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Abstract

The extraction of palaeoenvironmental (palaeoclimatic) signals from the chemical composition of
siliciclastic sediments is valuable for the reconstruction of past environments, particularly in
continental basins. Here we test novel weathering proxies, which are less sensitive to lithological
control than the previously used raw element ratios K/Al, K/Ti, and K/Rb: (1) local enrichment factors
of K/Al, Mg/Al, and K/Rb, i.e., the element ratios corrected for grain size- and matrix composition
using local background functions (Al/Si, Fe, and Ca as explanatory variables) and ordinary regression
and (2) robust regression residuals of those element ratios based on isometric log-ratio coordinates
of the most relevant “lithogenic” elements (Ca, Fe, Rb, Si, Zr) in the chemical composition. Chemical
weathering proxies can be obtained from departures of chemical composition of sedimentary
profiles from relationships with other chemical elements, in particular those with grain-size control.

The resulting weathering proxies were examined for the Miocene deposits from the Most Basin, the
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Czech Republic, which recorded one of the major warm episodes of the Cenozoic time — the Miocene
Climatic Optimum. The performance of weathering proxies has been checked by (1) comparison of
individual proposed proxies in one drill core HK930, (2) detailed analysis of orbital signals in the
relevant compositional functions in HK930; and (3) lateral correlation of three cores HK930, DU7, and
DO565 of the same basin. The novel proxies show lateral stability and orbital signatures of short
eccentricity, obliquity, and precession, confirming their usefulness in palaesoenvironmental studies.
Corrections for grain-size and carbonate contents should help to isolate climatic content from the
weathering proxies, although in the studied sediments it weakened the precession component in the
orbital signal, as grain-size proxies and other compositional data also carried orbital signals. We
propose to consider these proxy ideas in palaeoclimatic reconstructions based on chemical

weathering proxies.

Keywords: geochemistry; weathering proxies; robust statistics; log-ratio methodology; stratigraphy;

cyclostratigraphy



1 Introduction

The chemical composition of sediments is among the most extensively used quantitative
characteristic studied for palaeoenvironmental reconstructions. The sediment composition results
from the interplay of geological provenance (parent rock composition — mineralogy, weathering
resistance, and grain size of weathering products), weathering intensity in the source area, grain size
control on particle transport, and geochemical and physical alterations of sediment particles before,
during, and after deposition (Garzanti et al., 2011, 2013; Bloemsma et al., 2012; von Eynatten et al.,
2016; Laceby et al., 2017; Deng et al., 2019). The isolation of individual driving factors from the
overall chemical sediment composition is a persistent challenge for data pre-treatment, statistical
processing, and interpretation. The interplay of named factors has long been discussed also for
chemical weathering proxies (Garzanti et al., 2013; Hu et al., 2013; von Eynatten et al., 2016; Profe et
al. 2016; Degeai et al. 2018). Isolation of the chemical weathering intensity is highly desirable in
palaeoenvironmental studies based on sedimentary series. When provenance is constant, the major
hindrance is the grain-size control of the weathering proxies (Guo et al., 2018; Sun et al., 2018b;
Deng et al., 2019; Matys Grygar et al., 2019b; Bosq et al., 2020).

The grain size is a key to all aspects of the geochemical composition of sediments, as it is known from
analysis of recent loose sediments (Bouchez et al., 2011; Lupker et al., 2011; von Eynatten et al.,
2016; Laceby et al., 2017; Li et al., 2020). Even in such sediments, the grain-size control of chemical
composition cannot be fully removed by sieving (Laceby et al., 2017), but it can be treated by
geochemical normalisation, i.e., evaluation of chemical variations from element concentration ratios
(Kersten and Smedes, 2002; Garzanti et al., 2013; Matys Grygar and Popelka, 2016; Matys Grygar et
al., 2019b). Geochemical normalisation has been empirically verified in many case studies. It can be
simplified for example by the quartz dilution effect, if the sediment was a mixture of fine particles of
clay minerals and coarser quartz particles. In real sediments, each mineral constituent has its own
element composition and particle size distribution, that can be most exactly inferred from elemental

and mineralogical composition of physically separated grain-size fractions (Garzanti et al., 2011; von
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Eynatten et al., 2016; Li et al., 2020). Such an exact approach would be too laborious or inaccessible
in reality, especially in cemented and consolidated sediments. The impossibility to apply an exact
approach leaves space for a “proxy approach” and empirical data processing, such as plotting
weathering proxies against grain-size proxies, such as Al/Si or Zr/Rb (Lupker et al., 2013; Guo et al.,
2018; Deng et al., 2019; Matys Grygar et al., 2019b; Bosq et al., 2020) and evaluation of the resulting
patterns. Real grain-size correction of weathering indices has not been proposed up to now, except
for K/Si ratio with grain-size effect compensated by linear regression with Al/Si (Lupker et al., 2013).
The weathering proxy such as a corrected K/Si ratio can be considered a departure (residual) of K/Si
in the sediment composition scatterplot, which closely resembles extraction of chemical
contamination signal as departure of grain-size control scatter plots in environmental geochemistry
(Matys Grygar and Popelka, 2016).

Empirical data processing requires empirical evaluation of their performance. The most
straightforward way is to examine their beneficial role in typical tasks of the sedimentary
geochemistry, such as improvement of lateral correlation of core logs, decreasing “noise”, i.e. inter-
sample scatter due to possible diagenetic alterations or other anomalies, and separation of useful
desired geochemical signal. Such tests by “real performance” are more persuading than formal
statistical criteria, which can only be derived from the adopted mathematical models, not from real
fidelity in approaching natural complexity. Any compositional data treatment should primarily
answer geoscientific questions.

Orbital signatures are particularly important signals and information in integrated stratigraphy and
palaeoclimate studies (e.g., Hilgen et al., 2012; Martinez et al., 2015; Kochhann et al., 2016; Beddow
et al.,, 2018; Meyers, 2019). Statistical tests based on power spectra are not always sufficient to
confirm the unequivocal presence of orbital signals, as demonstrated by the identification of “false
positives” (e.g., Vaughan et al., 2011). Other tests should also be applied, as there are many
hindrances that prevent sediments from recording orbital cycles unequivocally (Schwarzacher, 2000).

The environment in sedimentary basins is rarely uniform, particularly in continental settings with
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dynamic catchment topography and hydrological regime. Autogenic processes or autocycles, which
commonly shape fluvial, deltaic, and lacustrine systems by alternating lateral and vertical deposition
patterns and sediment reworking (Schwarzacher, 2000), influence sediment grain-size and thus their
chemical composition and contaminate the climatic signal in sediments sensu Meyers (2019). Lateral
correlation of sediment profiles is conventionally required to interpret sedimentary basin fills
without the interference of autogenic processes (e.g., Ulicny et al., 2009). Similarly, true orbital
(climatic) signals should be tested for lateral stability and independence of sediment lithology (Ait-
Itto et al., 2018; Matys Grygar, 2019; Weedon et al., 2019).

Compositional data processing should respect their mathematical (e.g., Tolosana-Delgado and von
Eynatten, 2010; Pawlowsky-Glahn et al., 2015) and physico-chemical specifications (Matys Grygar
and Popelka, 2016), which hinder the use of raw concentrations or plain concentration ratios in
interpreting chemical composition. Raw compositional datasets commonly do not show a Gaussian
(normal) distribution, but more importantly, their direct processing ignores the fact that the relevant
information in compositions is contained in log-ratios. The common real-space representation of
compositional data is calculated from the family of orthonormal isometric log-ratio (ilr) coordinates
(Tolosana-Delgado and von Eynatten, 2010; Pawlowsky-Glahn et al., 2015). The system of pivot
coordinates also belongs to that family (Filzmoser et al., 2018), and is used here. As in real
observations, abundant extreme values can naturally occur in compositional data. They are
sometimes considered as outliers and their influence should be suppressed in a way that it does not
impact the spectral analyses (e.g., Weedon, 2003). Robust regression (RR) should be preferred to the
ordinary least-squares method in geochemical analyses, which has yet to be recognised for the
environmental geochemistry of sediments (Matys Grygar and Popelka, 2016; Birch, 2017). Although
robust statistics have already been established in the context of compositional data (Tolosana-
Delgado and McKinley, 2016; Filzmoser et al., 2018), the implementation of robust approaches in

sedimentary geochemistry is still rare (Facevicova et al., 2016).



Sediment records in the Miocene Most Basin, the Czech Republic, formed just before and in the early
stages of the Miocene Climatic Optimum (MCO) (Rajchl et al., 2009; Matys Grygar et al., 2014, 2017a,
2017b, 2019a), and are used hereafter to make a progress in the use of chemical weathering proxies.
This study respects the known mathematical specificity of compositional data. Besides previously
tested K/Al and K/Ti ratios (Matys Grygar et al., 2019b), we hereafter refine K/Al, Mg/Al, and K/Rb
ratios. Enrichment factors, one of the conventional tools for processing compositional data in
environmental geochemistry (Jung et al., 2014; Matys Grygar and Popelka, 2016; Birch, 2017), and
robust regression residuals (RRes) (Maronna et al., 2006) are applied to achieve the desired
corrections. Several element ratios have already been used as chemical weathering proxies, e.g., Al/K
or K/Al (Garzanti et al., 2013; Hu et al., 2013), K/Si (Lupker et al., 2013), Rb/K or K/Rb (Buggle et al.,
2011; Hu et al., 2013; Profe et al. 2016; Bosq et al., 2020), K/Ti (Arnaud et al., 2012; Degeai et al.
2018), and Al/Mg (Dinis et al., 2017). Their grain-size control has not been fully compensated, except
for K/Si (Lupker et al., 2013). Compared to our preceding study on improvement in the use of K/Al
and K/Ti ratios as palaeoclimate proxies from mineralogical and geochemical points of view (Matys
Grygar et al., 2019b), this novel study extends the number of weathering proxies and employs a RR
with isometric log-ratio (ilr) coordinates of the selected element sub-compositions as explanatory
variables to fully respect the mathematical-statistical properties of geochemical datasets (Buccianti

et al., 2006; Bloemsma et al., 2012; Reimann et al., 2012; Flood et al., 2016).

2 Geological setting

The geological map of the Most Basin is shown in Fig. 1. The basin floor subsidence started in the
Oligocene by mafic volcanic effusions in the Ceské Sttedohofi and Doupov mountains (Rajchl et al.,
2009; Mach et al., 2014). The Most Basin sediments were formed by weathering products of mafic
volcanic rocks SW and NE of the basin floor, Cretaceous marls or limestones E of the basin, and
Palaeozoic sediments and crystalline rocks of Bohemian Massif S of the basin (Fig. 1). The source

rocks were subjected to weathering under a climate more humid and warmer than the present-day
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Mid European temperate climate (Kvacek and Teodoridis, 2007; Matys Grygar et al., 2019b). The
major rivers flowed to the basin from the S and SE. The basin was hydrologically open. In early
Miocene the entire basin floor was covered by peat swamp and alluvial plains, which lead to
accumulation of organic matter and subsequent formation of the Main Coal Seam still exploited. The
peat swamp then developed to the basin wide lake with clastic deposits, which are subject of this
study. The contribution of local mafic volcanic rocks to studied sediments was minor (Mach et al.,
2014; Matys Grygar et al., 2019b).

The stratigraphy of the Most Basin fill has been described by Rajchl et al. (2009), Mach et al. (2014),
and Matys Grygar et al. (2017a). The age of the studied sediments was delimited by biostratigraphy
(Kvacek and Teodoridis, 2007) and refined by cyclo- and magnetostratigraphy (Matys Grygar et al.,
2019a). The studied lacustrine sediments of the Most Basin are monotonous greyish to brownish
clay-silt mixtures (Matys Grygar et al., 2014, 2017). The X-ray diffraction analysis of these sediments
showed major clay minerals illite-smectite, kaolinite, quartz, siderite, and minor K-feldspars and
pyrite (Matys Grygar et al., 2017a). The sediments are so monotonous that only chemostratigraphy

can produce correlation framework for the basin (Matys Grygar et al., 2014, 2017a, 2019a).

3 Methods

3.1 Sampling and analyses

The studied drill cores (Table A.1) were obtained in the frame of the Czech state project VODAMIN,
led by Palivovy kombinat s.p. (Fuel Combinate) in Usti nad Labem (DU7, HK930) and by North
Bohemian Mines, j.s.c., Bilina (DO565). The lithological description and stratigraphic evaluation of the
cores have been provided by the North Bohemian Mines. Details of sampling and sample processing
(air drying, grinding with planetary mill) have been described previously (Matys Grygar et al., 20173,
2019a).

Chemical analyses were performed with an X-ray fluorescence (XRF) spectrometry large-area Si drift

detector using an Epsilon 3% instrument (PANalytical, the Netherlands) as described previously
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(Matys Grygar et al., 2017a, 2019a). Micro-milled samples were analysed as powder in nylon cells
with Mylar foil bottoms. The intensities of the analytical signal were optimised for selected elements
from Mg to Rb and calibrated using certified reference materials. The XRF results are mostly
presented as element ratios, which are more robust from the point of view of the XRF methodology
(Gritzner and Higgins, 2010; Flood et al., 2016).

The magnetic polarity was obtained conventionally with a 755 4K SRM (superconducting rock
magnetometer, William S. Goree, Inc., Sand City, CA) after stepwise alternating field
demagnetisation, as reported previously (Matys Grygar et al., 2017a, 2019a). Individual samples
(several samples per core) with polarity opposite than their neighbours were discarded from the
interpretation. Polarity reversals identified in studied cores are listed in Table A.2, and an inclination

depth profile for HK930 is depicted in Fig. A.1.

3.2 Data processing

Local enrichment factors (LEFs) were calculated by ordinary regression using MS Excel (Microsoft) or
Origin (OriginLab Co., Northampton, MA). The principle of LEFs is depicted in Fig. A.2. LEFs were
calculated for the K/Al, Mg/Al, and K/Rb element ratios using Al/Si, Zr/Rb, Ca, and/or Fe as
independent variables. Al, Si, Rb, and Zr, in particular their ratios Al/Si and Zr/Rb are broadly
applicable grain-size proxies (Chen et al., 2006; Bouchez et al., 2011; Lupker et al., 2011, 2013; Flood
et al.,, 2016; Matys Grygar and Popelka, 2016; Thole et al., 2019), although both Al/Si and Zr/Rb can
also be influenced by sediment mineralogy and provenance (Profe et al., 2016). The principle of LEF
in this study is the same as that of the enrichment factor EF of local EF (LEF) in environmental
geochemistry (Matys Grygar and Popelka, 2016; Birch, 2017): the target element ratio is divided by
the ratio calculated from a baseline function for the target sample using a suitable independent
(explanatory) variable.

In order to reveal the relationship between the eccentricity and the given element (log-)ratios, the

effect of mineralogy and grain size has been corrected prior to the analysis. This correction has been
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performed through the regression model with the analysed (log-)ratio as dependent variable. Since
the data in hand and consequently also the results of the analysis can be affected by the presence of
some atypical values (outliers), the robust approach, in particular so-called MM-estimates of the
regression parameters, was used (Yohai, 1987; Koller and Stahel, 2011). At the side of regressors
(explanatory variables), the grain size was represented by the Zr/Rb (log-)ratio and mineralogy by the
ilr transformed subset of elements, typically Al, Fe, Ca and Mg (Pawlowsky-Glahn et al., 2015). Mg
was excluded from that subset for Mg/Al at the dependent variable side. For further analysis of the
orbital signal, RRes were used. The computations were carried out in the R software environment (R
Core Team, 2019); for the RR the function Imrob from package robustbase (Maechler et al., 2019)
was employed.

Spectral analyses in the depth domain were performed as described previously (Matys Grygar et al.,
2017b). Where necessary, the datasets were detrended to make the mean and the variance of the
analysed signal stationary. The spectral analyses were then carried out using the multi-taper method
with three 2mn-tapers (Thomson, 1982, 1990). The confidence levels were calculated using the Mann
and Lees (1996) method modified in Meyers (2014). Taner filters were then used to isolate frequency
bands of interest in the spectra as specified in Prokopenko et al. (2006). Analysis in the time domain
using ‘testPrecession’ (Zeeden et al., 2015) was performed to validate the presence of precession
signals and their related eccentricity amplitudes in magnetic polarity timescales and eccentricity-

matched depth-age models as in Matys Grygar et al. (2019a).

3.3 Depth-age models

The chemostratigraphic scheme and age models for the Most Basin sediments (Matys Grygar et al.,
2014, 2017a, 2017b, 2019a) include lateral correlation of geochemical depth profiles, association of
diagnostic features in K/Al and K/Ti to orbital signals according to the astronomical solution (Laskar
et al., 2004), and magnetic polarity analysis and assighment of the magnetic polarity zones to polarity

chrons. Initial age models for the drill cores were obtained by magnetic polarity analysis (Matys
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Grygar et al., 2017a, 2017b, 2019a) with polarity time scales derived from ATNTS2012 (Hilgen et al.,
2012) and/or Kochhann et al. (2016), and then refined by matching K/Al or K/Ti minima to the
eccentricity maxima as described by Matys Grygar et al. (2019a). Ages of the polarity reversals
identified in the studied cores are listed in Table A.2. Fig. A.3 documents the development of the
depth-age model for core HK930: the K/Ti depth profile with prominent minima K1 to K5 (Fig. A.3A),
their misfit when ATNTS2012 polarity time scale was adopted (Fig. A.3B), and finally a match to the
temporally nearest eccentricity maxima (Fig. A.3C).

The ‘testPrecession’ algorithm (Zeeden et al., 2015) was used to show the probability of the null
hypothesis of precession forcing by combining the polarity time scales of ATNTS2012 (Hilgen et al.,
2012) and Kochhann et al. (2016) and eccentricity-matched depth/age models (Table A.3 for HK930
core). In the same way, as in Matys Grygar et al. (2019a), the combination of polarity time scales and
individual eccentricity matching age models provided the best results. In this paper, we employed
the same procedure for cores HK930, DU7, and DO565. The depth-age model for core HK930 showed
that 192 m of sediments above the Main Coal Seam were deposited within ~850 ky, which represents

a mean deposition rate of 23 cm ky™.

4 Results

4.1 Local enrichment factors (LEFs)

The K/Al ratio in the Most Basin sediments was found to be partly controlled by the sediment grain
size (Fig. A.2). The grain-size influence, as well as the influence of autochthonous carbonates, were
corrected by conversion of the raw K/Al ratio to its LEF defined as

LEF = (K/AI)/(K/Al)pase

where (K/Al)p.se Was calculated by linear regression of K/Al with Al/Si and in one case with Al/Si and
Fe concentration (actual variables for individual cores are listed in Table 1) as independent
(explanatory) variables. The principle of LEF calculation is shown in Fig. A.2 for a single explanatory

variable. The definition of LEF resembles that of o proposed by Garzanti et al. (2013)
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QAIK = (AI/K)/(Al/K)yce

where UCC is the mean upper continental crust. LEF differs from o™ by replacing the global reference
(UCC) by using a local background function for K/Al, which is not pre-defined but is found as
multilinear regression function individually for each drill core. Lithologically corrected and raw K/Al
has the largest correlation coefficients among pairs of raw and LEF element ratios (Table A.4),
showing that the K/Al ratio has the lowest grain-size influence.

The K/Si ratio was also tested as a proxy. Aluminium and silicon have actually opposite relationships
regarding sediment grain size, but both normalising elements correct the raw K concentrations for
the variable siderite content in the studied sediments, because both Al and Si are equally diluted by
siderite present in sediments in variable proportions (Matys Grygar et al., 2017a). The performance
of the grain-size correction of K/Si is shown in Fig. 2, B. The efficiency of the grain-size corrections of
K/Al and K/Si using background functions is documented by the largest pair correlation of all proxies
examined in this work: K/Al LEF and K/Si LEF (Table A.4). The depth profiles of K/Al LEF and K/Si LEF
are also similar (Fig. 3). The correction of K/Si grain size dependence by linear regression with Al/Si
was also used successfully by Lupker et al. (2013).

The Mg/Al ratio in sediments was partly controlled by the sediment grain size (Al/Si) and to a
considerable degree by the presence of carbonates, which was manifested by the Mg/Al dependence
on Fe and/or Ca. The Mg/Al LEF was then calculated similarly as K/Al LEF, with (Mg/Al),... calculated
using the variables shown in Table 1.

The K/Rb ratio was found to be controlled by Fe concentrations (Fig. 2D), which prevented
recognising its orbital signal in the Most Basin sediments during our previous work. The major
influence of the siderite content on the K/Rb ratio is documented by the weakest correlation in the
pairs of raw and LEF corrected K/Rb (Table A.4). The K/Rb ratio was converted to K/Rb LEF similarly as
described above with Fe as an independent variable. The resulting K/Rb LEF does not show control by

Fe (Fig. 2E) nor Al/Si (Fig. 2F).
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4.2 Robust regression on log-ratios

RR performed on log-ratios at both response and explanatory sides was tested for the same purpose
as LEF, i.e., for the correction of weathering proxies for grain size and carbonate extent, but RR
should be better suited for processing compositional data and their relative nature as discussed
above. The RR models were applied to the K/Al, K/Si, K/Rb, and Mg/Al ratios, selected according to
high values of the robust correlation measure (Rousseeuw and van Driessen, 1999) with the value of
eccentricity, inspected on data from DU7 drill core (Fig. A.4). Robust correlation estimates were
based on the minimum covariance determinant (MCD) estimator of location and scatter (Rousseeuw
and van Driessen, 1999). This robust estimator looks for the subset of the n/2 most consistent
observations, and is implemented as the covMcd() function in the R Software. The heatmap (Fig. A.4)
highlighted the largest correlation of eccentricity with K/Si ratio.

The explanatory variables for RR are listed in Table 2. Logarithms of (Al/Si) or (Zr/Rb) were used as
grain-size proxies. Sub-compositions of elements Si, Fe, and Ca (for Mg/Al), Si, Fe, Ca, and Mg (for
K/Al), or Al, Fe, Ca, and Mg (for other element ratios) were used to explain the effect of mineralogy,
in particular, of autochthonous carbonates. To respect the relative nature of concentrations, these
sub-compositions have been used in the form of ilr coordinates (Filzmoser et al., 2018). The
independence of RRes on grain-size proxies was confirmed after each regression. Not all results are

shown; only an example of K/Si RRes independence on Al/Si is demonstrated in Fig. 2C.

4.3 Comparison of raw and corrected element ratios in HK930

The correlations between raw and lithologically corrected element ratios are shown in Table A.4 for
the HK930 drill core. The correlations between different element ratios are mostly larger for their
LEFs than for the raw concentration ratios and are usually lower for their RRes. LEF correction thus
seems to unify the response of element ratios to the non-lithological (orbital) control, while RRes

correction apparently rather isolates some specific features of the individual element ratios. This
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contrasting behaviour shows distinct natures of LEF and RRes corrections. The unifying character of
LEF is demonstrated in Fig. 3.

Fig. 4 shows the comparison of raw element ratios and their lithologically corrected values in the
depth profiles of the HK930 drill core. Generally, the main features in the depth profiles are
preserved after the lithological corrections. In the case of K/Al in Fig. 4A, the main impact of the
corrections is the removal of a long-term decreasing trend, that underpins the short-term variations
highlighted by vertical rectangles in the figure.

The raw K/Rb in Fig. 4B shows scatter, which can be suppressed by plotting a 3-point median. The
scatter is caused by local (single-point) K/Rb maxima coeval with siderite (Fe concentration) maxima
(Fig. 2D) and can be considered as geochemical noise in the depth series. That scatter is efficiently
suppressed by using LEF and RRes, which really corrects even the single-point K/Rb maxima. The
corrections highlight local variations shown by vertical rectangles in Fig. 4B, most of which are not

discernible in the median-smoothed raw K/Rb.

4.4 Depth-age model for studied drill cores

The existing polarity time scales (the reversal dating for the studied time interval is shown in Table
A.2) did not produce consistency of sediment geochemistry and astronomical solution, while the
combination of those time scales (Matys Grygar et al., 2019a) and even better, the eccentricity-
matched age model resulted in a good match between the data and the orbital solution (Table A.3).
Spectral analysis and peak-to-peak matching confirmed that the short-eccentricity maxima can be
tied to the minima of K/Si (uncorrected ratios) and K/Al (in particular RRes) for the period of 17.7 to
17.05 Ma, i.e., the K1 to K5 minima in Fig. 3 are associated with major eccentricity maxima (Fig. A.3).
The eccentricity maximum, centred at 17.391 Ma in La2004 (Laskar et al., 2004) was so weak relative
to the other eccentricity maxima that it has no clear counterpart in the geochemistry depth profiles.
It may also cause underestimation of total eccentricity cycles and the corresponding total duration of

HK930 deposition (estimates based on eccentricity counts are shortest in Table A.5). The dominant
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eccentricity signal also completely disappeared in the Most Basin sediment geochemistry at a nearly
circular Earth orbit around the eccentricity maximum centred at ca. 17.008 Ma in La2004.

The K2 to K5 minima can be correlated throughout the entire basin (Matys Grygar et al., 20173,
2017b). The depth-age models for DU7 and DO565 were thus produced by matching K1 to K5 to the

same eccentricity maxima as in HK930.

4.5 Spectral analysis in HK930

All four examined element ratios in raw and lithologically-corrected versions (in core HK930) were
subject to spectral analysis. The short eccentricity (e) was found at wavelengths at 22-32 m (median
27 m), obliquity (O) at 8-15 m (median 11 m), and precession (P) 3-6 m (main modal maxima 4 and 5
m). The overview is shown in Fig. 5 and Table A.5. These wavelengths are consistent with the results
for other time-parallel cores published previously (Matys Grygar et al., 2014, 2017b, 2019a, 2019b).
The astronomical solution by Laskar et al. (2004) shows periods of 95, 41, and 21 ky for short
eccentricity, obliquity, and precession in the respective time interval. The pairs of wavelengths and
cycle durations were used to estimate mean sedimentation rates and the corresponding duration of
HK930 deposition (Table A.5). The orbital cycles are notably well expressed on the 2n-MTM spectra
of the K/Al and K/Si ratios, both for the raw weight ratios and RRes. It is also observed in the raw
K/Rb (but not in K/Rb RRes) and in the Mg/Al RRes (but not in the raw Mg/Al weight ratio). Spectra
filtering and evolutive FFT analyses of raw and RRes are shown in Figs. A.5, A.6, A.7. The spectra
filtering allowed for estimating total cycle counts in HK930, and thus the total duration of deposition
(Table A.5). All the estimates were plausibly consistent.

The raw and lithologically corrected element ratios show variable performance in spectral analysis.
Generally, LEF correction slightly weakened orbital signals compared to the corresponding raw
element ratios or their RRes. RRes tend to remove long-term trends (Fig. 4), but also somehow
suppress the record of the precession cycles, making their counting challenging. Thus, while

lithologically corrected element ratios should bear clearer orbital signals regarding their geochemical
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nature, it may not always be beneficial for cycle identification by statistical criteria. Obviously, the
independent variables used for “cleaning” (grain-size correction) also bear some orbital signal, as
demonstrated in Fig. 6. We have already observed that some K minima bear some grain-size
components, at least in some portions of the minima, where normalised K concentrations change
simultaneously with changes of Al/Si or Zr/Rb (Matys Grygar et al., 2019a).

The Mg/Al ratio shows an eccentricity signal, which is considerably clearer in RRes (Figs. 5, A.5). An
obliquity signal is evident in both raw data and LEF, apparently stronger in some specific depth
intervals, particularly under low eccentricity, and it is particularly strong in RRes. The precession
signal is weak in raw data, and a bit better in RR and even weaker in LEF than in raw Mg/Al.
Generally, the precession signal is strong when the obliquity is weak and vice versa.

K/Si has a clear eccentricity signal in raw data, while neither LEF nor RRes improved it, showing that
K/Si is considerably influenced by the grain-size signal. Obliquity is obvious in raw and RRes-corrected
K/Al and K/Si, but it is less clear in their LEFs. Precession was better observed in raw K/Rb and Mg/Al.
For K/Rb (Fig. A.7), RRes extend the depth interval with the eccentricity signal, and both LEF and RR
enhance the power of the eccentricity signal. The obliquity signal is better in LEF and worse in raw
data. The strongest precession signal is in raw K/Rb and both corrections suppress it, perhaps
because the Fe concentration, used for the K/Rb lithological corrections, bears an orbital signal as
well (Fig. 6). Generally, K/Rb shows the strongest precession signal of all proxies, which could be
favourable for orbital tuning. LEF and RR decrease the noise in the power spectra by correcting the
Fe-controlled “outliers”, but are not essential for orbital signal isolation by spectral analysis. A
weakening of the precession signal due to lithological corrections was also found by ‘testPrecession’
(Table A.3), but it was mostly caused by the non-linear response of K/Rb to the precession forcing
(Fig. A.8).

In the K/Al ratios (Fig. A.6), the eccentricity shows the largest power relative to noise in raw data and
in RRes. The same is valid for obliquity. Precession is a bit variable in individual proxies, but generally,

no data treatment is markedly better than others. The powers of precession and obliquity are
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commonly similar, which could hinder the use of those signals for orbital tuning by the manual match

of geochemistry and calculated orbital parameters.

4.6 Lateral correlation of weathering proxies

The most reliable way to evaluate possible provenance control or topography-related effects should
be to compare records from spatially remote cores within the same basin, where the non-climatic
controls should weaken the lateral correlation. Because the Most Basin cores are aligned by their K1
to K5 minima in K/Al or K/Ti logs, the lateral stability of their geochemical depth profiles can be
judged from examination of other weathering proxies Mg/Al and K/Rb (Figs. 7, 8). Mg/Al RRes can be
considered mineralogically partly independent of K/Al as their values show poor correlation (Table
A.4). K/Rb LEFs weakly correlate with K/Al LEFs, but these two proxies show different orbital patterns
as shown in section 4.5.

The K/Rb LEF shows a weak expression of short eccentricity in DU7 and HK930, and thus K1 to K3-
related minima cannot be clearly discerned in DU7 (Fig. 7). The major feature of K/Rb LEF is the high
power of precession signal revealed by spectral analysis of HK930 (Fig. 5), although this signal has a
variable amplitude (sensitivity to forcing), which weakens its manifestation according to
‘testPrecession’ (Table A.3). The clear precession control results in the possibility of practically peak-
to-peak correlation of K/Rb LEF minima highlighted by black vertical lines in Fig. 7 in the area of K3 to
K5 between individual cores and with actual precession maxima in the astronomical solution. The
inter-core discrepancies in some maxima could be adjusted by minor precession tuning, which is,
however, not the aim of this work.

The Mg/Al shows obliquity-controlled variability (Fig. A.5), which is highlighted by black rectangles in
Fig. 8. Similarly, as in the case of K/Rb, the inter-core correlation is obvious in the area from K3 to the
top of the core. Both K/Rb and Mg/Al thus show a plausible lateral stability at the basin-scale level.

Lithologically-corrected Mg/Al ratios, particularly RRes, have a strong power of obliquity (Figs. 5, A.5)
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and the examined cores show plausible lateral correlation of Mg/Al minima with obliquity maxima
according to the astronomical solution (black rectangles in Fig. 8).

The lithogenic corrections cannot exclude inherent physical uncertainties in the interpretation of
weathering intensities recorded in sediments, in particular basin topography (Garzanti et al., 2013;
von Eynatten et al., 2016; Joo et al., 2018) and provenance (von Eynatten et al., 2016), which give
weathering indices only relative (site- and time-specific) values. We attribute certain lateral
differences between DO565, DU7, and HK930 cores to site-specific topography and provenance
effects. The inter-core differences are particularly pronounced in K/Rb (Fig. 7), where some minima

are clearly site-specific.

5 Discussion

5.1 Lithological correction of weathering proxies

It has been common in sedimentary geochemistry to work with weathering proxies according to the
original definitions, like the chemical index of alteration (CIA) (Nesbitt and Young, 1982) not
corrected for lithological control. The original CIA definitions include a sum of Ca, Na, and K ions as
mobile cations:

CIA = [Al,O3/(Al,03+Ca0*+Na,0 + K,0)] x 100

where CaO* corresponds to non-carbonate Ca. The CIA grain-size control is complicated by element-
specificity of grain-size control of each of those mobile elements (Bouchez et al., 2011; Garzanti et
al., 2011; Bloemsma et al., 2012; von Eynatten et al., 2016; Pang et al., 2018). The aA'M indices by
Garzanti et al. (2013) (section 3.1), where M stands for mobile ions, are an example of simple
geochemical normalisations, which partly correct K variations from grain-size control due to the
similar particle size of K and Al carriers in at least moderately mature sediments. However, similar is
not equal and the simple normalisation may cause minor, but systematic trends of the element ratios
with changing sediment grain size. In environmental geochemistry, such a systematic bias has been

called “secondary grain-size effect” (Jung et al., 2014; Sun et al., 2018a). The low attention to real
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grain-size corrections of weathering indices in published studies is surprising, because the grain-size
control of the mobile ion concentrations is known (see Introduction) and simultaneously (at least)
two grain size proxies broadly applicable to geochemically mature sediments with non-changing
provenance are readily available: Al/Si and Zr/Rb (Chen et al., 2006; Bouchez et al., 2011; Matys
Grygar and Popelka, 2016; Profe et al., 2016; Pang et al., 2018; Hatano et al., 2019; Thole et al.,
2019). Both LEFs and RRes in this work employed those proxies to perform lithological corrections
(Tables 1, 2).

In the Most Basin, the concentrations of mobile elements K and Mg have also been affected by
autochthonous carbonates, in particular, siderite. The phenomenon has not yet been addressed in
processing the K- and Mg-based weathering proxies. There are two distinct consequences of the
carbonate presence: direct (stoichiometric) and indirect (diagenetic). The stoichiometric effect in the
Most Basin proxies concerns Mg, which partly substitutes Fe in siderite as it is common in lacustrine
siderites (Lojka et al., 2009). Similarly, if the Ca concentration is included in weathering indices such
as CIA, its content in diagenetic carbonates must be subtracted, as conventionally performed by acid
leaching before the element analysis (Nesbitt and Young, 1982). We would not recommend the acid
leaching for siderite-cemented clays for two reasons: (1) siderite removal would require more
concentrated acids than calcite, and they would etch clay minerals including K- and Mg-bearing illites
and smectites; and (2) the chemical treatment would make sample processing more demanding and
less environmentally friendly compared to simple mathematical correction of the compositional data.
The performance of K/Rb as a climate proxy is based on the stronger retention (slower liberation) of
heavier alkaline metal ions from clay minerals relative to lighter alkaline metal ions (Wampler et al.,
2012; Garzanti et al., 2013; Tanaka and Watanabe, 2015; Bosq et al., 2020). Apparently, the K/Rb
ratio should be an ideal proxy for higher chemical weathering intensities, which passed to the level of
aging and partial dissolution of clay minerals. In the Most Basin, the K/Rb ratio was partly controlled
by Fe concentrations (Fig. 2), which we attribute to an indirect (diagenetic) impact of the siderite

crystallisation. We do not have any explanation for this control, however, re-crystallisation of clay
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mineral grains around the autochthonous siderite crystals has been reported by Geptner et al. (2016)
and attributed to bacterial activity. The sensitivity of the K/Rb ratio to sediment diagenesis has been
reported by van de Kamp (2016). Irrespective of what process is behind this influence, the K/Rb ratio
in the Most Basin sediments needs chemical corrections, for which concentrations of Fe (Table 1) or
Fe, Ca, and Mg (Table 2) were used. The possible effect of carbonates in sediment geochemistry
should thus be checked if weathering proxies are used even in the case the evaluated cations are not
constituents of the carbonates, that could not be expected in advance.

The lithological “cleaning” (corrections) of weathering proxies may not be beneficial for all purposes
of compositional data processing. The spectral analysis of the Most Basin sediments also yielded
useful results using the (grain-size) uncorrected K/Ti (Matys Grygar et al., 2014) or K/Al ratios (Matys
Grygar et al., 2017a). The sediment lithology may also reflect the palaeoclimate by other mechanisms
than chemical maturation of the catchment soils, in particular, catchment erosion and hydrological
sorting before sediment deposition. The orbital control of the Most Basin sediment lithology is
obvious from the orbital signal in (uncorrected) lithological proxies (Fig. 6). The performance of the
uncorrected K/Ti ratio can further be attributed to the fact that it is easily obtained at good quality by
XRF analysis as K and Ti has very close energies of analytical signals and thus similar disturbances by
spectral interferences and matrix effects (e.g., Gritzner and Higgins, 2010; Thole et al., 2019). In this
study, we avoided the K/Ti element ratio because the Ti concentration in sediments showed a
provenance control in the Ohre Rift (Matys Grygar et al., 2016, 2017a). On the other hand, both
changes in provenance (e.g., switching between sediment yield in geologically distinct catchments)
and lithology can bear climatic signals in a particular sedimentary basin, e.g., due to precipitation-
controlled fluvial activity and the ratio between chemical and physical erosion in the tributary river
systems. The cleaning of the orbital signal is hence not indispensable for local lateral correlations or
for construction of age models using cyclostratigraphy, if the climate-recording mechanism is not
addressed. The orbital signatures in raw element ratios in the Most Basin are mostly stronger than

after their lithological correction (Fig. 5, Table A.3). On the other hand, if the lithological correction is
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performed, the variations in weathering proxies can be unequivocally assigned to weathering

intensity and not to other controlling factors.

5.2 Consequences for palaeoclimate research

Compared to the existing late Oligocene and early Miocene marine sediments, the composition of
which is usually mainly controlled by eccentricity (Kochhann et al., 2016; Liebrand et al., 2016), the
Most Basin is exceptional also by showing short eccentricity, obliquity, and precession cycles, with
the power of individual signals specific to individual weathering proxies (Fig. 5). The expression of all
those three main short orbital cycles is extraordinary, also because a prevalent part of the Miocene
sedimentary archives has a lower temporal evolution. Refining separation of orbital signals by choice
of suitable element proxies can be valuable to understand palaeoclimate dynamics. The obliquity
signal in the Most Basin might seem surprising to be pronounced in the mid-latitudes of Europe, far
from high latitudes, but explanations have been proposed even for tropical regions, even without the
assumption of long-range control of tropics by high latitude areas (Bosmans et al., 2015; Ochoa et al.,
2018). The refinement of weathering proxies can thus bring progress in future studies of global
climate dynamics.

The power of the eccentricity, obliquity, and precession signals has already been found specific to
individual proxies and stratigraphic levels in the Most Basin (Matys Grygar et al., 2014, 2017b, 2019b)
but it is considerably improved in this study. The variable relative powers of eccentricity, precession,
and obliquity are also known and discussed in other records of sufficient duration and temporal
resolution (e.g., Boulila et al., 2015; Herb et al., 2015; Martinez et al., 2015; Marshall et al., 2017). It
may be attributed to low-eccentricity periods (eccentricity nods) and a variable sensitivity of the
Earth climate to individual forcing mechanisms; both those aspects are relevant in sedimentary
geochemistry studies. The first situation may be predicted from the astronomical solution (Laskar et
al., 2004) and it may be used to confirm the correctness of the depth-age models by identification of

the eccentricity nodes, such as that around 17.0 Ma (Matys Grygar et al., 2014), or low amplitude
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eccentricity cycles at ~¥17.4 Ma with a missing expected K minimum (between K2 and K3, as discussed
above). The second situation is less trivial and may be attributed to reconstructions of global climate
mechanisms, such as variable dynamics of polar ice sheets depending on their extent and position.
Variable climate sensitivity can be directly observed in sedimentary records, as in the case of the
Early-to-Middle Pleistocene transition at ca. 1.0 Ma, when glaciation control switched from obliquity
to eccentricity (e.g., Herb et al., 2015). The Most Basin record showed a weakening of the
eccentricity control in favour of obliquity control after the onset of the MCO, i.e., after 17.0 Ma (Figs.
A.6, A.7), although the orbital eccentricity was not persistently low in that time period. We interpret
this as a change in the dynamics of the Earth’s climate system due to the shrinking of the Antarctic
Ice Sheet and the faster response of smaller ice bodies to orbital forcing (De Vleeschouwer et al.,
2017).

The findings in the Most Basin can be relevant for the study of marine palaeoenvironmental archives
of the late Oligocene to early Miocene (Kochhann et al., 2016; Liebrand et al., 2016; Miller et al.,
2017). The marine records, mostly employing stable carbon and oxygen isotopes in biogenic
carbonates, are dominated by eccentricity signals with weak and variable power of obliquity
(Liebrand et al., 2016). The dominance of the eccentricity signal in marine sediments of the late
Oligocene and early Miocene was found by Kochhann et al. (2016), Liebrand et al. (2016), and
Beddow et al. (2018) and it was proposed as the major signal for the orbital tuning of their age
models. In the period around the MCO onset at ca. 17.0 Ma and soon after that, a weakening of the
eccentricity signal is observed in the Most Basin weathering record. If that change represented a
change of the global Earth’s climate system, the orbital tuning to eccentricity might be an issue in
marine sediments. Indeed, the actual dating of the abrupt §'°0 shift associated with the MCO onset
coeval with the abrupt decrease in chemical weathering proxies (intensification of chemical
weathering) (Fig. 4) near 17.0 Ma in the Most Basin (Matys Grygar et al., 2017b, 2019a; this study) is
currently not consensual. Miller et al. (2017) critically discussed the results of Kochhann et al. (2016)

and denied their age model and timing of the MCO onset. Studies of the MCO onset would
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undoubtedly require sedimentary records with precession-scale resolution and as much detailed
orbital signatures as possible to produce a robust age model. However, the detection of obliquity
cycles may be controversial in some marine sediments, as discussed in Liebrand et al. (2016).

The unequivocal isolation of individual orbital signals in siliciclastic sediments of continental origin
could help bridge the current gap between continental and marine (mostly biogenic) palaeoclimatic
records and contribute to the verification of marine records discussed above. Lithological
contamination of palaeoclimatic signals is probably the major challenge for most fluvial, lacustrine,
and estuarine sedimentary records from a purely geochemical point of view. This study could pave a

road to a progress in this direction.

6 Conclusions

Corrections of weathering proxies, based on concentration ratios of mobile (K and Mg) and
conservative elements (Al, Rb, Si), are needed in order to separate the palaeoclimate information.
Lithological corrections include grain-size control and the influence of the diagenetic formation of
carbonates, the latter being particularly important for the Mg/Al and K/Rb ratios in the studied
sediments. These corrections can be achieved by ordinary regression in a concept of local enrichment
factors and RR in the concept of isometric log-ratios. Both raw and lithologically corrected K/Al, K/Si,
K/Rb, and Mg/Al ratios carry orbital signals in the lacustrine sediments of the Most Basin. The
spectral power of eccentricity, obliquity, and precession are specific to the individual tested element
ratios, but also varied in the Most Basin stratigraphy, which we interpret as evidence for the change
of the Earth’s climate dynamics after the onset of the Miocene Climatic Optimum. The results of the
Most Basin sediment analysis show that the sediment grain size itself can carry orbital signals and so,
in some cases, the removal of their influence can even weaken the orbital signal in the weathering
proxies; that weakening proves certain non-climatic contamination of the uncorrected weathering

proxies.
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Table 1. Independent (explanatory) variables for LEFs of individual elements ratios in individual cores.

Table 2. Independent (explanatory) variables for RRes of individual element ratios in all three

examined cores. Each variable is listed in the form of log-ratios without the respective normalising

constants and with g(.) representing the geometrical mean. Regression coefficient is given for HK930.
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Figure 1. The Most Basin and position of drill cores. Geological map was adopted from Andreani et al.

(2014).

Figure 2. Examples of lithological corrections of K/Si ratio (panels A to C) and K/Rb (D to F) in HK930
sediments. K/Si (A), K/Si K/Si (B), and RRes (C) plot against Al/Si showing removal of grain size

control. K/Rb plot against Fe concentration (D) and K/Rb LEF plot against Fe (E) and Al/Si (F).

Figure 3. Comparison of local enrichment factors (LEF) of all four tested element ratios in the HK930
drill core. Numbers 1 to 5 stand for prominent K minima used in local stratigraphy and depth-age

models.

Figure 4. Raw and lithologically corrected K/Al (A) and K/Rb (B) ratios in HK930. Smoothing by 3 pt.
median. Numbers 1 to 5 refer to local chemostratigraphy scheme for K# minima. K1 in K/Rb depth
profiles seems split to separated minima. Not-numbered black rectangles highlight several other
minima. Red arrow shows the beginning of the MCO according to Holbourn et al. (2015), Kochhann

et al. (2016), and Matys Grygar et al. (2019a).

Figure 5. 2n-MTM spectral analyses of raw (A) and lithologically corrected (B and C) element ratios in

HK930.

Figure 6. 2n-MTM spectral analyses of two explanatory variables used in LEF corrections.

Figure 7. Lateral correlation of K/Rb LEF in cores DU7, HK930, and DO656 (3pt. medians) compared
with eccentricity and precession (Laskar et al., 2004). The eccentricity maxima used for matching

corresponding K minima and constructing depth-age models are numbered 1 to 5. Vertical black lines
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highlight some laterally correlated precession-controlled minima. The upper part of DO565 shows

insufficient sampling density.

Figure 8. Lateral correlation of Mg/Al RRes in cores DU7, HK930, and DO656 (3pt. medians)
compared with calculated obliquity (Laskar et al., 2004). The position of the K minima numbered 1 to
5 are shown. Vertical black rectangles are shown to highlight laterally correlated obliquity-controlled

minima.
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Table 1

Drill core K/Al K/Si K/Rb Mg/Al
HK930 Al/Si, (AI/Si)%, Fe  AI/Si, (Al/Si)%, Fe Fe, Al/Si Al/Si, Fe, Ca
DU7 Al/Si Al/Si Fe Al/Si, Fe
DO565 Al/Si Fe Al/Si, Fe, Ca
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Table 2

Response variable Explanatory variables R? in HK930
log(K/Al) log(Zr/Rb), log(Si/g(Fe,Ca,Mg)), log(Fe/g(Ca,Mg)), log(Ca/Mg) 0.6093
log(K/Si) log(Zr/Rb), log(Al/g(Fe,Ca,Mg)), log(Fe/g(Ca,Mg)), log(Ca/Mg) 0.7365
log(K/Rb) log(Al/Si), log(Al/g(Fe,Ca,Mg)), log(Fe/g(Ca,Mg)), log(Ca/Mg) 0.6137
log(Mg/Al) log(Zr/Rb), log(Si/g(Fe,Ca)), log(Fe/Ca) 0.6167
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