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Abstract

Within a 5.5 m-thick succession of Upper Burdigalian (Karpatian) sediments in the
North Alpine Foreland Basin (NAFB; Austria), dated to CNP-zone NN4, a high-
resolution section was logged continuously. 100 samples were taken with a resolution
of ~10mm per layer and analysed using an integrated multi-proxy approach.

Earlier analyses of geochemistry and calcareous nannoplankton assemblages hint
at small-scale, short-term variations in palaeoenvironmental conditions, such as water-
column stratification, primary productivity, organic matter flux, bottom-water oxygena-
tion, freshwater influx and changes in relative sea-level. The results indicate a highly
dynamic shallow marine setting that was subject to high frequency environmental
changes on a decadal to centennial scale.

Time-series analyses on nine different proxy-datasets using REDFIT-analysis and
Wavelet spectra were applied to resolve a possible cyclic nature of these variations.
Analyses revealed that different proxies for precipitation, upwelling intensity, and over
all productivity likely were controlled by different cyclicities.

A best-fit adjustment of the likely sedimentation rates within the high-resolution sec-
tion resulted in periodicities fitting well with the Lower (~ 65yr) and Upper (~ 113 yr)
Gleissberg cycle as well as the Suess/de Vries cycle (~ 211 yr). The section covers a
timespan of ~ 1190yr based on the correlation with solar cycles, which resulted in an
estimated sedimentation rate of 575 mm kyr'1.

For the first time, short-term climate variability on a decadal to centennial scale is re-
solved in Lower Miocene shallow marine laminated sediments in a land-based section.
The results hint at a close relationship between climate variability and solar forcing
during the Late Burdigalian. Moreover, accepting that these cyclicities are indeed of
solar origin, this would indicate that precipitation was driven by the two Gleissberg cy-
cles, while upwelling was driven by the Suess cycle. Furthermore, proxies for primary
productivity were influenced by both cycles, although the Suess cycle exerts dominant
control, reflecting a stronger influence of upwelling on primary productivity.
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1 Introduction

Instrumental documentation of high-frequency climate behaviour only reaches back
several hundred years (see Le Treut et al., 2007 for an extensive discussion on the sub-
ject). Studying sediments offers a unique way to reconstruct climate variability in earth’s
past, also hinting at the processes influencing such changes. Astronomical parameters
are a major force of climate change on different scales. On a centennial to decadal
scale solar variation appears to be one of the key factors in determining the earth’s
climate (Patterson et al., 2004, 2013; Solanki et al., 2004; Gray et al., 2010;). While its
causes are, for the moment, only poorly understood, solar activity clearly shows quasi-
cyclic variances such as the 11 yr Schwabe-cycle, the 22 yr Hale-cycle, the 50-80yr
Lower Gleissberg-cycle, the 90—-140 yr Upper Gleissberg-cycle, the ~ 210 yr Suess/de
Vries cycle, and the 2200-2300yr Hallstatt cycle, as well as unnamed cycles with
a 500- and 1000 yr periodicity (see Kern et al., 2012, 2013 for discussion).

While cycles of solar origin are well documented in the Antarctic isotope record and
ice cores (e.g., Damon and Sonett, 1991; Stuiver and Braziunas, 1993; Solanki et al.,
2004), terrestrial and marine records around the globe also show evidence for solar cy-
cles during the Quaternary (Stuiver and Braziunas, 1993; Stuiver et al., 1995; Taricco
et al., 2009; Di Rita, 2013; Galloway et al., 2013). Comparable studies from the Neo-
gene are scarce and mostly confined to warved (Lindqvist and Lee, 2009; Lenz et al.,
2010) or laminated sediments of Miocene lakes (Gross et al., 2011; Kern et al., 2012,
2013; Harzhauser et al., 2013). These examples show clear evidence for solar cycles
in the Miocene. However, studies of marine sediments on high-resolution short-term
climate variability have never been conducted in pre-Pleistocene sediments.

Generally, only specific proxies are appropriate for this type of study. Besides geo-
chemical and geophysical proxies, only microfossils occur in suitable quantities and are
small enough to allow quantitative high-resolution studies on a sub-Milankovitch scale.
Based on their small size, abundance and global distribution calcareous nannofossils
are thus uniquely suited for such studies.
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While calcareous nannofossils are widely used in stratigraphy from the Mesozoic
to recent, they are less often used for ecological studies, even though their ecologi-
cal preferences are well documented. In particular, high-resolution studies using cal-
careous nannoplankton as a palaeoecological proxy have been mostly confined to the
Pleistocene and Holocene (Negri and Giunta, 2001; Alvarez et al., 2005; Mertens et al.,
2009; Incarbona et al., 2010). Even so, it has been proven, that calcareous nannofos-
sils are strongly influenced by cyclic variations of the earth’s climate, both on larger
(Milankovich-) (Amore et al., 2012; Girone et al., 2013) and smaller scales. For the
latter, influences related to solar variation were documented (Incarbona et al., 2010).
Moreover, a tight relation to solar activity has to be expected for surface dwelling pho-
tosynthetic organisms.

All of these studies have been carried out on core samples, while calcareous nan-
nofossils from Miocene surface outcrops have never been studied before on this reso-
lution with a focus on the influence of solar variation on short-term climate variability.

A previous study conducted on finely laminated marine sediments of late Burdigalian
age from the Central Paratethys already documented ecological variability on such
a high-resolution during the late Early Miocene. A section was studied in terms of distri-
bution of calcareous nannofossil assemblages, in combination with geochemical prox-
ies. Based on this multi-proxy approach a clear link was shown between abundance
distributions within the coccolith assemblages and changes in local environmental con-
ditions, such as changes in relative sea-level, freshwater influx, nutrient availability and
upwelling intensity (Auer et al., 2014).

This dataset has now been used to detect a possible cyclic nature in these changes
and to correlate them with known decadal to centennial cycles of solar origin. Our re-
sults demonstrate that solar forcing had a strong influence on the local palaeoclimate
and acted as a major pacemaker for the observed cyclic variations of the palaeoeco-
logical conditions within the area.
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2 Geological setting

The investigated outcrop is situated in a brickyard near Laa an der Thaya, roughly
50 km north of Vienna, Austria (48°43'0.84" N, 16°24'45.18" E; Fig. 1), where sedi-
ments of the Laa Formation are exposed. This Upper Burdigalian lithostratigraphic unit
was deposited within the North Alpine Foreland Basin (NAFB), which was a part of the
Central Paratethys during the Oligocene—Miocene (Harzhauser and Piller, 2007; Piller
et al., 2007).

The Laa Formation corresponds to the lower to middle Karpatian (17.2—16.5 Myr;
Dellmour and Harzhauser, 2012) of the regional chronostratigraphic scheme of the
Central Paratethys. Grunert et al. (2012, 2010b) suggest a total range of 17.2 to
15.9 Ma for the Karpatian (Fig. 2). Seismic logs indicate a maximum thicknesses of
up to 1000 metres for the Laa Formation, which displays a general coarsening upward
trend (Roetzel and Schnabel, 2002; Adamek et al., 2003; Dellmour and Harzhauser,
2012).

The Laa Formation is composed of marine, calcareous, laminated, greenish to
brownish grey, micaceous silty clays with thin fine sand intercalations that uncon-
formably overly Ottnangian sediments (Nehyba and Petrova, 2000; Roetzel and Schn-
abel, 2002; Adamek et al., 2003).

Palaeoenvironmental reconstructions suggest an inner to outer shelf environment
of 100 to 200 m water depth, with dysoxic bottom water conditions, based on ben-
thic foraminiferal assemblages (Spezzaferri and Corié¢, 2001). Roetzel and Schnabel
(2002) interpreted frequently occurring sandy intercalations as episodic storm events.
Assemblages of calcareous nannoplankton point towards cool to temperate, nutrient
rich surface water conditions, and local upwelling (Spezzaferri and Corié, 2001). Simi-
lar upwelling conditions were also reported from other locations within the NAFB during
the Early Miocene (Spezzaferri et al., 2002; Roetzel et al., 2007; Grunert et al., 2010c,
2012).
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Nannofossil assemblages place the Laa Formation entirely into Neogene Nanno-
plankton Zone NN4 of Martini (1971) (Spezzaferri and Corié, 2001; Spezzaferri et al.,
2002; Adamek et al., 2003; Svabenicka et al., 2003), or alternatively into Mediterranean
Neogene Nannoplankton zone MNN4a (Fornaciari and Rio, 1996; Fornaciari et al.,
1996) and also Calcareous Nannofossil Miocene zone CNM6 of Backman et al. (2012)
(Auer et al., 2014). The assemblages are generally of low to moderate diversity with
high amounts (up to 45 %) of reworked (Paleogene and Cretaceous) specimens (Auer
et al., 2014).

3 Material and methods
3.1 Sampling and field methods

In the clay pit a 5.5 m-thick succession of finely laminated blue-grey to green-grey clays
with intercalated silt and fine sand layers is exposed. The laminated clays show vari-
able thicknesses on a sub-millimetre to centimetre scale. The sand layers, reaching
a thickness of up to 5¢cm, decrease in frequency towards the top of the succession,
and show well-preserved current ripples. The exposed sediments are mostly free of
bioturbation as well as macrofossils.

Besides lithological logging, natural gamma radiation and magnetic suscep-
tibility were measured using a portable scintillation counter (Heger—Breitband—
Gammasonde) and a portable magnetic susceptibility meter (Exploranium KT-9) re-
spectively.

Within this succession, a high-resolution sub-section with a total thickness of
940.5mm was logged, composed of finely laminated clays with some intercalations
of fine sand and silt. The sub-section starts at 3.06 m above the base of the section
and contains 100 layers with a thickness of ~ 10 mm, that were continuously sampled
using a top-down approach (Auer et al., 2014).
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In the lower half of the section the clay is clearly laminated. Lamination becomes less
pronounced towards the top while sandy/silty intercalations increase in frequency. This
general coarsening upward trend is also reflected in the geophysical measurements.
Furthermore, the lower boundaries of the layers become less clearly defined and in-
creasingly wavy. Bioturbation only occurs in two successive layers close to the base of
the section (Fig. 3).

3.2 Sample preparation and treatment

For geochemical analysis approximately 0.1-0.15g of powdered sediment of all 100
samples were analysed in a LECO CS230 analyser in order to determine the wt. % of
total carbon (TC), total organic carbon (TOC) and sulphur. The content of total inorganic
carbon (TIC) was then calculated based on TC and TOC content (TIC = TC - TOC).
Using the stoichiometric formula (8.34 x TIC) the calcium carbonate content was also
calculated (Stax and Stein, 1995; Grunert et al., 2010a). The ratio of organic carbon to
sulphur was calculated after Berner and Raiswell (1984).

For analyses of the calcareous nannofossil assemblages smear slides of the sam-
ples were prepared after the standard preparation methods outlined in Bown and Young
(1998). Samples were not treated beforehand in order to preserve the original assem-
blage and ultrasonicated for 5s in order to facilitate a better disarticulation of the sed-
iment before transferring the suspension onto a cover slip. The slides were mounted
using Eukitt®, before being studied under a standard light microscope with a magni-
fication of 1000X under parallel and crossed nicols. For quantitative analyses of the
assemblages in terms of abundance and distribution approximately 300 specimens
were counted within each sample and identified to species level.

3.3 Taxonomic remarks

Calcareous nannoplankton assemblages were identified using the Nannotax website
(Young et al., 2013) in combination with the taxonomy of Perch-Nielsen (1985b, a),
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Young (1998), Varol (1998), and Brunette (1998), supplemented by the Handbook of
Calcareous Nannoplankton 1-5 (Aubry, 1984, 1988, 1989, 1990, 1999). The revised
taxonomy for the Paratethys published by Galovi¢ and Young (2012) was also taken
into consideration.

Recorded taxa were first identified to species level and then grouped according to
their stratigraphic range, in order to quantify the amount of allochthonous taxa present
within the assemblages, and also to create a stratigraphic framework for the section.

For the genus Reticulofenestra the standard size definition of Young (1998) was
used: Reticulofenestra minuta < 3um, R. haqii 3-5pum, R. pseudoumbilicus > 5 pm.
The distinction of medium sized reticulofenestrids based on their central area (R. haqii,
open; R. antarctica, closed) (e.g., Wade and Bown, 2006) was not used in this study.

A total of 124 calcareous nannofossil taxa were identified. Out of which 24 occur
within nannoplankton zone NN4 and represent an average of 67.86 % (o = 5.33) of
the total assemblage. The autochthonous assemblage includes 5 taxa with an aver-
age abundance of > 1% (see Table 1, Auer et al., 2014). Many of these taxa have
a wide stratigraphic range and partial reworking cannot be excluded for certain taxa
(e.g., Coccolithus pelagicus, Cyclicargolithus floridanus, Sphenolithus moriformis and
Reticulofenestra minuta). These taxa were considered as entirely autochthonous, since
reworked specimens could not be distinguished from autochthonous ones. Neverthe-
less, statistical analysis and palaeoecological reconstructions support that a primary
ecological signal is preserved within the assemblage, despite likely partial reworking
(Auer et al., 2014).

The remaining 100 taxa are all clearly allochthonous of both Paleogene and Creta-
ceous age. 41 taxa can be attributed to mainly Paleocene and Eocene ages. The Cre-
taceous assemblage is represented by 59 taxa of mainly Campanian to Maastrichtian
age. All 100 taxa of the allochthonous assemblages were grouped together and used
as a proxy for terrigenous input in subsequent analyses (Auer et al., 2014).
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3.4 Statistical treatment

Since any observed abundance of calcareous nannoplankton is not normally dis-
tributed the counts were transformed using the arcsine-transformation, as outlined in
Sokal and Rohlf (1995). The reason for using a transformation was to create a more
normally distributed dataset that is better suited for the subsequent analyses.

Spectral analyses of geochemical and palaeobiological datasets were performed us-
ing the REDFIT tool of the PAST statistics package (Hammer et al., 2001). The REDFIT-
analysis was selected based on the fact that REDFIT was specifically designed to han-
dle unevenly spaced noisy data (Schulz and Mudelsee, 2002). This made the method
ideal for the analysis of datasets based on layers of varying thickness.

Prior to analysis the samples were evaluated based on their sedimentological, geo-
chemical and taphonomic characteristics and separated into 3 depositional intervals
(Figs. 4 and 5). Based on this simple evaluation the topmost 30 samples of the section
were excluded based on intercalations of coarser sediment indicating changes in the
sedimentation rate (Figs. 4 and 5). Such disturbances in the rate of sedimentation are
usually detrimental to the detection of clear signals of periodic cycles in the section
(Weedon, 2003). For the remaining 70 samples, with an overall thickness of 684 mm,
a continuous sedimentation rate was assumed (Figs. 4 and 5).

In order to consider also the thickness of the sampled layers, two data points were
used for each sample. One data point was set at the bottom and one at the top of
the layer. This was done to express each sample as a continuous layer instead of
one single data point. In total, 9 datasets (3 geochemical and 6 based on coccolith
abundance data) were analysed using REDFIT. The five autochthonous coccolith taxa
used, were selected due to their high abundance and specific ecological preferences.
The amount of allochthonous taxa was used as a proxy for terrigenous input.

For the calculation of the REDFIT periodograms, different windows as well as seg-
mentations and oversampling rates were applied to all datasets (see Table 2). This was
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done in order to achieve clear peaks in the periodograms for each separate dataset
(Hammer, 2010).

After performing the REDFIT-analysis on the datasets of all relevant samples,
a Monte-Carlo simulation was performed on the resulting power-spectra in order to test
the time series under white-noise conditions before examination of significant peaks
(Hammer et al., 2001; Hammer, 2010).

In order to eliminate any artificial peaks created by the REDFIT-analysis, the Nyquist
frequency was used. The Nyquist frequency is the highest possible frequency in a sam-
pled set that can be expressed by a simple sine or cosine wave, and is generally as-
sumed to be a frequency of twice the average sampling distance (Weedon, 2003).
The Nyquist frequency is calculated using the reciprocal value of the total thickness
of the section (684 mm) divided by twice the amount of used samples (70). The
Nyquist frequency for the studied high-resolution section can thus be calculated as
1/(684/(70 x 2)). This calculation yields a value for the highest possible frequency that
is not an artefact created by the REDFIT method as f = 0.051. This translates into
a periodicity of about 19.6 mm.

Below this threshold periodicities are assumed to be artefacts and were excluded
from subsequent analysis. Weedon (2003) actually suggests a minimal spacing of 4
samples per sinusoid, which effectively would double the minimal periodicity of cycles
to roughly 39 mm. For our analysis we also considered periodicities of 25 to 30 mm
as viable, because of the fact that the Nyquist frequency is based on average sample
spacing, but our samples cover variable thicknesses and are often thinner than the
calculated average thickness of 9.77 mm.

Additionally, any frequencies above a periodicity larger than half the total thickness
of the section (342 mm) were also considered to be of insufficient significance to safely
assume the presence of those periodicities. Therefore all frequency components below
f = 0.003 were also excluded.

An automatic linear interpolation was used to create datasets with 1000 new evenly
spaced data-points without compromising the shape of the original curve. These
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datasets were used for methods (filtering and Wavelet-analyses) that require evenly
spaced datasets.

Significant periodicities, as detected by the REDFIT periodograms, were filtered us-
ing Gaussian band-pass filter in the application Analyseries (Paillard et al., 1996). The
method selects only the desired frequency components of a given data set and displays
its amplitude, while removing all other frequencies. To encompass the whole range of
the selected frequencies a bandwidth with the size of 25 % of the frequency was ap-
plied to all Gaussian band-pass filters. Band-pass filtering is now standard practice for
modern cyclostratigraphy, since it allows for a better examination of the varying degrees
of influence the detected frequencies have over a time interval (Weedon, 2003).

To further evaluate any found and filtered periodicities Wavelet analyses were also
performed on all investigated datasets using the corresponding tool from the PAST
statistics package (Hammer, 2010; Hammer et al., 2001). Wavelet spectra allow the
simultaneous graphic examination of all found frequencies in combination with their
amplitude at each data-point of a given dataset. This method was developed to ac-
curately trace possible frequency and amplitude modulations of detected periodicities
throughout a time series (Hammer et al., 2001; Hammer, 2010).

4 Results
4.1 Time series analyses

For the detection of possible cyclicities in the high-resolution section 9 relevant datasets
were selected for the REDFIT-analysis (Fig. 6). These datasets include geochemical
(calcium carbonate, sulphur, total organic carbon; Table 1) and palaeobiological prox-
ies, with the 5 autochthonous taxa > 1 %, as well as allochthonous taxa (Table 1). The
detected frequencies and periodicities for the 9 datasets are shown in Table 3. Detailed
descriptions of the periodicities, variations in the filtered amplitudes as well as the cor-
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relation with the Wavelet analyses are given for each respective dataset in the following
section:

Calcium carbonate displays significant peaks at periodicities of 91.84 and
153.08 mm, as well as 38.81 and 30.96 mm. The relative proximity of the latter two pe-
riodicities indicates that they may represent two different frequency components of the
same periodicity, and were therefore considered further (Fig. 7). Filtering indicates that
the 91.84 mm periodicity has an amplitude modulation indicative of a very strong influ-
ence in the middle and upper part of the section (Fig. 7a). This pattern hints at a steady
increase in influence over the section. The amplitude modulation for the 153.08 mm pe-
riodicity reveals an increase in the mid-part of the section where it nearly doubles in
intensity, staying constant until the top of the section (Fig. 7a). The two periodicities
of lower significance (38.81 and 30.96 mm) show a remarkably similar amplitude mod-
ulation over the section, further hinting at their close relationship to each other. Their
influence dominates the lower part of the section, which is followed by a strong decline,
before increasing in amplitude synchronously with the 91.81 mm periodicity, followed
by a gradual decline towards the top of the section (Fig. 7a). The Wavelet-analysis
also supports the filtered periodicities detected by REDFIT. Other frequencies not de-
tected by the REDFIT-analysis also occur in the Wavelet but were thus not considered
significant (Fig. 7a).

Sulphur yields two peaks at periodicities of 125.25 and 44.44 mm respectively. An-
other less significant peak occurs at a periodicity of 36.26 mm (Fig. 6). Applying a Gaus-
sian filter to the periodicities revealed, that the 125.25 mm periodicity dominates the
lower part of the section, but is much less pronounced in the middle and upper part.
The two higher periodicities of 44.44 and 36.26 mm show an inverse pattern. They also
show a similar pattern in amplitude modulation over time, hinting at a close relationship
between them (Fig. 7b). The Wavelet-analysis also supports the periodicities detected
by REDFIT (Fig. 7b).

TOC reveals two peaks at periodicities of 119.8 and 33.2mm (Fig. 6). Applying
a Gaussian filter reveals amplitudes for the 119.8 mm periodicity that are lower at the
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bottom of the section but increase towards the top. The 33.2 mm periodicity exhibits
generally lower amplitudes over most of the section, and only increases close to the
top (Fig. 7c). Both frequencies are well represented in the Wavelet analysis, although
they show a slight spread. This implies that periodicities detected by REDFIT may be
subject to a slight variability over time (Fig. 7c).

Coccolithus pelagicus displays three significant peaks at periodicities of 275.54,
119.8 and 58.63 mm respectively (Fig. 6). The amplitudes for the 275.54 mm periodicity
display a constant decrease towards the top of the section. The 119.8 mm periodicity
increases in amplitude towards a maximum in the upper middle part of the section be-
fore decreasing slightly towards the top. The periodicity of 58.63 mm shows much more
variable amplitudes. Amplitude maxima for this periodicity are located at the bottom and
top of the section with lower amplitudes in the middle part. A slightly less pronounced
increase in amplitude can also be detected in the upper middle part of the section (500
to 550 mm; Fig. 8a). All frequencies detected by the REDFIT-analysis are represented
in the wavelet analysis and also correlate with the filtered amplitudes (Fig. 8a).

Cyclicargolithus floridanus only exhibits a single peak with a periodicity of 229.61 mm
(Fig. 6). The filtering reveals constantly increasing amplitudes throughout the section
(Fig. 8b). The wavelet analysis also shows the 229.61 mm periodicity with a significant
intensity (Fig. 8b). Additionally, other frequencies appear in the wavelet analysis. Al-
though not significant, they show a striking similarity to periodicities observed within
the 8 other proxies.

Reticulofenestra haqii has two peaks with periodicities of 65.14 and 42.41 mm
(Fig. 6). Filtering reveals rather low amplitudes for the 65.14 mm periodicity, with a sin-
gle strong excursion centred on sample 66. The 42.41 mm periodicity increases in
amplitude in the lower part of the section, remains rather constant to sample 39, but
vanishes nearly completely above (Fig. 8c). The wavelet diagram shows a good corre-
lation between the detected intensities of the periodicities (Fig. 8c).

Reticulofenestra minuta exhibits strikingly similar periodicities to R. haqii with peaks
at 65.14 and 42.74mm (Fig. 6). Filtering shows that the 65.14 mm periodicity shows
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strongly varying amplitudes with excursions at the bottom and very top of the section.
Highest amplitudes are located at an excursion in the middle part centred at sample
66. The 42.74 mm periodicity remains constantly low in amplitudes with only a short
increase from sample 50 up to 35. At the top it vanishes nearly completely (Fig. 8d). The
calculated wavelet diagram corresponds well with the detected frequencies (Fig. 8d).

Reticulofenestra pseudoumbilicus reveals two peaks with periodicities of 172.21 and
25.51 mm. Another distinct but not significant peak appears at a periodicity of 57.41 mm
(Fig. 6). Filtering shows increasing amplitudes for the 172.21 mm periodicity peaking at
sample 48, and a decrease towards the top. The 25.51 mm periodicity displays highly
fluctuating amplitudes throughout the section, with a maximum centred on sample 49
(Fig. 8e). The 57.41 mm periodicity shows constantly low amplitudes that nearly vanish
for a short period in the middle part of the section (Fig. 8e).

The allochthonous taxa show three peaks with periodicities of 77.61, 45.28 and
36.22mm (Fig. 6). Filtering the periodicities reveals that the 77.61 mm periodicity ex-
hibits quite low amplitudes in the lower part of the section, before increasing at sample
80. Following this increase the amplitude remains constant throughout the section. The
two remaining periodicities show similar amplitude modulations throughout the section.
They exhibit rather low amplitudes with a single excursion detected between sample 91
and 65 (Fig. 8f). The wavelet correlates well with the periodicities detected by REDFIT
(Fig. 8f).

5 Discussion
5.1 Age-depth model

Using the average sedimentation rate calculated for the basinal parts of the Central
Paratethys based on the cross-correlation of insolation cycles by Hohenegger and
Wagreich (2011) as a rough baseline for this hypothesis, a sedimentation rate of
512mm kyr'1 was assumed.
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Applying this sedimentation rate to the 684 mm gives a rough estimate of 1335 yr for
the section. If the same rate of sedimentation is now applied to the periodicities in mm
that were calculated by REDFIT- and Wavelet-analyses, they can simply be translated
from cycles based on thickness into time-based cyclicities (Figs. 7 and 8; Table 3).

Organizing those results reveals that most detected cycles can be roughly arranged
into groups of similar periodicities: the first group encompasses all periodicities below
65 yr and thus contain three periodicities: 60.47 yr (calcium carbonate), 64.84 yr (TOC)
and 48.83yr (Reticulofenestra pseudoumbilicus). The second group ranges between
70 and 80yr and encompasses three periodicities. 75.8 yr (calcium carbonate), 70.81
(sulphur) and 70.74 yr (allochthonous taxa). A third group is formed by periodicities
ranging between 80 and 90yr, including four periodicities: 86.8 yr (sulphur), 82.83 yr
(Reticulofenestra haqii), 83.48 yr (Reticulofenestra minuta) and 88.43 yr (allochthonous
taxa). A fourth group can be formed with four periodicities between 110 and 130yr.
The group contains: 114.51yr (Coccolithus pelagicus), 127.33yr (Reticulofenestra
haqii), 127.23 yr (Reticulofenestra minuta) and 112.12 yr (Reticulofenestra pseudoum-
bilicus). The two slightly more isolated periodicities of 151.58 yr (allochthonous taxa)
and 179.38yr (calcium carbonate) were also grouped. Another group of three peri-
odicities forms around an average of 237.53yr, and encompasses the periodicities
244.62 yr (sulphur), 233.98 yr (TOC) and 233.99 yr (Coccolithus pelagicus). Two other
periodicities appear at 298.98 yr (calcium carbonate) and 336.35 yr (Reticulofenestra
pseudoumbilicus) and form an average of 317.67 yr. The last two remaining periodic-
ities appear to be completely separated at 448.46 yr (Cyclicargolithus floridanus) and
538.16 yr (Coccolithus pelagicus). Comparing the detected periodicities with known
cycles linked to solar variation, such as the Gleissberg (Wolf, 1892; Gleissberg, 1939;
Ogurtsov et al., 2002) and Suess/de Vries cycles (Damon and Sonett, 1991; Stuiver
and Braziunas, 1993; Wagner et al., 2001) shows a clear correlation. For instance, the
Gleissberg cycle is split into two distinct frequency components, centered on 50-80yr
and 90-140yr (Ogurtsov et al., 2002). The Suess/de Vries cycle centres on a period-
icity of 208 yr and is well documented in Holocene (Schimmelmann et al., 2003; Yin
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et al., 2007; Raspopov et al., 2008; Taricco et al., 2009; Incarbona et al., 2010; Kern
et al., 2012, 2013; Di Rita, 2013; Galloway et al., 2013) and Late Miocene (Pannonian)
records (Kern et al., 2012, 2013). Comparing the average age ranges of the detected
periodicity groups with the known ranges for both the Gleissberg and Suess/de Vries
cycle, shows that nearly all values are slightly higher than the known periodicities of
the established cycles. Since all cycles appear to be consistently higher, it can be as-
sumed, that the estimated sedimentation rate of 512 mm kyr_1 is to low. Increasing
the sedimentation rate to a value of 575 mm kyr'1, which is well within the recorded
ranges of the North Alpine Foreland Basin, would lower the recorded periodicities to
values that fit closely to known cycles.

Corresponding rates of sediment accumulation have been reported from recent
shallow marine areas such as the western Adriatic Sea (Frignani et al., 2005) and
the Mediterranean continental margin (Sanchez-Cabeza et al., 1999). Similarly, the
Santa Barbara Basin shows high rates of sediment accumulation (often reaching
1.4 mmyr'1), anoxic conditions and high primary productivity (Stein and Rack, 1992;
Behl, 1995; Thunell et al., 1995).

After correcting the sedimentation rate accordingly, the recalculated time values of
the periodicities now fit very well within the reported frequency ranges for both the Up-
per and the Lower Gleissberg cycle, as well as the Suess/de Vries cycle. Calculating
the average of all values that lie within the particular ranges of the cycle gives mean
values of 127.22 yr for all periodicities associated with the Upper Gleissberg cycle and
an average of 64.17 yr for the Lower Gleissberg cycle. Similarly, the average of period-
icities associated with the Suess/de Vries cycle now average at 211.5yr (Table 3).

Likewise, the 399.32 yr periodicity fits well with a reported 400 yr cycle that was de-
tected in multiple studies of both marine and lacustrine sediments from the Holocene
(Dean and Schwalb, 2000; Domack et al., 2001; Dean et al., 2002). The detected pe-
riodicity of 479.20yr (275.54 mm) may be loosely linked to an unnamed 500 yr cycle
(Stuiver et al., 1995; Chapman et al., 2000). Yin et al. (2007) and Kern et al. (2012)
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detected comparable periodicities related to this cycle in Holocene and Late Miocene
records (Table 3).

The detection of cycles with higher frequencies, like the well known ~ 11 yr sunspot
or Schwabe cycle (Schwabe and Schwabe, 1844), as well as the closely related ~ 22 yr
Hale cycle, was inhibited by the sample spacing, as one sample is roughly equivalent
to a time of 15yr in our current model. Furthermore, the Nyquist-frequency, which is
the theoretical limit, stating that a sinusoidal curve can only be expressed by at least 2
samples, making any cycle below ~ 34 yr impossible to detect in our material (Weedon,
2003). Most cycles are far above the significance threshold of 4 samples per sinusoid
(~ 68yr), recommended by Weedon (2003).

5.2 Time estimates

Based on the remarkably close fit of detected periodicities with previously reported
cycles of solar variation in both Holocene and Late Miocene sediments, it can be as-
sumed that the total time represented in the 684 mm of the high-resolution section of
Laa an der Thaya accounts for roughly 1190 yr. Assuming that the sedimentation rate
did not change significantly over the total 5.5m section in the clay pit of Laa an der
Thaya it would therefore contain a total of ~ 9565 yr.

5.3 Ecological interpretation

While all studied proxies appear to be influenced by cycles related to solar forcing,
their individual response varies. Significant frequencies are present in most proxies,
the intensity of their response, however, differs from each other. This seems to in-
dicate that different solar cycles are expressed in a unique way in each proxy. Kern
et al. (2012, 2013) came to a similar conclusion based on their study of Late Miocene
lake sediments. A closer cross-examination of the periodicities in all studied proxy-data
reveals striking similarities in the periodicities for proxies linked to the same environ-
mental parameters. This coupled response of different, unrelated proxies for the same
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environmental parameters strongly hints at a preservation of a cyclic climate variation
within these proxies linked to solar variation.

One such similarity is the strong evidence of the ~ 208 yr Suess/de Vries cycle in
TOC and Coccolithus pelagicus, with a similar peak in sulphur. TOC is considered
a good indicator for primary productivity in the oceans (Rohling, 1994; Vilinski and Do-
mack, 1998; Kuypers et al., 2004; Meyers and Arnaboldi, 2005). Coccolithus pelagicus
is generally regarded a coccolith species that blooms during times of high fertility, es-
pecially in upwelling environments. The content of sulphur in the sediment is a good
indicator for dysoxic to anoxic bottom water conditions, which usually occur when in-
put of organic matter into the sediment is increased due to high primary productivity
(Berner, 1981; Maynard, 1982; Berner and Raiswell, 1984). Comparing these factors
with a similar peak pattern in the REDFIT-analysis points towards an influence of the
Suess/de Vries cycle on primary productivity, oxygen content and the abundance of
C. pelagicus. This further indicates that locally confined upwelling was strongly de-
pendent on a ~ 208 yr cyclicity forced by solar variation. Similar relationships between
upwelling and cycles of solar variation have been found in previous studies for the
Holocene (Santos et al., 2011).

A link between the major periodicities detected for the calcium carbonate content and
the amount of allochthonous taxa suggests that the calcium carbonate content in the
section was strongly influenced by the terrigenous input into the sediment. Since coc-
colitophores produced more massive coccoliths during the Cretaceous (Stanley et al.,
2005), compared to Early Miocene coccolith taxa, allochthonous taxa have a signifi-
cant contribution to the calcium carbonate content. The similarities between the con-
tent of allochthonous taxa and calcium carbonate can thus be seen as an expression
of changing terrigenous input caused by variations in precipitation. Consequently, our
analyses show that precipitation was strongly influenced by the Upper (~ 90—-140yr)
and Lower (~ 50-80 yr) Gleissberg cycle.

The abundance of Reticulofenestra in the section also reveals a strong influence by
both the Upper and Lower Gleissberg cycle. All Early Miocene taxa of this genus are
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generally associated with raised nutrient levels of terrestrial origin (Okada and Honjo,
1973; Haq, 1980; Aubry, 1992; Flores et al., 1995; Okada and Wells, 1997; Wade and
Bown, 2006). Since the amount of terrigenous nutrients is principally influenced by the
amount of precipitation in the hinterland, a link between precipitation and solar activity
seems likely. A complex link between cosmic rays emitted by the sun and the amount
of cloud cover was previously discussed (e.g., Svensmark and Friis-Christensen, 1997;
Kristjansson et al., 2004; Erlykin et al., 2010). Although the link seems tenuous at best,
our findings appear to be in agreement with this assumption.

The fluctuations in nutrient availability also become apparent in the sulphur con-
tent, since the amount of sulphur is directly linked to lowered oxygen conditions at the
sea floor caused by increased primary productivity as a result of higher fertility levels
through terrigenous influx.

The influence of solar forcing that affected different ecological parameters also be-
comes apparent in a direct comparison of the filtered amplitudes in the studied proxies
and the palaeoenvironmental reconstruction based on geochemical analyses and cal-
careous nannoplankton assemblages of Auer et al. (2014). A shift in amplitude occurs
in some parameters that corresponds well with the observed changes of palaeoenvi-
ronmental conditions from a more near-shore freshwater influenced setting in the lower
part, compared to the more upwelling dominated part in the upper part of the studied
section. This shift is clearly visible in the Wavelet spectra of sulphur and TOC contents,
as well as the relative abundances of Coccolithus pelagicus. Amplitudes of these prox-
ies are generally lower in the lower part compared to the upper part, indicating that
a setting closer to the shore is subject to a stronger overprint of solar variation in the
ecological signal compared to a more distal setting.

Conversely, proxies with a strong connection to precipitation, freshwater influx and
terrigenous nutrient input, such as calcium carbonate content, Reticulofenestra haqii,
R. minuta, R. pseudoumbilicus and the amount of allochthonous taxa, seem to be much
less influenced by this shift in the depositional environment, indicating that the influence
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of terrigenous input remained constant throughout the section, while upwelling only
occurred in the more distal setting, which influenced the upper part of the section.

6 Conclusions

The cyclic nature of climatic changes preserved in a total of nine geochemical and
palaeoecological proxies was studied using time series analysis (REDFIT-analysis and
Wavelet spectra). All proxies display highly similar periodicities, although some vari-
ations in power and their exact location within the frequency band occur. Our results
expand on a previous study focussed on changes in palaeoenvironmental conditions
caused by changes in relative sea-level (Auer et al., 2014) and reveal a strong influence
of small-scale short-term climate variability on local palaeoenvironmental conditions,
caused by cyclic variations in solar activity.

Using a best-fit adjustment of established sedimentation rate estimates defined for
the basinal parts of the Paratethys, the detected periodicities correspond remarkably
well with cycles of solar variation present in Holocene sun spot records. Consequently,
the section appears to be influenced by the Lower (~ 65yr) and Upper (~ 113yr)
Gleissberg cycle, as well as the 211 yr Suess/de Vries cycle. Other reported solar cy-
cles of ~400yr and ~ 500 (~ 480) yr are also represented but less significant. Best-fit
adjustment of sedimentation rates resulted in an estimated 575 mm kyr'1 for the high-
resolution section, resulting in a timespan of ~ 1190 yr for the 684 mm thick section.

Accepting the hypothesis that these cycles represent environmental responses to
known solar cycles, the integrated investigation of multiple palaeoenvironmental prox-
ies revealed a complex interplay of solar variation with the environment (Fig. 9). While
variations in coccolith abundances and geochemical data show a clear correlation to
the calculated solar cycles, their response to different cycles varies considerably. Sim-
ilar responses to solar forcing were found within proxies related to the same ecological
parameters indicating that the observed cyclicities represent a clear influence of so-
lar forcing on climatic conditions. Based on this, we found that the Upper and Lower
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Gleissberg cycles appear to be a driving factor for the amount of terrigenous influx
into the ocean and thus precipitation or wind. This link is reflected in the amount of
allochthonous taxa, a direct proxy for terrigenous input, and also the abundance of
reticulofenestrids, a proxy for freshwater influx and availability of terrigenous nutrients.
This suggests that precipitation rather than wind was the key factor (Fig. 9). Upwelling
conditions and water temperature, in turn were controlled by the longer Suess/de Vries
cycle, reflected in a similar response of Coccolithus pelagicus, a typical tracer for up-
welling fronts (and thus coastal wind systems) and cooler SSTs (Fig. 9). TOC and
sulphur, both indicators of increased primary productivity and anoxic bottom water con-
ditions, often associated with high primary productivity were conversely influenced by
both cyclic systems, reflecting organic matter flux from both terrigenous nutrients and
upwelling driven primary productivity (Table 1; Figs. 6, 7 and 9).

Supplementary material related to this article is available online at
http://www.clim-past-discuss.net/10/1223/2014/cpd-10-1223-2014-supplement.

zip.
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Table 1. Overview of the 9 studied proxies. Table shows highest and lowest values, average

content (arithmetic mean) as well as the standard deviation.

CPD
10, 1223-1264, 2014
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precipitation

G. Auer et al.

max  min Average o (pp)

calcium carbonate (wt%) 22.7 13.02 16.44 1.48
sulphur (wt%) 0.57 0.03 0.33 0.05
TOC (wt%) 092 053 0.78 0.09
Coccolithus pelagicus (%) 46.62 22.7 34.52 4.89
Cyclicargolithus floridanus (%) 17.76 2.96 8.57 3.22
Reticulofenestra hagqii (%) 13.04 132 5.76 2.5

Reticulofenestra minuta (%) 26.67 3.3 12.48 4.93
Reticulofenestra pseudoumbilicus (%) 5.45 0 2.18 1.2

Autochthonous taxa < 1% (%) 752 032 4.06 1.61
allochthonous taxa (%) 48.52 2244 3244 5.37
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Table 2. Overview of the setting used in REDFIT for the 9 studied proxies.
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Window Segments Oversample
calcium carbonate Blackman—Harris 1 4
sulphur Blackman—Harris 2 4
TOC Welch 3 4
Coccolithus pelagicus Blackman—Harris 1 4
Cyclicargolithus floridanus Blackman—Harris 3 4
Reticulofenestra haqii Welch 2 4
Reticulofenestra minuta Welch 2 3
Reticulofenestra pseudoumbilicus  Welch 3 2
allochthonous taxa Rectangle 4 4
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Table 3. Summary of results of the REDFIT analysis for the 9 analysed proxies. Table shows
the detected frequencies, their confidence intervals (Monte-Carlo corrected), as well as the
resulting periodicity in mm. Periodicities in mm were then transformed into periodicities in years
using a sedimentation rate of 575 mm kyr™" (best-fit adjustment to known solar cycles).

Frequencies Confidence Periodicity  Periodicity
(mm™) (% MoCa AR1)  (mm) (575mmkyr™")
calcium carbonate 0.0065326 > 90% 153.08 266.23
0.0108826 > 99% 91.84 159.72
0.025768 <80% 38.81 67.50
0.0323 <80% 30.96 53.84
sulphur 0.0079843 >99% 125.25 217.83
0.022501 > 99% 44.44 77.29
0.027582 >95% 36.26 63.06
TOC 0.0083473 >99% 119.8 208.35
0.030123 >90% 33.2 57.74
Coccolithus pelagicus 0.0036292 > 99% 275.54 479.20
0.0083472 >99% 119.8 208.35
0.017057 >90% 58.63 101.97
Cyclicargolithus floridanus 0.0043551 >99% 229.61 399.32
Reticulofenestra haqii 0.015351 > 90% 65.14 113.29
0.023575 >90% 42.41 73.76
Reticulofenestra minuta 0.015351 >90% 65.14 113.29
0.023392 >90% 42.74 74.33
Reticulofenestra pseudoumbilicus  0.0058068 > 95% 172.21 299.50
0.039196 >90% 25.51 44.37
0.01742 <80% 57.41 99.84
allochthonous taxa 0.0138 > 90% 77.61 134.97
0.027608 > 80% 45.28 78.75
0.022086 >80% 36.22 62.99
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using gamma-ray logs. Gamma-ray log (in CPS) and magnetic susceptibility of the succession
are shown as black lines. A three point running mean for both logs was plotted as a mirrored
column.
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Fig. 4. Sedimentological (% of grains > 63 um) and geochemical paramters (calcium carbonate,
organic carbon, sulphur and C/S-ratio) of the high resolution section (a). Coccolith abundances
are shown as coccoliths encountered per field-view of the light microscope and the abundance
of autochthonous and allochthonous specimens in % (b). Three basic depositional intervals
(I-111) were defined based on a simple visual evaluation of the gathered datasets.
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Fig. 5. Relative abundances of autochthonous coccolith taxa > 1 % as well as the abundance
of autochthonous taxa < 1 %, normalized to 100 %, within each sample of the high- resolution
section (a). Diversity indices show the amount of autochthonous taxa, the Shannon-Wiener in-
dex, species evenness and the Dominance index of the studied samples (b). The three intervals
(I-111) show the depositional episodes defined by visual evaluation of the gathered datasets.
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ing their respective periodicities in mm calculated using REDFIT. Grey bars represent the re-
ported periodicities of the Lower- and Upper-Gileissberg cycle, and the Suess/de Vries-Cycle.
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Fig. 8. Palaeobiological proxies (a Coccolithus pelagicus, b Cyclicargolithus floridanus, ¢ Retic-
ulofenestra hagqii, d Reticulofenestra minuta, e Reticulofenestra pseudoumbilicus and f al-
lochthonous taxa): data was transformed to reflect thicknesses of the sampled layers and fil-
tered according to the periodicities detected by REDFIT. Gaussian filters applied to the period-
icities use a bandwidth of 25 % of the filtered frequency. Wavelet spectra were used to evaluate
the frequencies for spectral shifts; red areas of the wavelet indicate stronger amplitudes.
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terrigenous material input as well as nutrient influx from the hinterland, and variations in the
abundance of reticulofenestrids. The Suess cycle (~211yr) in turn exerts control over local

coastal upwelling, as well as the amount auf Coccolithus pelagicus. Both cycles are reflected in
primary productivity proxies, caused by the export of organic matter from both systems to the
ocean floor.
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