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ABSTRACT

Chernozems and Phaeozems in Central Germany have been subject to both natural alterations and human in-
fluences for millennia. This study systematically compares a buried Early Bronze Age Chernozem, preserved
under the Bornhock burial mound, with a neighboring surface soil to analyze soil transformation and human
impact over the past 3.8 ka.

Our results indicate that, unlike in more humid Central European regions where former Chernozems/
Phaeozems have been entirely transformed into Luvisols, soils in the study area have undergone slower alter-
ations due to the dry regional climate and high carbonate content of the parent material. Key pedogenic pro-
cesses include gradual decalcification, black carbon decomposition, and weak clay illuviation. Before and during
the Early Bronze Age human impact was minimal, limited mainly to shallow plowing (<20 cm) and phosphorus
enrichment from human and/or animal excrements. Especially since the industrialisation human impact strongly
increased, what is evident in higher values of magnetic susceptibility, the enrichment of heavy metals and sulfur
likely due to fly ash deposition from lignite-burning power plants, and shifts in the isotopic composition of soil
organic matter from agricultural practices. The most pronounced human impact since that time has been sec-
ondary recalcification due to fly ash input, which halted the natural transformation of Chernozems/Phaeozems
into Luvisols and modified soil biota conditions. Given ongoing climate change and increasing regional tem-
peratures, decalcification of these secondary carbonates should strongly decelerate or even stop.

1. Introduction

agriculture and construction activities. Subsequently, human impact
increased with growing population and new economic activities,

Soils provide important ecosystem functions such as carbon (C)
storage, nutrient storage cycling, biomass (food) production, water
filtration or a high biodiversity, and they archive the geological and
archaeological heritage (Adhikari and Artemink, 2016, Keesstra et al.,
2016, Pietsch and Kiihn, 2017). Driven by natural factors such as
topography, parent material, climate, organisms and time, soil proper-
ties constantly change over time (Jenny, 1994). Furthermore, human
activities further change soil properties and their development (Dror
et al., 2022), what already began during the Neolithic period through

particularly since the 19th century CE due to industrialization (Henkner
et al., 2018, Meharg and Meharg, 2021, Tian and Niu, 2015). To un-
derstand the current soil properties and their possible future develop-
ment between natural and human factors, the formation history of the
individual soils should be systematically analysed (Storozum et al.,
2020). Ideally, this can be achieved by comparing the properties of
buried soils with those of similar neighboring surface soils. During the
last decades this approach has repeatedly been realized especially in
East-Central and Eastern Europe and Denmark for sites with palaeosols
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buried by prehistoric burial mounds (kurgans) (Khokhlova et al., 2007,
Breuning-Madsen et al., 2009, Hejcman et al., 2013, Alexandrovskiy
et al., 2014, Barczi and Nagy, 2016, Pampura et al., 2019, Hildebrandt-
Radke et al., 2019, Kabata et al., 2019, Krupski et al., 2024).
Black-colored humus-rich Chernozems and Phaeozems cover ~420
million ha worldwide (IUSS Working Group WRB, 2022, Chesworth,
2016). As they are among the most fertile soils in the world, they have
often been used for agriculture for several millennia (Altermann et al.,
2005, Liu et al., 2012, Brigand and Weller, 2013, Lisetskii et al., 2013,
Pleasant, 2015, von Suchodoletz et al., 2019). The westernmost
continuous Chernozem/Phaeozem region of Eurasia is located in the dry
area in the eastern lee of the Harz Mountains in Central Germany
(Central German dry area), with annual precipitation of about 440-600
mm/a (Eckmeier et al., 2007, von Suchodoletz et al., 2019; Fig. 1).
Unlike in other Central European regions with anthropogenic Cherno-
zems/Phaeozems (Gerlach et al., 2012, Leopold et al., 2011, Acksel
etal., 2017, Kasielke et al., 2019), their natural formation is attributable
to the high carbonate contents of their parent materials such as aeolian
and fluvial sediments, and the dry subcontinental climate already during
the early Holocene (Lorz and Saile, 2011, von Suchodoletz et al., 2019).
These factors may have favored suitable living conditions for anecic
earthworms (Dreibrodt et al., 2022). Similar with Chernozems/Phaeo-
zems in central Hesse, the eastern Czech Republic or southern Poland,
their formation started prior to regional Neolithic settlement and lasted
until the late Middle Holocene when the regional climate became more
humid (Hejcman et al., 2013, Kiihn et al., 2017, Kabata et al., 2019, von
Suchodoletz et al., 2023). In Central Germany these soils were degraded
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to varying degrees by decalcification, followed by silicate weathering,
clay translocation and clay formation since that time (Baumann et al.,
1983, Eckmeier et al., 2007, von Suchodoletz et al., 2019), whereas in
other regions they were completely converted to other soil types such as
Luvisols and Retisols (Hejcman et al., 2013, Kabata et al., 2019). In
contrast, the development of younger Chernozems/Phaeozems at some
archaeological sites in the eastern Harz foreland (Dreibrodt et al., 2023)
may be linked with the surfacing of carbonate-rich parent material by
human activity.

Some of the highly fertile Central German Chernozems/Phaeozems
(Liedtke and Marschner, 2003), agriculturally used for several millennia
(Bruckmeier and Grund, 1994, von Suchodoletz et al., 2019), are located
in the Central German industrial region. Here, intensive industrializa-
tion with large-scale lignite burning as the main energy source started
since the end of the 19th century CE (Neumeister et al., 1991). The
millennia-long human activities strongly impacted regional soils by e.g.
soil erosion and fertilization with natural fertilizers, followed by the
application of industrial fertilizers and pesticides as well as atmospheric
pollutants since the industrialisation (Neumeister et al., 1991, Bruck-
meier and Grund, 1994, Manz et al., 2001, Koch et al., 2002, Dreibrodt
et al.,, 2013). Several studies investigated human impact on soils in
Central Germany since the 19th century CE so far (Neumeister et al.,
1991, Manz et al., 2001, Koch et al., 2002, Dultz and Kiihn 2005, Rin-
klebe et al., 2019). However, apart from one study where a Late
Neolithic buried Chernozem was compared with the neighboring surfi-
cial soil using a limited number of laboratory analyses (Baumann et al.,
1983), the millennia-long natural and human alterations of the Central
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Fig. 1. Distribution of soils with mollic epipedon in Europe: Chernozems, Phaeozems, Kastanozems (black coloring; taken from FAO/IIASA/ISRIC/ISSCAS/JRC
2012: Harmonized World Soil Database (v. 1.2). FAO Rome, Italy and IIASA, Laxenburg, Austria). Inset: The study area in the Chernozem/Phaeozem area of Central
Germany (red circle). The distribution of Chernozems/Phaeozems is shown in black (after Eckmeier et al., 2007, modified), and the Central German industrial region

in yellow (after LMBV, 2011, 2019). HM = Harz Mountains.
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German Chernozems/Phaeozems were not systematically studied so far
using a systematic comparison of recent and buried soils.

To fill this gap we analysed the changes of a fertile Chernozem in the
Central German industrial region, located on the western edge of the
Eurasian Chernozem/Phaeozem area (Fig. 1), within the last 3800 years.
For this purpose, we exemplarily compared the properties of a Cher-
nozem buried by the Early Bronze Age Bornhock burial mound (Meller &
Schunke, 2016) with those of a similar neighboring surficial soil, by
using field-based soil description, pedological, sedimentological and
isotope analyses as well as micromorphological investigations. These
analyses should allow to recognize systematic differences between the
buried and the recent soil developed on similar parent material.

2. Study area and study site

The study area is located in the Leipzig Basin that is filled with
Paleogene to Quaternary loose sediments (SLUG, 1992, Wagenbreth &
Steiner, 1989). During the Quaternary, this lowland was repeatedly
covered by ice shields of the Elsterian and Saalian glaciations, followed
by (sand) loess deposition and periglacial reworking during the latest
Saalian and Weichselian cold periods (Fissmann, 2002). The region
shows a fully humid warm temperate Cf-climate with maximal summer
precipitation (Kottek et al., 2006). Mean annual temperature is around
9.1 °C, and due to its location at the margin of the Central German dry
area mean annual precipitation is around 551 mm (www.dwd.de). The
early Holocene climate was warmer and drier and more subcontinental
compared with today, followed by more humid conditions since ca. 6.7
ka and especially since 5.8 ka (Wennrich et al., 2005). The potential
natural vegetation is Quercus-Carpinus forests with only few proportions
of Fagus (Bohn & Well3, 2003), and for the Early/Middle Holocene pinus
forests with interspersed non-forested habitats as regional natural pre-
Neolithic vegetation are suggested (Litt, 1992, von Suchodoletz et al.,
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2024, Tinapp et al., 2025). However, the region is intensively used for
agriculture and hence largely forest-free today, and agricultural land use
started ca. 7.5 ka during the early Neolithic. Subsequently, the region
was nearly continuously inhabited with varying intensities (Tinapp &
Stauble, 2000). The study area is situated in the south-eastern part of the
Central German Chernozem/Phaeozem region (Fig. 1 inset) (LGBSA,
1995, SLULG, 1993), where Chernozems and Phaeozems are spatially
closely interfingered with each other (Eckmeier et al., 2007), as well as
in the Central German industrial region that was strongly industrialized
since the 19th century CE.

The study site is located on a flat Saalian moraine plateau about 2 km
north of the valley of the WeiRe Elster River at about 110 m a.s.l. (Fig. 2).
In this area, Chernozems/Phaeozems had developed mainly in a 40-70
cm thick layer of sandy loess (Lehmkuhl et al., 2021) originating from
the last phase of the Pleistocene. The sandy loess layer is separated by a
stone layer from the underlying Saalian glacial moraine deposited >130
ka ago (Neumeister, 1971, Eissmann, 2002). The burial mound
Bornhock was erected during the Early Bronze Age ca. 3.8 ka ago, with a
diameter of ca. 65 m and a height of 12-13 m. During the Middle Ages
and Early Modern Age the burial mound grew to almost 90 m in diam-
eter and 15 m height (Schunke, 2018). During the second half of the
19th century CE it was largely destroyed (Meller & Schunke, 2016).
However, the original Chernozem buried below the Bornhock burial
mound remained protected against subsequent agricultural activity and
atmospheric processes by a cover of several decimeters of archaeosedi-
ments until today.

3. Methods
3.1. Fieldwork

The buried Chernozem profile below the Bornhock (BH-II) with a
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depth of 80 cm was studied during ongoing excavations by the State
Office for the Preservation of Archaeology Saxony-Anhalt in July 2018.
This profile was located slightly to the north below the center of the
former burial mound, and remained buried by a residual cover of several
decimetres of archaeosediments even after the extensive destruction of
the burial mound in the second half of the 19th century CE. Mostly
bioturbation features but no anthropogenic remains were found during
former micromorphological investigations of this buried soil. Together
with downwards systematically increasing bioturbation-related lumi-
nescence ages going back to the Pleistocene/Holocene transition (von
Suchodoletz et al., 2023), this argues for a natural Chernozem whereas
an Anthrosol can most likely be excluded.

Starting approximately 60 m south of the center of the former
Bornhock burial mound and going towards the South-West, we inves-
tigated a 750 m long catena that consisted of 9 drill cores with depths of
1 m using an Atlas Copco Cobra Pro hammer with a 60 mm-diameter
open corer (Fig. 2). The catena began on the flat Saalian plateau and
ended in a small tributary dry valley of the WeiBe Elster River, encom-
passing about 12 m altitudinal difference (Fig. 3). A comparison of the
core stratigraphies showed that core 5, which was located about 400 m
south-west of buried profile BH-II, had the best visible preservation of
the soil horizons and is thus the best representative profile of the
Chernozems/Phaeozems occurring in the Bornhock area today. There-
fore, a 110 cm deep soil profile (BH-rec) was dug here in summer 2019.

The description of the soil profiles and the cores of the catena mainly
followed the WRB (IUSS Working Group WRB, 2022), however, to also
account for soil genesis, we did not always follow the WRB rules of
minimum thicknesses of soil horizons.

3.2. Pedological and sedimentological analyses

For these analyses sieved sample material < 2 mm was used.

Grain size analyses were performed using 10 g of bulk sample mate-
rial. After destroying carbonate with 10 and 32 % HCl and organic
matter with 35 % Hy0», the samples were dispersed in 10 ml 0.4 N so-
dium pyrophosphate solution (NasP207) followed by ultrasonic treat-
ment for 45 min. Sand contents (63-2000 um) were determined by wet
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sieving. The material < 63 ym was measured with X-ray granulometry
(XRG) using a SediGraph III 5120 (Micromeritics).

Carbonate contents were measured according to Scheibler in an Eij-
kelkamp Calcimeter apparatus, i.e., based on the CO,-volume produced
during the reaction of the sediments with 10 % HCL.

pH-values were measured using a pH-meter 196 (WTW) after 2 h of
soaking.

To determine element contents using a Spectro Xepos X-ray fluores-
cence spectrometer, air dried sample material was ground in a vibration
mill for 10 min to obtain the required grain size <30 um and for ho-
mogenisation. Prior to measurement, a 32 mm-pellet was produced by
mixing and pressing 8 g of the ground material with 2 g CEREOX Lico-
wax. A large part of the carbonate in regional Pleistocene sediments
originates from Triassic sediments of the Thuringian Basin (Neumeister,
1971), containing significant amounts of dolomite (Schwahn & Gar-
mann, 1976). Hence, given the robustness of this proxy against the
occurrence of dolomite, we applied the Chemical Proxy of Alteration
(CPA) as a proxy of chemical silicate weathering (Buggle et al., 2011):

CPA =100 * Al;03/(Al203 + Na0) (in molar proportions) (@D)]

Mass-specific magnetic susceptibility was measured using a Bartington
MS3 magnetic susceptibility meter equipped with a MS2B dual fre-
quency sensor. After softly grounding and densely packing the material
into plastic boxes, volumetric magnetic susceptibility was measured
with a frequency of 0.465 kHz and normalized with the sample mass.

Total organic carbon (TOC) was determined by measuring Ciotq) Of the
milled material <30 pm with a Vario EL cube elemental analyser, and
subsequently subtracting inorganic carbon (taken from carbonate mea-
surements) from Ciotal.

Proportion and composition of black carbon (BC) were determined by
measuring benzene polycarboxylic acids (BPCA) contents and patterns
according to Glaser et al. (1998), modified by Brodowski et al. (2005).
This method comprises polyvalent cation removal with 4 M trifluoro-
acetic acid (Brodowski et al., 2005) followed by nitric acid digestion
(170 °C, 8 h under pressure), cation exchange chromatography, trime-
thylsilylation (derivatization) and gas chromatography with flame
ionization detection (Glaser et al., 1998). The sum of individual BPCA
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Fig. 3. Catena, southwest of the former Bornhock burial mound (location see Fig. 2). Detailed descriptions of the cores are given in Table S1. Given that core 5 had
the best visible preservation of the soil horizons and is thus the best representative profile of the current Chernozems/Phaeozems in the Bornhock area, its position

was selected to dig profile BH-rec that was studied in more detail (Fig. 4).
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was converted to the BC content by multiplication with 2.27 (conversion
factor for charcoal; Glaser et al., 1998).

Lignin phenols were extracted from 100—500 mg of dried soil material
using the cupric oxidation (CuO) method of Hedges and Ertel (1982)
modified by Goni and Hedges (1992): The samples were transferred into
Teflon digestion tubes together with 100 mg of (NH4)2 Fe(SO4)2 * 6 H20,
500 mg of CuO, 50 mg of glucose, 1 ml of ethylvanillin solution (100
mg/1) as internal standard 1, and 15 ml of 2 M NaOH, and digested at
170 °C for 2 h under elevated pressure. The reaction products were
cooled overnight and transferred into centrifuge tubes. Then the
phenolic compounds were purified by adsorption on C;g columns, des-
orbed by ethylacetate and concentrated under a stream of nitrogen gas
for 30 min. The residue was dissolved in 1 ml phenylacetic acid (PAA) as
internal standard 2 to determine the recovery of ethylvanillin before
derivatization (Amelung et al., 2002, Moller et al., 2002). Finally, the
samples were derivatized using 200 pl of BSTFA and 100 pl of pyridine.
The oxidation products of phenolic compounds were quantified using a
gas chromatograph coupled to a mass Spectrometer (SHIMADZU,
GC-MS-QP2010, Kyoto, Japan). For vegetation reconstruction we used
the ratios S/V (syringyl-to vanillyl units) and C/V (cinnamyl-to vanillyl
units) (Thevenot et al., 2010).

3.3. Isotope analyses

The samples were pulverized in a vibratory mill (10 min, <30 um).
The 8'°N was measured directly, and the 5!°C after carbonate removal
as described by Potter et al. (2021), involving treatment with 5 % HCl in
a water bath (50 °C/4h) followed by two washes and subsequent drying
overnight at 50 °C. Per isotope measurement, three subsamples each
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about 45 mg were weighed into tin capsules. The isotope composition
was determined at the stable isotope laboratory IsoLab Schwei-
tenkirchen (Germany) on a CF-IRMS device utilizing internal standards,
reporting the results in §-notation as %o (13C vs. V-PDB, 15N vs. air).

3.4. Micromorphology

For micromorphological investigation, three undisturbed and ori-
ented soil samples were taken from profile BH-recent, and two samples
from buried profile BH-II (sample positions see Fig. 4, the latter formerly
described in von Suchodoletz et al., 2023). After air-drying and
impregnating with Oldopal P 80-21, hardened blocks were cut and
sliced into 90 * 60 mm thin sections and scanned with a flatbed scanner.
The thin sections were described at 50-400 magnification under a
polarizing light microscope, mainly using the terminology of Stoops
(2021).

4. Results
4.1. Catena

The upper parts of cores 1, 7, 8 and 9 show colluvial deposits with
thicknesses between 38 and 80 cm (Fig. 3). Core 1 was located on top of
the Saalian moraine plateau near the Bornhock burial mound (Fig. 2).
The colluvial deposit is younger than the Bornhock burial mound since it
is underlain by several buried Apb horizons whereof the upper one has a
thickness >20 cm, i.e. thicker than Bronze Age plough horizons (Pavelka
etal., 2017, Scherer et al., 2021). Cores 7-9 with colluvial deposits were
located at the footslope in the southwestern part of the catena. The stone
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Fig. 4. The studied profiles with analytical values and positions of the micromorphological samples. [TOC = total organic carbon, BC = black carbon, CaCO3 = calcium
carbonate, pH = pH-value, CPA = Chemical Proxy of Alteration; Suscept. = mass-specific magnetic susceptibility, P.q = total phosphorous, Pb = lead, Zn = zinc, Cu = copper,
S = sulphur, S/V = ratio of syringyl-to vanillyl units, C/V = ratio of cinnamyl-to vanillyl units].
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line (pebbles), separating the lower Saalian moraine from the overlying
sandy loess, was found at depths between 85 and 40 cm in cores 1-8. In
contrast, in core 9 a colluvial clast layer was observed at the base of the
colluvial deposits. Unlike the other cores, due to soil erosion cores 7, 8
and 9 only showed very thin or no sandy loess layers.

All cores showed dark-colored Ap horizons reaching down between
38 and 53 cm depth. The deeper Ap horizons must partly be composed of
locally relocated colluvial material filling former small-scale topo-
graphic depressions, since their depth exceeded the typical depth of
current Ap horizons of about 30 cm (Schatz 2023). Darker-coloured Ah/
Ahb horizons are found below the Ap horizons with the exception of
cores 7 and 9, where colluvial layers occur. Characteristically AhBwt
horizons were found below the Ah/Ahb horizons, followed by Bwt, Bw
and/or BwCk and Ck horizons. The colluvial deposit in core 7 covers an
AhBwb horizon, followed by the BwCkb and downwards the Ck-horizon.
All Ck horizons at the core bases showed intensive secondary carbonate
precipitations. Furthermore, apart from some completely decalcified
horizons in cores 7 and 8 the upper horizons in the catena showed
pseudomycelia or some carbonate in their matrices.

The detailed field stratigraphies of the cores can be found in
Table S1.

4.2. Buried profile BH-II

The buried Chernozem is covered by about 70-80 cm of stratified
black-coloured archaeosediments of the former burial mound Bornhock
(Fig. 4). Earlier micromorphological investigations of this buried Cher-
nozem showed mainly bioturbation features, but no human remains.
Together with systematically downward increasing bioturbation-related
luminescence ages dating back to the Pleistocene/Holocene transition
(von Suchodoletz et al., 2023) this indicates a natural Chernozem
without significant human influence. The luminescence properties of a
sample taken from the 2Ahb horizon in a depth of about 10 cm indicate
strong sediment bleaching by ploughing until about 3.8 ka, so the up-
permost 10-20 cm represent a 2Apb horizon (von Suchodoletz et al.,
2023). Fe nodules up to 4 mm thick are often found in the uppermost 10
cm, whereas Fe precipitations occur along root channels in the lower
part (Fig. 4). This reflects stagnating water at the boundary between the
overlying archaeosediments and the paleosol. The soil color changes
from black (10YR2/1) to very dark brown (10YR2/2) at 28 cm, where
single brownish Fe-oxide stains and occasional pebbles occur. The dark
colors qualify this horizon as “chernic”, being characteristic for Cher-
nozems (IUSS Working Group WRB, 2022). In the 2AhbC/3AhbC hori-
zon the color is dark yellowish brown (10YR4/4) in the lower part, and
small black clay coatings occur in macropores, which, however, could
not be verified micromorphologically. The stone layer, separating the
sandy loess from the underlying Saalian moraine, is at ca. 45 cm. Above
the stone layer only a few pebbles are found and the texture is clay loam,
whereas the pebble amount increases below the stone layer and the
texture changes to sandy clay loam. The 3Btwb horizon is dark yellowish
brown (10YR 4/4). Whereas the basal yellowish brown (10YR 5/4) 3Ckb
horizon is strongly calcareous including carbonate nodules, the soil
material above 73 cm was non calcareous in the field. The detailed field
stratigraphy of profile BH-II can be found in Table S2a.

The Apb horizon is characterized by the highest TOC values of 1.5 %,
and downwards the values systematically decrease. In contrast, the
proportion of Black Barbon (BC) of TOC slightly increases downwards to
reach its maximum of about 22 % in the 2Apb/2Ahb horizon, and below
the values strongly drop. A very low carbonate content of about 0.1 %
was analytically found in the 2Apb horizon. The underlying horizons are
carbonate-free, whereas the maximum of 15.4 % carbonate is found in
the Ck horizon. pH values of 7.2 in the upper part of the profile strongly
decrease downwards to values <5 in the central part, and strongly in-
crease to their maximum of 7.6 in the 3Ck horizon. In the sandy loess
layer sand slightly increases downwards to 46 % and silt slightly de-
creases from 32 to 26 %. In the Saalian moraine sand and silt show
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irregularly varying proportions and a slight increase of clay, with
maximal sand contents of 54 %. The Chemical Proxy of Alteration (CPA)
shows largely similar values between 96.5 and 97.5 throughout the
profile, with slightly higher values in the 3AhbC horizon. Mass-specific
magnetic susceptibility shows the highest value of 0.28*107% m3/kg in
the 2Apb horizon, and slightly decreases downwards with a slight in-
termediate increase in the upper 3AhbC horizon. Total phosphorous
(Ptota) shows its highest value of 1500 mg/kg in the 2Apb horizon, and
downwards the values systematically decrease. Lead (Pb), zinc (Zn) and
sulphur (S) do not show any enrichment in the upper part of the profile,
whereas copper (Cu) shows slightly enriched values of 18.9 and 16.7
mg/kg in the 2Apb and upper 2Ahb horizon. The ratios S/V and C/V
show high values of 1.3 and 0.8 in the 2Apb horizon, strongly drop in the
uppermost 2Ahb horizon, and increase again in the lower 2Ahb horizon
to values of 1.3 and 1.1, respectively. The 8!3C values vary between
—26.2 and —26.7 %o showing a slight increasing trend downwards, and
81°N irregularly varies between 4.8 and 5.9 %o throughout the profile.
The analytical values can be found in von Suchodoletz et al. (in press).

Both thin sections II-MM-I and II-MM-II show a large number of
passage features mainly produced by earthworms, snails and mollusks,
consisting of discontinuously distributed and often compacted crumbs
(Fig. 5a, b). Their large number indicates intense and nearly complete
soil mixing due to bioturbation by mesofauna. The high porosity is
generally made up of (mamillated) vughs and channels, and partly ac-
commodating planes in sample II-MM-I indicate a weakly developed
subangular blocky microstructure. No clay coatings indicating clay
relocation were found in both samples. For further information about
the micromorphology of profile BH-II please see von Suchodoletz et al.
(2023).

4.3. Recent profile BH-rec

The upper part down to 34 cm is taken by the dark brown-coloured
(10YR3/3) Ap horizon (Fig. 4). Down to 70 cm follows the very dark
brown (10YR2/2) AhBt/2AhBt horizon, containing initial clay coatings
and visible passage features in its upper part. In a depth of 40 cm a light-
colored crotovina is found, and between ca. 55 and 60 cm the stone
layer, separating the upper sandy loess from the underlying Saalian
moraine, is developed. Accordingly, above the stone layer only singular
pebbles are found, and the material exclusively consists of sandy clay
loam. In contrast, below the stone line the pebble amount increases and
the texture varies between sandy clay loam and sandy loam. Down to 86
cm follows the 2AhBwt horizon, where the color changes downwards to
yellowish brown (10YR5/4). Between 86 and 102 cm follows the
yellowish brown 2Bwt horizon, where some dark-coloured material was
washed in downwards and visible brownish clay coatings are found
especially in passage features. Here, a dark-colored crotovina was found
in a depth of 90 cm. At the base of the profile a brownish yellow (10YR6/
6) 2Ck horizon follows down to 110 cm. All horizons were found to be
carbonatic in the field and pseudomycelia occur in the Ap horizon, and
the 2Ck horizon is strongly carbonatic and contains carbonate nodules.
The dark color of the AhBt/2AhBt horizon qualifies it as ‘chernic’, and
together with initial clay coatings and the existence of carbonate espe-
cially in the upper part of the profile we classified this soil as a calcic
Chernozem with luvic properties [German: Parabraunerde-
Kalkschwarzerde] (IUSS Working Group WRB, 2022, Altermann et al.,
2005). The detailed field stratigraphy of profile BH-rec can be found in
Table S2b.

The highest values of total organic carbon (TOC) of up to 1.5 % are
found in the Ap horizon. The TOC values show a first drop in the AhBt
horizon, and a second drop from the 2AhBt horizon downwards. In
contrast, the proportion of black carbon (BC) of TOC increases down-
wards to reach the highest value of 18.9 % at the transition between the
AhBt and 2AhBt horizon, before the values drop again. Low carbonate
contents between 0.6 and 0.2 % are found in the Ap horizon. The un-
derlying horizons are largely free of carbonate, before the values reach
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Fig. 5. (a) II-MM-I: Dashed lines indicate complete infillings of passage features caused by soil mesofauna — plane polarized light; (b) II-MM-II: Dashed lines indicate
complete infillings of passage features caused by soil mesofauna, note that different generations of passage features cross each other — plane polarized light; (c) Rec-
MM-I: Few dark brown clay coatings (red arrows) with maximum thickness of 50 um — plane polarized light; (d) Rec-MM-II: Soil horizon completely reworked by soil
mesofauna (dashed lines indicate passage features) — scan of thin section 6 x 9 cm; (e) Rec-MM-III: White arrows point at weakly developed yellow brown clay
coatings, black areas are voids, note the chito-gefuric related distribution of the fine mass — crossed polarized light; (f) Rec-MM-III: Thick (<200 pm) micritic
hypocoating to coating (white arrows), shell fragment (yellow arrow) — crossed polarized light.

their maximum of 14.9 % in the 2Ck horizon. The total profile shows
basic pH values > 7, with the highest value of 7.7 found in the 2Ck
horizon. The sandy loess layer shows a slowly downwards rising sand
content up to 59 % and also clay slightly increases, whereas silt slightly
decreases. In the Saalian moraine sand content strongly increases
downwards to values of about 75 %, and drops to 48 % in the 2Ck ho-
rizon. In parallel silt and clay slightly decrease downwards to values of 9
and 18 %, respectively, before increasing in the Ck horizon. The
Chemical Proxy of Alteration (CPA) shows largely similar values be-
tween 95 and 97 throughout the profile, with slightly higher values in
the lower part. Mass-specific magnetic susceptibility, total phosphorous
(Pyota), lead (Pb), zinc (Zn), copper (Cu) and sulphur (S) all show
elevated values in the Ap horizon, and their contents systematically
decrease downwards. The ratio S/V slightly increases downwards from
the Ap to the AhBt horizon to a value of 1.1, and the ratio C/V slightly
increases throughout the Ap horizon before showing a sudden increase
to 0.8 in the AhBt horizon. 8'3C varies between —25.6 and —26.4 %o with
a downwards decreasing trend throughout the profile. §!°N varies be-
tween 5.7 and 8.3 %o, showing the highest values in the Ap horizon. The
analytical values can be found in von Suchodoletz et al. (in press).

In all three micromorphological samples, complete reworking by the
soil mesofauna, such as earthworms, snails and molluscs, was observed.
The related passage features consist of crumbly complete to incomplete
infillings which are mostly continuously distributed (Fig. 5d). A channel
microstructure is characteristic for all three samples, and additionally
samples Rec-MM-II and Rec-MM-III show a weakly developed crumbly
microstructure. In samples Rec-MM-I (Fig. 5¢) and Rec-MM-III (Fig. 5e)
very small brown limpid and speckled brown clay coatings are found
(<30 pm in thickness). Micritic hypocoatings to coatings with crystal-
litic b-fabric occur in and around some channels in Rec-MM-III (Fig. 5f).

5. Discussion

5.1. Alteration of the regional Chernozems/Phaeozems during the last
3.8 ka

Advancing pedogenesis changes kind and thickness of soil horizons,
and in case of carbonate-containing parent material also lowers the
decalcification depth (Schalich, 1988). Hence, we compared soil horizon
thicknesses and decalcification depths between both studied profiles:
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With 102 cm, the total soil thickness in recent profile BH-rec is larger
compared with 73 cm in buried profile BH-II (Fig. 4). This difference
concerns both the humus-rich upper horizons (A, AB) with total thick-
nesses of 86 and 70 cm, and the (largely) decalcified non-humic lower
soil horizons (B) showing thicknesses of 16 and 3 cm. On the one hand,
this difference could be caused by geologic factors: The sand content in
BH-rec is generally about 10-20 % higher compared with BH-II (Fig. 4),
what could have enabled a higher rate of pedogenesis than in BH-II so
that the diagnostic horizons could be formed thicker. On the other hand,
this difference could also be caused by continuing pedogenesis during
the last 3.8 ka in BH-rec: Also the non-humic lower B horizons in tran-
sect cores 2-6, not influenced by soil relocation (Fig. 3), are systemati-
cally thicker compared with those of buried profiles BH-II and BH-III
(the latter profile described in von Suchodoletz et al., 2023). Accord-
ingly, given that the catena includes substrates with different sand
contents (see Table S1), the observed systematic differences between the
buried and neighboring recent soils in the Bornhock area should largely
be caused by different durations and hence intensities of pedogenesis, i.
e. mainly ongoing decalcification in the recent soils. In contrast, given
the relic character of Chernozem/Phaeozem formation in Central Ger-
many no systematic increase of the humus-rich upper horizons is visible,
and the thickness is typical for regional Chernozems/Phaeozems
(Fig. 6). By comparing our values with those from other regional
Chernozems/Phaeozems, it appears that decalcification in the Bornhock
area is generally deeper than the regional mean values (Fig. 6). This
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could be caused by the high sand content in our sandy loess and Saalian
moraine compared with Weichselian loess, forming the parent material
of the other studied regional Chernozems/Phaeozems (Baumann et al.,
1983, Altermann et al., 2005, Dultz and Kiihn, 2005, von Suchodoletz
et al., 2019). Furthermore, the comparison also reveals that BH-rec,
showing the thickest upper humus-rich horizons and the greatest
decalcification depth of all recent profiles in the Bornhock area, seems to
form an exception rather than the rule also on the regional scale (Fig. 6).

The current TOC values in both profiles are similar (Fig. 7). However,
given that organic matter can be decomposed in well-drained aerobic
paleosols (Breuning-Madsen et al., 2009), it is also possible that TOC
was originally higher in buried profile BH-II. Accordingly, slightly
enhanced Cu contents in the humus-rich upper horizons of BH-II (Fig. 4)
may suggest decomposition and mineralisation of organic matter since
3.8 ka, since Cu is a micro-element naturally present in organic matter
(Hejcman et al., 2013; Fig. 7).

The contribution of BC to TOC is systematically lower in recent
profile BH-rec compared with BH-II, with the lowest values found in the
recent Ap horizon (Fig. 7). This effect is also displayed by the signifi-
cantly lighter colors of the humus-rich upper horizons in BH-rec (Fig. 4).
Similarly, lower contributions of BC to TOC in recent compared with
buried Neolithic Chernozems/Phaeozems were also formerly observed
in Central Germany (von Suchodoletz et al., 2019). In their review of
global content and patterns of BC, Reisser et al. (2016) observed a
positive correlation between BC and soil pH due to less BC
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Fig. 6. Thicknesses of the humus-rich upper (A and AB) and non-humic lower (B) soil horizons and original calcification depths (secondary recalcification not taken
into account here) of Central German Chernozems/Phaeozems studied in drill cores 2 — 6 of the catena (visibly not influenced by soil erosion or colluviation; Fig. 3),
recent profile BH-rec and buried profiles BH-II and BH-III (for the latter see von Suchodoletz et al., 2023), as well as from other regional studies (for those studies no
information about non-humic lower soil horizons was available): Altermann et al. (2005: profile Lauchstadt), von Suchodoletz et al. (2019: profiles Neumark-Nord I,
Uichteritz I, Zauschwitz), Dultz and Kiihn (2005: profile Etzdorf), Baumann et al. (1983: profile Werben).
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Fig. 7. Comparison of different proxies between recent profile BH-rec and buried profile BH-II. Since the concentration-dependent parameters y, Pb, Cu, Zn and S
show correlations > 0.5 with clay (whereas Py, does not), to make both profiles comparable with each other these parameters were related to the clay content.

decomposition at higher soil pH values (i.e. BC metabolization or
complete degradation; Gross et al., 2025). Accordingly, we suggest that
the higher contributions of BC to TOC in buried Central German
Neolithic/Bronze Age Chernozems/Phaeozems should reflect their
original BC contents and/or additional BC input due to human fire ac-
tivities. In contrast, due to ongoing natural decalcification during the
last millennia, causing lower pH values and hence increased BC
decomposition, systematically lower contributions of BC to TOC are
found in recent regional Chernozems/Phaeozems.

Deeper decalcification in BH-rec compared with BH-II (Fig. 6) is
displayed by different decalcification depths: The high carbonate con-
tent of the parent material (~15 %) is reached in BH-rec at 105 cm,
whereas in buried profile BH-II it is already reached at 77 cm. However,
small carbonate contents of about 0.5 % are found in upper profile BH-

rec (Fig. 7), and calcium carbonate was also detected in the upper parts
of all recent cores of the catena (Fig. 3). Together with pH-values > 7
throughout profile BH-rec and in upper profile BH-II, but pH-values
down to 4.5 in the central part of BH-II, this indicates regional second-
ary recalcification that much stronger affected recent profile BH-rec
than buried profile BH-II. Secondary recalcification was probably
linked with human activity since the industrialization (see Section 5.2).
Hence, both profiles should have been largely decalcified and shown
acid pH values at latest about 3.8 ka, but decalcification continued only
in BH-rec until the start of secondary recalcification during the late 19th
century CE (see Section 5.2).

Longer-lasting decalcified conditions in the upper parts of regional
soils during the last millennia were also found in other regional Cher-
nozems/Phaeozems (Baumann et al., 1983, von Suchodoletz et al.,
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2019), and are furthermore indicated by small clay coatings in upper
profile BH-rec (sample Rec-MM-I; Fig. 5c). The latter indicate clay
translocation that requires pH-values between 4.5 and 6.5 (Quénard
et al.,, 2011). Given that no clay coatings were found by micromor-
phology in buried profile BH-II and the middle sample of profile BH-rec
(Rec-MM-II), clay translocation must have started after burial of profile
BH-II about 3.8 ka, and did not have enough time to progress into deeper
horizons of profile BH-rec prior to its recalcification. In contrast, small
clay coatings in the lowermost sample of BH-rec (Rec-MM-III; Fig. 5f),
taken from the Saalian moraine below the stone line (Fig. 4), must
originate from a former phase of clay illuviation such as during the
Eemian interglacial or the Latest Pleistocene interstadials (Neumeister
etal., 1971, Kithn et al., 2006). Accordingly, two small peaks of the ratio
fine/total clay at ca. 30-50 cm and 80-90 cm in profile BH-rec
encompass the positions of micromorphological samples Rec-MM-I
and Rec-MM-III showing small clay coatings, whereas no such peak
exists at the position of sample Rec-MM-II without clay coatings (Fig. 7).

The Chemical Proxy of Alteration (CPA) shows similar values be-
tween about 95 and 98 throughout both profiles, and slightly higher
values in buried profile BH-II compared with the upper part of recent
profile BH-rec could reflect slight mineralogical differences between
both profiles (Buggle et al., 2011). The high values in both profiles
demonstrate (i) no significant regional silicate weathering since about
3.8 ka, and (ii) the composition of the regional soil parent material of
already strongly pre-weathered sediments, since unweathered Central
German loess shows much lower CPA-values between 84 and 90 (Kraul
et al., 2016).

Summing up, the regional Chernozems/Phaeozems were decalcified
down to the C horizons about 3.8 ka ago. Since that time decalcification
continued, leading to larger thicknesses of the non-humic subsoil hori-
zons. In contrast, the currently observed secondary recalcification of the
recent soils was probably caused by human activity during the last de-
cades. Buried and recent soils show similar TOC contents, however,
given possible decomposition and mineralization of organic matter in
well-drained paleosols (Breuning-Madsen et al., 2009), it cannot be
excluded that TOC in the buried soil was higher at 3.8 ka compared with
today. Similar with other regional Chernozems/Phaeozems the contri-
bution of BC to TOC became significantly lower since 3.8 ka, possibly
also causing the lighter colors of recent soils. BC decomposition must
have been caused by acidic conditions during the last millennia (Reisser
et al., 2016), leading to a less stable pool of soil organic matter due to a
lower proportion of old (historical) BC (Kopecky et al., 2021). Since
about 3.8 ka slight clay translocation occurred, proceeding very slowly
due to the relatively dry regional climate with mean annual precipita-
tion <600 mm/a (Rogaar et al., 1993). Although the CPA is less sensitive
to small-scale differences in weathering intensity at values >85 as found
in our study area (Wang et al., 2023), the consistently similar values
between both profiles exclude significant silicate mineral weathering
during the last millennia. Generally, the high carbonate content of the
parent material of about 15 % and the dry regional climate with 550 mm
annual precipitation obviously caused only slight soil alteration during
the last 3.8 ka. This contrasts with former Chernozems/Phaeozems in
other regions of Central Europe that were completely degraded during
the last millennia (Kabata et al., 2019, Krupski et al., 2024), such as in
parts of southern Poland with higher annual precipitation of about
600-650 mm/a and lower carbonate contents of the regional soil parent
material of about 5-6 % (Wiesniewski et al., 2015, 2022, Krawczyk
et al., 2017).

5.2. Human overprinting of regional soils

5.2.1. Until and during the Early Bronze Age

The Bornhock area is located in a region that has agriculturally been
used since the Neolithic (Tinapp & Stauble, 2000). Luminescence dating
of buried profile BH-II has revealed a shallow Early Bronze Age Ap ho-
rizon, less than 20 cm thick (von Suchodoletz et al., 2023). This depth is
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typical for Bronze Age plowing, which rarely exceeded 15 cm depth
(Pavelka et al., 2017, Scherer et al., 2021). S/V-ratios around 1.2 and C/
V-ratios around 1.0 indicate that grass-dominated vegetation existed at
site BH-II before it was buried during the Early Bronze Age (Thevenot
et al., 2010). Previous research suggested that the regional natural pre-
Neolithic Holocene vegetation consisted of pine forests interspersed
with non-forested habitats (Litt, 1992, von Suchodoletz et al., 2024,
Tinapp et al., 2025). Hence, the applied vegetation proxy may reflect
either a local pre-Neolithic non-forested habitat, and/or a subsequent
cereal-related signal associated with farming activities prior to the
construction of the burial mound. These crops were likely dominated by
barley, emmer and spelt as found at other western-central European sites
for that time (Stika & Heiss, 2014). Furthermore, the high P, content
in the Early Bronze Age Ap horizon (Figs. 4 and 7) may have been caused
by fertilization, cattle breeding or local waste disposal during that time
(Holliday & Gartner, 2007). The 8'3C values (—26.2 %o to —26.7 %) fall
within the typical range for C3 plants (—29 %o and —25 %o, O'Leary
1988, O’Leary et al., 1992), reflecting both the natural pre-Neolithic
vegetation and the subsequently cultivated crops. Notably, millet, a
first C4 crop in this area, only arrived later in the Bronze Age (Filipovic
et al., 2020), i.e. after the burial mound was constructed. The S1°N
values of 4.8 %o to 5.9 %o most probably reflect the natural 8!°N level of
the Chernozem, and do not necessarily indicate human dung manage-
ment (Schliitz et al., 2023).

Beyond these observations, no further human influence was detected
in the buried Chernozem. This aligns with broader patterns, as human
impact on Central European landscapes during the Early Bronze Age was
rather limited (Zapolska et al., 2023).

5.2.2. Since the Early Bronze Age

With a thickness of 34 cm the Ap horizon of profile BH-rec is much
deeper than that of profile BH-II, corresponding with typical depths
observed in present-day Ap horizons in Central Europe (Schatz, 2023).
Additionally, features of soil erosion and colluviation processes are
documented in the catena (Fig. 3). Although our study did not resolve
their exact chronology, it is most likely that these processes occurred
primarily since the Early Bronze Age (Dotterweich, 2008, Dreibrodt
et al., 2013).

Furthermore, aside from a possible slight increase in Py,1, the recent
Ap horizon shows enrichments of the elements Pb, Zn, Cu and S as well
as higher magnetic susceptibility y (Figs. 4). Yet, the absolute values of
these elements, which show a significant correlation with clay content
(see Fig. S-1), remain within the range of the geological background of
the more clay-rich profile BH-II. When normalized to clay content their
relative enrichment in the recent Ap becomes much more apparent
(Fig. 7). Unlike phosphorous, these enrichments cannot be attributed to
agricultural activities. The region has been strongly industrialized since
the end of the 19th century CE, with lignite burning serving as the major
energy source until the early 1990s (Neumeister et al., 1991). While
smaller sources existed especially in larger settlements due to industrial
and domestic heating, the major contributors were lignite power plants,
which emitted large amounts of lignite ash (Fig. 8). In 1989 alone,
approximately 4.9 Mio. t of lignite ash were released (Zikeli et al., 2002).
Wind carried this fly ash over a large area, depositing variable amounts
of elements such as Mn, Cr, Zn, Cu, Pb, V and Ni (Neumeister et al.,
1991; Fig. 8). This likely explains the enrichment of the heavy metals,
particularly Pb, Zn and Cu, in the recent Ap horizon. Ferrimagnetic
magnetite particles, produced during burning of pyrite-rich lignite, are
responsible for increased values of magnetic susceptibility (Rumpel
et al., 1998). Hence, this could account for the relative increase of y in
the recent Ap horizon. The relatively low human enrichment of heavy
metals and magnetic particles in the recent soils of the Bornhock area,
despite their location within the Central German industrial region, can
likely be attributed to their distance from lignite power plants and large
settlements which were the primary sources of fly ash emissions (Fig. 8).

Lignite ash is also enriched in sulphur and calcium (Fig. 8), with the
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Fig. 8. Lignite power plants that were active prior to 1990 with operation times (LMBYV, 2011, 2019), settlements and fly ash sampling points with elemental
analyses (Neumeister et al., 1991) in the Central German industrial region, and location of the Bornhock. (Settlements: ©GeoBasis-DE/BKG 2022, Rivers: @Natu-
ralearthdata). Furthermore, for the northeastern part (Diiben Heath) soil basification in 1967 due to fly ash input compared with natural values is shown (Konopatzky

et al., 1995).

latter contributing to pH-values > 7 in fly ash and promoting secondary
carbonate precipitation in regional soils formed on fly ash deposits
(Zikeli et al., 2002). This likely explains the observed S-enrichment in
the recent Ap horizon, the alkaline pH-values throughout profile BH-rec
and in upper part of profile BH-II, as well as the secondary carbonate
precipitation in upper part of profile BH-rec, the catena (Fig. 3) and, toa
much lower extent, in uppermost profile BH-II. As discussed by
Korschens et al. (2005), fly ash deposition appears to have led to the
recalcification of some regional soils, transforming previously decal-
cified soils with minor features of clay illuviation into calcic Cherno-
zems/Phaeozems while still preserving their luvic properties. Likewise,
in 1967 strong basification of regional soils due to fly ash input was
systematically documented for the Diiben Heath located northeast of the
Bornhock area (Konopatzky et al., 1995; Fig. 8).

These altered chemical properties inhibit transformation processes
such as clay relocation and BC-decomposition (Fischer-Zujkov, 1999,
Semmel, 1995, Reisser et al., 2016), and impact soil biota (Aciego Pietri
& Brookes, 2008, Thies & Grossmann, 2023). The intensive alkaliniza-
tion and secondary calcification of soils nearby former lignite power
plants — caused by fly ash deposition — strongly contrasts to the more
widespread effects of industrial lignite burning, where atmospheric SO,
input led to soil acidification and contributed to large-scale forest
dieback in the second half of the 20th century CE (Wetstone & Foster,
1983, Sramek et al., 2008).

Under Holocene climate conditions, the anthropogenically recalci-
fied Central German Chernozems/Phaeozems would typically undergo
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decalcification processes again in the mid-term future. However, given
the current climate change with rising regional temperature (Kaspar
et al.,, 2023) and an increasing regional annual water deficit in the
already currently dry region (Zink et al., 2017), decalcification should
strongly decelerate or even stop.

Unlike profile BH-II, which showed a dominance of grass vegetation
before burial, S/V-values around 1.0 and C/V-values between 0.4 and
0.8 in recent profile BH-rec suggest a mix of grasses and deciduous trees
(Thevenot et al., 2010). This indicates that, despite intensive agricul-
tural use since the Neolithic, deciduous trees possibly related to the
current potential natural vegetation of Quercus-Carpinus forests with
minor Fagus proportions (Bohn & Wel3 2003) must have grown at this
site at some point over the past 3.8 ka. Although within the range of C3
plants, the 8!3C values in upper profile BH-rec reach up to —25.6 %o, i.e.
about 1 %o higher than those in buried profile BH-II (Fig. 7). This dif-
ference may result from the recent cultivation of the C4 crop maize,
which has been part of the crop rotation for at least 30 years (local
farmer, oral communications). Elevated 8'°N values of >8 %o in upper
profile BH-rec could be caused by current manuring practices using
organic remains from a biogas plant. Similar to animal dung, microbial
activity in biogas plants encompasses release of *N enriched volatile
gases, raising the 8'°N of the remaining decomposed organic matter
(Fry, 2008, Bell et al., 2016, Pedersen and Hafner, 2023). This increase
in 8'°N appears to extend down to about 80 cm, i.e. the lower boundary
of the black-colored soil horizons (Fig. 4).

In summary, the recent regional Chernozems/Phaeozems are much
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stronger influenced by human activity compared to the buried Bronze
Age soil. Key anthropogenic impacts include: (i) Industrialization-era fly
ash deposition, which led to increased magnetic susceptibility, heavy
metal and sulfur enrichment, and secondary recalcification. (ii) Modern
agricultural activity, which altered the isotopic signature of soil organic
matter. Our study highlights the value of directly comparing neigh-
boring recent soils and buried paleosols, allowing the clear identifica-
tion of recent and sub-recent human impact not biased by largely
different sedimentological, pedological and geochemical backgrounds
(Reimann & Garrett, 2005, Pampura et al., 2019). This is particularly
relevant for detecting smaller-scale human effects such as moderate
enrichment of heavy metals and higher values of magnetic susceptibility
in recent soils, which could otherwise be overlooked. Interestingly, the
approximately 70-80 cm of archaeosediments that remained over pro-
file BH-II after mound destruction during the second half of the 19th
century CE appear to have largely protected the paleosol from younger
soil forming processes. Furthermore, despite intensive agricultural use,
the recent soils still contain a potential Late Holocene vegetation signal,
highlighting their valuable potential as geoarchives even in intensively
farmed landscapes.

6. Conclusion

By comparing a buried Chernozem beneath a Late Bronze burial
mound with a neighboring similar surface soil, we systematically stud-
ied natural Chernozem/Phaeozem alterations and human overprinting
in the Central German industrial region over the past 3.8 ka. While
similar comparisons have been conducted in regions such as East-
Central and Eastern Europe or Denmark, they have been largely over-
looked in this area. Unlike in more humid regions with less calcareous
soil parent material where former Chernozems/Phaeozems have been
completely transformed to Luvisols during the last millennia, our find-
ings indicate a slow transformation of regional Chernozems/Phaeozems
since approximately 3.8 ka. This is likely due to the dry regional climate
and the high carbonate contents of the soil parent material. This trans-
formation manifests primarily as ongoing decalcification, BC decom-
position and weak clay illuviation processes.

Consistent with previous studies from Central Europe, human in-
fluence on the soils was minor before and during the Early Bronze Age,
limited mainly to <20 cm thick local plough horizons and some P
enrichment possibly due to agricultural activity or local waste disposal.
In contrast, human impact has increased since the late 19th century CE.
This is evident in the enrichment of magnetic susceptibility, heavy
metals and sulfur likely due to fly ash input from lignite power plants, as
well as in shifts in the isotopic signature of soil organic matter caused by
modern agriculture. However, given the study site’s remote location
from major fly ash sources, these enrichments remain moderate and
might have been overlooked without a systematic comparison between
buried and recent soils.

However, the strongest human impact on regional soils was their
secondary recalcification by fly ash input, which has led to alkaline pH
values in previously decalcified soils. This process halted the natural
transformation from Chernozems/Phaeozems to Luvisols, and changed
the conditions for soil biota. Generally, in the context of ongoing climate
change with increasing regional temperatures decalcification should
strongly decelerate or even stop, what should also influence long-term
future soil formation processes and ecosystem dynamics.
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