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The Early Devonian geological time scale (base of the Devonian at 418.8 ± 2.9 Myr, Becker et al., 2012) 
suffers from poor age control, with associated large uncertainties between 2.5 and 4.2 Myr on the 
stage boundaries. Identifying orbital cycles from sedimentary successions can serve as a very powerful 
chronometer to test and, where appropriate, improve age models. Here, we focus on the Lochkovian 
and Pragian, the two lowermost Devonian stages. High-resolution magnetic susceptibility (χin – 5 to 
10 cm sampling interval) and gamma ray spectrometry (GRS – 25 to 50 cm sampling interval) records 
were gathered from two main limestone sections, Požár-CS (118 m, spanning the Lochkov and Praha 
Formations) and Pod Barrandovem (174 m; Praha Formation), both in the Czech Republic. An additional 
section (Branžovy, 65 m, Praha Formation) was sampled for GRS (every 50 cm). The χin and GRS records 
are very similar, so χin variations are driven by variations in the samples’ paramagnetic clay mineral 
content, reflecting changes in detrital input. Therefore, climatic variations are very likely captured in our 
records.
Multiple spectral analysis and statistical techniques such as: Continuous Wavelet Transform, Evolutive 
Harmonic Analysis, Multi-taper method and Average Spectral Misfit, were used in concert to reach an 
optimal astronomical interpretation. The Požár-CS section shows distinctly varying sediment accumulation 
rates. The Lochkovian (essentially equivalent to the Lochkov Formation (Fm.)) is interpreted to include 
a total of nineteen 405 kyr eccentricity cycles, constraining its duration to 7.7 ± 2.8 Myr. The Praha 
Fm. includes fourteen 405 kyr eccentricity cycles in the three sampled sections, while the Pragian 
Stage only includes about four 405 kyr eccentricity cycles, thus exhibiting durations of 5.7 ± 0.6 Myr
and 1.7 ± 0.7 Myr respectively. Because the Lochkov Fm. contains an interval with very low sediment 
accumulation rate and because the Praha Fm. was cross-validated in three different sections, the 
uncertainty in the duration of the Lochkov Fm. and the Lochkovian is larger than that of the Praha Fm. 
and Pragian. The new floating time scales for the Lochkovian and Pragian stages have an unprecedented 
precision, with reduction in the uncertainty by a factor of 1.7 for the Lochkovian and of ∼6 for the 
Pragian. Furthermore, longer orbital modulation cycles are also identified with periodicities of ∼1000 kyr 
and 2000–2500 kyr.
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1. Introduction

A major challenge for improvement of the Devonian Time scale 
is the limited number of good quality and chronostratigraphically 
fixed radiometric ages within this period (synthesis in Becker et 
al., 2012). The error bars of Early Devonian stage boundaries range 
from 2.5 to 4.2 Myr, and are among the highest of the entire 
Phanerozoic Geological Time Scale (De Vleeschouwer and Parnell, 
2014). An useful approach to improve the Devonian Time scale 
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would be to identify Milankovich cycles in the sedimentological 
record, which can be used as powerful chronometers (e.g. Hinnov 
and Ogg, 2007). The complete interference pattern of these cycles, 
the astronomical solution, has been theoretically calculated for the 
Cenozoic (Laskar et al., 2011) and most of the Cenozoic has now 
been astronomically age calibrated (e.g. Hilgen et al., 2012). These 
precise orbital solutions are not available for the Paleozoic. How-
ever, the 405 kyr eccentricity cycle is known to be very stable 
(Laskar et al., 2011) and has been used to build floating astro-
nomical time scales for Mesozoic and Palaeozoic successions (e.g. 
Boulila et al., 2010; De Vleeschouwer et al., 2015). Furthermore, 
the basic periods of obliquity and precession cycles as a func-
tion of age become shorter back in time. This is a consequence 
of secular deceleration of the Earth’s rotation rate, the increase of 
the distance between Earth and Moon, and the dynamical elliptic-
ity of the Earth (Berger et al., 1992). These eccentricity, obliquity 
and precession periodicities serve as a template for the identifica-
tion of orbital frequencies in target sections using spectral analy-
sis. Following pioneering work on Devonian cyclostratigraphy (e.g. 
Chlupáč, 2000) in which robust spectral techniques are largely ab-
sent. More recent efforts in constructing precise floating astronom-
ical time scales have been carried out for the Eifelian (Ellwood et 
al., 2015), Givetian (De Vleeschouwer et al., 2015), Frasnian (De 
Vleeschouwer et al., 2012) and the Frasnian–Famennian boundary 
and topmost Famennian (De Vleeschouwer et al., 2013), leaving the 
Early Devonian presently uncharted.

The Prague Synform (Czech Republic) is a perfect target for ap-
plying cyclostratigraphy to improve the geological time scale of 
the Early Devonian. It includes the historical stratotypes for the 
Lochkovian and Pragian stages in continuous deep marine records 
having not only a well-established biostratigraphy and sedimento-
logical context but also an extensive database of high resolution 
magnetic susceptibility (χin) and gamma ray spectrometry (GRS) 
records (see Table 1A for references). χin and GRS have classically 
been used as proxies for detrital input and therefore, as a proxy for 
climatic changes (e.g. Mayer and Appel, 1999; Kodama and Hinnov, 
2015; Kodama et al., 2010; Boulila et al., 2010; Hinnov et al., 2013;
Da Silva et al., 2013; De Vleeschouwer et al., 2015). In this paper, 
we search for orbital cyclicity in different target sections, using χin
and GRS records, with the aim to improve the Lochkovian and Pra-
gian time scale.

2. Geological setting and target sections

The selected sections (Požár-CS, Pod Barrandovem and Branžovy) 
are all from the Prague Synform, formed during the Variscan 
orogeny. The original sedimentary basin was located at about 20◦
to 35◦ southern latitude (Fig. 1A), within the Rheic Ocean, and 
was part of the North Gondwana Province (Plusquellec and Hladil, 
1998). The Lochkovian was characterized by extreme greenhouse 
climate, with average low latitude sea surface water temperatures 
(SST) around 30–32 ◦C calculated from oxygen isotopes in apatite 
from conodonts (Joachimski et al., 2009). Average SSTs start to 
decrease in the early Pragian and show minimum values around 
22 ◦C in the late Emsian to Givetian (Joachimski et al., 2009). Early 
Pragian times were still relatively hot and humid while major cli-
matic instability characterized mid to late Pragian times (Slavík et 
al., 2016).

The historical stratotypes for the Lochkovian and Pragian were 
defined in the Czech Republic, in the Prague Synform. The Lochko-
vian, in its most recent definition (Becker et al., 2012) is equivalent 
to its historical definition and roughly corresponds to the Lochkov 
Formation (Fig. 2). The historical Pragian is more or less equiva-
lent to the Praha Fm, but the Pragian has been redefined a few 
decades ago (based on the basal Emsian GSSP in Kitab, Uzbek-
istan). It has become significantly shorter: it now corresponds only 
to a relatively small portion of the lower Praha Fm. (Fig. 2). How-
ever, this definition has been strongly criticized (Slavík et al., 2007;
Carls et al., 2008) and a new definition of the Pragian is in progress 
(SDS Newsletter, 2014, p. 14). For this reason we also consider the 
duration of the Lochkov and Praha Fms., because their biostratigra-
phy is very well documented and they are still used as references 
(e.g. Becker et al., 2012).

During the Devonian, the Prague Basin was affected by ac-
tive faulting, leading to the creation of local submarine highs, 
and thus to substantial difference in sediment thickness between 
relatively closely spaced sections (Chlupáč et al., 1998). Indeed, 
the Praha Fm. in the Požár-CS section is much shorter than in 
Pod Barrandovem, which is located only 5 km east of Požár-CS 
(Praha Fm. is 40.4 m thick in Požár-CS, while the same forma-
tion reaches ∼174 m thickness in the Pod Barrandovem section, to 
which ∼10 m missing at the base should be added to complete the 
Praha Fm.). However, facies in both sections are relatively similar, 
being dominated by carbonate distal off-shore facies. The rhyth-
mically deposited, slightly clayey off-shore limestones are mostly 
hemipelagites and calciturbidites, deposited in an oxygenated wa-
ter column (Hladil et al., 2010).

The continuity – crucial for a meaningful application of spec-
tral methodology – of the different sections studied has been 
assessed in the literature, through biostratigraphy, sedimentary 
petrology and geophysical methods. The Lochkov and Praha Fms. 
in the Požár-CS section are partly condensed, but also considered 
as essentially complete without significant gaps (Koptíková et al., 
2010a; Slavík, 2004a; Slavík et al., 2012). In the Branžovy sec-
tion, a similar lithological succession as at Požár-CS is observed, 
but with a different thickness and with potential sedimentary re-
working (Slavík, 2004a). The Praha Fm. at Pod Barrandovem is 
considered as nearly complete and undisturbed (Chlupáč, 2000), 
with the exception of a relatively short interval at the very base of 
the Praha Fm., where ∼10 m of the Slivenec limestones is miss-
ing (Fig. 2). Furthermore, there is potentially a gap at the contact 
with the overlying Zlichov Fm.; where the duration of this gap is 
unknown but very likely short as all conodont zones are present 
(Slavík, 2004a).

The cyclicity of these deposits has already been studied by 
Chlupáč (2000), who identified ∼410–450 bedding couplets within 
the Lochkovian and estimated about 350 to 380 couplets within 
the historical Pragian, pointing to a longer duration of the Lochko-
vian compared to the historical Pragian.

3. Materials and methods

3.1. Selected sections and sampling intervals

Two main sections Požár-CS and Pod Barrandovem were se-
lected, with the highest sampling rate and with both χin and 
GRS records, complemented by one extra section (Branžovy) with 
a lower sampling rate GRS record. The locations of the different 
sections are shown on Fig. 1; Požár-CS is a composite section of 
Požár-1 and Požár-3 (Fig. 1E, Table A1). Sampling intervals vary 
between one sample every 5, 10, 25 and 50 cm (Table A1).

3.2. Magnetic measurements

Magnetic susceptibility (χin) measurements have been carried 
out in different laboratories but all on similar devices, using a 
KLY-2 at the Czech Academy of Sciences, a KLY-3 at Liège Uni-
versity, and a MFK-1 at Utrecht University, which are essentially 
different generations of the same type of Kappabridge device, man-
ufactured by AGICO (Brno, Czech Republic). χin is mass-specific, in 
m3/kg. Some hysteresis data were also gathered to get insight into 
the origin of the magnetic minerals carrying the magnetic suscep-
tibility signal (detailed methodology in Appendix 1).
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Fig. 1. Geological setting of the Prague Synform and studied sections. (A) Early Devonian (400 Myr) palaeogeographic reconstruction, after R. Blakey, Colorado Plateau 
Geosystems http :/ /cpgeosystems .com/. The rectangle corresponds to the zone with more detailed palaeogeography in 1B (1B slightly rotated with respect to 1A). (B) Detailed 
early Devonian palaeogeographic maps, the star corresponds to the location of the Prague Synform, same source as 1A. (C) Location of Czech Republic and of the Prague 
Synform, geological map and location of the different sections (BRZ = Branžovy, POZ = Požár-CS, BAR = Pod Barrandovem). Devo = Devonian and Silu = Silurian. (D) Pod 
Barrandovem section, precise location, formations and sampling trajectories (the Zlichov Fm. is not discussed here). (E) Požár-CS section (Požár-1 + Požár-3), precise location, 
formations and location of Požár-1, Požár-2 and Požár-3 quarries.
3.3. Gamma ray spectrometry

GRS measurements are related to the abundance of the three 
most important radioactive elements occurring in sedimentary 
rocks, K, Th and U. For carbonate strata, K and Th are classi-
cally interpreted as reflecting clastic content, whereas U is de-
termined by diagenetic processes involving changes in oxidation 
state. GRS for Požár-CS and Pod Barrandovem was measured us-
ing a GR-320 enviSPEC portable spectrometer (detailed methodol-
ogy in Koptíková et al., 2010a). GRS for Branžovy was measured 
using an RS-230 Super Spec portable spectrometer (Radiation So-
lutions, Inc., Canada; details in Bábek et al., 2013). Here we focus 
on K and Th records. Counts per second in selected energy win-
dows were converted by the instrument to concentrations of K (%) 
and Th (ppm), based on calibrations carried out by the manufac-
turer.

http://cpgeosystems.com/
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Fig. 2. Lithological column, formations, members and stages in the Pod Barrandovem and Požár-CS sections. Conodont zonations for the Lochkovian of the Požár-CS section 
are from Slavík et al. (2012). Zonations for the Praha Formation in that section and in the Pod Barrandovem section are from Slavík (2004a, 2004b) and Slavík et al. (2007). 
Lithological columns have been modified and harmonized from Koptíková et al. (2010a, 2010b), Hladil et al. (2010, 2011) and Vacek et al. (2010) (see also Table A1). 
Abbreviations: Grapt. Event = Graptolite Event, Fm. = Formation, lmst = limestone, U. = Upper.
3.4. Spectral analysis techniques

All the χin and GRS data were linearly interpolated onto evenly 
spaced samples records and detrended (linear detrending) prior to 
any spectral analysis. The Continuous Wavelet Transform (CWT) 
of Torrence and Compo (1998) was employed, using a Morlet 
wavelet, and run on a MATLAB platform. Interpolation, detrend-
ing, Evolutive Harmonic Analysis (EHA, Meyers et al., 2001), the 
Multi-Taper Method (MTM) and MTM-harmonic test (F-test) de-
veloped by Thomson (1982), Average Spectral Misfit (ASM, Meyers 
and Sageman, 2007), tuning and band-pass filtering, as well as the 
Hilbert transform have all been performed with the “Astrochron” 
package, the open source R package developed by Meyers (2014).

The complete analytical protocol is as followed:
As a first step, two independent evolutive spectral techniques 

(also referred to as Evolutionary Spectrogram in Kodama and Hin-
nov, 2015) CWT and EHA were applied to χin (highest sampling 
resolution) and the logarithmic GRS records to reveal the evolu-
tion of periodicities for the studied sections and also to detect 
changes in cycle thickness and, hence, sediment accumulation rate 
(SAR). By using the logarithmic signal, the strong amplitude fluc-
tuations within these GRS lower resolution signals were removed. 
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Table 1
Požár-CS and Pod Barrandovem sections with subdivision of stratigraphic intervals into portions of constant sediment accumulation rate (SAR), with arguments for sub-
division. (1) Stratigraphic interval (in m) considered as deposited with constant SAR. (2) CWT (Continuous Wavelet Transform) and EHA (Evolutive spectral analysis): V =
the change of SAR is visible in the CWT and/or EHA. (3) Lithology = Lithological changes associated with the subdivision and respective members. Lmst = limestone. 
(4) Condensed: arguments for intervals considered condensed.

(1) Požár-CS (2) CWT-Eha (3) Lithology (4) Condensed

−5 to 12 m V Pruhon lithofacies – crinoidal limestone, 2–5 cm beds
12–50 m V Radotin lmst. – Kotys lmst. 2–10 cm beds
50–70.8 m V Kotys lmst. – Alternation massive and thin beds
70.8–78 m Not clear Kotys limestone – Koneprusy Late Lochkovian biostratigraphically very condensed 

(Slavík et al., 2012)
78–112 m V Slivenec, Lodenice, Reporyje members – graptolite 

interval
112–118 m V Dvorce-Prokop limestone Dvorce-Prokop limestone condensed (Hladil et al., 2010)

(1) Pod Barrandovem (2) CWT-Eha (3) Lithology (4) Condensed

0–12 m V Slivenec Lmst
12–55 m V Lodenice Lmst (thin beds)
55–92 m V Lodenice Lmst (thicker beds)
92–176 m V Reporyje Lmst
By combining the results from CWT and EHA with the sedimen-
tological observations (mostly the subdivision into Members) and 
published conodont data, the Požár-CS and Pod Barrandovem sec-
tions were divided into intervals with relatively constant SAR (Ta-
ble 1). For each of these intervals, we subsequently performed 
MTM analysis, with its associated F-test using three tapers and 
we extracted frequencies that reached 95% confidence level (CL). 
These frequencies were implemented into the ASM package. Very 
similar frequencies are combined to their average value, consider-
ing that these slightly different frequencies are probably only due 
to small changes in SAR. The ASM technique, developed by Meyers 
and Sageman (2007), compares the frequencies obtained through 
spectral analysis with the orbital frequencies and computes the 
SAR that provides the best fit, with the highest confidence level. 
It also includes an explicit statistical test for rejection of the null 
hypothesis of no orbital forcing (Ho_SL). The target orbital frequen-
cies for the Lochkovian and Pragian used in the ASM are based on 
Berger et al. (1992). The SARs obtained by ASM are compared with 
those obtained by CWT and EHA. All SARs (in cm/kyr) in this paper 
are post compaction.

To remove the impact of the changes in SAR, χin records 
of Pod Barrandovem and Požár-CS and the GRS-Th record of 
Branžovy were tuned, constructing a floating astrochronology for 
the Lochkovian and Pragian. The tuning was performed through 
the selection of multiple tie-points, related to the 405 kyr cy-
cles, to track frequency drift and take short-term changes in SAR 
into account (commands in Astrochron: trackFreq, freq2sedrate, se-
drate2time and tune). This resulted in a tuned composite section 
in the time domain, instead of the stratigraphic domain. The tuned 
records are then band-pass filtered, with a cosine-tapered window, 
to extract the 100 kyr and 405 kyr eccentricity cycles. We stud-
ied the low frequency part of the MTM tuned composite records to 
determine the amplitude modulation of the eccentricity related cy-
cles and to detect cycles with a long (>405 kyr) period (following 
the methodology of Fang et al., 2015). In addition, the amplitude 
modulation of the filtered 100 kyr and 405 kyr cycles was ex-
tracted for each section using the Hilbert Transform, which is used 
to find the enveloping curve of the bandpass filtered signal. MTM 
was performed on the resultant amplitude modulation curve.

4. Results – spectral analysis of χin and GRS records

Barrandovem and Požár-CS sections were subdivided into por-
tions with a constant SAR (arguments for subdivision in Table 1). 
MTM and ASM analyses were performed on each of these inter-
vals on χin, and results were compared with the EHA (χin, GRS) 
and CWT (χin) results of the records of Pod Barrandovem, Požár-
CS and Branžovy. In most cases, results from all spectral techniques 
are supporting each other, pointing to a similar SAR. In those cases, 
the interpretation is straightforward and this was the case for the 
different intervals in Pod Barrandovem and Branžovy sections, as 
well as for 3 intervals out of 6 in Požár-CS. When the results from 
ASM and CWT and EHA are not supporting each other (3 intervals 
out of 6 in Požár-CS), the following approach is adopted (and is 
detailed in section 4.1): (a) when the results obtained with ASM 
are not coherent with the results obtained with CWT and EHA (in-
tervals 12–50 m and 78–112 m): for these two intervals, there is 
a high number of frequencies calculated by the MTM and F-test 
(Fig. 3 and Fig. A1). This high number of frequencies is due to 
a variable SAR, which would lead to a single orbital cycle rep-
resented by multiple frequencies or periods (or cycle thickness). 
In these two cases, CWT and EHA yielded similar results, so the 
ASM results were discarded in favor of the results calculated by 
the CWT and EHA. (b) in interval 70.8–78 m from Požár-CS, the 
results from CWT or EHA were not clear and couldn’t be used to 
support the ASM results. In this case, we consider the ASM results 
robust, as they are supported by other, more qualitative arguments, 
such as biostratigraphic and sedimentologic information (Table 1).

4.1. Požár-CS section (Figs. 3–A3 and A1)

It is necessary to define potential extreme SARs for each sec-
tion segment before running Average Spectral Misfit. For Požár-
CS, as the Lochkovian is about 82 m long and lasts 8.4 Myr 
(Becker et al., 2012) or 7.7 Myr (De Vleeschouwer and Par-
nell, 2014), with an uncertainty of ±3.2 Myr (Becker et al., 
2012) or ±2.9 Myr (De Vleeschouwer and Parnell, 2014) for 
the Pridoli–Lochkovian boundary, and ±2.8 Myr (Becker et al., 
2012) or ±3.5 Myr (De Vleeschouwer and Parnell, 2014) for the 
Lochkovian–Pragian boundary. Possible durations stretch between 
4.5 and 11.4 Myr, which corresponds to SARs between 0.7 cm/kyr 
to 1.8 cm/kyr. We selected even larger SARs between 0.1 and 3 
cm/kyr, for the Lochkovian, to allow for larger variations in SAR, 
noting that certain portions of the section are condensed. Based 
on the same considerations, similar SARs are used for the Pragian 
in Požár-CS.

For the −5 to 12 m interval, results are consistent for the differ-
ent techniques used (CWT, ASM) and for the different records (χin, 
GRS-Th, GRS-K), and all point to a similar interpretation (Figs. 3
and A3). A SAR of 1.0 cm/kyr was obtained with ASM, with 4.1% 
Ho_SL, in other words, there is 4.1% probability that this ASM value 
could be derived by chance. With this interpretation, the strong 
power band in the EHA or CWT with a frequency of 0.25 m−1 or a 
period of 4 m (Table A2) is linked to the 405 kyr eccentricity (also 
called E1, Figs. 3 and A3).
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Fig. 3. Požár-CS section (Lochkov and Praha Formations) with spectral analysis of magnetic susceptibility (χin) records. (A) Stages, formations and χin record. (B) SAR 
(cm/kyr) = sediment accumulation rate in cm/kyr, deduced by the combination of sedimentological and palaeontological information with the different spectral and statistical 
techniques: Continuous Wavelet Transform (CWT), Evolutive Harmonic Analysis (EHA), and Average Spectral Misfit (ASM). Note: when the ASM plot (panel D) is in light grey, 
the ASM results were not considered further. The Zlichov Fm. is not discussed here. (C) Continuous Wavelet Transform (CWT) and Evolutive Harmonic Analysis (EHA) of the 
χin . CWT and EHA include the interpretation of the 405 kyr eccentricity cycles (E1) and 100 kyr eccentricity cycles (E2) (in continuous lines when clear and dotted when 
extrapolated). (D) Average Spectral Misfit (ASM): the frequencies reaching 95% confidence level in MTM and F-test (Figs. A1–A2) are inputted into the ASM. The optimal SAR 
in cm/kyr from the ASM is given in red and corresponds to the SAR with the lowest null hypothesis significance level (Ho_SL%). The number of input frequencies into the 
ASM, obtained from MTM and F-test is also mentioned (X Frequencies in panel D), as well as the optimal Ho_SL (%) from its output. Cf. main text section 4.1. for complete 
information and interpretations. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
For the 12 to 50 m interval, the ASM indicates an optimal SAR 
of 1.2 cm/kyr (4.9% Ho_SL). This would result in 5 m cycles (or 
0.2 m−1 frequency) for the 405 kyr eccentricity E1. However, nei-
ther the CWT nor EHA reveal enhanced power at this period or 
frequency (Figs. 3 and A3). The MTM and F-test combined pro-
duce 28 frequencies reaching 95% CL (Confidence Level, Fig. A1), 
which points to an SAR that may not be stable. This changing SAR 
is indeed observed in the CWT and EHA (Figs. 3 and A3). As men-
tioned before, this non-stable SAR makes it problematic to apply 
ASM. Therefore, the ASM results were discarded in favor of the 
CWT and EHA results obtained from on the χin and GRS records. In 
the CWT and EHA, strong bands are present at a period of ∼8 m or 
at a frequency of 0.13 m−1 (Table A2, Figs. 3–A3), that indicate an 
SAR of 1.9 cm/kyr. The 50 to 70.8 m interval is again characterized 
by a good fit between all spectral methods, resulting in a straight-
forward interpretation with an SAR of 2.7 cm/kyr (E1 = ∼11 m, 
Table A2, Figs. 3–A3).

The 70.8–78 m interval is difficult to interpret. As indicated in 
Table 1, this interval is highly condensed. There appears to be no 
clear outcome in the CWT and EHA, with strongly undulating re-
sults that are usually indicative of perturbations induced by SAR 
changes. The ASM indicates a very low SAR of 0.2 cm/kyr (3.9 
Ho_SL%), corresponding to a 405 kyr eccentricity-related cycle of 
0.8 m. The interpretation of this cycle reflecting an orbital im-
print with a SAR of 0.2 cm/kyr has a significance of 96.1%. As we 
know that the SAR in this interval is low (Table 1), we decided 
to use the ASM results, even though there is no validation from 
the other techniques. This is a very low SAR; however, we have to 
keep in mind that it is a post-compaction SAR. Furthermore, these 
low SARs are not uncommon in similar hemipelagic settings: for 
example a SAR between 0.04 and 0.7 cm/kyr was found in Upper 
Devonian and Lower Carboniferous sections from Moravia, Carnic 
Alps, Rhenish Massif, Montagne Noire, and Pyrenees (Bábek et al., 
2016) and a SAR around 0.5 cm/kyr was found in Miocene sed-
iments (affected by a relatively low compaction) from IODP site 
U1438 (Arculus et al., 2015).

For the 78 to 112 m interval the ASM results in a SAR of 
0.7 cm/kyr (2.9 Ho_SL%) which would correspond to a 405 kyr 
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Fig. 4. Pod Barrandovem section (Praha Formation) spectral analysis of magnetic susceptibility (χin). Cf. caption of Fig. 3 for symbol explanation and main text (section 4.2) 
for more information. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
eccentricity related cycle of 2.8 m, but this result is not present 
in the CWT or the EHA data. As for the 12 to 50 m interval, the 
MTM and F-test lead to a very large number of frequencies (43), 
pointing to a variable SAR. Indeed, the SAR seems to be somewhat 
higher in the first 10 m of the interval (cf. CWT and EHA of the 
χin record, Figs. 3–A3). For this reason, and because the results of 
CWT and EHA are consistent with each other for the χin record 
(Fig. 3), but less clear for the GRS records (Fig. A3) we discard the 
results from ASM and favor those from EHA and CWT. EHA and 
CWT are showing a strong band at a period of ∼4 m or a fre-
quency of 0.25 m−1 and this corresponds to a SAR of 0.9 cm/kyr 
for this interval (Figs. 3–A3, Table A2).

Within the uppermost 112 to 118 m interval there is an evident 
change in SAR compared to the previous interval as indicated by 
the CWT, with the observed shift of the yellow band, indicating a 
trend toward a lower SAR (Fig. 3A, not seen in the EHA, as this 
interval is at the end of the record). The ASM results point to a 
low SAR of 0.3 cm/kyr, with a Ho_SL of 0.9%. This interval was also 
known as being deposited with a low SAR (Table 1). The SAR of 
0.3 cm/kyr is therefore considered robust (E1 = 1.2 m, Fig. 3 and 
Table A2).

4.2. Pod Barrandovem section (Figs. 4–A4 and A2)

At Pod Barrandovem, the Praha Fm. is about 180 m thick, this 
would allow SARs between 1 and 8 cm/kyr when applying ASM. 
The Pod Barrandovem section appears to feature a more stable SAR 
than the Požár-CS section (compare the stability of the main bands 
within the CWT and EHA in Figs. 3–A3 and 4–A4). Four intervals of 
constant SAR have been distinguished (Table 2). The interpretation 
of orbital cycles in terms of SAR for each interval is straightfor-
ward. Indeed, all techniques (CWT, EHA and ASM) and records (χin
and GRS) produce consistent results, leading to a similar interpre-
tation per interval. The position of the 405 kyr eccentricity (E1) 
and 100 kyr eccentricity (E2) cycles associated with the inferred 
SAR obtained through ASM invariably fits with a strongly enhanced 
power band (or an interrupted band for E2) in the CWT of χin
(Fig. 4) and the EHA of χin and GRS (Figs. 4–A4 and Table A2). 
The interpretation for each interval is indicated on Figs. 4–A4 and 
the SAR evolves from 1.5 (between 0–12 m), 3.8 (12–55 m), 2.8 
(55–92 m) to 3.5 (92–176 m) cm/kyr.

4.3. Branžovy section

The SAR seems relatively stable in the Branžovy section (see 
Fig. 5 for the CWT and EHA of the Log GRS-Th record), even with a 
clear trend toward lower SAR at the top. This trend coincides with 
a transition between two lithological intervals: 20 to 35 m charac-
terized by crinoidal calcarenites and 39 to 90 m characterized by 
pelagic nodular calcilutites. An SAR of 1.5 cm/kyr is obtained if we 
perform an ASM on the entire record, however with Ho_SL of only 
16%. This SAR fits with a strong power band at around ∼6 m (or a 
frequency around 0.17 m−1); which would correspond to 405 kyr 
eccentricity (E1) in the CWT (or in the EHA, Fig. 5). The SAR, de-
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Table 2
Duration and uncertainty on the Lochkovian, Lochkov Fm., Pragian and Praha Fm. obtained in this paper and comparison with recently published results (Becker et al., 
2012 and De Vleeschouwer and Parnell, 2014). This work: Number of 405 cycles = Number of 405 kyr cycles counted in the Lochkovian, Lochkov Fm., Pragian and Praha 
Fm. Uncertainty on the position of the boundary (for further explanation, see sections 5.3–5.4. in the main text). Total: combined uncertainty from the lower and upper 
boundaries; b. = boundary; Lochko. = Lochkovian. Uncertainty on counting E1 cycles (405 kyr), converted into Myr: Lochkovian and Lochkov Fm – high uncertainty on cycle 
counting related to the occurrence of very low SAR interval within the Lochkov Fm., and because the results are derived from only one section. Pragian and Praha Fm. – low 
uncertainty on cycle counting because all the techniques and proxies in this interval were pointing to similar results and because these results were also cross-validated over 
three different sections. Previously published durations and uncertainties.*

This work: durations and uncertainties Previously published durations and uncertainties*

Number 
of 405 
cycles

Uncertainty Duration ±
uncertainty 
(Myr)

Becker et al., 2012 De Vleeschouwer and 
Parnell, 2014Position of the boundary 

(Myr)
Counting E1 cycles

Pragian ∼4 Pragian–Emsian: ±0.02 0.4 Myr 1.7 ± 0.7 3.2 ± 3.8 Myr 3.2 ± 4.3 Myr
Lochko.–Pragian: ±0.3 (1 cycle)
Total: ±0.32

Praha Fm. 14 Upper b.: ±0.07 0.4 Myr 5.7 ± 0.6 – –
Lower b.: ±0.1 (1 cycle)
Total: ±0.17

Lochkovian 19 Lochko.–Pragian: ±0.3 2.4 Myr 7.7 ± 2.8 8.4 ± 4.3 Myr 7.7 ± 4.4 Myr
Pridoli–Lochko.: ±0.03 (6 cycles)
Total: ±0.33

Lochkov Fm. 19 Upper b.: ±0.1 2.4 Myr 7.7 ± 2.6 – –
Lower b.: ±0.02 (6 cycles)
Total: ±0.12

* Uncertainties are calculated by error propagation of the uncertainties on the lower and upper stage boundaries (see also section 5.4.).
duced from the CWT and EHA and the evolution of the main band 
between 5 and 7 m, and reflected by the aforementioned change 
in lithology, is probably varying through time, leading to the rela-
tively poor Ho_SL obtained with ASM.

4.4. Long period cycles

The CWT and EHA of the three studied sections also suggest 
the presence of cycles with periods longer than 405 kyr (Figs. 3–6). 
The main low frequencies extracted from the tuned records of the 
three sections (Fig. 6) correspond to periods of ∼1000, ∼1300, 
2000–2500 and ∼4000 kyr. The amplitude envelope of the 405 kyr 
from Pod Barrandovem reveals a very strong spectral band in 
MTM between ∼1500 and ∼5000 kyr while the F-test peaks are 
recorded at periods of 583, 875, 1050, 2070 and 4268 kyr. For 
the Požár-CS section, there is also a large spectral peak in MTM 
between ∼1000 and ∼5000 kyr but no corresponding peak is ob-
served in the F-test. For Branžovy, there is again a large spectral 
band for MTM between ∼1500 and ∼5000 kyr and a single F-test 
peak at 1135 kyr. The amplitude envelope of the filtered 100 kyr 
eccentricity related cycle reveals undifferentiated continuous high 
power in the MTM of both Pod Barrandovem and Branžovy. These 
are found in combination with F-test peaks at 593 kyr for Požár-CS 
and at ∼540, 765, ∼1300 and 1760 kyr for Branžovy.

5. Interpretation

It is important to keep in mind when constructing a high-
resolution cylostratigraphic age model that the recording of Mi-
lankovitch type of cyclicity in the stratigraphic domain can be 
altered by different mechanisms, which will produce noise. The 
processes responsible for producing the noise are (Meyers et al., 
2008): the primary response of the climate system to Milankovitch-
forced insolation changes, the distortion through the proxy fidelity 
and diagenetic alteration of the proxy, the response of the de-
positional environment to climate, including changes in SAR, the 
sampling protocol and the analytical error associated with the 
measurement of the proxy.

Concerning the proxy fidelity, we selected χin as our main 
proxy and GRS as a secondary proxy. Both proxies have been ex-
tensively used to detect paleoclimatic cycles (see Kodama and Hin-
nov, 2015 and references therein). The impact of diagenesis in po-
tentially altering the primary climatic information reflected in both 
proxies is, however, typically under-estimated (Riquier et al., 2010; 
Da Silva et al., 2012, 2013). We will discuss this impact and the 
fidelity of our proxies in section 5.1. In this research, we selected 
sections from pelagic and hemi-pelagic settings, which provide su-
perior continuity and the best chances for detecting a meaningful 
orbital signal with a low degree of distortion (e.g. Hinnov and Ogg, 
2007). However, the studied sections also contain calciturbidites 
and storm deposits, which are classically considered as random (in 
time) depositional events (Hinnov and Ogg, 2007). The quality of 
this depositional system as a recorder of orbital cycles will be as-
sessed in section 5.2.

Concerning the sampling protocol and the analytical error, 
Meyers et al. (2008) emphasize that the analytical error must be 
small relative to the signal variability, while the duration of the 
record should be long enough and the sample frequency high 
enough to resolve the orbital signal and avoid aliasing. In our case, 
we have selected long sections that cover two entire stages and 
span several millions of years, using a high sampling density of one 
sample every 5 or 10 cm for χin and 25 to 50 cm for GRS (Table 
A1). Since the SAR varies over the various sections (Fig. 3–4; Ta-
ble A2), the maximum resolvable frequency, the Nyquist frequency 
(each cycle must be sampled at least twice), is varying as well. 
This frequency is tabulated in Table A2, along with the smallest 
resolvable orbital cycle.

5.1. Origin of the magnetic susceptibility signal and its use for 
cyclostratigraphy

The entire Palaeozoic sedimentary succession of the Bohemian 
Massif, including the Prague Synform, was affected by late Variscan 
remagnetization, which led to the formation of new magnetic min-
erals (Krs et al., 2001; Grabowski et al., 2010), mostly magnetite 
(Zwing, 2003). It is thus important to discuss the origin of the 
magnetic minerals that carry the χin signal. In earlier cyclostrati-
graphic or paleoclimatic studies on Palaeozoic remagnetized limet-
sones (e.g. Riquier et al., 2010; Da Silva et al., 2012, 2013; De 
Vleeschouwer et al., 2012), it was already shown that magnetic 
susceptibility can still carry an orbital signal despite the remagne-
tization. A high correlation between χin and elements commonly 
interpreted as proxies for detrital input (Al, Si, Ti and Zr) supported 
the interpretation of χin reflecting depositional information.
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Fig. 5. Spectral analysis of the Log GRS-Th signal from the Branžovy sections (Praha Formation). (A) Log GRS-Th signal in the distance domain and its (B) CWT and 
interpretation of 405 kyr E1. (C) EHA of the Log-Th signal from Branžovy and interpretation of E1. (D) MTM spectrum (MTM and F-test), with interpretation of the position of 
the eccentricity cycles (E1 = 405 kyr cycle and E2 = 91–126 kyr cycles). (E) Average Spectral Misfit performed with the frequencies reaching 95% CL in the MTM and F-test 
(12 frequencies, from 5D) and corresponding null hypothesis significance level (Ho_SL%). (F) Log GRS-Th signal in the time domain and its bandpass filter (405 kyr – E1 – 
indicated by the alternating grey and white bands). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
In the case of the Pragian limestones, the amount of mag-
netic minerals produced during remagnetization is considered to 
be small (Zwing, 2003; Hladil et al., 2010). χin across the Silurian-
Devonian boundary was extensively studied in eight sections in-
cluding Požár-CS (Vacek et al., 2010). Its origin was evaluated 
by the temperature dependence of χin, magnetic hysteresis and 
Isothermal Remanent Magnetization (IRM) and by X-ray diffrac-
tion (Vacek et al., 2010). This study showed that the IRM data 
(determined by ferromagnetic minerals) are not correlated to mag-
netic susceptibility, indicating that the χin signal is mostly carried 
by paramagnetic minerals, with only minor influence of ferromag-
netic minerals. Another detailed study of the χin record of the 
Požár-CS section, by optical microscopy, electron microprobe anal-
ysis and comparison of the χin records with those of GRS, CaCO3

and Spectral Reflectance, led to similar conclusions, and in addition 
highlighted the small influence of pyrite, pyrrhotite, goethite and 
hematite (Koptíková et al., 2010b). Clear similarities between the 
χin and GRS records were highlighted by Koptíková et al. (2010a). 
This was confirmed in this work through the spectral analysis 
applied on both signals. Indeed, the same dominant frequencies 
and periods in both χin and GRS-Th and -K records were found 
in the wavelet and EHA of these records (Figs. 3–5 and A3–A4). 
GRS is reflecting the amount of clay minerals into the limestone 
and the similarity of the GRS and χin records indicates that the 
latter is not largely influenced by later detrimental diagnetic ef-
fects, i.e. creation of magnetite. This is also supported by hysteresis 
loop data (Fig. A5). Typical hysteresis loops from Pod Barrandovem 
are straight lines, with a positive or negative slope, indicating a 
magnetic susceptibility carried mostly by paramagnetic and dia-
magnetic minerals, with only a marginal influence of ferromagnetic 
minerals. In Požár-CS, hysteresis loops have mostly a negative high-
field slope (diamagnetic) in the Lochkov Fm. and a positive slope 
(paramagnetic) in the Praha Fm. Furthermore, most of the loops 
also include a ferromagnetic component. The high field suscep-
tibility (χhf) is influenced by the paramagnetic and diamagnetic 
minerals only; it correlates relatively well with χin (r = 0.78 in 
Pod Barrandovem and r = 0.74 in Požár-CS). The ferromagnetic 
susceptibility (χferro = χin − χhf) has slightly lower correlation co-
efficients with χin (r = 0.56 in Pod Barrandovem and r = 0.67 in 
Požár-CS). Pod Barrandovem shows best results (Figs. 4, A4) but 
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Fig. 6. Long-period orbital cycles in the Pod Barrandovem, Požár-CS and Branžovy sections. The upper part shows the MTM spectra (black line) and F-test (blue peaks) on 
the tuned χin records from Pod Barrandovem (BAR), Požár-CS (POZ) and Branžovy; as well as the MTM spectra and F-test of the 405 and 100 kyr tuned Amplitude envelope 
(AM) records. The lower part of the figure shows the CWT of the tuned records from Požár-CS and Pod Barrandovem. (For interpretation of the references to color in this 
figure, the reader is referred to the web version of this article.)
also in Požár-CS (Figs. 3, A3) the results are acceptable. In the latter 
the ferromagnetic contribution to χin is stronger, but the correla-
tion between χhf and χin is still higher than that of χferro and χin, 
which is a good indication that the clay minerals still carry the 
majority of the signal. All in all, this argues for a relatively low im-
pact of diagenesis on our χin records, indicating that the χin and 
GRS signals are mainly carried by clay minerals reflecting paleocli-
mate information.
5.2. Recording of Milankovitch cycles and paleoenvironmental context

The next question is whether the sedimentary setting is appro-
priate for the recording of astronomically induced climate cycles, 
now that χin and GRS are considered as appropriate for their anal-
ysis. The studied sections are dominated by off-shore limestones, 
hemipelagites, with storm deposits and calciturbidites (Hladil et 
al., 2010). A turbiditic setting is classically considered to be domi-
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nated by random depositional events, and as such, it would not be 
ideal to record orbital controlled cyclicity (Hinnov and Ogg, 2007).

Facies analysis of the Požár-CS section reveals that the Lochkov 
Fm. is dominated by hemipelagites, with the occasional occurrence 
of turbidites and subtidal deposits reworked by storms and/or bot-
tom currents. The Praha Formation in Pod Barrandovem and Požár-
CS sections appears to be dominated by very deep pelagic sus-
pension deposits (Koptíková et al., 2010a). Therefore, the pelagic 
setting of the Praha Fm., is the most appropriate for recording the 
cyclicity. This would explain the enhanced spectral power bands in 
the CWT and EHA of the Praha Fm., compared to the weaker bands 
in the spectra of the Lochkov Fm. (Fig. 3).

It has been shown that turbiditic deposits can carry Mi-
lankovitch cyclicities, mostly in the context of an ice-house setting 
due to the amount of clastic sediments influenced by eccentric-
ity and obliquity e.g. Droxler and Schlager (1985). The deposi-
tional setting from our sections, however, can be more appropri-
ately compared with a greenhouse setting. An illustrative example 
is the Lutetian (Eocene) Gorrondatxe section (Western Pyrenees, 
Spain), that is dominated by basin turbiditic and pelagic lime-
stones and marls. Payros and Martínez-Braceras (2014) performed 
a detailed study of the influence of orbital forcing in this tur-
biditic setting and demonstrated that turbiditic deposition can 
be orbitally controlled by terrestrial runoff and terrigeneous input 
into the basin. They link the increased turbiditic activity to strong 
seasonality and heavy summer rainfall. Approximately the same 
mechanism has been held responsible for turbiditic sequences as-
sociated with dominantly precession controlled organic-rich layers, 
termed sapropels, in the Mediterranean Miocene (Postma et al., 
1993).

Turbidites can also lead to the distortion of the recording of 
the paleoenvironmental or paleoclimate information sought here, 
termed environmental shredding by Jerolmack and Paola (2010). 
In our case, environmental shredding does not seem to be an is-
sue. Indeed, in Požár-CS and Pod Barrandovem sections, precession 
and obliquity are recorded in all intervals, except for the con-
densed intervals at 70.8–78 m and 112.8–118 m in Požár-CS where 
the sampling resolution is not sufficiently high. This implies that 
environmental shredding is not at a similar amplitude scale as 
precession and obliquity; therefore it does not interfere with the 
recording of these cycles.

In conclusion, the χin and GRS records from this pelagic/tur-
biditic setting can be used for cyclostratigraphic studies directed at 
improving the Early Devonian Time Scale. However, the recorded 
signal is not entirely pristine and not always straightforward. To 
provide the best possible interpretation we have combined various 
spectral analysis techniques, which should ideally be consistent to 
reinforce our final interpretation.

5.3. Astronomical time scale for the Lochkovian and Pragian

The duration of the different studied intervals is estimated 
through different approaches:

(1) combination of the thickness of each interval divided by its 
inferred SAR and

(2) by using the 405 kyr cycles (identified through EHA) as tie 
points to transfer the signal from the stratigraphic domain to 
the time domain (cf. section 3.4.).

Of course the two techniques should give similar results; how-
ever, the second is considered more precise because it takes into 
account minor SAR changes within the intervals of “steady” depo-
sition.
5.3.1. Duration of the Lochkovian stage and the Lochkov formation
By comparing the outcome of the different spectral techniques, 

we obtained optimal SARs for the different intervals of the Lochkov 
Fm. and Lochkovian Stage (Fig. 3). By combining the SARs with 
the thickness of each interval, a duration of 7.6 Myr results for 
the Lochkovian and of 7.7 Myr for the Lochkov Fm. Alternatively, 
we obtained nineteen 405 kyr eccentricity cycles for the Lochko-
vian and for the Lochkov Fm. (Fig. 7, Table 2), corresponding to 
∼7.7 Myr. As mentioned before, the results from the tuning and 
405 kyr cycle counting are considered as the most precise.

5.3.2. Duration of the Pragian stage and Praha formation
The total duration of the Pragian in the Požár-CS section cal-

culated by applying the SAR obtained previously (Fig. 4) is of 
1.75 Myr. With the same technique, we obtain a duration of 
6.0 Myr for the Praha Fm. Alternatively, the Praha Fm. corresponds 
to fourteen 405 kyr eccentricity cycles and thus to a duration of 
5.7 Myr, if we use the tuned filtered χin record in Požár-CS (Fig. 7, 
Table 2). For the Praha Fm. at Pod Barrandovem (Fig. 8), we need 
to include about 10 m of Slivenec limestone (the lowermost Praha 
Fm.) missing at the base of the section. This interval is considered 
to have the same SAR as the remainder of the Slivenec limestone in 
this section (0–12 m), and corresponding to about one 405 kyr ec-
centricity cycle. In total, the whole Praha Fm. at Pod Barrandovem 
also consists also of fourteen 405 kyr eccentricity cycles, including 
the extrapolated cycle that is missing at the base of the section. 
The Branžovy section (Fig. 5) also includes fourteen 405 kyr eccen-
tricity cycles leading to a similar duration for the Praha Fm. in all 
three sections. This implies that there are likely no major gaps in 
any of the sections, as it would be very difficult to explain gaps of 
similar durations in different open marine settings.

5.4. Precision estimates

The uncertainties of the Early Devonian stages should be con-
sidered as over-optimistic, because of the adopted cubic spline-
fitting approach used in the GTS-2012, which inherently under-
estimates the uncertainty (cf. discussion in De Vleeschouwer and 
Parnell, 2014). This applies in particular to cases as the Devonian, 
where only a few tie dates are available (Telford et al., 2004). This 
leads to an uncertainty which decreases with increasing strati-
graphic distance from the radiometrically dated level, while more 
intuitively it should be the opposite. The duration of the Lochko-
vian and Pragian stages and their uncertainties calculated as such 
are 8.4 ± 3.5 Myr for the Lochkovian and 3.2 ± 1.2 Myr for the 
Pragian. The uncertainty calculated with error propagation (un-
der the premise of independently determined upper and lower 
stage boundary uncertainties, Table 2) would give for the Lochko-
vian: 8.4 ± 4.25 Myr for the ages in Becker et al. (2012) and 
7.7 ± 4.4 Myr for the ages in De Vleeschouwer and Parnell (2014). 
For the Pragian these are 3.2 ± 3.8 Myr for the Becker et al. (2012)
data and 3.2 ± 4.3 for the De Vleeschouwer and Parnell (2014)
data.

Uncertainty estimates for floating astronomical time scales are 
often not provided (e.g. Boulila et al., 2010; Ellwood et al., 2015), 
or the uncertainty is estimated by summing the uncertainty in 
the position of the lower and upper boundaries of a stage, com-
bined with an uncertainty estimate of the cycle counting (e.g. De 
Vleeschouwer et al., 2012, 2015; Fang et al., 2015). In our case, 
the uncertainty in the position of the boundaries corresponds to 
the uncertainty in the position of lithological boundaries in case 
of the Formations and of conodont bio-event boundaries in case 
of the stages. The position of the Pridoli–Lochkovian stage bound-
ary (i.e. the Silurian–Devonian boundary) is defined very precisely 
in the Požár-CS section and its uncertainty corresponds to a max-
imum error of ±0.25 m. Combined with the inferred SAR for 
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Fig. 7. Požár-CS section. Tuned χin record and its bandpass filter (405, 100 and 18 kyr filter). (A) Tuned (time scale) χin record. (B) Band-pass filtered tuned χin record at 
the 405-kyr (E1, 405 kyr eccentricity) and 2250 kyr cycles. (C) Band-pass filtered tuned χin record at 100-kyr cycles (E2, 100 kyr eccentricity) and amplitude envelope. 
This amplitude envelope appears to be modulated by the 405 kyr-cycles. (D) Band-pass filtered tuned χin record at 18-kyr cycles (precession) and its amplitude envelope 
(modulated by 100-kyr and 405-kyr).

Fig. 8. Pod Barrandovem section. Tuned χin record and its bandpass filter (405, 100 and 18 kyr filter). Cf. caption to Fig. 7 for explanation.
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the base of the section (1 cm/kyr), this corresponds to an un-
certainty of ±0.03 Myr in the time domain (Table 2). For the 
Lochkovian–Pragian stage boundary (from the Požár-CS section), 
the uncertainty in the stratigraphic position is about ±0.55 m, 
corresponding to ±0.3 Myr, based on the SAR of 0.2 cm/kyr for 
that interval. The position of the Pragian–Emsian stage boundary 
(from the Požár-CS section) is very precise (±0.2 m, with a SAR 
of 0.9 cm/kyr) and corresponds to ±0.02 Myr. The positions of the 
Formation boundaries are lithologically very precisely pinpointed, 
with an uncertainty that corresponds to about ±0.2 m, equivalent 
to ±0.02 and ±0.1 Myr for the base and top of the Lochkov Fm. 
respectively, and to ±0.07 Myr for the top of the Praha Fm. (Ta-
ble 2).

For the Lochkovian and Lochkov Fm. in the Požár-CS section, 
the uncertainty in the cycle count, however is unfortunately con-
sidered relatively high. Indeed, (1) the ASM results do not always 
match with the CWT and EHA results EHA, (2) only one section 
was analyzed without the possibility to check laterally equivalent 
sections for consistency, and (3) the low SAR (0.2 cm/kyr) in-
ferred for the Upper Lochkovian is based only on the results of 
the ASM, it could not be confirmed by other techniques. The re-
sulting low SAR potentially, carries large uncertainties with it in 
assessing the duration represented by the section. Therefore, we 
suggest a conservative uncertainty estimate of six 405 kyr cycles 
in the nineteen 405 kyr eccentricity cycles counted in the entire 
Lochkovian Stage and associated Lochkov Fm. The uncertainty from 
cycle counting and boundary position then results in a duration of 
7.7 ± 2.6 Myr for the Lochkov Formation and 7.7 ± 2.8 Myr for the 
Lochkovian Stage (Table 2). This is comparable with the duration of 
the Lochkovian proposed by De Vleeschouwer and Parnell (2014; 
7.7 ± 4.4 Myr) and Becker et al. (2012; 8.4 ± 4.25 Myr) but it is 
distinctly more precisely defined (by a factor 1.7, Table 2).

Concerning the uncertainty on the duration of the Pragian Stage 
and Praha Fm. (in the Požár-CS, Pod Barrandovem and Branžovy 
sections), we estimate an uncertainty of only one 405 kyr eccen-
tricity in the cycle counting. This uncertainty was selected because: 
(1) the results of all spectral techniques are consistent, (2) ASM 
significance levels are excellent (Ho_SL ranging from 0.014% to 
2.4%), and (3) results are reproducible for the three different par-
allel sections. This uncertainty, combined with the uncertainty in 
the position of the lower and upper boundaries results in a total 
duration of 5.7 ± 0.6 Myr for the Praha Fm. and of 1.7 ± 0.7 Myr
for the Pragian Stage (Table 2). The latter duration is substantially 
shorter than the duration of the Pragian Stage proposed by De 
Vleeschouwer and Parnell (2014; 3.2 ± 4.3 or 5.5 Myr) and by 
Becker et al. (2012; 3.2 ±3.8 Myr). In addition, our estimate comes 
with a markedly reduced uncertainty (Table 2), which is about 5 to 
8 times lower than that of Becker et al. (2012) or De Vleeschouwer 
and Parnell (2014).

5.5. Amplitude modulation and long period orbital forcing during the 
Early Devonian

The influence of the different cycles and their long-term mod-
ulations can best be seen in the Pod Barrandovem section, which 
is the only section for which we were able to resolve the obliquity 
and precession related signals in all intervals and for all cycle types 
(Fig. 8b–8C). The different cycles were filtered from the tuned 
χin record. The bandpass filtered component of the 100 kyr ec-
centricity related signal, and its amplitude envelope calculated by 
means of the Hilbert Transform, is clearly modulated by the 405 
kyr eccentricity cycle in groups of four 100 kyr cycles (Fig. 8C). In 
addition, the 18-kyr precession-related cycle amplitude envelope 
is modulated by both the 100 and 405 kyr eccentricity (Fig. 8D), 
as expected from astronomical theory. The tuning and filtering of 
the Požár-CS section also allows to detect the modulation of the 
100 kyr eccentricity related cycles by the 405 kyr cycle, and of the 
18 kyr cycles by the 100 and 405 kyr cyclicity (Fig. 7).

In addition to the well-known cycles of precession, and 100 and 
405 kyr eccentricity cycles, modulation of these cycle components 
is also recorded and corresponds to lower frequency cycles. The 
main modulation of the 405 kyr eccentricity component today has 
a period of ∼2400 kyr (classically known as the 2.4 Myr cycle; 
e.g. Laskar et al., 2011), and is also the one that is most often 
found in the geological record. Modulated cycles with periods of 
∼700 kyr, ∼1000 kyr and 3500–4000 kyr cycles are present in the 
astronomical solution as well (Laskar et al., 2011). The period of 
the main 2400 kyr amplitude modulation cycle, may vary between 
1200 and 2400 kyr as a consequence of the chaotic behavior of 
the Solar system (Laskar et al., 2011). The geological record indeed 
shows evidence of variations in the duration of this 2400 kyr cycle 
(see reviews in: Fang et al., 2015; Ikeda and Tada, 2013).

The main long-term cycles observed in our different records are 
around ∼4000, 2500, 1300, ∼1000 and ∼700 kyr (Fig. 6). It is in-
teresting to note that Lower-Middle Permian strata in South China 
yield spectral peaks around 4760, 1950, 1300, 1000 and 840 kyr 
(Fang et al., 2015) that are in the same range as those reported 
here. A ∼2000–2500 kyr cycle, as well as amplitude modulations 
of the 405 and 100 kyr cycles, were all detected in all our tuned 
records (Fig. 6). Within the different records, a ∼1000 kyr cycle is 
also consistently observed (Fig. 6), which can potentially be linked 
to the present-day ∼1000 kyr eccentricity cycle, or the 1200 kyr 
amplitude modulation cycle of obliquity. The latter may also have 
evolved through time and appears to have been shorter in the 
Mesozoic and Palaeozoic (synthesis in Fang et al., 2015: ∼1000 kyr 
in the Late Cretaceous, ∼1000 kyr in the Permian and ∼1120 kyr 
in the Late Devonian).

6. Conclusions

We obtained the following results by combining various spec-
tral analysis or statistical techniques (Continuous Wavelet Trans-
form, Evolutive Harmonic Analysis, Multi Taper Method combined 
with the Average Spectral Misfit) in the evaluation of χin and GRS 
records of three Lower Devonian sections in the Praha Synform 
(Czech Republic):

– The combination of different spectral and statistical techniques 
and records is very powerful and essential for carrying out a 
detailed cyclostratigrapic study of Devonian sections. It allows 
cross validation of results and rejection of weaker solutions in 
order to reach the best possible interpretation and construct 
an optimal age model.

– The χin and GRS records from a (hemi-)pelagic and turbiditic 
setting yielded consistent results. This points to a similar ori-
gin for both proxies, with the signal residing in clay minerals 
and reflecting climatic variations.

– The new age model results in durations of 7.7 ± 2.6 Myr for 
the Lochkov Fm., of 7.7 ± 2.8 Myr for the Lochkovian Stage, 
5.7 ± 0.6 Myr for the Praha Fm. and of 1.7 ± 0.7 Myr for the 
Pragian Stage. Because the Lochkov Fm./Lochkovian contains 
an interval with a very low sediment accumulation rate and 
because these results were only derived from one section, the 
uncertainty of its duration is larger than that of the Praha Fm. 
and Pragian (cross-validated over three sections). The applica-
tion of this cyclostratigraphic approach leads to a reduction of 
the uncertainty for Early Devonian Time Scale by a factor of 
1.7 for the duration of the Lochkovian Stage and by a factor 
of 5 to 8 for the Pragian Stage, compared to most recent time 
scales;

– Very long period cycles have also been identified in the three 
sections, namely a ∼2000–2500 kyr cycle interpreted to reflect 
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long-term eccentricity amplitude modulation and a ∼1000 kyr 
cycle interpreted as an amplitude modulation cycle of obliq-
uity.
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