumental hydrological/meteorological variables must treated
with caution if they are to be utilized for the deepest section. Major
fluctuations found in the coarsely sampled (5 cm) stable carbon
isotope data showed remarkable correspondence with nearby well
dated proxy data, which suggest that the Bol�at�au sediment record
preserves environmental signals with a broader regional relevance.
Together, the timescale and accumulation reconstruction provide
the necessary basis for further multiproxy analysis of the records
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from Bol�at�au.
The first detailed microsedimentological and geochronological

analysis proved the great potential of the Bol�at�au sediment archive
for future high resolution paleolimnological investigations. As a
useful experience, it is proved that decadal temporal resolution is
achievable from Lake Bol�at�au sediment archive, although finer
sampling (0.5 cm), is needed at least below 130 cm. The fact that
the lake is located in a region where such records are scarce or
practically lacking provides further importance to this archive.
Furthermore, it might invite more research effort to the other
Bukovinian landslide-dammed lakes.
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