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The Most Basin (Czech Republic) offers an extraordinarily detailed archive of the continental environment in Central
Europe (ca. 50° N) in the period around the beginning of the Miocene Climatic Optimum. The sediments were studied
by magneto-, chemo-, and cyclostratigraphy. Novel proxies for chemical weathering intensity were derived from
K/Al concentration ratios and Mg/Al concentration ratios corrected for autochthonous carbonate content using an
isometric log-ratio methodology and robust regression (RR). The correction confirmed that the association of chemical
weathering maxima (lows in K/Al or Mg/Al) with eccentricity, obliquity, or precession maxima were affected by
sediment grain size to only a minor degree. The orbital control allowed for the refinement of a magnetic-polarity-based
depth-age model to unprecedented resolution. The timing of the basin development after the peat swamp flooding
was confirmed; it started in the C5Dr.2r subchron, intensified in the C5Dn.1n subchron over several tens of kyr,
and spread over the entire basin in the early part of C5Dr.1r. The expression of orbital cycles in weathering proxies
changed abruptly near 17.07 and 16.90 Ma, in close temporal proximity to two step-like changes in global marine
δ18O records between 17.2 and 16.9 Ma. The sensitivity of weathering intensity in the Most Basin to orbital forcing
decreased coevally with the initial floods of the Columbia River Basalt Group and disruptions of the global δ13C record
near the C5Dr/C5Dn reversal at around 16.6 Ma. Ratios K/Al and Mg/Al, either raw or carbonate corrected, can be
recommended for the study of continental basin sediments. • Key words: lacustrine sediments, stratigraphy, orbital
forcing, weathering proxies, geomagnetic reversals.
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The Miocene Climatic Optimum (MCO; ca. 17 to 15 Ma)
represents a time of global warming within the persistent
Cenozoic cooling (Zachos et al. 2001). The MCO brought
thermophilic vertebrate species into central Europe
(Böhme 2003), and was terminated by an abrupt return
to global cooling. In spite of considerable research
efforts, climate evolution in the pre-MCO and early MCO
periods has not been fully understood. The southern
polar ice cap (Antarctic Ice Sheet, AIS) was considerably
reduced during the MCO (Gasson et al. 2016, Levy
et al. 2016), perhaps due to a coincidence of particular
paleogeographic (Gasson et al. 2016) and orbital settings
DOI 10.3140/bull.geosci.1794

(De Vleeschouwer et al. 2017), and possibly acting in
coincidence with long carbon cycles (Liebrand et al. 2016,
Valero et al. 2016). The global pre-MCO climate could
also have responded to some specific, yet unidentified
trigger(s). A volcanic hypothesis was proposed (Courtillot
& Renne 2003), tested, rejected based on a critical
discussion on Ar-Ar dating precision (Barry et al. 2010,
Armstrong McKay et al. 2015), and finally revoked after
new dating and upon addressing all uncertainties of the
Miocene time scales (Kasbohm & Schoene 2018). An
increase in atmospheric CO2 was assumed to have been
the MCO trigger; evidence for this was searched for in
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Figure 1. Maps of the study area with: A – position of cores and basin cross-section shown in Fig. 2; B – position of the Most Basin within Bohemian
Massif (grey area); C – geological map; D – position of study area in Europe.

fossil plant records (Kürschner et al. 2008), but eventually
denied due to inconsistencies between models and
observations (Levy et al. 2016, Ji et al. 2018). A pos
sible change in the altitude of the AIS surface has also
been discussed (Levy et al. 2016), but the Antarctic
paleotopography is not known. More detailed archives
are needed to fully understand the pre-MCO period, in
particular in continental domains, where climate records
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were not impacted by changes in oceanic circulation and
chemistry of water masses, which reportedly resulted in
hiatuses in marine sedimentary records at ca. 17.0 Ma
(Miller et al. 2017). As a consequence of these hiatuses,
there are multiple potential time scales for the δ18O shift
that is considered to be the onset of the MCO (Holbourn
et al. 2015, Kochhann et al. 2016, Miller et al. 2017), with
a possible misfit of several hundred kyr. Miller et al. (2017)
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Figure 2. SW–NE cross section of the Most Basin, the position of cross section is shown in Fig. 1.

stated that the record from the equatorial Pacific Ocean,
Site U1338 (Kochhann et al. 2016), is lagged by 405 kyr
compared to the record from the southern Indian Ocean,
site 751 (Miller et al. 2017), between 17 and 18 Ma.
This misfit can be evaluated by an independent record.
The Most Basin in northwestern Czech Republic
(map in Fig. 1 and cross section in Fig. 2) hosts a detailed
continental sedimentary record of the early stages of the
MCO. The Most Basin record was formed by lacustrine
sedimentation spanning a ca. 1.7 Myr interval beginning
ca. 17.7 Ma (Matys Grygar et al. 2014, 2017b, 2019a;
Fig. 3). To fully take advantage of the stratigraphic
uniqueness of the basin, a detailed study of stratigraphic
correlation of the chemo-, cyclo-, and magnetostratigraphic
records from the basin was performed. Chemo- and
cyclostratigraphic studies of the Most Basin have mainly
been based on geochemically normalised K concentrations
(Matys Grygar et al. 2019b), which potentially carry
information on chemical weathering intensity in the
sediment source area (Buggle et al. 2011, Garzanti et al.
2013), but which also bear certain grain-size contributions
(Matys Grygar et al. 2019b). Recently, normalised Mg
concentrations have also been proposed as a weathering
proxy (Dinis et al. 2017). The major components of the
the clay mineral assemblage in the Most Basin sediments
are kaolinite and illite/smectite interstratified minerals.
Chemical weathering of such mixtures would convert
convert illite structures to smectite and then both illite/
smectites minerals to kaolinite, which would both lead to
liberation of K+ and Mg2+ ions, i.e., decrease in K and Mg
concentrations in the solid phase. The ability to fully
utilise all weathering proxies depends on further
developments, in particular to account for the particle
grain size (Tanaka & Watanabe 2015, Matys Grygar et al.
2019b), or alternatively by proof that the proxy is grainsize independent, because sediment coarseness may also

reflect numerous non-climatic factors, such as autogenic
cycles in fluvial and lacustrine deposition. The processing
of chemical composition data should further respect the
specific mathematical nature of the data (PawlowskyGlahn et al. 2015, Fačevicová et al. 2016).
Cyclostratigraphy has recently proliferated due to
its potential to tune age models of continuous sediment
strata more precisely than radiometric methods. It has
successfully been employed in the refinement of time
scales in stratigraphic boundaries and global events
(Martinez et al. 2013, Beddow et al. 2018, Ait-Itto et al.
2018). For example, the Neogene polarity time scales
require refinement by orbital tuning (Kochhann et al.
2016, Beddow et al. 2018), while the most broadly used

Figure 3. Local stratigraphy of the Most Basin with position of
crandallite beds C#. Dating of the local stratigraphic boundaries was
taken from Matys Grygar et al. (2019a).
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ATNTS2012 (Astronomically Tuned Neogene Time
Scale; Hilgen et al. 2012), has not been astronomically
tuned in the pre-MCO and early MCO periods of
time. Simultaneously, cyclostratigraphy still requires
refinement of mathematical and statistical tools and the
development of robust criteria for its users (Vaughan
et al. 2011, Smith 2019), in particular due to inevitable
stratigraphic distortion and ‘contamination’ of the orbital
signal by non-climatic factors in real sedimentary records
(Meyers 2019, Matys Grygar 2019). Statistical tests
might be insufficient to confirm the existence of orbital
signatures. We thus propose supporting the statistical
tests by extensive lateral correlations (the climatic signal
should be spatially invariant in the sedimentary basin) and
by refinement of proxies, which are subjected to spectral
analyses. In clastic sedimentary archives, the second
point should include separation of grain-size control,
provenance changes, and possible diagenetic features from
the desired paleoenvironmental signal, i.e. the removal of
contamination of orbital signals sensu Meyers (2019).
The aforementioned challenges have been addressed
in the continuing study of the Most Basin. Further
evaluations of the sedimentary records were performed
from the central and northern parts of the Most Basin to
reveal details on the basin development and to fill gaps
in preceding studies, such as poor magnetostratigraphy
in the earliest stages of basin-wide clastic deposition
over the former peat swamp at ca. 17.6 Ma (Mach et
al. 2014, Matys Grygar et al. 2017a) and the limited
number of continuous long cores. The intention was to
improve the existing weathering (paleoenvironmental)
proxies, the K/Al and Mg/Al ratios, via their grain-size
and carbonate corrections, which could facilitate future
studies of continental sediments (Matys Grygar et al.
2019b). This work should also refine the timing of abrupt
environmental changes in the Most Basin, which could be
relevant for the onset and early stages of the MCO.

Settings
Paleoenvironment
The Most Basin is situated in the north-west of the Czech
part of the Bohemian Massif. With an area of 870 km2
of erosion remnants of the basin floor, it is the largest
sedimentary basin in the Ohře Rift structure (Rajchl et al.
2009) of the upper Oligocene to lower Miocene age. The
maximal thickness of the sedimentary fill of the Miocene
Most Formation is nearly 500 metres, between the cities
of Osek and Lom, where the complete stratigraphic
column of sediments of the Most Formation (Fig. 3)
was preserved. It starts from the late Oligocene to early
Miocene (the Duchcov Member), continuing to the
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areally most extensive Holešice Member, including the
intensively exploited Main Coal Seam. Subsequent,
prevalently lacustrine basin fills of the Libkovice, Lom,
and Osek members can be identified in successively
shrinking erosional relics (Fig. 2).
Paleogeographic settings of the Most Basin in the
early stage of the swamp-to-lake transition were described
by Mach et al. (2014), mainly using heavy mineral
associations in coarse clastic material in the overburden
of the Main Coal Seam of the Holešice Member. An
extensive borehole database of the North Bohemian
Mines compiled since 1980 was also evaluated by Mach
et al. (2014), together with the atlas of the Most Basin
cross sections. Several areas with specific compositions of
clastic material input to the basin were identified (Mach
et al. 2017). The best known local fluvial-deltaiclacustrine system, the Bílina Delta, is located in the eastern
border of the Most Basin (Fig. 1). Its sediment body
covers an area of ca. 10 × 5 km and a maximal thickness
of 150 m. It onlaps on the Main Coal Seam, showing the
coexistence of a swamp with a local water body (Mach
et al. 2013) and considerable potential for generation
of the accommodation space via compaction of the peat
matter by fluvial clastics (Rajchl et al. 2008, Mach et al.
2013). Heavy minerals in the Bílina Delta sands contain
andalusite association from the south-western part of
the Bohemian Massif mixed with a tourmaline-zircon
association mainly from Upper Cretaceous sediments of
the northern half of the Bohemian Massif (Mach et al.
2014). The silty sediments of distal parts of the Bílina
Delta are distinguished by their low cation exchange
capacity (CEC; Matys Grygar et al. 2014). Several sandy
belts oriented from the north-western border of the Most
Basin toward the south-east were found with heavy
mineral associations completely free of andalusite, but
with some minerals typical of ore deposits of the Krušné
Hory (Ore) Mountains, such as topaz and apatite (Mach
et al. 2014). The largest of these southward flowing
streams were located near the cities of Osek, Duchcov, and
Teplice (Fig. 1). Their lobes, with maximal thicknesses of
up to 60 m, extend to ca. 2/3 of the basin width in this area.
Another lake was situated in the western part of the basin
in the area between Chomutov and Kadaň (south of the
city of Most). Sediments of this lake are distinguished
by their high CEC (Matys Grygar et al. 2017a); they
represent the lowermost strata of the overburden in the
Libouš Mine, a part of the Nástup Mines Tušimice (e.g.
in the DO565 core, Matys Grygar et al. 2019a). The
thickness of these sediments reaches 20 m in the axis of
the Chomutov–Kadaň lobe.
The time interval characterised by several isolated
lakes within the extensive peat swamp was followed by
the basin-wide lacustrine phase. The existing peat layer
in the basin floor was compressed to a fraction of its
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Figure 4. MR93 core analyses and construction of its depth-age model. Local stratigraphy, major chemostratigraphic markers and experimental
magnetic polarity zones (A), K# are prominent K minima, green arrows show the depth of the CEC step. Magnetic reversals assigned to polarity
timescales (B), black letters are reversal ages in ATNTS2012 (Hilgen et al. 2012), grey letters reversal ages by Kochhann et al. (2016). Eccentricity and
precession in astronomical solution by Laskar et al. (2004) (C) vertically positioned to correspond roughly to the timing of the polarity reversals. The
Most Basin record (D), assignment of K/Al minima K1 to K4 to eccentricity maxima and P1 period to the triplet of high-eccentricity cycles. Note that
panels A and D have the same depth scales and vertical positions.

original thickness by the mass of the clastic deposits and
the water column (Mach 2003, Rajchl et al. 2008), which,
among other consequences, resulted in locally specific
and temporally variable initial deposition rates. The
final large lake overflowed in the vicinity of Jirkov city
toward the north-west (Mach et al. 2014). The present-day
steep crest of the Krušné Hory Mountains did not exist
in the Miocene, as evidenced by the lack of very coarse
sediments on the north-western borders of the basin in the
lacustrine period.

Local chemostratigraphic scheme
A local chemostratigraphic scheme for the Libkovice
Member has been established (Matys Grygar & Mach
2013) and tested for numerous cores covering the entire
Most Basin (Matys Grygar et al. 2014, 2017b, 2019a).
This scheme provides laterally persistent horizons, part
of which are summarised in Figs 2 and 3. Among its
components, there are variations in K/Al or K/Ti ratios
(Fig. 4) controlled by orbital forcing (Matys Grygar et al.
2014, 2019a), calcium aluminium phosphate (crandallite,
Sr bearing) beds C1 to C3 (centimetre-scale thickness)
with basin-wide lateral stability and still-unknown
triggers, and Sr peaks (metre-scale thickness) with limited
lateral stability at the basin scale but excellent performance

in terms of correlations between neighbouring cores
(Matys Grygar et al. 2017a). Crandallite was attributed
to volcanic fallout by local geologists; however, evidence
for this is absent (Matys Grygar et al. 2017a). Crandallite
can beformed by chemical reaction of (biogenic) calcium
phosphates and clay minerals under acidic conditions (Dill
2001) in situ in sediments. The Sr for the crandallite was
scavenged from lake water, and thus the strata just above
their beds were Sr-depleted; this can be used to infer the
position of the crandallite bed, even if the bed itself was
not recovered during coring.
The lower boundary of the Libkovice Member was
associated with the CEC-step horizon, an abrupt increase
in CEC, or the exceedance of the gradually increasing
CEC over a threshold value around 0.1 mmol Cu 2+/g.
The CEC increase reflects the dominance of the highexpandable illite-smectite interstratified clay mineral (I/S),
with a prevalence of smectite layers (I/S interstratified
mineral R0) in the Libkovice Member clay assemblage,
while kaolinite and low-CEC I/S with a prevalence of illite
layers (I/S interstratified mineral R1) dominates in the
underlying Holešice strata (Matys Grygar et al. 2017a).
The reason for this switch in clay mineral assemblage
remains enigmatic. It was not caused by burial diagenesis
(Dellisanti et al. 2010), because the Most Basin sediment
was buried very shallowly, and its organic matter re
mained thermally immature, with vitrinite reflectance
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ca. 0.3 and with no change between the Holešice and the
Libkovice members (Havelcová et al. 2015). Previous
work also showed that the high-expandable I/S is present
in the Holešice Member sediments just above the Main
Coal Seam in some depocentres (Tušimice and Ústí nad
Labem areas). The CEC variations in the sediments are
thus further corroborated by this work.

Methods
New and re-visited drill cores
The locations of the drill cores discussed in this work are
shown in Fig. 1, and their major features and coordinates
are summarised in Tab. 1. New drill cores were retrieved
in the northern part of the basin (DU7, HK930) and in
the main basin depocentre northwest (LK15) and west
(JU2183, LB432, and ZL70) of the Bílina Mine area.
JU2183, MR93, and LB432 were retrieved close to the
Bílina Mine to cover the earliest stages of the Bílina
proto-lake, the magnetostratigraphy of which needed reinterpretation in the lowermost part of the HK591 core,
as discussed by Matys Grygar et al. (2019a). Several
previously described drill cores were also revisited in this
work. Cores DO565, HK772, and OS17 were introduced
originally in Matys Grygar et al. (2017a, b, 2019a) and reused herein. In the case of LB432, only its geochemistry
was reported (Matys Grygar et al. 2019b).

Chemical analyses
E,lemental analysis was performed by energy-dispersive
X-ray fluorescence spectroscopy (XRF) using an Epsilon

3X instrument (PANalytical, the Netherlands). The
analysis was performed on loose powdered sediments
(Pulverisette planetary micromill, Fritsch, Germany) in
PANalytical measuring cells with Mylar foil bottoms. The
analytical signals were calibrated using certified reference
materials as described previously (Matys Grygar et al.
2019a).
Cation exchange capacity (CEC) was determined
using a [Cu(trien)] 2+ complex as described previously
(Meier & Kahr 1999, Grygar et al. 2009). The results were
expressed as the decrease of [Cu(trien)]2+ in solution after
ion exchange, ΔCu in mmol as [Cu(trien)]2+/g sample; the
conventional CEC in meq/100 g would thus be equivalent
to 200x the ΔCu given in this work. The CEC step (Figs
3, 4) was proposed as the boundary between the Holešice
and Libkovice members (Matys Grygar & Mach 2013).

Diffraction analyses
Clay mineral analysis was performed with conventional
oriented preparations with size fractions of <2 μm, pre
pared by sedimentation in distilled water and pipetting
the suspension onto Si slides. X-ray diffraction (XRD)
patterns were acquired using a Bruker D8 Advance
diffractometer (CuKα, primary and secondary Soller slits
2.5°, detector Lynxeye XE) with automatic divergence
slit (ADS; 10 mm). The XRD patterns were recorded in
the range of 2.8–50 ° 2θ, with angular steps of 0.019 ° 2θ
and time per step of 0.8 s, in air-dry (ad) state and after
ethylene glycol solvation (at 60 °C for 8 h). The XRD
patterns of the glycolated preparations were modelled
with the Sybilla software (Chevron ETC proprietary).
The Sybilla software provides full-profile fitting of
experimental XRD patterns of 00l reflections following

Table 1. List of cores, their coordinates, their total depths, and thickness of the lacustrine sediments above the Main Coal Seam addressed in this paper.
Coordinates
WGS-84

Depth
(m)

Thickness
(m)

W of Litvínov

50° 32´ 50.525˝ N, 13° 30´ 45.322˝ E

102

95

DO565

S of Chomutov

50° 25´ 36.838˝ N, 13° 24´ 14.268˝ E

160

104

DU7

in Dubí

50° 39´ 57.367˝ N, 13° 47´ 39.446˝ E

121

99

HK930

SE of Osek

50° 36´ 43.338˝ N, 13° 42´ 26.741˝ E

224

192

JU2183

W of Bílina

50° 33´ 55.609˝ N, 13° 42´ 12.921˝ E

128

74

LB432

S of Lom

50° 33´ 35.766˝ N, 13° 40’ 35.595˝ E

292

124

LK15

SE of Litvínov

50° 35´ 17.988˝ N, 13° 37´ 47.202˝ E

351

325

MR93

S of Lom

50° 33´ 45.449˝ N, 13° 39´ 56.541˝ E

366

271

OS17

SW of Osek

50° 36´ 29.138˝ N, 13° 40´ 49.935˝ E

140

133

Drill core

Area

AL505

ZL70

S of Litvínov

50° 33´ 56.224˝ N, 13° 35´ 30.115˝ E

203

169

ZU5A

E of Teplice

50° 39´ 46.804˝ N, 13° 54´ 46.527˝ E

132

114
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Table 2. Clay mineral assemblage in the Most Basin sediments.
Member

Clay mineral assemblage

Diffraction pattern

Occurrence in drill cores

Osek Mb.

R0, R1-rich

As Fig. 5A

OS17

Lom Mb.

R0, R1-rich

As Fig. 5A

OS17, LK15

Libkovice Mb.

R0, R1-rich

Fig. 5A

All drill cores

R1, K-rich

Fig. 5B

All cores below the Holešice/Libkovice boundary;
AL505, DU7, HK930, LK15 in the entire Holešice Mb.

R0, K-rich

As in Fig. 5A

DO565 and ZU5A above the Main Coal Seam

Mix of R0, R1-rich and
R1, K-rich

In-between Fig. 5A and 5B

LK15 and ZL70

Holešice Mb.

a trial-and-error procedure; the fundamental algorithm
was developed by Drits & Sakharov (1976) and Drits &
Tchoubar (1990).
The XRD patterns were used to analyse the clay mineral assemblages (Fig. 5). The sediments contain several
populations of interstratified minerals, illite, and kaolinite
(Tab. 2). The XRD patterns were fitted by two R1 (ordered
stacking of layers, where R is the so-called Reichweite
parameter) mixed-layer illite-smectite (-HI interlayer)
phases, and two R0 (random stacking of layers) mixedlayer illite-smectite and kaolinite-smectite phases, with
different distributions of coherent scattering domain sizes
characterised by the mean value of layers (N) according
to Drits et al. (1997) and different ratios of expandable
(smectite – S2g and S1g) and non-expandable (illite,
incomplete hydroxy interlayer) layers. Kaolinite was also
fitted by two populations of crystallites with different
coherent scattering domain sizes (N), inherited kaolinite
N25-30, and the end-product of weathered phyllosilicates,
kaolinite ca. N6 or mixed-layer kaolinite-illite (85-95:15-5)
R1, N15-20 (Viennet et al. 2015).

A

Magnetic polarity analyses
Magnetic polarity analyses were performed by incre
mental alternating field demagnetisation as described
previously by Matys Grygar et al. (2014, 2017a, b). The
demagnetisation included 10 to 15 demagnetisation steps
using a 2G Enterprises 755R Cryogenic Magnetometer
coupled with the 2G600 Automatic Sample Degaussing
System (2G Enterprises, USA). The maximum demagnet
isation step varied between 50 and 100 mT, according to
the demagnetisation curves. Primary components were
evaluated by principal component analysis using the
Remasoft 3.0 software. The magnetic declination was
not evaluated because the drill cores were not oriented.
The samples from the Bílina Delta containing fine sand
admixtures (MR93) were omitted. Individual samples with
either magnetic inclination that was too low or opposite

B

Figure 5. Typical diffraction patterns in Libkovice Member (A) and
low-CEC Holešice Member (B) and their fitting by diffraction of
individual clay minerals using the Sybilla software.
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orientation relative to their neighbours were disregarded
from further evaluation, except for the samples from the
magnetic reversals. The same assignment of retrieved
magnetozones to polarity chrons was used as earlier
(Matys Grygar et al. 2019a).

Compositional data processing
In this work, the use of geochemically normalised K and
Mg concentrations as chemical weathering proxies was
corroborated, as these can provide a robust record of the
environmental changes in the sediment source area
when they are corrected for lithological controls (Matys
Grygar et al. 2019b). Normalised K concentrations are
well-established weathering proxies (Garzanti et al. 2013,
Matys Grygar et al. 2019b and references therein), while
Mg concentrations have been used only sparsely (Dinis
et al. 2017). Correction of K and Mg concentrations for
sediment lithology is desirable in order to remove possible
risk that the autocycles in fluvial and lacustrine systems,
in particular distributary paths on the lake bottom and
the lake hydrology itself, could contaminate the orbital
signals in sediment composition via grain-size effects. The
lithologically corrected weathering proxies potentially
provide the most robust signals of the geochemistry of
sediment sources in the lake catchment.
Because the sediment compositional data are closed,
i.e. concentrations of all elements reflect contents of all
constituents, including those which were not analysed
(Pawlowsky-Glahn et al. 2015), processing appropriate
log-ratios of element concentrations instead of working
with raw concentrations must be preferred to avoid
spurious correlations due to dilution effects (Van der
Weijden 2002, Matys Grygar & Popelka 2016). For
alkali metal and alkali earth metal cations, geochemical
normalisation by Al was justified in sediment analysis due
to the similar grain-size distributions of both elements in
mature sediments (Garzanti et al. 2013, Matys Grygar
et al. 2019b). In the sediments of the Most Formation,
element ratios like K/Al (or K/Ti in preceding works)
represent K concentrations roughly corrected for the
dilution by quartz, mostly in the silt size fraction, and
siderite, the major autochthonous component present in
the Most Basin clastics, in variable percentages.
The lithological effect on the weathering proxies
was corrected by using the regression models applied
to the (log-)ratio as a dependent variable. Because the
geochemical datasets can be affected by the presence of
some atypical values, conventionally called outliers, the
regression coefficients were estimated robustly using the
MM-algorithm of the RR (Yohai 1987, Koller & Stahel
2011) instead of ordinary least-squares (LS) regression.
At the side of regressors, the grain size was represented
68

by the Zr/Rb (log)ratio and mineralogical effects were
expressed by the isometric log-ratio (ilr)-transformed
(Pawlowsky-Glahn et al. 2015) subset of elements Si, Fe,
and Ca. The performance of Zr/Rb as a grain size proxy
has already been documented in loess sequences (Chen
et al. 2006) and verified in the Most Basin sediments by
indirect proportionality with Al/Si (Matys Grygar et al.
2019b). For further analysis of the orbital signal, residuals
of the estimated robust regression models were used. The
computations were done in the R software environment
(R Core Team 2019). For the RR, the function lmrob
from the package robustbase (Maechler et al. 2019) was
employed.

Local chemostratigraphy
The local chemostratigraphic correlation scheme was
taken from previous papers (Matys Grygar & Mach 2013;
Matys Grygar et al. 2014, 2017a, b, 2019a). Numbering
of the K# minima and crandallite beds C# was taken from
Matys Grygar & Mach (2013) and Matys Grygar et al.
(2017a); numbering is consecutive upward from the
bottom of the clastic sediments above the Main Coal Seam
(Figs 3, 4). The nature of the K# minima was described
in Matys Grygar et al. (2019b) and is attributed partly
to chemical weathering maxima and partly to grain-size
effects. Beds C1 to C3 are discernible in well-acquired
drill cores as light-coloured layers of a few cm thick with
crandallite, (Ca,Sr)Al3(PO4)2(OH)5·H2O. The C# beds
occur in known positions within the K chemostratigraphic
curve, e.g. C2 is in the basal part of K5. Coarser particles,
such as micas, silt-sized quartz, or mud microclasts, and
Zr/Rb maxima are associated with the C# beds, which
might indicate enhanced transport of coarser material to
the lake centre.

Cyclostratigraphy
Spectral analyses were performed as described previously
(Matys Grygar et al. 2017b). When necessary, the datasets
were de-trended to ensure that the mean and the variance
of the analysed signal were stationary. The spectral
analyses were then performed using the multi-taper
method (MTM) with three 2π-tapers (Thomson 1982,
1990). The confidence levels were calculated using the
Mann & Lees (1996) method, which was subsequently
modified in Meyers (2014). Evolutive spectral analyses
were performed using Fast Fourier Transforms (FFTs)
on short intervals of the series, previously weighed by
a Slepian sequence and stacked together to form a 3-D
spectrum, namely a spectrogram (see Martinez et al. 2015).
Two evolutive FFTs were carried out on windows of 100 m
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width to precisely document the smallest frequencies, and
on windows of 40 m width to ensure the precise monitoring
of the evolution of the highest frequencies through the
interval analysed. Taner filters were then used to isolate
frequency bands of interest in the spectra (Taner 2003).

Results
Mineral composition
Powder diffraction of whole-rock specimens identified
quartz, kaolinite, mica-illite mixed layers, and kaolinite
as major components, and K-feldspar, mica-illite, and
anatase as minor components. Quartz was mostly present
as the silt grain size fraction. Siderite was present in
variable percentages; 2–5 % in average sediments and
10–35% in siderite laminae. In the Lom Member, minor
amounts of pyrite were present. Pyrite particles could be
in some cases observed by the naked eye.
The ratio between clay minerals was variable (Fig. 5),
depending on the position of sediments in the basin and
on the local stratigraphy (Fig. 6). The most prominent
change in clay mineralogy was the switch from the R1,

K-rich Holešice Member sediments to the R0, R1-rich
Libkovice Member sediments (Tab. 2). This switch can
also be visualised by the CEC step from ca. 0.05 mmol
Cu2+/g to ca. 0.1 mmol Cu2+/g or more in the Bílina Mine
area (Fig. 4). This shift occurred nearly simultaneously
with a magnetic polarity reversal and also with a K2
minimum (Fig. 7). The CEC step was traceable in all drill
cores having coarser silty to fine sandy strata above the
Main Coal Seam. The CEC step was less clear in several
cores having only very fine sediments (with high Al/Si
ratios) and no sand admixtures just above the Coal Seam,
such as in DU7, LK15, and ZL70. In LK15, the CEC
step was rather weak, in ZL70 it was obscured by prestep local maxima, and in DU7 it was overlain by a poststep local minimum (Fig. 7). The association with the
C5Dr/C5Dn magnetic polarity reversal documents that
the major CEC step was isochronous, even in the case
of local variability (DU7, LK15, and ZL70). The minor
local variability (DU7, LK15, and ZL70) shows that the
R0 structures were present in the basin already before the
C5Dr/C5Dn reversal, but that they were either decayed
or not deposited in the Bílina Delta and the proto-lake.
The ultimate CEC step could be attributed to basin-wide
slowing down of the lake flow-through regime.

Magnetic polarity record and initial depth-age
model

Figure 6. Relationships between clay mineral concentrations obtained
by XRD analysis in the strata above the coal seam.

Magnetic polarity analysis was performed on all new
drill cores except LK15. The stack of overlapping cores
covering all magnetic polarity zones, found above the
Main Coal Seam, is shown in Fig. 8. The C5Dr.2r/C5Dr.1n
reversal was found in the LB432 and JU2183 cores from
the Bílina Mine area, i.e. from the Bílina Delta (the former
is shown in Fig. 8). This confirms the previous conclusion
that the Bílina Mine area was the site of the first protolake with clastic sediments formed inside the basin-wide
swamp (Havelcová et al. 2013, Mach et al. 2014).
A subsequent reversal, C5Dr.1n/C5Dr.1r, was iden
tified in new cores AL505, LB432, and MR93 and in
previous work in DO565 and HK591 (Matys Grygar et al.
2019a). This reversal was not present in cores from the
northern part of the basin (DU7, HK930, and ZL70). The
upper interval of C5Dr.1n was also found in the hanging
walls of the Bílina and Libouš mines above the Main Coal
Seam (Matys Grygar et al. 2019a).
The C5Dr/C5Dn reversal was identified in all cores
subjected to magnetic polarity analysis (Fig. 7). This
reversal was associated with the CEC-step horizon at the
Holešice/Libkovice boundary (Fig. 8).
Sediment strata with C5Dn/C5Cr and C5Cr/C5Cn.3n
reversals were preserved only in two of the newly analysed
cores, HK930 and MR93, as these cores were obtained
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from near the centre of the basin, the area with the most
extensively preserved strata of the Most Formation (Fig. 1).
Other new cores were taken from areas wherein the
younger strata had been eroded or are now too close to
the land surface. The original magnetic polarity was not
preserved down to a depth of 20–30 m, where the sediment
usually shows signs of chemical weathering, such as
a colour change from greyish to brownish shades. The
entire polarity record available in the Miocene strata shown
in Fig. 8 was completed with the previously reported OS17
core for the youngest sediments and with HK772 for the
overlap between MR93 and OS17 (datasets for OS17 and
HK772 cores were taken from Matys Grygar et al. 2019a).
The magnetic polarity analysis (e.g. Fig. 4A) produced
the first estimates of the age models in the studied
cores (Fig. 4B), as in Matys Grygar et al. (2019a). The
uncertainties of the polarity time scales for the studied
time intervals, as noted and discussed by Kochhann et al.
(2016), Matys Grygar et al. (2017a), and Kasbohm
& Schoene (2018), are larger than what is required to
understand the MCO timing and course. Thus, the initial
polarity-based depth-age model for the Most Basin was
refined by orbital matching, as shown in Fig. 4C, D and as
described below in more detail.

Lithological correction of chemical weathering
proxies
Robust regression (RR) of the K/Al and Mg/Al ratios was
performed using a grain size proxy (Zr/Rb ratio) and
compositional variables (ilr function of Si, Fe, Mg, and
Ca for K/Al and Si, Fe, and Ca for Mg/Al) as explanatory
(independent) variables (Tab. 3). The RR performance is
demonstrated in Fig. 9A–D, where weight ratios of Mg/Al
and its robust regression residuals (RRes) are plotted
against concentrations of carbonate-forming elements Ca
and Fe, showing that the RRes are not dependent on the
carbonate content. Siderite is the major diagenetic mineral
component in the Most Basin sediments. It is present in
highly variable percentages and contains certain amounts
of Mg and Ca.
Lithological corrections only slightly changed the
depth profile of the raw K/Al weight ratio used for local
stratigraphy (Fig. 9E). For Mg/Al, RRes corrections to the
depth profiles considerably suppressed the influence of
the siderite- or calcium-carbonate-associated single-point
maxima (red asterisks in Fig. 9E), which were particularly
frequent in the Holešice Member in MR93, as carbonates
occurred in strata with thicknesses of a few cm to a few dm.

Figure 7. Lateral correlation of the CEC step and magnetic polarity
reversal C5Dr/C5Dn in the Holešice/Libkovice boundary.
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Figure 8. Correlation scheme for the Most Basin with the most important new cores (LB432, LK15 and MR93) and previously analysed cores (OS17
and HK772) taken from Matys Grygar et al. (2019a).

Spectral analysis and orbitally matched
depth-age model
MTM spectra of LK15 and MR93 drill cores are shown
in Fig. 10. The assignments of the wavelengths to orbital
cycles is consistent both with the sedimentation rate
from the magnetic polarity-based depth-age model for
MR93 and with previously published spectral analyses.
Spectrograms applied to the K/Al ratio in the MR93 core
(Fig. 11) show different powers of individual orbital cycles
in distinct stratigraphic depths. All cores from the Most
Basin showed a dominance of short eccentricity, usually
with precession modulation in eccentricity maxima, in the
K/Al (or K/Ti) depth profiles in the chemostratigraphic
interval from K1 to K5 (Fig. 4). This is replaced by

a dominance of obliquity between K5 and P1 around
the low-eccentricity cycle centred near 17.0 Ma. Finally, the
precession signal dominates in the P1 interval (Fig. 4).
In the Mg/Al RRes, eccentricity is weaker (Fig. 10A) or
absent (Fig. 10B), but similarly as for K/Al, obliquity
and precession signals were found. The important result
to highlight is that both the raw and the lithologically
corrected K/Al and Mg/Al ratios, i.e. their RRes, allowed
identification of very similar or equal frequencies in their
spectra.
All these features were used in the manual orbital tuning
of the initial magnetic polarity-based depth-age models for
individual cores; an example is shown in Fig. 4 for MR93.
The stack of K/Al depth profiles of drill cores dated in
this manner is shown in Fig. 12. The model for LK15

Table 3. Variables for robust regression of element ratios; g() represents the geometrical mean for variables in parentheses.
Response (dependent) variable

Explanatory (independent) variable

log (K/Al)

log(Zr/Rb), log(Si/g(Fe,Ca,Mg)), log(Fe/g(Ca,Mg)), log(Ca/Mg)

log (Mg/Al)

log(Zr/Rb), log(Si/g(Fe,Ca)), log(Fe/Ca)
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B

C

D

E
Figure 9. Lithological correction of Mg/Al ratio by robust regression of log-ratios demonstrated for MR93 core. Mg/Al vs. Ca (A) and Fe (C) and
Mg/Al RRes vs. Ca (B) and Fe (D). Correlation by ordinary (LS) regression is in grey, RR is in red. Lithological correction removes correlation of
Mg/Al with concentrations of the carbonate-forming elements. Stack with raw K/Al and Mg/Al and their robust residuals RR (E). Red asterisks show
carbonate beds in raw Mg/Al, effects of which are suppressed in RRes.
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A

B
Figure 10. MTM spectra of chemical weathering proxies in MR93 (A) and LK15 (B) cores. The numbers in spectral peaks are wavelengths of cycles
in metres.
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Figure 11. Evolutive spectra of K/Al in MR93 drill core.

was derived chemostratigraphically from MR93, and by
orbital matching analogously to the derivation in other
cores with the magnetic polarity-based initial age model.
The very low-eccentricity cycles centred at 17.392 Ma
(between K2 and K3) and 17.092 Ma (between K5 and
P1) were mostly not recognised in weathering proxies.
K1 to K4 were matched to eccentricity maxima (Fig. 4)
according to the astronomical solution La04 (Laskar et al.
2004) as described by Matys Grygar et al. (2019a). The
P1 interval (Fig. 4) was recognised as a series of 11–12
precession cycles (wavelength 3–5 m) discernible in the
K/Al depth profiles and attributed to the 3 succeeding higheccentricity cycles in the period of 16.95–16.69 Ma in the
astronomical solution (Fig. 4). The sedimentation rates
in the Libkovice Member sediments were comparable to
previous findings in other cores, and ranged from 15 to
25 cm/kyr, or exceptionally between 10–15 cm/kyr in
some parts of MR93 and between 25–30 cm/kyr in the
lower part of LK15.
The precision of the age model may be evaluated
from the misfits in K minima in individual cores shown
in Fig. 12. Here, the yellow lines indicate rough positions
of the local minima (controlled by orbital precession
at wavelengths of 3–5 m; Fig. 10) and documents con
sequences of non-linear response of weathering proxies
to orbital forcing, which complicates the selection of the
eccentricity-controlled minimum. The second source
of the misfit may be the polynomial fit in the depth-age
model together with variable deposition rates in the cores.
Nonetheless, the precision within a single precession
cycle is extraordinarily high for the Miocene sedimentary
records.
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Discussion
Performance of weathering indices and their
spectral analyses
All previously used weathering proxies showed grainsize control. Finer sediment particles, usually secondary
minerals formed in the weathering crust, are inevitably
more chemically mature than coarser particles, which may
include primary minerals or even physically weathered
rock grains (Garzanti et al. 2013, Tanaka & Watanabe
2015). To treat this issue, we introduced RR corrections
of the chemical compositions of sediments for the grainsize variability and variable content of autochthonous
components. This correction did not weaken orbital sig
natures found in the raw K/Al and Mg/Al ratios (Fig. 10)
that support their assignment to climatic signals. The
weathering proxies also produced laterally continuous
records in the basin fill (Fig. 12 shows this for K/Al),
which further support their attribution to the external
control.
Noteworthy is a variable power of individual orbital
frequencies in K/Al and Mg/Al depth profiles (Fig. 10),
which show that they are not just ‘copies’ of the same
mineralogical pattern. Each of these elements has specific
relations to the mineralogical transformations that occur
in weathering: K is liberated from feldspars and micas
and later by ion-exchange and transformations of clay
minerals; Mg is liberated from micas, chlorites, and car
bonates after their dissolution. Interestingly, the K/Al
ratio bears a dominant signal of eccentricity, which is
in fact missing in that of Mg/Al; the cycle found in the
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Figure 12. Stack of K/Al depth
profiles in individual drill cores.
The age models were obtained
by magnetic polarity age model
refined by orbital matching shown
in Fig. 3, the model for LK15 was
obtained by lateral correlation
with MR93 and orbital matching.
Light blue polygons mark K1 to
K5 minima, yellow vertical lines
in K3 shows precession-controlled
modulation of the K minima, light
red polygon marks precessioncontrolled period P1 (Fig. 3).

latter at ca. 36 m is too long to be assigned to the short
eccentricity.
The detailed spectral analyses of weathering proxies
in the Most Basin, the results of which cannot be shown
in the limited space of this paper, revealed two challenges
for cyclostratigraphy in the studied sediments. First,
variable initial deposition rate in the Most Basin caused
by spatially variable compaction of peat underlying the
lacustrine clastic deposits, as discussed above, hindered
the use of evolutive spectra for the LK15 core (not shown).
Surprisingly, the output of this method was not improved
after replacing the analysis in depth scale with that in
temporal scale using an orbitally matched depth-age
model for LK15. We assigned this failure to the variable

amplitude of precession and eccentricity signals in
individual cores, which can be inferred from the sitespecific expression of individual K minima K1 to K5
in Fig. 12. For example, K1 is relatively weak in MR93
and DO565, while K4 is poorly discernible in DU7 and
LK15, and similar variability in amplitude can be shown
in precession modulation of the K minima. This nonlinearity can be attributed to the complexity of climate
recording mechanisms inherent to continental basins, and
conclude that lateral stability of orbital signals must be
checked as part of their study, using spectral analyses of
more cores before making definitive evaluations of orbital
imprints. Indeed, the MR93 core produced one of the most
robust results obtained to date in the Most Basin.
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Most Basin evolution
The Bílina Delta was formed during the end of C5Dr.2r
and developed mainly during the C5Dr.1n subchron
(cores LB432 and JU2183). The lake body was originally
surrounded by the peat swamp and slowly expanded by
flooding the swamp edges and burying the bases of tree
stumps (Mach et al. 2013, Havelcová et al. 2013). The
sedimentation rate in the prodelta of the Bílina proto-lake
in the LB432 core would be ca. 220 cm/kyr and 400 cm/kyr
according to the duration of CDr.1n in polarity timescale
ATNTS2012 (Hilgen et al. 2012) and the timescale
reported by Kochhann et al. (2016), respectively. The
huge accumulation of Bílina Delta deposits during CDr.1n
was confirmed in MR93 (Fig. 8). We attributed such fast
deposition to the limited spatial extent of the Bílina Delta
relative to the area of the entire basin floor. Later, the
sediments brought to the basin by the Bílina river were
spread over an area more than an order of magnitude
larger, and the mean vertical deposition rate decreased
correspondingly. The accommodation space for the thick
deposits of the Bílina Delta was probably formed via
the compaction of the underlying peat strata. During the
subchron C5Dr.1n, which lasted 20–40 kyr (Hilgen et al.
2012, Kochhann et al. 2016), clastic deposits were also
collected by several isolated lakes located in the opposite
side of the graben, in the Most Area (AL505) and in the
Libouš Mine area (DO565). Because this subchron was
not found in ZL70 and HK930 drill cores, nor further to
the north (DU7), it is inferred that the northern part of the
basin was flooded later than its centre. The basin-wide
lake was thus formed early in the C5Dr.1r chron.
Substantial changes occurred in the Holešice/Lib
kov ice boundary near the C5Dr/C5Dn reversal at ca.
17.47 Ma (Kochhann et al. 2016, Matys Grygar et al.
2019a) and the K2 minimum assigned to the eccentricity
maximum at ca. 17.46 Ma (Laskar et al. 2004). The major
change in the Most Basin sediments was the change in the
clay mineral assemblage, in particular an increase in
the fraction of I/S R0 or its first appearance in sediments
(Tab. 2), which can also be visualised as the CEC step,
with ΔCu growing from ca. 0.05 in the Holešice Member
to more than 0.1 mmol Cu2+/g in the Libkovice Member
(Matys Grygar et al. 2014, 2017a). The more representative
coverage of the basin floor provided by drill cores now
permitted identification of certain site specificity of this
transition; the CEC was nearly 0.1 mmol Cu/g and I/S R0
minerals were present already in the Holešice Member in
cores LK15 and ZL70 (Fig. 7), where the ΔCu step was
from ca. 0.11 to ca. 0.13 mmol Cu2+/g and 0.09 to 0.14
mmol Cu2+/g, respectively. We previously proposed three
possible explanations for the clay mineralogical change
behind the CEC step in the Holešice/Libkovice boundary:
a change in the hydrological regime in the Most Basin with
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smectite rich (finest) clay minerals deposited only under
calm flow regimes of the Libkovice lake; a basin-wide
change in lake water chemistry; or a basin-wide change
in the catchment geochemistry/clay mineralogy. The
site-specific features of the CEC step are consistent only
with the first explanation. The hydrological regime could
have changed due to either climate or tectonics; however,
it is important to note the coincidence of the polarity
reversals and the eccentricity-triggered K minimum. The
association of possible tectonic triggers with chemical
weathering minima may revoke the association between
volcanic activity and orbital cycles mainly that of short
eccentricity reported recently for the Pleistocene records
(Schindlbeck et al. 2018, Kutterolf et al. 2019). However,
even if the coincidence of the polarity reversal and the
CEC step could have resulted from a short-term hiatus, it
would probably indicate tectonic activity in an otherwise
continuous sedimentary record, i.e. an abrupt change in
the basin development. However, the sediment profiles
did not show conventional signs of hiatuses, such as
poorly correlated strata with erosional surfaces.
The sediments of the Libkovice Member were deposited for ca. 1.0 Myr during C5Dn, C5Cr, and C5Cn.3n
chrons, when the depositional environment was stable,
as can be inferred from their uniform appearance and
lithology. The sediment geochemistry shows laterally
correlated (Fig. 12), orbitally controlled variability (Figs
4, 10, 11). An abrupt change in the sediment geochemistry
patterns occurred near 17.0 Ma; the weathering indices
showed step-like decreases and the frequencies of their
cycles increased due to the change from domination by
eccentricity to domination by precession and obliquity
(Fig. 11), which were previously attributed (Matys Grygar
et al. 2017b, 2019a) to global change at the onset of the
MCO according to work by Holbourn et al. (2015) and
Kochhann et al. (2016). These changes are discussed in
more details below.
The ‘high-frequency’ geochemical variability (expression of orbital precession, in particular in the P1 interval)
in the C5Dn and C5Cr chrons disappeared near the
C5Cr/C5Cn boundary, above which orbital forcing
became unclear (Figs 4, 11). The composition of younger
sediments then shows several abrupt, laterally correlated
changes: step-like coarsening followed by the onset of
the Lom Member with coaly, illite-rich clays and thin
coal beds deposited between 16.52 and 16.37 Ma (LK15
core). The lake did not desiccate in this period; the Lom
Member coal beds are saprolitic, with a considerable
proportion of organic matter of aquatic origin (Havelcová
et al. 2015). Interestingly, the clay mineralogy in the Lom
Member sediments is not much different with respect to
that of the Libkovice and Osek members (Fig. 6). In the
Lom Member sediments, geomagnetic polarity was not
measurable, probably due to destruction of the original
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Figure 13. The Most Basin record of the weathering intensity compared with marine isotopic records and major volcanic eruptions (asterisks in
panel B).

magnetic carriers by abundant organic matter. The
C5Cn.2r/C5Cn.2n reversal was thus not recovered, and
most of C5Cn.2n was missing from the Most Basin record
(Fig. 8; see also Matys Grygar et al. 2019a).
The abrupt changes in the Most Basin sediment
geochemistry could be attributed to tectonic or climatic
changes. The Most Basin was over-filled sensu Carroll &
Bohacs (1999) and we thus assume that climate controlled
the influx of clastic sediments and residence time of water
in the lake rather than the overall water level. The lake
level would then mirror tectonic development of the
basin. No way is known to distinguish unequivocally
between climatic and tectonic controls over the catchment
weathering, erosion balance, and fluvial networks, which
could subsequently impact lake sediment geochemistry.
We do, however, assume that tectonics would prefer
entially change the sediment lithology, and we thus
introduced the lithological corrections to the weathering
indices. We will hereafter focus on the patterns of orbital
controls in the sediment geochemistry and compare their
abrupt changes with global climate records in an aim to
separate the Most Basin climatic record.

Comparison of Most Basin and marine records
Comparison of the Most Basin findings with marine
records is hindered by the lower temporal resolution of the

latter (Fig. 13), misfits of the existing magnetic polarity
time scales (discussed in Kochhann et al. 2016, Matys
Grygar et al. 2019a, and Kasbohm & Schoene 2018),
several dating and tuning strategies utilised in marine
records (Beddow et al. 2018), and possible hiatuses in
marine sediments around 17 Ma (Wu et al. 2014, Miller
et al. 2017) or before the MCO onset. In spite of these
hindrances, we have already found associations of the
Most Basin record with global events, in particular the
temporal co-incidence of the Bílina Delta expansion to
the basin-wide lake with the AIS reduction and the change
in the orbital patterns in the stable lacustrine deposits
near 17.0 Ma with the onset of the MCO (Matys Grygar
et al. 2017b). These and other phenomena are discussed
hereafter in more detail due to progress in the study
of both the Most Basin (this work) and global records
(Miller et al. 2017) and events (Kasbohm & Schoene
2018).
Figure 13 shows the K/Al RRes plot for the LK15
core and the two most-detailed marine δ18O and δ 13C
records available for the same period of time (Kochhann
et al. 2016, Miller et al. 2017). All records show temporal
coincidence of abrupt changes in mean weathering
intensity and their orbital signatures and step-like changes
in marine δ18O records with two steps centred at ca. 17.1
and 16.9 Ma. Nearly coeval with these shifts were two of
four erputions of silicic volcanism in the Pannonian Basin,
the largest events of that kind in the European scale in the
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middle Miocene, dated to 17.06 and 16.82 Ma by Lukács
et al. (2018). The steps in marine δ18O were in the focus of
Kochhann et al. (2016) and Miller et al. (2017) as possible
formal starting points of the MCO. These two δ18O shifts
were also accompanied by enhanced carbonate dissolution
due to carbon cycle disturbance (Wu et al. 2014,
Kochhann et al. 2016, Miller et al. 2017); around 16.9
Ma, the marine δ13C curves show abrupt shifts (Fig. 13).
As described above, we found substantial changes in the
sediment geochemistry and its orbital signatures in the
Most Basin between ca. 17.1 and 16.9 Ma; specifically,
an abrupt increase in the intensity of chemical weathering
in both the raw and lithologically corrected weathering
indices, and a switch of orbital sensitivity of the Most
Basin geochemistry from eccentricity control (interval
from K1 to K5) to obliquity (above K5) and precession
(in P1 interval) controls (Figs 4, 9E, 12, 13). The timing
of these steps is nearly coeval with the estimates of the
onset of the MCO by Kochhann et al. (2016) and Miller
et al. (2017) (Fig. 13), and we thus interrelated these
events.
It is noteworthy that K5, the most prominent chemical
weathering minimum in the entire Most Basin with the
major crandallite bed C2 (Fig. 4), actually lies between the
shifts in marine δ18O. We assigned these abrupt shifts and
markers to a series of global environmental disruptions,
triggers of which have not yet been identified. The general
similarity between the δ18O records and the Most Basin
weathering proxies shown in Fig. 13 is in contradiction
with the conclusion by Miller et al. (2017) that there
are hiatuses in the records of Holbourn et al. (2015) and
Kochhann et al. (2016). It is, however, possible that the
abrupt shifts occurred in geographically specific ways and
at various parts of the Atlantic and Pacific oceans.
A further abrupt shift in the weathering proxies of the
Most Basin can be identified between 16.65 and 16.6 Ma.
Holbourn et al. (2015) and Kochhann et al. (2016)
denoted the δ13C shift at ca. 16.63 Ma as the onset of the
Monterey Carbon Isotope Excursion, i.e. some disruption
of the global carbon cycle. Practically coeval with this
shift was the start of the youngest (Steens) basalt flood
of the Columbia River Basalt Group (CRBG, Mahood &
Benson 2017, Kasbohm & Schoene 2018). The precise
dating of the CRBG floods has developed considerably
in the last decade (Barry et al. 2010, Mahood & Benson
2017, Kasbohm & Schoene 2018, and references therein),
but the coevality of these events is also confirmed by
magnetic polarity reversals; both the marine δ13C break
(Kochhann et al. 2016) and the onset of the Steens basal
flood occurred near the C5Cr/C5Cn.3n reversal boundary
(Barry et al. 2010, Kasbohm & Schoene 2018). Near this
reversal, the orbital signatures in the Most Basin weakened
(nearly disappeared), as if the climate sensitivity to orbital
forcing had decreased.
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Conclusions
Further progress has been made in the utilisation of the
unique sedimentary archive of the continental environ
ment in the Most Basin. The use of K/Al and Mg/Al
ratios as weathering proxies has been refined via their
corrections for sediment lithology and by confirming their
orbital signatures. The spatial correlation of the earliest
periods of the clastic deposition in the Most Basin after
the basin-wide palustrine state was extended. Several
coincidences have been found between major and abrupt
environmental changes in the Most Basin with magnetic
polarity reversals. The earliest known lacustrine sediments
in the former basin-wide peat swamp, the Bílina Delta and
a proto-lake, were formed by the end of the C5Dr.2r chron
and expanded during the C5Dr.1n subchron. The basin was
converted to a single lake in the early part of CDr.1r. The
hydrology of the basin-wide lake changed in the C5Dr/
C5Dn reversal. The change in the relative expression of
orbital cycles in the Most Basin was coeval with global
disruption of the Earth’s climate between 17.2 and 16.9 Ma
(δ18O events and the onset of the MCO) and around 16.6
Ma (δ13C event). The latter change was coincident with
new dating of the most recent large igneous provinces, the
CRBG, while the former change was nearly coeval with
massive acidic volcanism in the Pannonia Basin. We are
not aware of the global events which could be associated
with the former changes, but we are convinced that their
unequivocal timing is the first step in identifying them.
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