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Abstract
Chernozems are among the most productive soils in the world, as they unite several favorable factors
such as high fertility, favorable pH, a granular structure and high moisture retention capacity.
Therefore, they are typically characterized by a high agrarian value and often provide long records of
intensive human land-use that reach back several millennia. However, despite their high relevance for
soil sciences and geoarchaeology, many important aspects regarding chernozem formation, e.g. the
question what paleoenvironmental boundary conditions are most important for their formation, are
still poorly understood and thus part of scientific debate. One important drawback in this context is
the lack of powerful methods to get grip on timing and rates of chernozem evolution, as different
dating methods used in the past had mayor drawbacks and could therefore not be used to find
absolute ages of chernozem formation. Recently, it has been shown that single grain luminescence
dating can be used for clarifying and quantifying soil mixing and evolution. Reimann et al. (2017)
devised a method using single grain feldspar post Infrared Infrared Stimulated Luminescence (pIRIR)
which showed great promise, but is still in need of further testing in different environments.
Therefore, in this study, I applied the suggested protocol for the first time to two chernozem profiles
in Central Germany that were buried and thus preserved by the Early Bronze Age burial mound
Bornhöck at ca. 3.8 ka ago. My goals were (i) to test the newly developed luminescence methodology,
and if successful, (ii) to date the onset and end of chernozem formation and (iii) to quantify soil
formation rates. These results were then used to compare soil reworking rates in different
environments, induced by different types of bioturbators, and to analyse the impact of possible
ploughing in the area by Neolithic settlers. The results confirm the great potential of the pIRIR single
grain feldspar luminescence method, but also the importance of arbitrary decisions in data handling
with respect to the usage of age models, and most importantly assumptions regarding the overdispersion of a mixed De distribution.
Chernozem formation of the two profiles started at latest in the early Holocene, possibly even in the
Bølling-Allerød time period, and ceased between ca. 5.5 and 5.2 ka ago. Furthermore, my data
demonstrate that chernozem formation was characterized by very intensive vertical soil mixing, most
likely related to intensive bioturbation. Evidence of human ploughing was found in the upper 10-15
cm of one of the soil profiles, but not in the other, which might indicate that small scale ploughing
happened in the area. Bioturbation was quantified by calculating effective reworking rates, which were
between 0.015 and 0.063 mm/a for natural reworking and 1.36 mm/a for the sample affected by
ploughing. The reworking is believed to have been dominated by earthworm activity and the rates,
especially in the lower part of the profiles, were significantly higher compared to reworking rates in an
environment with soil activity dominated by ants.
With this research, I produced the lacking chronology for Central German chernozem formation. I
recommend that this chronology gets used in further research towards the paleoenvironmental
boundary conditions that relate to chernozem formation, like climate and vegetation.
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1. Introduction
1.1 Importance of soil research
Soils are often called ‘the living epidermis of the planet’ (e.g. Amundson et al., 2015; Reimann et al.,
2017; Richter, 1970). They are a key component to terrestrial ecosystems, linking lithosphere,
biosphere, hydrosphere, and atmosphere (Adhikari & Hartemink, 2016). Humans depend on them for
services like food production, water filtration and storage, and atmospheric gas cycling. Its
management, directly and indirectly, is an important factor in the future success of our species
(Amundson et al, 2015). Figure 1 gives and overview of ecosystem services to human society; soils
support the delivery of most of these services (Adhikari & Hartemink, 2016).

Figure 1 Overview of ecosystem servives, Source: Otte et al., 2012

However, the current global population growth, with over 9 billion people expected by 2050 (Roberts,
2011; Tilman et al., 2011), puts pressure on the soils. An example can be found in food production;
whereas the global amount of cropland has risen over the past 50 years, the amount of cropland per
person showed a steep decrease (figure 2, Montanarella & Vargas, 2012). Sustainability goals, as set
by the UN, are yet far from reached (Montanarella & Vargas, 2012), and awareness into the subject is
therefore growing, with scientists proposing different solutions to the problem (e.g. Keesstra et al.,
2016; Sposito, 2013; Montanarella & Vargas, 2012).

Figure 2 Amount of global cropland and the amount of cropland per person. Source: Montanarella & Vargas, 2012.
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However, in spite of this growing awareness, there is still little known about long-term soil formation
processes, and quantitative process information on decadal to millennial time scales is typically sparse.
Although insight in long term soil processes, e.g. on centennial scale, do often not yield direct input
into management practices that could help reach the sustainability goals as stated above, it still
provides valuable input in the fundamental understanding of soil formation and degradation. Here, as
often in earth sciences, understanding the past is the key to more reliably prediction of how future
scenarios can play out (Gómez et al., 2014). Therefore, understanding and quantifying soil forming
processes is important for sustainable use of ecosystem services provided by soils. More specific,
knowledge on the rate of aggradation and degradation of soils, and understanding the practices that
slow down or speed up these processes, can, to a certain level, inform on sustainable management
practices in soils (Droogers & Bouma, 1997). One example here is bioturbation. Although short term
processes, i.e. on time scales of one to a few years, are relatively well understood, we are still far from
quantifying the long term processes, because we lack suitable methods for tracing the process on these
longer time scales (Reimann et al., 2017). Researching these bioturbation processes and their effect
on soil formation on a decadal to millennial scale provides a more fundamental understanding on soils,
which can be translated into more robust numerical models that are able to predict future soil
development under changing boundary conditions, for example a changing climate. With this research,
I provide insight on the onset and end of bioturbation induced chernozem formation in Central
Germany and the rate with which the bioturbation happened, using two palaeo-chernozem profiles.
Chernozems were chosen, because they have good properties for variable ecosystem services, e.g.
food production, and because there has been quite some discussion about chernozem formation in
Central Germany, especially about the onset and degradation of this process, in the scientific
community (Eckmeier et al., 2007).
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1.2 Central German chernozems
According to the 2014 WRB classification, a chernozem has a chernic horizon, (proto)calcic properties
and a high base saturation (figure 3). More generally, most people relate to them as thick, dark soils
with an abundance of calcium carbonates. Chernozems are mainly found in middle latitudes of Eurasia
and North America (figure 4 left, Driessen et al., 2001), but are also spread over Central Europe (figure
4 right, Eckmeier et al., 2007). They belong to the most productive soils in the world as they unite
several favourable factors, such as high fertility, favourable pH, a granular structure and high moisture
retention capacity. Therefore, they are typically characterized by a high agrarian value and often
provide a long records of intensive human land-use that reach back several millennia (von Suchodoletz
et al., 2019). Hence, much research has been done into the formation and degradation of this soil type.
However, despite their high relevance for soil sciences and geoarchaeology, many important aspects
regarding chernozem formation are still poorly understood. Chernozems are often related to
phaeozems, which are soils with a similar dark horizon, although sometimes a little less dark, but
without a calcic horizon starting in the upper 50 centimeters. These soils are often formed in relative
close proximity to each other (Driessen et al., 2001).

Figure 3 2014 WRB classification of a chernozem soil. Source: WRB, 2014.

Figure 4 Distribution of chernozems around the world (left) and more specifically in Central Europe (right). On the right map,
the different shades of black and grey show different subtypes of respectively chernozems and phaeozems. Source left:
Driessen et al. (2001). Source right: Eckmeier et al. (2007).

Eckmeier et al. (2007) published a summary paper on chernozems in Central Europe, relating to the
conflicting results in different studies about the definition, spatial variability, time of formation and
boundary conditions for formation and degradation, including the human impact on these soils. They
concluded that there still is research to be done to draw unambiguous conclusions on these subjects.
One important drawback in this context is the lack of powerful methods to get grip on timing and rates
of chernozem evolution. Stratigraphical evidence was tried, but yielded ambiguous results, mainly
because no definitive conclusions could be drawn without relations to numerical ages. E.g. many
authors preferred the Early Holocene, more specifically the Atlantic, as the main chernozem forming
7

era (Czerny, 1965; Rau, 1968; Roeschmann et al., 1982; Scheffer/Schachtschabel, 2002), based on the
research of Laatsch (1934), but others concluded that it started in the Younger Dryas (Roeschmann,
1968; Altermann and Mania, 1968). Furthermore, radiocarbon dating has been applied, but it was
measured in extracted humic acids, which does not yield numerical ages, but mean residence time of
the soil organic matter (Scharpenseel & Becker-Heidmann, 1992). Luminescence data could provide
the lacking chronology and thus provide valuable insight into the chernozem formation. With
numerical ages, it is possible to give insight into the rate of soil formation and, when compared to
known information about the human, climatological and vegetational history in this area, also into the
natural and anthropological influences on chernozems. Therefore, one of the main goals of this study
is to use luminescence dating to find the chronology of chernozem formation in Central Germany.
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1.3 Luminescence dating and soil reworking
1.3.1 A short introduction
This section provides a short introduction to the concepts and of luminescence dating and some jargon
used in this report. However, I do not aim to give a complete overview of all possibilities, detailed
methods and drawbacks of this dating technique. This small summary is mainly based on Preusser et
al. (2008).
Luminescence techniques enable evaluation of the time that has passed since mineral grains, especially
quartz and K-feldspar, were last exposed to daylight or heated to a few hundred degrees Celsius
(Preusser et al., 2008). Since the method first surfaced in 1953 (Daniels et al., 1953), many different
sub-techniques have been developed, with Optically Stimulated Luminescence (OSL) as the currently
most commonly used technique (Preusser et al., 2008). Ionising background radiation in the soil,
induced by naturally occurring radioactivity, gets absorbed by the minerals and causes the excitation
of atoms in the crystal lattice, leading to activated electrons at higher energy states. The vast majority
of these electrons leave the activated states immediately, but some get trapped in electron traps,
which are small defects in the crystal structure, that way storing energy in the atom (Preusser et al.,
2008). If all electron traps in the mineral are filled, then the mineral is in ‘saturation’. When the soil
mineral is exposed to daylight or temperatures of a few hundred degrees Celsius, the electrons are
freed from the traps and move back to the lower energy state, thus emitting the stored energy. This is
called ‘bleaching’. The amount of energy that is stored/emitted can be measured and is called the
equivalent dose (De). It is defined as the amount of energy that is stored per mass of the mineral in
Joule per kilogram, also called Gray (1 J*kg-1 = 1 Gy) (Preusser et al., 2008). From the statistical
interpretation of multiple De measurements a palaeodose can be estimated, which is defined as the
best estimate of the dose received during burial. Using this palaeodose, a burial age can be estimated,
but firstly the dose rate is needed.
Dose rate is the amount of ionising radiation energy in Gray per unit of time, often in years, that the
mineral is exposed to. Dose rate comes from three sources: cosmic radiation, internal radiation and
external radiation, and comes in the form of alpha, beta and gamma radiation (Preusser et al., 2008).
Internal dose rate originates from radioactive elements within the lattice of the luminescent mineral
itself, mostly from 40K and with a minor influence of 87Rb. This is usually an important part in the dose
rate calculation of K-feldspars, but for quartz, the contribution of the internal dose rate is usually
considered negligible (Preusser et al., 2008). External radiation originates from the surrounding
sediments, mainly from 40K, 238U/235U and 232Th decay chains (Preusser et al., 2008). Cosmic radiation
consists of different particles, e.g. neutrons, electrons and photons, that penetrate the Earth’s surface
constantly, and is influenced by the Earth’s magnetic field and absorption by the atmosphere (Preusser
et al., 2008). The ionising radiation gets attenuated by water and organic matter content in the soil, so
these values need to be taken into account during the dose rate calculation.
The relation between (burial) age, De and dose rate is shown in the following equation:
𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑔𝑒 (𝑎) =

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑜𝑠𝑒 (𝐺𝑦)
𝐺𝑦
𝐷𝑜𝑠𝑒 𝑟𝑎𝑡𝑒 ( 𝑎 )

(1)

There are two possible challenges that often occur in luminescence that need to be explained: poor
bleaching and anomalous fading, the latter only for luminescence of K-feldspars. Poor bleaching means
that (part of) the grains do not completely reset their luminescence signal when they are exposed to
daylight. The grains then keep part of their dose when buried, so they seem older than they actually
are (Preusser et al., 2008). This process often occurs in fluvial settings, where the particles move
through water and therefore do not always get fully exposed to the daylight. Anomalous fading is a
process that can only occur in K-feldspars, in which trapped electrons will leave their electron traps by
‘tunnelling’. That way, the mineral loses part of the signal, therefore seeming younger than it actually
is (Preusser et al., 2008).
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In the past, using luminescence dating, many studies have noted soil mixing, e.g. by bioturbation, as a
possible source of contamination, when looking at the depositional age of sediments (e.g. Roberts et
al., 2000; Bateman et al., 2003; Gliganic et al., 2015). The research by Heimsath et al. (2002) was one
of the first to look at it the other way around, proposing to use luminescence dating for reconstructing
long-term soil reworking rates. The application makes use of the bioturbation induced vertical soil flux
that brings sand grains to the surface, where they get bleached, after which they are reburied and thus
the luminescence signal starts to build up again. However, bioturbation does not always lead to
complete homogenisation of the soil (Wilkinson & Humphreys, 2005), as is often reported. Thus, if that
is the case, we can expect two populations of grains: (i) those with a history of soil mixing, which can
be used to inform on timing and rates of soil mixing and (ii) those without a history of soil mixing, which
can be used to deduce the time of the original deposition. The latter is the case in a sedimentary
environment. Otherwise the non-reworked grains cannot be used for dating.

1.3.2 Bioturbation effects on luminescence data
Bioturbation is a variable process that takes many forms. Examples of different bioturbation types are
mounding, mixing and biotic soil flux (Wilkinson et al., 2009). There are three types of mounding: (i)
soil is deposited at the surface as waste, (ii) soil is used to construct an above surface mound and
becomes part of the nest system, and (iii) soil is excavated for digging, mostly when an animal is in the
pursuit of food or using it for building a nest system (Wilkinson et al. 2009). Either way, after being
mounded, the bioturbated grains will have reached the surface. Mixing is the redistribution of soil
below the surface, while a biotic soil flux moves soil downslope. Different bioturbators yield different
types of bioturbation. For example, earthworms ingest soil and excrete it at the surface (mounding) or
below the surface (mixing), while ants excavate soil material to build mounds (mounding) (Amador &
Görres, 2007). Mixing of the soil does not lead to particles reaching the surface, but mounding does.
Therefore, mounded grains, as opposed to mixed grains, get bleached, before getting buried again.
How this has an influence on the luminescence signal of soil particles is shown in figure 5 in a simplified
way.

Figure 5 Exposure and burial cycle of a grain as a result of soil reworkring. The graph on the right illustrates the build-up of
the luminescence signal in the grain during the reworkring cycle. Source: van Oorschot (2018)

Bateman et al. (2003) theorised how soil layers could be affected by soil reworking based on the rate
and depth of the soil reworking and the sedimentation rate (figure 6). If the sedimentation rate is
higher than the reworking rate, then only parts of the column are affected. If the sedimentation rate
is lower than the reworking rate, then the entire column will be influenced by reworking.
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Figure 6 schematic presentation of possible pedoturbation effects in different sedimentological envorinments. Source:
Bateman et al. (2003).

Chernozems, the investigated soils in this research, form into a stable, non-aggrading landscape
(Driessen et al., 2001), which is visualised by figure 6d. The scheme illustrates how reworking affects
the soil column to a certain depth, but that the results are earlier visible in the upper parts, because
the bioturbation is more intensive there than in the lower parts.
Furthermore, Bateman et al. (2003) theorised about different pedoturbation scenarios and their
effects on De distributions. He summarised them into figure 7.

Figure 7 The hypothethical effects of bioturbation on De distribution. Source: Bateman et al. (2003).

If pedoturbation is only a minor component, then younger/older grains from a different populations
can be mixed in to the sample (figure 7 a-d). If bioturbation is more prolonged or intense, creating a
homogeneous layer, then then the distribution could remain normal, but will have a wider range
(figure 7e) compared to an undisturbed, well-bleached sample (figure 7g). The De distribution then will
reflect the time period of bioturbation. Lastly, there is the possibility that a sample, after deposition,
remains stable for a prolonged period of time, for example in permafrost, after which bioturbation
begins. In that case, a bimodal distribution (figure 7f) can be found.
Bateman et al. (2003) stopped theorising there, but more can be deduced about the influence of
bioturbation on De distributions. If bioturbation is very intense, then it is possible that a wide
distribution (figure 7e) results in tight De distribution again, like figure 7g, because intense bioturbation
overprints all the older grains in a short period of time. I visualised this process in figure 8.
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Figure 8 Conceptual model of a soil layer that is reworked by intense bioturbation. Note that subfigures are not in alphabetical
order, because the same letters as in figure 7 are used.

The figure shows a sample that has a certain well-bleached normally distributed De of a depositional
age (h), which gets reworked by intense bioturbation. First, only some grains will receive new De values
by bleaching (c and d), until after some time, a new, more widespread, normal De distribution is formed
(e). But the prolonged, intense bioturbation starts to bleach the older grains, skewing the distribution
to the left (b and a). In the end, all grains are reworked at least once, creating a new, tight De
distribution around a younger age (g). The more intense the reworking, the higher and smaller figure
8g will be.
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1.3.3 Effect of aliquot size
When Bateman et al. (2003) researched the influence of bioturbation on luminescence dating, they
found the importance of small aliquot sizes. They explained this with figure 9, which shows the same
measurements with different aliquot sizes, ranging from standard aliquots, to small aliquots and single
grains, in and adjacent to a krotovina (infilled burrow). During the creation of this krotovina, part of
the grains in the sample were exposed to daylight, so they were bleached, while others kept their
signal, so there were multiple age populations in the sample. When measuring the De distribution with
a standard aliquot, these different populations were mixed together, yielding a De distribution that
was averaged (figure 9a and b). When measuring the same samples with a single grain analysis, these
different populations became clear in the De distribution (figure 9e and f). The small aliquot (figure 9c
and d) yielded less averaged results, but they still did not show the full range of the D e distribution.
These results shown the importance of small aliquot sizes, i.e. single grain, when dealing with a
reworked sample, especially when quantifying the reworking rates is the goal of the research.

Figure 9 De distributions meausred with different sample sizes in and adjacent to a krotovina. Source: Bateman et al. (2003)

Duller (2008) based a full research on this concept, explaining why aliquot size matters in luminescence
dating, especially when poor bleaching is present. He once more showed that when a signal is derived
from multiple grains on an aliquot, the different ages of the grains might have gotten averaged into
one luminescence age. Thus, statistical models need to be used to derive a true age (section 3.3.1).
Partial bleaching can be shown by small aliquot sizes, because the introduction of single grain
measurements showed that the luminescence signal of an aliquot is often dominated by a very few
bright grains, especially in quartz (Duller, 2008). When the sample yields a brighter signal, then the
number of measurable grains increases and thus the averaging effect increases too. Therefore, in such
a case, it is impossible to use the small aliquot to identify poor bleaching. So, the only way to certainly
shown the full distribution of equivalent doses in the sample, is by using single grain analysis (Duller,
2008). Furthermore, Duller (2008) showed how this improves the quality of luminescence dating in
certain environments, like a glacial-fluvial environment. However, it also proves that when multiple
populations might be present in a sample, like the depositional and bioturbational populations in this
research, single grain measurements are needed to get a grip on their distributions. This is especially
the case when using feldspar, because feldspar has a far higher percentage of grains that yield a usable
signal (Reimann et al., 2017), so small aliquots with feldspar grains will not be dominated by a few
bright grains. Therefore, it can be concluded that multi-grain analysis is unlikely to be useful when
measuring incompletely bleached feldspars (Reimann et al, 2012).
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1.3.4 Quartz OSL versus feldspar IRSL and pIRIR
Since Heimsath et al. (2002) first suggested the use of single grain quartz OSL for studying soil
reworking, other studies have successfully used the method for the quantification of soil reworking
(Stockmann et al., 2013; Johnson et al., 2014; Kristensen et al., 2015; Gliganic et al., 2016). These
studies, as well as most studies that use OSL for conventional dating, used quartz grains for their
analyses, because quartz OSL has a number of advantages over feldspar: quartz (i) is typically most
abundant in sediments, (ii) is most resistant to weathering, (iii) has well investigated luminescence
properties, (iv) is less prone to anomalous fading, as are some feldspars (Preusser et al., 2008), and (v)
has a faster resetting of luminescence signals than feldspars and is therefore less prone to incomplete
bleaching (Thomsen et al., 2008). On the other hand, there are some drawbacks to using quartz. Firstly,
it has a highly variable OSL sensitivity; in some settings, especially when the minerals have only recently
been released from the source rock, the use of quartz is limited or even impossible (Reimann et al.,
2012). Secondly, studies have shown that often only small percentages of the quartz grains have
suitable luminescence properties. For example 1-4% in Reimann et al. (2017), 5-15% in Duller et al.
(2000), less than 5% in Jacobs et al. (2003) and 0.3-5.3% in a North Patagonian Ice field in Chile,
according to Duller (2008). Feldspars, on the other hand, often yield a strong Infrared Stimulated
Luminescence (IRSL) signal, provided by many luminescent grains, e.g. at least 40% in Duller et al.
(2003) and 44-77% in Reimann et al. (2017).
Thomsen et al. (2008) were the first to test a post-IR IRSL (pIRIR) method for potassium-rich feldspar
dating, which Reimann et al. (2012) performed on single feldspar grains for the first time. The
advantage of pIRIR over IRSL is that it is less prone to anomalous fading, because pIRIR is performed at
higher temperatures, so the trapped electrons move to more distal recombination centres when
bleached, which are less likely to be affected by tunnelling (anomalous fading) (Jain & Ankjærgaard,
2011). However, because more energy is needed to transport the electrons from their electron traps
to the distal recombination holes, bleaching will also happen more slowly (Kars et al., 2014). Therefore,
it is recommended that pIRIR is used in settings where poor bleaching is less likely, e.g. in aeolian
depositional environments, or to use statistical models (section 3.3.1) to derive the well bleached part
of the grains (Reimann et al., 2012).
Reimann et al. (2017) then took it a step further and developed a novel single grain feldspar
luminescence method to quantify soil reworking rates. They measured with single grain feldspar IRSL
and pIRIR and tested the method using single grain quartz OSL. The results of both the IRSL and pIRIR
were very promising and yielded some advantages over the more conventional quartz OSL. The main
one is the much larger percentage of feldspar grains that yield usable signals, so the technique is less
time and labour intensive. Furthermore, a significant part of the dose rate of K-rich feldspar minerals
(20-40%) is provided from the internal potassium and rubidium, whereas in purified quartz, (almost)
100% of the dose rate comes from external sources. Therefore, the quartz signal is more influenced by
assumptions about the external dose rate, like that it has been constant over time, which clearly could
be problematic in particles that move due to soil reworking (Reimann et al., 2017). They also noted
that quartz is likely to experience maturing when repeatedly cycled, i.e. bleached and exposed to
radiation. That means that quartz becomes more sensitive when repeatedly cycled by soil reworking
and therefore it becomes more likely that the grain passes the acceptance criteria. Feldspar does not
seem to be prone to this process. In the case of Reimann et al (2017) the difference between reworked
grains and non-reworked grains was decided using the non-saturation factor. New, non-reworked
grains were directly derived from bedrock and therefore had a saturated signal, while reworked grains
were not saturated. If the reworked grains are more likely to be accepted, then that creates a bias in
the ratio saturated to non-saturated grains towards the non-saturated side. However, in the aeolian
depositional environment like the one in this research, the non-saturation factor cannot be used, so
this possible disadvantage is not a problem.
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1.3.5 Different environments
However, even though the results were promising, the method still needs testing. So far, that has only
been done in the original setting in Spain (Reimann et al., 2017 and Román-Sánchez et al., 2019) and
in plaggic anthrosols (van Oorschot, 2018), which all had their own (dis)advantages. For example, the
bioturbation in Reimann et al. (2017) and Román-Sánchez et al. (2019) was mainly caused by ants,
which rework the soil by mounding, not mixing, and mainly transport sand sized grains (Wilkinson et
al., 2009). Furthermore, the soil particles were weathered from the bedrock, with a saturated dose,
and then brought to the surface by bioturbation, where they got bleached for the first time. It was
relatively easy to recognise non-bleached particles, because they were fully saturated. The situation
was different in van Oorschot (2018), where an anthrosol was tested. There, the parent material came
from well-bleached aeolian deposits, making it more difficult to evaluate the percentage of the sample
that was reworked. The upper 120 cm of the soil was formed by mixing the deposits with humancreated ‘plaggen’, aggrading the soil while forming it. Furthermore, the reworking in the upper layers
was done by ploughing, which is linked with far higher reworking intensities than bioturbation.
In this research, the setting is in Central Germany, where two chernozem profiles were formed in-situ
in MIS-2 aeolian deposited loess on top of glacial moraine deposits from MIS-6. The climate in Central
Germany is temperate continental, so the bioturbation is dominated by earthworms (figure 10,
Wilkinson et al., 2009).

Figure 10 Screenshot of table in Wilkinson et al. (2009). Table shows relative importance of bioturbators that mound and mix
in soils, categorised by climate.

Another aspect that should be taken into account when applying luminescence dating on Central
German chernozems, is the possibility that human ploughing affected the soils, which is likely,
according to research in the area (Litt, 1992) (section 2). These settlers might have affected the soils
by ploughing during agricultural practices, thus actively reworking the topsoil. Neolithic ploughing
often reached till a depth of 5-15 cm (van der Meij et al., 2019).
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1.4 Research objectives
In the introduction, I elaborated on the scientific discussion about the timing of Central German
chernozem formation and how luminescence dating could provide the lacking chronology that is
necessary for fully understanding the boundary conditions for its formation. Furthermore, it was
explained how single grain luminescence dating can visualise the effects of bioturbation on a soil and
that the novel pIRIR feldspar method by Reimann et al. (2017) shows a lot of promise for being a labour
and time efficient way of calculating soil reworking rates. However, this method still needs testing in
different environments, where different types of bioturbation occur, e.g. by ants, earthworms or
human ploughing, or where the original deposition of soil material happened differently, like aeolian
deposition or from bedrock weathering. Lastly, the possibility of Neolithic ploughing influencing the
Central German chernozems was discussed. By applying the single grain pIRIR feldspar method on
samples taken in two Central German paleo-chernozem profiles, this research provides insight on (i)
the chernozem formation chronology, (ii) the bioturbation induced reworking rates in these soils,
which can be compared to reworking rates in different environments and (iii) the possible effect of
ploughing on the soils, while simultaneously testing the quality of the method in the Central German
chernozem environment. The following research questions were used during this research:
1. How effective is the novel single-grain feldspar pIRIR method by Reimann et all. (2017) for
quantifying soil reworking rates in Central German chernozems?
2. When did Central German chernozem formation start and stop?
3. Did human ploughing affect the sampled Central German chernozems and to what extent in
terms of reworking rates?
4. What are the soil reworking rates in Central German chernozems?
5. What are the differences in soil reworking rates in environments with different reworking
sources, like ant or earthworm induced bioturbation and human ploughing?
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2. Study area
To answer the research questions, two paleo-chernozem profiles were sampled. Around 3800 years
ago (Wiedner et al., 2017), these soils were buried by a grave hill called the ‘Bornhöck’ (latitude
51.4132 N, longitude 12.0846 E), which is located in Central Germany, between Leipzig and Halle
(Saale), just north of Raßnitz. The Bornhöck originally had a diameter of 65m and height of 15m, later
even 80m and 20m respectively after expansion in the Middle Ages, but was destroyed in the 19 th
century. However, the foundations were found in 2010 and dug up in an archeological site in 20142017. The paleo-chernozem profiles were found, buried below these foundations, well preserved, and
therefore perfect for research. Figure 11 shows two maps from von Suchodoletz et al. (2019), who
studied chernozem and phaeozem distribution in Central Germany, with my the sampling location
added to the lower map, indicated as ‘Bornhöck’.

Figure 11 Maps of the study area from von Suchodoletz et al. (2019), including chernozem and phaeozem
distribution. Top: Germany. Note that the study area in the top map is the study area from von
Suchodoletz et al. (2019). Bottom: zoomed in on study area in top map, with the Bornhöck location
marked in red. Source: von Suchodoletz at al. (2019).
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The sampling site is located at the edge of Central German chernozem area (figure 11). Part of these
chernozems are likely to have been degraded by changing climate conditions in the late-Holocene (e.g.
Schalich, 1988; Gerlach at al., 2012), but the dating to support these findings is usually very uncertain,
as explained in section 1.2. Furthermore, similar ‘Dark Earth’ anthrosols exist in the area, which were
formed by human input of metabolised waste and anthropogenically produced charred organic matter
(von Suchodoletz et al., 2019). This explains the importance of undisturbed, naturally formed
chernozems, as were found during the excavation of the Bornhöck’s foundations, for clarifying their
formation.
The chernozem profiles are part of the westernmost continuous chernozem/phaeozem region in
Eurasia and are located in the rain shadow of the Harz mountains. This region has an annual
precipitation of less than 500 mm (Litt, 1992). Von Suchodoletz et al. (2019) showed the importance
of this rain shadow, as they concluded that natural chernozem/phaeozem formation was hindered in
cases where soil seepage water decalcified the soil.
The two chernozems (figure 12) were sampled by Dr von Suchodoletz of the Leipzig University and he
also made field observations. The upper part of the two chernozems profiles, i.e. the material above
the stone layer in each profile, consisted of silty-sandy material with hardly any pebbles. The lower
part of the profile, i.e. the material below the stone layer, generally had a more sandy grain size and
contained numerous pebbles. This findings are in line with Neumeister (1971). Based on both his field
observations and the fact that these were compatible with this other research, Dr van Suchodoletz
concluded that the material below the stone layer was a glacial moraine deposition from the Saalian,
while the material above was (sandy) loess, deposited on top in the Weichselian. This stone layer is
believed to have developed due to periglacial processes during latest Saalian and most of the
Weichselian glacial period, i.e. a large part of the fine-grained material was removed whereas the
stones remained and accumulated at the surface.
Litt (1992) conducted a research into the earlier Holocene vegetational history of this area. One of his
locations (Zöschen profile) was located at the distance in the order of 10-30 kilometres from the soil
profiles sampled in this study. Using a pollen analysis, he concluded that the existence of a natural
steppe occurring in this location in the Holocene is improbable. Instead, he argued that the region was
by a primeval forest from ca. 9.5 ka, i.e. Preboreal. Furthermore, he concluded that the area got
influenced by agricultural expansion in the early and middle Neolithic (from ca. 6.5 to ca. 2.5 ka). This
settlement activity in the area is further demonstrated by the existence of the Bornöck (Schunke &
Meller, 2017). These Bronze Age cultures used agricultural practices for feeding, so it is likely that (part
of) the soils in this region have been affected by ploughing. These settlers used ard ploughs, which
draw furrows that fill up with sediments by water flow or successive plough activity and are often 515 centimetres deep (van der Meij et al., 2019). However, to what extent the settlers affected the
landscape is yet to be determined. Hence, the possible ploughing activity is part of this research.
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3. Methods
3.1 Samples
During the excavation of the Bornhöck foundations, a trench was dug, exposing the chernozems. At
night, the outer layer, which had been exposed to daylight, was removed, before soil samples were
taken at different depths. The profiles were called BH-II and BH-III (figure 12). BH-III was located 23
meter north of BH-II. Note that the samples were renamed in the lab: sample BHII-1-6 were named
sample 1-6 and BHIII-1-5 were named 7-11 (table 1). Samples 1-5 and 7-9 are positioned in a layer of
Late Weichselian sand loess, which is located on top of a Saalian moraine deposition, in which samples
5, 6, 10 and 11 are located (section 2). The two main depositional layers are divided by the stone layer
(figure 12). The chernozems formed into these sediment layers after deposition.

Figure 12 Pictures of chernozems BH-II (left) and BH-III (right), with added information on sampling depth and soil layers.
Table 1 Sample properties in the two chernozem soils.

Old sample
number

New sample
number

BHII-1
BHII-2
BHII-3
BHII-4
BHII-5
BHII-6
BHIII-1
BHIII-2
BHIII-3
BHIII-4
BHIII-5

NCL1119001 (1)
NCL1119002 (2)
NCL1119003 (3)
NCL1119004 (4)
NCL1119005 (5)
NCL1119006 (6)
NCL1119007 (7)
NCL1119008 (8)
NCL1119009 (9)
NCL11190010 (10)
NCL11190011 (11)

Depth compared
to paleo-surface
[m]
0.09 – 0.13
0.18 – 0.22
0.28 – 0.32
0.38 – 0.42
0.48 – 0.52
0.58 – 0.62
0.08 – 0.12
0.18 – 0.22
0.28 – 0.32
0.38 – 0.42
0.48 – 0.52

Depositional
environment

Lithology

Aeolian
Aeolian
Aeolian
Aeolian
Glacial
Glacial
Aeolian
Aeolian
Aeolian
Glacial
Glacial

Silt loam
Silt loam
Silt loam
Silt loam
Silt loam
Silt loam
Silt loam
Silt loam
Silt loam
Silt loam
Silt loam
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3.2 Luminescence dating
All luminescence samples were analysed at the NCL – Netherlands Centre for Luminescence dating at
the Wageningen University and Research Centre. Dose rate measurements were applied on all
samples. Furthermore, single grain K-feldspar pIRIR equivalent doses were measured for all samples
and single grain quartz OSL equivalent doses were measured for sample 3 and 7, so the quality of the
pIRIR De values could be tested. Sample 3 and 7 were selected because they belonged to different soil
profiles and were taken at different depths.
All methods are in line with the single grain K-feldspar pIRIR and single grain quartz OSL methods
developed and/or used by Reimann et al. (2017).

3.2.1 Dose rate
Apart from the samples that were used for De measurements, separate samples were taken to
calculate the dose rate, water content and organic matter content, at the same depths. These extra
samples were first weighed, then dried at 105°C and then weighed again to determine the water
content. Afterwards, they were ashed at 400°C and weighed again to determine the OM content. The
process of ashing a sample is also sensitive towards carbonates that could be partly combusted.
Therefore, the OM content of sample 6, which was taken from a very carbonatic layer, could be slightly
overestimated. Then, the material was grinded to reduce all particle sizes to <300 µm and mixed with
molten wax to create pucks. Using gamma spectrometry, these pucks were analysed on the activity of
uranium (238U/235U) and thorium (232Th) decay chains and the 40K activity, which are the main
components for external dose rate. The external activity concentrations were converted to dose rates
using the conversion factors of Guérin et al. (2011). For the internal components, a 40K concentration
of 10 ± 2% and a 87Rb concentration of 400 ± 100 ppm were assumed, as suggested for single grain
analyses for K-rich feldspar extracts by Smedley et al. (2012). Additionally, cosmic dose rate was added
to the calculation according to Prescott and Hutton (1994), taking into account location, altitude and
thickness of overburden of the samples.
Water and OM content attenuate the received dose rate. However, the measured water content
values were rejected, because they yielded unreliably low results and felt very dry when unpacked in
the lab. I believe that the samples had dried out during storage. Therefore, water contents were taken
from HYDRUS soil moisture modelling by Reimann et al. (2019) for a silt loam profile. The water and
organic matter contents; 232Th, 238U and 40K activity values; and the derived dose rates are shown in
table 2.
Table 2 Water content, OM content, main external dose rate componants and calculated dose rate for all samples.

Sample

Gravimetric
water content
measured [%]

1
2
3
4
5
6
7
8
9
10
11
3 (QZ)
7 (QZ)

1.7
2.8
2.4
2.3
2.1
6.5
2.8
2.8
5.1
2.5
2.5
2.4
2.8

Gravimetric
water
content used
[%]
20 ± 7.5
20 ± 7.5
22 ± 7.5
22 ± 7.5
22 ± 7.5
22 ± 7.5
20 ± 7.5
20 ± 7.5
22 ± 7.5
22 ± 7.5
22 ± 7.5
22 ± 7.5
20 ± 7.5

Organic
matter
content
[%]
3.9 ± 1.0
3.5 ± 0.9
2.5 ± 0.6
2.0 ± 0.5
1.0 ± 0.2
0.7 ± 0.2
2.0 ± 0.5
2.4 ± 0.6
2.0 ± 0.5
1.6 ± 0.4
1.1 ± 0.3
2.5 ± 0.6
2.0 ± 0.5

Th-232
series
activity
[Bq/kg]
34.8 ± 0.9
35.0 ± 0.9
34.3 ± 0.9
31.7 ± 0.9
36.1 ± 1.0
31.1 ± 0.9
26.4 ± 0.8
35.5 ± 0.9
33.9 ± 0.9
29.7 ± 0.7
28.6 ± 0.8
34.3 ± 0.9
26.4 ± 0.8

U-238
series
activity
[Bq/kg]
31.7 ± 0.4
31.0 ± 0.4
31.0 ± 0.4
29.3 ± 0.4
34.8 ± 0.4
27.0 ± 0.4
22.8 ± 0.3
33.4 ± 0.4
31.8 ± 0.4
30.9 ± 0.4
28.2 ± 0.4
31.0 ± 0.4
22.8 ± 0.3

K-40
activity
[Bq/kg]

Dose rate
[Gy/ka]

601 ± 12
600 ± 12
589 ± 12
575 ± 11
589 ± 12
561 ± 11
525 ± 10
604 ± 12
656 ± 13
584 ± 12
534 ± 11
589 ± 12
525 ± 10

3.26 ± 0.20
3.36 ± 0.20
3.29 ± 0.20
3.23 ± 0.20
3.43 ± 0.21
3.22 ± 0.20
2.87 ± 0.19
3.34 ± 0.20
3.45 ± 0.21
3.22 ± 0.20
3.06 ± 0.19
2.50 ± 0.14
2.08 ± 0.12
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3.2.2 Equivalent dose measurements
All samples were unpacked in the NCL-lab, where low intensity orange light is present that does not
affect the signals in the grains. They were sieved to separate grain sizes <212 µm, 212-250 µm and
>250 µm. The 212-250µm fraction was then used for the analyses, while the other fractions were
stored away. First, the samples were treated with 10% HCl solution for 60 minutes to remove calcium
carbonates and then with a 10% H2O2 solution overnight to remove any organic matter. K-feldspars,
which are used for pIRIR, and quartz, used for OSL, were separated using density separation with a LST
heavy liquid of 2.58 g/cm3, as K-feldspar density is 2.57 g/cm3 and quartz density is 2.64 g/cm3.
Afterwards, the quartz fraction was treated with a 10% HF solution for 5 minutes, a 40% HF solution
for 40 minutes and a 10% HCl solution for 40 minutes. The former two for etching (removing the outer
layer of) the quartz by about 10µm to minimise the alpha-radiation influence and to remove any
plagioclase feldspar contamination, which is possible because they have similar densities as quartz.
The concluding HCl treatment was done to remove any fluorides that may have been formed by the
HF treatments. The quartz grains were then sieved one last time to remove grains that had shrunk to
a diameter <212µm by the etching. No etching was applied to the feldspar grains.
The feldspar and quartz grains were loaded into aluminium single-grain discs with a 10 x 10 grid of
300µm holes, in each of which one 212-250µm diameter grain fits.
The luminescence signals of the feldspar grains were measured using an automated Risø TL/OSL reader
(DA15) fitted with a dual (red and green) laser single grain attachment. The feldspar grains were
stimulated for 2.0 seconds with a 150mW 830nm IR laser and their signals were detected through a
LOT/ORIEL D410 interference filter to select the K-feldspar emission around 410nm. The quartz grains
were stimulated for 1.0 seconds with a 10mW Nd:YVO4 solid-state diode pumped laser emitting at
532nm. The quartz OSL signal was detected through a 7.5mm Hoya U-340 detection filter. The
laboratory irradiations to the single grains were made using a calibrated 90Sr/90Y beta source at a dose
rate of 0.101 ± 0.04 Gy/s.
The feldspar pIRIR protocol was based on the protocol by Reimann et al. (2017) with some slight
differences. It included a 60s preheat at 175°C as well as a cut-heat at the same temperature (Blair et
al., 2005), a single grain IRSL stimulation at 50°C, and a subsequent pIRIR stimulation at 150°C. The IRSL
were not used for this research. The feldspar dose response curves (DRC) were constructed by
irradiating the grains with 7.575Gy, 15.15Gy, 30.3 Gy, 60.6Gy and 121.2Gy. Exponential curves, forced
through the origin, were fitted through the data with 100 Monte Carlo repeats for error calculations,
using the Risø Analyst version 4.57 (Duller, 2015). The maximum irradiation 121.2Gy was chosen,
because the focus of this research is on Late Weichselian and Holocene bioturbation, not on older
depositionary processes. With a dose rate of roughly 3.2 Gy/ka measured in the samples, 121.2Gy
irradiation is equivalent to roughly 37.5 ka, which is middle Weichselian. Thus the De values associated
to bioturbation or Late Glacial deposition will be matched by the DRC.
The quartz OSL protocol included a 10s preheat at 240°C, a cut-heat at 250°C and a single grain OSL
stimulation at 125°C. The quartz regenerative dose curves were created irradiating the grains for 50s,
150s, 300s, 600s and 1200s and fitting exponential curves through the data, also using 100 Monte Carlo
repeats and also forced through the origin.
All grains that yielded a signal were accepted, based on the following criteria:
1. A relative test dose error of less than 20%.
2. A recycling ratio of less than 20% from unity.
3. A maximum recuperation of less than 15% of the natural sensitivity.
4. Monotonically growing dose response curves.
To test the performance of the luminescence methods, dose recovery tests were performed on sample
3 and 7, for the quartz as well as the K-feldspar. To do that, feldspar grains were bleached in a solar
simulator for 72 hours and the quartz grains were bleached twice for 500s using blue led in the Risø
TL/OSL reader. The feldspar grains were then irradiated with 10.1Gy and the quartz with 15.15 Gy.
Then the grains were measured using the measurement protocols described above to see whether a
given laboratory dose can be sufficiently recovered. For feldspar, part of the grains did not receive
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irradiation dose, to account for possible poor bleaching in the solar simulator. The average K-feldspar
residual dose measured was 0.505Gy, so that amount was subtracted from the average dose recovery
measured dose. The results (table 3) show the good quality of the quartz and especially the feldspar
grains.
Table 3 Results of the Dose Recovery tests. The average results for both samples are shown for quartz and feldspar. Feldspar
was irradiated with 10.1Gy and the averaged results were substracted by 0.505Gy, which was the measured residual dose.
The quartz grains were irradiated for 15.15Gy.

Sample

Feldspar pIRIR [Gy]

Ratio measured
dose to given
dose for feldspar
pIRIR [-]

Quartz OSL [Gy]

Ratio measured
dose to given dose
for quartz OSL [-]

3
7

10.0 (n = 104)
10.1 (n = 53)

0.99
1.00

15.5 (n = 17)
14.6 (n = 19)

1.02
0.96

Because it was decided to only irradiate till 121.2Gy and dose response curves have exponential fits,
for part of the measured grains that yield a signal, no value can be assigned to this signal. These grains
have doses that are above the limit of the dose response curve, as is shown in the example of figure
13, left; the measured point at (0, 12.2) does not yield a dose. In other words, these grains are too old
for our measurement method. For the upper samples (e.g. 1, 2, 7, 8) only 5% to 15% of the grains was
rejected due to this protocol. For the lower samples (6, 10, 11), however, around 50% of the data was
beyond this threshold.

Figure 13 Two examples pf grains that were not used in the research due to the limitations of the dose response curves. Left:
no signal could be measured. Right: an extrapolated signal could be measured with great uncertainty.

Furthermore, there were some data that were so old that their equivalent dose was above the
maximum measured amount, but they could still be fitted on the extrapolated dose-response curve,
as shown in the figure 13, right. However, the dose response curve is different per grain, so the
possibility for extrapolation is completely different per grain, which leads to a random rejections in the
data. Therefore, I decided to remove all data points above 121.2 Gray.
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3.3 Data handling
3.3.1 Possible model use
When all measurements are done, there is often need for statistical age models to retrieve a
palaeodose from the equivalent dose data. There are different statistical age models that can be used,
depending on prior knowledge of the sample, such as sedimentary context, possible poor bleaching
and the goal of the research itself. Examples of different types of models are the Central Age Model
(CAM), Minimum Age Model (MAM), Maximum Age Model (MaxAM) and Finite Mixture Model (FMM).
The most basic of the four is the Central Age Model, after (Galbraith et al., 1999). It uses all equivalent
doses (De) measured and calculates a weighted average. The weighting of the Des is based on the
measured standard error. Grains with a large error receive a low weighting and vice versa. This reduces
the influence of grains with a large error.
The Minimum Age Model (Galbraith et al., 1999) estimates the equivalent dose corresponding to the
youngest, leading edge population in the sample. It is often used in situations where poor bleaching
could be a factor, for example in fluvial depositions where grains did not always have a chance to fully
bleach, due to reduced sunlight exposure in the water.
The Maximum Age Model is basically the same as the MAM, but it estimates the equivalent dose using
the oldest leading edge population.
The Finite Mixture Model (Galbraith, 2005) fits a model with different populations, the amount of
which can be pre-set, through the data, estimating multiple equivalent doses for the populations. This
model can be used to separate populations when prior knowledge about the sample states that these
are mixed within.
An important part of using these models is the over-dispersion (OD) factor. Over-dispersion is the
natural uncertainty in data that cannot be explained by the uncertainty of the individual data points.
It tells us something about the spread in the data and is variable for different processes. In well
bleached, un-mixed samples for example, the over-dispersion will be relatively low (0.159 ± 0.013 in
Reimann et al., 2017) and high in poorly bleached, heterogeneous samples (0.35 ± 0.05 and 0.40 ± 0.05
in Brill et al., 2018). Note that these values are related to single grain feldspar pIRIR measurements.
The OD can sometimes be estimated from the process, for example if the depositional process, like
aeolian deposition, has been researched before, and sometimes needs to be deduced from the data.
The CAM gives OD as an output of the model, calculating the uncertainty it cannot account for based
on all the data and its errors. The MAM, MaxAM and FMM need over-dispersion as an input, so they
can estimate which part of the data is the leading edge population.

3.3.2 Model choice
In this research, the CAM and a bootstrapped MAM (after Wallinga & Cunningham, 2012) were used
to calculate palaeodoses from the De distributions. The CAM was used to compare the quartz OSL and
feldspar pIRIR data. Further analyses were done solely based on the feldspar results.
Firstly, the output of the CAM was applied to get an idea of what the results look like (table 4). The
high over-dispersion output values indicate that multiple populations are present in most of the
samples. Furthermore, bioturbation related over-dispersion has never been researched before and
could be variable, dependent on the time and intensity of the reworking (figure 8). Therefore, it was
necessary to use CAM-output to estimate the over-dispersion input for the MAM. The OD was
ultimately based on the lower CAM-OD values of the deeper samples, where only the bioturbation
population was expected to be present. The 1000 replicates bootstrapped MAM was then applied to
separate the bioturbated aged grains from the depositional aged grains. Bootstrapped means that for
each grain the De and De-error input gets converted to a normal distribution of a 1000 input values
based on these De and De-error values. The model uses all those distributions to calculate the minimum
age. The advantage is that the model allows for an uncertainty in the OD input. The over-dispersion
input itself was ultimately set at 0.31 ± 0.05. More explanation on this decision can be found in section
4.2.2.
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3.4 Further data analyses
Testing the quality of the pIRIR method for quantifying soil reworking rates in Central German
Chernozems consisted of multiple parts. Firstly, the results were compared to the quartz OSL results
to see if they were similar, because poor bleaching and/or fading could have played a role in the Kfeldspar grains. To assess the latter, a fading analysis was performed too. Furthermore, the relative
amount of quartz and feldspar grains that yielded a usable signal was calculated and compared to each
other. Lastly, the difficulties of quantifying reworking rates in the Central German chernozems were
evaluated.
The second research question is about the moment that Central German chernozem formation started
and ended. Here it is important to note that chernozem formation is not something that can be
measured. We do not have any possibility to measure the blackness of the soil back in time. However,
the chernozems are believed to have formed in situ into the aeolian deposited loess by vegetational
input of OM, which was mixed into the soil by bioturbation. Bioturbation is the only active soil forming
factor in this stable environment. Therefore, the start and end of bioturbation, as estimated by the
pIRIR bootstrapped MAM ages, can be used as a proxy for the start and end of chernozem formation.
To date the start of chernozem formation, knowledge is needed about the way chernozems are
formed. Schalich (1988) created a model for this (figure 14). It shows how the soil blackens from the
top down by organic matter input. However, it is important to note the while visually the soil blackens
downward, that does not mean that chernozems are formed downward. Instead, the chernozems form
by bioturbation, which happens all over the profile at the same time, but until a certain depth. Only
the bioturbation intensity is far higher at the top then further down in the profile, blackening the top
part earlier than the bottom part. This process, in which the whole soil column is affected by
bioturbation, but the results are shown moving downward, is shown in figure 6d. This is important,
because it means that the lowest samples can be used for dating the start of chernozem formation.

Figure 14 Model for soil formation since the Weichselian (after Schalich, 1988). Source: Lorz & Saile (2011).

On the other hand, in the upper layers the first cycles of bioturbation are likely to be overprinted by
new cycles, and possibly some ploughing, whereas further down in the profile, part of the grains still
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carry the signal from the first cycle. Therefore, the bioturbation-ages found further down in the profile
are good proxies for the start of the chernozem formation. The end of the bioturbation can be
estimated by dating the surface bioturbation ages, which show when the intense bioturbation
stopped, and using those as a proxy.
It is likely that Neolithic settlers affected the soil profiles by ploughing (section 2). These settlers used
ard ploughs, which draw furrows that fill up with sediments by water flow or successive plough activity
(van der Meij et al., 2019). The soil layers affected by ploughing, often 5-15 centimetres deep (van der
Meij et al., 2019), are well mixed, because the furrows fill up with material from the entire reworked
range (Lewis, 2012). During the ploughing, the soil grains are exposed to sunlight and thus bleached.
In luminescence dating, this is often observed as a sudden increase in slope of the the age-depth plot
and a tight distribution in the De distribution plot (figure 7g). It is, in fact, impossible to use
luminescence dating to find the moment ploughing started, because successive ploughing will have
overprinted this signal.
Soil reworking rates (SR) are typically calculated by dividing the depth of the burial (in mm) by the
luminescence age of the sample (formula 1) (e.g. Stockmann et al., 2013). However, Reimann et al
(2017) concluded that these values can only be compared to each other if the percentage of reworked
grains is taken into account. Otherwise, a small portion of recently reworked grains could yield a far
higher reworking rate than when the soil is completely mixed, but the reworking happened longer ago.
They therefore decided to rename the traditional reworking rate to ‘apparent reworking rate’ (SRapp)
and proposed a new reworking rate that incorporates the percentage of reworked grains, called
‘effective reworking rate’ (SReff). The formulas are as follows:
𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑒𝑝𝑡ℎ (𝑚𝑚)
𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑔𝑒 (𝑦𝑒𝑎𝑟)

(2)

𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑒𝑝𝑡ℎ (𝑚𝑚)
× 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑤𝑜𝑟𝑘𝑒𝑑 𝑔𝑟𝑎𝑖𝑛𝑠
𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑔𝑒 (𝑦𝑒𝑎𝑟)

(3)

𝑆𝑅𝑎𝑝𝑝 =

𝑆𝑅𝑒𝑓𝑓 =

However, getting a grip of the fraction of reworked grains is not always straightforward. In the situation
of Reimann at al. (2017) the non-saturation factor (NSF) could be used, because all soil grains were
formed by saprolite weathering, in which their luminescence signal is in saturation. So all grains not in
saturation were reworked. In these Central German chernozems, most material was originally
deposited by aeolian processes in the Late Weichselian, after which bioturbation started influencing
the soil without any observable time gap, as can be seen by the fact that there was no bimodal
distribution in figure 15, like was theorised in figure 7f. Therefore, I propose two methods to get a
reworked fraction estimate. (1) If the luminescence age of any particular grain minus its two sigma
standard error is still older than the equivalent age calculated by bootstrapped MAM in the sample,
then the grain would be marked ‘not-bioturbated’, as it was obviously not used to calculate the
bioturbation age. This method does however have a bias towards grains with a large De error, because
they would be marked ‘bioturbated’ more easily than grains with a low De error. The second method I
propose is calculating the bootstrapped MAM age plus its two sigma standard error and analysing
which grains are still older than that age. These grains would then be marked ‘not-bioturbated’. Of
course, the percentage of grains removed due to their Des being above 121.2 Gray also needs to be
considered as ‘non-bioturbated’. Lastly, the SReffs for the samples were plotted against the depth to
visualise the depth dependency.
To get a grip on the differences in soil reworking rates in different environments, the results were
compared to other researches (Reimann et al., 2017; Van Oorschot, 2018). That way, a difference in
reworking by ants, earthworms, flora and ploughing was visualised.
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4. Results & Discussion
4.1 Research Question 1: Quality of pIRIR
4.1.1. KDE plots
The first step in getting a grip on the results, is creating KDE (De distribution) plots with the feldspar
results (figure 15).

Figure 15 KDE plots for all feldspar samples..

In all plots, an age line is added as a second x-axis. These are made based on each sample’s own dose
rate as shown in table 2. Furthermore, a red line is drawn at 121.2 Gray in each plot, indicating the cutoff value for all grains. The red number to the right of this red line gives the percentage of grains that
was rejected due to this cut-off value. These grains yielded ages above ca. 37 ka, which could be the
result of for example earlier Weichselian depositional phases, Eemian bioturbation or deposition
during Saalian. Especially the latter is likely, because the bottom two sample for each soil profile were
taken from a Saalian glacial moraine deposition, but there is no way to know that for sure based on
these data. That, combined with the fact that bioturbation is far less intense deeper in the soil than in
the upper layer, explains why 40-70% of the grains in sample 6, 10 and 11 were above 121.2 Gray,
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while only 5-20% were rejected in the upper 3 samples of each profile. The part that was rejected, due
to their too high doses, in the upper layers could be mixed into these samples by earthworm induced
mixing, which is soil movement that does not reach the surface. Especially in the lower samples, a
bimodal, or even trimodal distribution could be possible as theorised in figure 7f, but the limited
measurement time chosen in this research does not allow for this.
Furthermore, these plots show three processes: (1) the De distributions get more narrow in the upper
part of the soil compared to the lower part, (2) the deeper soil De distribution plots are positioned
more to the right, i.e. to the older part, and (3) There is no hiatus in the De distributions at the transition
from late Glacial to the Holocene. The former two confirm the hypothesis I introduced in figure 8e-ba-g, in which I explained the influence of more or less intense bioturbation on luminescence results.
The latter suggests that bioturbation started very shortly after or even during the end of the late glacial
aeolian deposition.
To compare the feldspar to the quartz results, KDE plots were made for the quartz results too (figure
16). They show similarities to their feldspar equivalents in terms of distribution and age. I did not add
the percentage of grains removed due to their De values above 121.2 Gray, because the small amount
of quartz grains that yielded a signal, i.e. n = 23 for either of them, would not yield reliable results.

Figure 16 KDE plots for the OSL quartz measurements of sample 3 (left) and sample 7 (right).
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4.1.2 Central Age Model results
The CAM was applied to the De distributions of all samples, except of course the grains with equivalent
doses above 121.2 Gray, to compare the results of the feldspar pIRIR and the quartz OSL and to get a
grip on the over-dispersion when all grains are taken into account (table 4).
Table 4 Summary of the CAM output for each sample. The thick blue line separates the two soil profiles.

Sample

Depth [cm]

CAM-De [Gy]

De error [Gy]

OD [%]

OD error [%]

1
2
3
3 (quartz)
4
5
6

11
20
30
30
40
50
60

17.1
23.7
26.4
21.6
31.0
38.2
40.5

1.1
1.0
1.0
2.9
1.2
1.2
1.1

49.1
47.3
42.4
60.9
45.3
35.4
26.8

4.8
3.0
2.8
9.9
2.7
2.3
1.9

7
7 (quartz)
8
9
10
11

10
10
20
30
40
50

19.3
17.0
22.8
26.3
30.2
35.6

0.8
1.2
1.0
1.1
1.4
2.0

43.6
30.0
46.6
44.8
40.4
42.5

3.1
5.7
3.2
3.0
3.5
4.2

Note that the quartz De values cannot be directly compared to the feldspar De values, because quartz
has a different dose rate (table 2). It does stand out that the over-dispersion values are fairly high. For
most samples, it is well above 40%, while Brill et al. (2018) showed that 35-40% is the value expected
in a ‘worst case scenario’ for a well bleached and inmixed sample. That is, however, not the case in this
silt loess chernozem. Therefore, I can conclude that multiple populations are present in these samples,
as was already expected from the soil genesis, which states that bioturbation perturbed aeolian
deposited loess.
Based on the CAM-De results and the measured dose rates, it is possible to estimate CAM-ages for the
samples and create an age-depth plot (figure 17).
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Figure 17 Age-depth plot with 1-sigma standard errors based on the results of the Central Age Model. Sample 1-6 are from
soil BH-II and are noted with circles, while sample 7-11 are from BH-III and are noted as triangles. Note that these ages
incorporate multiple populations and are therefore purely for comparison of quartz OSL and feldspar pIRIR.

This age-depth plot, however, incorporates multiple populations, e.g. the depositional and
bioturbation population, and the ages derived are therefore only usable for comparing the feldspar
pIRIR and quartz OSL results. The reason that the CAM-ages are compared instead of ages received by
any other model, is that the CAM output is not affected any arbitrary decisions about input parameters,
like the over-dispersion, as are the other models (section 4.2.2). The OSL and pIRIR for sample 3 are
within 1 standard error of each other, while the results for sample 7 agree within the 2-sigma standard
error range. The quartz values do seem a bit older suggesting that the feldspar samples were
sufficiently well bleached, which implies that the bioturbation process exposes grains to enough
daylight to bleach feldspar grains fully, which would confirm the quality of the pIRIR method. However,
the grains might have been prone to some anomalous fading. A fading test was performed to verify
this hypothesis. However, the results were inconclusive. Therefore, I expect that weak fading might
have occurred, i.e. ± 0.5%/decade. This small number could be the result of using pIRIR over IRSL,
because the latter method is more prone to anomalous fading (section 1.3.3).
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The last comparison between the quartz and feldspar results is the relative amount of grains that
yielded a signal. The preparation of samples and measurement in the Risø TL/OSL reader is quite
human- and machine labour-intensive. Using a method that requires less measurements to get the
same result is a definite advantage. This is the case for feldspar, with an averaged fraction of grains
with a signal of 54%, compared to quartz, with an average fraction of grains with a signal of 2.6% (table
5).
Table 5 Amount of measured grains, grains that yielded a signal and the fraction of the two for both the quartz OSL and
feldpsar pIRIR methods.

Sample

# Grains measured [-]

# Grains that yielded Fraction of grains that
signal [-]
yielded signal [%]
1
263
60
22.8
2
286
152
53.1
3
271
143
52.8
4
285
182
63.9
5
289
197
68.2
6
288
214
74.3
7
283*
131
46.3
8
280
136
48.6
9
294
156
53.1
10
298
154
51.7
11
294
185
62.9
Average Feldspar
54.3
3 Quartz
1199*
31
2.59
7 Quartz
1213*
31
2.56
Average Quartz
2.57
* Note: Sometimes, a small human error would make it impossible to count the amount of grains
applied on each measurement disc. In that case, I took an average of the amounts of grains in the other
discs from that sample. Therefore, the numbers with an asterisk are not 100% accurate, but still a very
good estimate.
The quartz OSL measurements were done to test the quality of the feldspar pIRIR method. This section
showed that (1) similar ages were derived when comparing the two methods, (2) feldspars were
presumably fully bleached through surfacing, (3) only weak anomalous fading can be expected and
that (4) feldspar dating is far less labour intensive than quartz dating. These results are in line with
Reimann et al. (2017) and clearly indicate the strength of the single grain feldspar pIRIR method. Only
23 quartz OSL measurements yielded a usable signal, which is far below the necessary 50
measurements to do proper De analyses (Rodnight et al., 2006). Therefore, all further analyses were
based solely on the K-feldspar pIRIR results.
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4.2 Research question 2: Start and end of Central German chernozem formation
4.2.1 Separation of populations
As explained in section 3.4, bioturbation was used as a proxy for dating the start and end of Central
German chernozem formation. However, the CAM over-dispersion output (section 4.1.2, table 4)
showed that multiple populations are present in the samples. The four expected different possibilities
are:
A. Bronze age ploughing
B. Formation of Chernozem – bioturbation during Holocene
C. Late Weichselian aeolian deposition
D. Saalian Glacial deposition (±140ka) – removed from all the samples due to the
measurement technique
Table 6 shows the expected distribution of these populations in each sample of the two soil profiles,
based on the De distributions and CAM OD-output. It is important to note that all grains with ages from
population D were removed from the results, due to the limited dose response curves (section 3.2.2,
figure 13).
Table 6 Different expected populations in each sample of the two soil profiles. A: Bronze age ploughing. B:
Bioturbation/Formation of chernozem. C: Late Weichselian aeolian loess deposition. D. Saalian glacial moraine deposition.
Note that population D was removed from all samples, due to the limited dose response curves.

Sample (BH-II)
1
2
3
4
5
6

Populations
A–B–C
B-C
B-C
B-C
B-C-D
B-D

Sample (BH-III)
7
8
9
10
11

Populations
B-C
B-C
B-C
B-C-D
B-C-D

Separating these populations was not straightforward, because there is no clear distinction between
the different populations in terms of age and therefore in terms of De, as was the case in Reimann et
al. (2017), where a non-saturation factor could be used. Instead, here, while the Saalian glacial
deposition was removed easily by significant age difference, the ages of the Late Weichselian aeolian
deposition and the start of bioturbation seemed to overlap within the precision that is provided by the
data, as shown in the De distribution plots (figure 15). Therefore, age models were applied to separate
the bioturbation population from the aeolian depositional population. For all samples expect sample
1, the bioturbation-population was the youngest. So to get a grip on timing of bioturbation and thus
chernozem formation, the Minimum Age Model was applied to extract the palaeodose of the youngest
leading edge population, i.e. the bioturbation population, of the De distributions. Because the
landscape of this area has been affected by ploughing (Litt, 1992, section 2), sample 1 and 7 could have
been affected too. Based on the De distributions and CAM-output, ploughing activity was only expected
in sample 1 (full explanation in section 4.3), which likely overprinted most of the bioturbation and
depositional populations, due to intense reworking, so the MAM age represents a minimum ploughing
age.

4.2.2 Bootstrapped Minimum Age Model
As explained in section 3.3.1 and 3.3.2, over-dispersion is an important input parameter when using
the MAM. However, bioturbation related over-dispersion has hardly been researched so far and could
be variable dependent on the time and intensity of the reworking. Therefore, the OD-input had to be
based on prior knowledge on the soil genesis and the CAM-output. The upper samples (1-4 and 7-9)
originally all contained bioturbation and Late Weichselian aeolian depositional aged grains, but the
lower samples contained bioturbation aged grains infringed into the Saalian glacial deposition
population and the latter was removed from the results by the limited dose-response curves of this
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research. So, in theory, only the bioturbation population was present in the lower two samples of each
profile. However, the OD-output of the CAM showed very different results in these samples, i.e.
ranging from 26% to 42% (table 4). This can be explained by earthworm induced soil mixing. Mixing,
as opposed to mounding, moves soil around the column without it reaching the surface in the process,
so it just infringes the lower samples with younger aged grains from the upper samples. The higher
CAM OD-output of sample 10 and 11 compared to sample 5 and 6 might suggest that sample 10 and
11 were especially exposed to this process. Especially because their OD-values are similar to those of
the upper samples of this profile. However, sample 5 and 6 show significantly lower CAM OD-output
compared to the upper samples in the profile, i.e. 35.4% and 26.8% respectively. These samples most
likely only experienced bioturbation, so the over-dispersion of the bioturbation process is likely
between 26% and 36%. Thus, the sigma_b, which is the over-dispersion input variable in the MAM,
needs to cover this range. Therefore, a 1000 replicates bootstrapped MAM after Cunningham &
Wallinga (2012) was used, which allows for uncertainty in the over-dispersion input (section 3.3.2),
and the OD value was set at 0.31 ± 0.05.
Table 7 Output summary of the bootstrapped Minimum Age Model. The thick blue line seperates the two soil profiles.

Sample
1
2
3
4
5
6

Depth [cm]
11
20
30
40
50
60

De [Gray]
12.5
16.9
18.9
20.5
31.7
40.6

De error [Gray]
1.6
1.7
1.8
1.8
2.9
2.2

7
8
9
10
11

10
20
30
40
50

15.7
19.1
20.3
22.2
29.9

1.1
1.0
2.0
2.7
3.5

To get a better idea of what the measured single grain De data look like, albanico plots (Dietze &
Kreutzer, 2020) were made for each sample (figure 18). They show the distributions for all single grain
De values within that sample and give an idea of the confidence in each measurement, as the grains
with smaller standard errors are placed more to the right of the plot. The central/horizontal line is set
at the bootstrapped MAM De output (from table 7) with the grey area around it as the two standard
deviation range. These plots show to what extent the MAM estimates the De based on the younger
aged grains, but that there are still grains that are even (slightly) younger or older. Bioturbation is a
process that happens over time, creating a range of different aged grains within each soil layer, even
in the upper samples.
The usage of the young MAM ages makes sense for some reasons: (1) Sample 7 is used to estimate the
end of bioturbation and thus chernozem formation, so the youngest part of the bioturbation spectrum
needs to be used. (2) The lowest sample, 6, is used for the start of bioturbation, and bioturbation is
believed to be the only population in the sample. Therefore, the whole age-distribution, i.e. with all
measured grains, needs to be used. That does happen, because the over-dispersion input of the MAM
(0.31 ± 0.05) is higher than the over-dispersion of this entire sample (0.26) as estimated by the CAMoutput. That way, the De estimated by the MAM is closely related to the central value, as can be seen
in figure 18.6.
It should be noted that the ages derived from the MAM for the samples in the middle part of the soil
column are minimum bioturbation ages, as can be seen in the albanico plots. However, that does not
lead to any problems in interpreting the results, as these ages are not used to draw conclusions on
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chernozem formation chronology. Only the top samples, for the end of chernozem formation and
ploughing, and the bottom samples, for the start of chernozem formation, are used to answer the
research questions (section 3.4). The middle samples just indicate the depth of the homogeneous layer
and their minimum bioturbation age.

Figure 18 Albanico plots for all samples. The horizontal line represents the equivalent dose estimated by the bootstrapped
Minimum Age Model for the sample. The grey coloured part is the two standard deviation around the MAM De value.

33

With the calculated De, the dose rate values, and using formula 1, an age-depth profile was made for
the bioturbated grains (figure 19).

Figure 19 Age-depth profile for the bioturbation populations of the two soil profiles.

A few things can be noted from this age depth plot. Firstly, both profiles yield very similar ages, i.e.
within one standard deviation from each other, which increases the confidence in the results. Only
sample 1 and 7 are different, but human ploughing is expected to have influenced sample one (section
4.3). Secondly, the upper 30-40 centimetres of the soils have fairly similar ages, which indicates that
this layer is well-mixed. The samples below, i.e. depth >40 cm, yield far higher ages, which indicates
that the bioturbation there was far less strong than in the upper samples. Thirdly, the stone layer in
these soils could have influenced the depth of intensive bioturbation by restraining soil life from mixing
freely. This could explain why the sudden increase in age between 40 and 50 cm for BH-II is so strong
(figure 19). However, the age difference between 30 and 40 cm in BH-III, in which the stone layer is
situated in that profile, is far less pronounced, so this could also mean that the stone layer does not
affect the soil significantly, but that the sharp difference below 40 cm is due to the standard non-linear
decrease in bioturbation intensity with depth (Wilkinson et al., 2009).
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4.2.3 Start and end of chernozem formation
In section 4.3 I explained how the bioturbation-age of the lowest dated sample can be used as a proxy
for the start of the chernozem formation, because the upper samples are more likely to be overprinted
by later reworking and because bioturbation happens all over the profile at the same time, even
though the intensity is far higher in the upper layer of the soil column. The age depth plot (figure 19)
shows that the lowest sample taken has a bioturbation age of 12.6 ± 1.1 ka, which is at the start of the
Younger Dryas. However, small fading was expected, so that age could even be slightly older, possibly
in the Bølling-Allerød (14.7-12.7 ka). So the chernozem formation could have started in the BøllingAllerød, possibly came to a halt in the Younger Dryas, and continued into the Holocene. It is at least
very likely that the bioturbation in these Central German chernozems has started at latest at the end
of the Younger Dryas.
To find the end of chernozem formation, the youngest bioturbation age can be used as a proxy. That
age can be found at the (paleo-)soil surface, because there bioturbation will be most intense, so
overprinting of the older samples happened till the last moment of bioturbation. However, the upper
sample(s) of soil profile BH-II are believed to have been affected by human ploughing (section 4.3), so
that is not a good indicator. Therefore, only the age of the upper sample in BH-III, i.e. sample 7, can be
used to date the end of chernozem formation, which is 5.5 ± 0.5 ka. No samples were taken at the
absolute top of the soil, but the age-depth function of the upper 30 cm is almost linear with only a
slight increase with depth (figure 19). Therefore, to get an idea for the bioturbation age at 0 cm, I
extrapolated the 20-10 cm age-depth line of BH-III linearly to 0 cm. The resulting extrapolated
bioturbation age at the top is then 5.2 ± 0.5 ka. This result indicates that intense bioturbation, and thus
the consequential chernozem formation, happened in these soils till roughly 5.5-5.2 ka. This would
agree with Baumann et. al. (1964), who observed that a fully developed Chernozem some kilometres
south of the Bornhöck was buried by a Late Neolithic burial mound (ca. 4.5 ka), and that this
Chernozem was already slightly degraded.
These results could shine some light on the discussion in the scientific community about the
chernozem formation chronology. For example, Scharpenseel and Pietig (1969), Altermann and Mania
(1968), as well as Roeschmann (1968) all researched black humic horizons under a layer of Laacher See
Tephra, a volcanic outburst that was dated at 12.9 ka (Eckmeier et al., 2007). They concluded that
these layers indicated that chernozem formation started before that volcanic outburst, so already
within the Late Glacial, more specifically in the Younger Dryas or Bølling-Allerød. On the other hand,
Rohdenburg and Meyer (1968) reasoned that these humic layers were not profound enough to be
called chernozems and named them ‘calcaric regosols’, which are weakly developed soils in
unconsolidated material. According to them, further soil development in the Holocene was the main
reason these soils developed into a chernozem (Eckmeier et al., 2007). If we align their findings with
the data of this research, we can seemingly conclude that both groups were partly right. They were
probably correct to assume that chernozem formation could have started in the Bølling-Allerød or
Younger Dryas, and continued further into the Holocene. When exactly the dark horizons in the soils
were developed enough to classify them as chernozems instead of regosols cannot be induced from
the data, as it is impossible to measure soil colour back in time. Furthermore, the soil classification
uses discrete, arbitrary thresholds to differentiate between soils, while the process of soil development
is a continuous process. The differences in thickness and colour in the different humic soil layers found
below the Laacher See Tephra, as summarised in Eckmeier et al. (2007), show that for each location
the process of soil darkening was slightly more or less pronounced than in other locations. However, I
argue that that part of the discussion is inferior to the actual dating of the processes that lead to the
formation of these chernozems.
The results of my research are not in line with the conclusions of Rohdenburg (1978), who suggested
that Holocene soil development affected the material underneath the Laacher See Tephra (Eckmeier
et al., 2007), thus insinuating that the soil development did not start until the Holocene itself.
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4.2.4 Latest bioturbation
So far, the bootstrapped Minimum Age Model was used to get a grip on bioturbation ages. The overdispersion input of 0.31 ± 0.05 was important for the model to decide how many of the youngest grains
should be used for De calculation. The age derived from this method is the minimum age for intense
bioturbation. However, after this high bioturbation intensity decreased, it did not stop suddenly. All
samples have measured grains that yielded lower De values than the MAM-De. To get a grip on the
absolute last moment that bioturbation happened in each sample, we need to lower the OD input of
the MAM to the minimum, where no natural uncertainty is assumed. However, a part of the OD comes
from the grains and measurements itself, so it is not wise to set the OD-input at zero. The OD for
samples with no natural uncertainty can be found from the dose recovery test, which was done for
sample 3 and 7, in which all grains where bleached and received a dose of 100 s, which in this case is
equivalent to 10.1 Gray, and then measured for De. All these results were analysed using a Central Age
Model, which gives the over-dispersion as an output. The OD for the dose recovery test of sample 3
was 0.11 and 0.13 for sample 7. Therefore, a MAM with over-dispersion set at 0.12 was performed on
all samples. Another set of albanico plots was made to visualise the De output in context of all the
grains (figure 20) and from these MAM palaeodoses, an age depth plot was made (figure 21).

Figure 20 Albanico plots for all samples, with the central value set at the De output of the MAM with over-dispersion input set
at 0.12.
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Figure 21 Age depth plot for ages derived from the MAM with over-dispersion input set at 0.12. Ages relate to the last moment
these samples were subject to soil reworking.

The age in figure 21 of sample 1, i.e. the highest sample of BH-II, is around 2.6 ka, which is younger
than 3.8 ka at which the Bornhöck was built, effectively stopping all soil reworking. Therefore, I
conclude that this number is influenced by some unrealistically low grain-ages and therefore will not
use this point for interpretation. From the other samples, some conclusions can be drawn. First of all,
the lower samples stopped being actively reworked before the higher samples. E.g. sample 6, which is
the deepest sample measured, was not reworked anymore after 9 ka. This could indicate that
bioturbation intensity lowered after that time period, but it is impossible to draw that kind of
conclusions from one sample. More research is necessary. Second, the sample at 20 cm show
reworking action till 3.9 ± 0.2 ka, which in the time range of the build-up of the Bornhöck. This indicates
that bioturbation happened right until the moment of burial by the Bornhöck. Third, sample 6 was
reworked in the Holocene (9 ka), which means that bioturbation must have been a reworking agent in
this sample, because cryoturbation could not have happened in that time period. Lastly, I do not have
an explanation for the timing of latest bioturbation of sample 7 (BH-III highest sample), which is older
than that of the samples below it.
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4.2.5 Challenges in using bioturbation as a proxy for chernozem formation
As explained thoroughly, the conclusions drawn in this research about the chronology of Central
German chernozem formation are based on assumption that bioturbation can be used as a proxy for
chernozem formation. I can state with high confidence that soil development with intensive
production of humus and deep mixing of organic matter is related to bioturbation. Thus, there is no
chernozem formation without bioturbation. However, that does not go both ways per se: there can be
bioturbation without chernozem formation. The process of bioturbation happens all over the world,
while chernozems do not form on all those locations. Other factors are important too, like climate,
vegetation and human influences (Eckmeier et al., 2007). For example, chernozem formation is often
linked to a relatively dry climate and subsequent carbon dynamics in the soil (von Suchodoletz et al.,
2019), because in such a climate, iron does not weather as much as in a wet climate, which otherwise
would create more brown earth soils instead of black soils. Moreover, clay is more likely to eluviate in
a wet climate, creating luvisols (von Suchodoletz et al., 2019).
Vegetation types are also often mentioned as an important factor in chernozem formation (Eckmeier
et al., 2007). Steppe was long believed to be a prerequisite (e.g. Laatsch, 1934; Driessen et al, 2001;
Wilhelmy, 1950), but chernozems were found that were formed under forests too (e.g. Scheffer at al.,
1959/60; Rohdenburg and Meyer, 1968). In their review paper, Eckmeier at al. (2007) concluded that
Central German chernozems formed under both vegetation types.
These examples show that bioturbation is not the only factor in the potential for a soil to form into a
chernozem. Bioturbation is a prerequisite for chernozem formation, but not all bioturbation leads to
chernozem formation. The chernozems of this study did form under the influence of the bioturbation,
so the latter is still a good proxy for the former. However, it is necessary to account for the possibility
that there have been periods in time where bioturbation was still active in these soils, but soil
blackening halted due to changing climate or vegetational conditions. That way, using bioturbation as
a proxy for chernozem formation could lead to an overestimation of the time range that is deduced
from the results.
Eckmeier et al. (2007) found that no absolute time of chernozem formation could be stated so far. My
research provides the timing that can be used to further understand chernozem formation. I propose
further research, e.g. with pollen and climate data, that use the ages of this research to draw
conclusions about the boundary conditions for chernozem formation. A start could be made by aligning
this research with Litt (1992), who concluded that it is improbable that steppe vegetation was ever
present in the Holocene on this location and dated a primeval forest in the same time range as this
research dates the chernozem formation, thus indicating that steppe vegetation is not a prerequisite
for chernozem formation, as it is also possible under forestry conditions.
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4.3 Research question 3: Ploughing
In some of the previous sections, human ploughing was mentioned, because it is possible that Neolithic
settlers affected the soils with that, as chernozems hold favourable conditions for agriculture.
Ploughing affects luminescence results, because it is a way of actively reworking the topsoil (van der
Meij et al., 2019; van Oorschot, 2018; Lewis, 2012). However, Neolithic settlers used ard ploughs,
which only got 5-15 cm deep, so only the upper samples of this research could have been affected. The
effects can often be seen in the results by a significantly tighter De distribution for a certain sample,
compared to the other samples in the profile, because the ploughing induced reworking is far stronger
than the bioturbation, thus removing (most of the) older fraction in a sample. This is visualised in figure
8a→g, where 8a is an intensively bioturbated sample with some older aged grains still present.
Ploughing is so strong that these grains get bleached too, creating figure 8g. Visual estimation of the
KDE plots (figure 15) shows this narrowed distribution for sample 1, but not so much for sample 7.
Another indicator for ploughing in luminescence results is a sudden increase in slope of the age depth
function, because the affected layer will be homogenised with a luminescence age at the moment of
latest ploughing (van der Meij et al., 2019). This is the case in sample 1, but not sample 7, when looking
at the age-depth plot for reworked grains (figure 19). Therefore, I conclude that sample 1, from soil
profile BH-II, was affected by human ploughing, but soil profile BH-III was not.
The fact that profile BH-II shows clear ploughing effects, but BH-III does not, while the distance
between the two is only 23 meter, might indicate that Neolithic agriculture did affect the landscape
only with small scale agriculture. Furthermore, the results show that agricultural practices continued
right until the moment the Bornhöck was built, because sample 1 has a luminescence age of 3.8 ± 0.6
ka. Overprinting of the signal makes it impossible to use these results to find the moment ploughing
started in the soil.

39

4.4 Research question 4 & 5: Soil reworking and chernozem formation rates
4.4.1 Apparent versus Effective reworking rates
In this report, I explained the complexity of separating different age-populations in the soil samples
when these populations have overlapping ages and the need for statistical models to do so.
Furthermore, I explained how the input of over-dispersion in such a model is key in this separation: a
high OD-input value will force the MAM to use a larger portion of the grains for the age calculation,
while a low OD-input will force the model to only use a smaller fraction. That way, the arbitrary overdispersion input is key in calculating the bioturbation ages of the samples. In this case, that was not a
problem for drawing conclusions about the chernozem formation start and end (explained in section
4.2.2), but it very much influences the calculated apparent soil reworking rates, because the estimated
luminescence age is part of the formula (formula 2). This means that using a high OD-input in the
bootstrapped MAM leads to lower reworking rates than using a low OD-input, which renders the
calculation of SRapp useless.
The calculation of the effective reworking rates, on the other hand, should partly cancel out this
problem, because the fraction of bioturbated grains used to calculate the bootstrapped MAM-age is
incorporated in the formula (formula 3). If the OD -input is set relatively high, then the MAM-age will
be relatively old, because a larger part of the grains is used for age calculation, but at the same time,
this larger fraction of used grains is represented in the formula. The same goes the other way around
for a lower OD-input. Therefore, conclusions can only be drawn from comparison of effective
reworking rates.
To visualise the difference between the (corrected) SRapp and SReff, I calculated them for both profiles
with an over-dispersion input set at 0.20, 0.30 and 0.40, using a Minimum Age Model (figure 22). The
method for calculating the (corrected) SReff is described in section 4.4.2 and 4.4.3. The graphs show
that the absolute as well as the relative differences in effective reworking rates, as calculated with
different over-dispersion values, are lower than the differences in apparent reworking rates. Although
there are still small differences in the SReff of some samples, these are almost all within the one sigma
standard error and thus the parameter is reliable in this research. It should be noted that I did not use
sample 1 for interpretation, because the MAM ages are around 3800 years for which the ages are
corrected and thus the reworking rates vary hugely, even yielding an impossible negative result.

Figure 22 Calculated apparent and effective reworking rates for both profiles with different over-dispersion inputs in the MAM.
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4.4.2 The bioturbated fraction
Getting a grip on the fraction of reworked grains is not always straightforward. In section 3.4, I
proposed two methods to get a reworked fraction estimate. (1) If the luminescence age of any
particular grain minus its two standard deviation error is still older than the equivalent age calculated
by bootstrapped MAM in the sample, then the grain would be marked ‘not-bioturbated’, as it was
obviously not used to calculate the bioturbation age. (2) Analysing for each grain if it is still older than
the bootstrapped MAM age plus its two standard deviation error. These grains would then be marked
‘not-bioturbated’.
Of course, for both methods, the percentage of grains removed due to their Des being above 121.2
Gray also needs to be considered as ‘non-bioturbated’. Below are these methods given in formulas,
formula 4 for method 1 and formula 5 for method 2.
𝑅𝑒𝑤𝑜𝑟𝑘𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = (1 − (𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐷𝑒 > 121.2) ) × 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ((𝐷𝑒 − 2 × 𝑠𝑑) ≤ 𝑀𝐴𝑀 𝐷𝑒) (4)
𝑅𝑒𝑤𝑜𝑟𝑘𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = (1 − (𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐷𝑒 > 121.2) ) × 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐷𝑒 ≤ (𝑀𝐴𝑀 𝐷𝑒 + 2 × 𝑠𝑑)) (5)
Neither method is, however, a perfect representation of the reworked fraction. Bioturbation started
in in the Late Weichselian and some of the grains that bioturbated in those early moments will not be
assigned to the bioturbated fraction with this calculation, because the reworking happened too long
ago. However, both methods give a good estimate that can be used in the calculation for the effective
reworking rates. The results for each formula are given in table 8. The results are fairly similar, although
method 2 yields somewhat lower fractions. The advantage of method 1 compared to 2 is that method
1 incorporates the error for each grain instead of using the error calculated by the MAM. On the other
hand, this puts a bias towards counting grains with a large error as ‘bioturbated’, because the
equivalent dose minus twice its standard deviation is used to compare with the MAM De. Method 1
was chosen to further calculate effective reworking rates, but it should be noted that there is no right
answer for which method to choose and that the results therefore might differ slightly due to this
decision.
Table 8 Fraction of reworked grains in each sample calculated for method 1 and 2 (respectively formula 4 and 5).

Sample

Depth [cm]

1
2
3
4
5
6
7
8
9
10
11

11
20
30
40
50
60
10
20
30
40
50

Fraction
reworked 1 [-]
0.467
0.395
0.420
0.269
0.320
0.444
0.512
0.500
0.417
0.234
0.184

Fraction
reworked 2 [-]
0.467
0.369
0.392
0.236
0.300
0.383
0.466
0.404
0.398
0.234
0.189
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4.4.3 Reworking rates
Reworking rates can be calculated according to formulas 2 and 3. But first, the calculated luminescence
ages needed to be corrected for the fact that the soils were not active anymore. They are paleo-soils
buried by the Bornhöck 3.8 ka. So all luminescence ages have 3.8 thousand years of signal built up in
the grains, while no reworking was active. Therefore, the luminescence ages used in the reworking
calculations were first corrected by subtracting 3800 years (formulas 6 and 7).
𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑒𝑝𝑡ℎ (𝑚𝑚)
𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑔𝑒 (𝑦𝑒𝑎𝑟) − 3800
𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑒𝑝𝑡ℎ (𝑚𝑚)
𝑆𝑅𝑒𝑓𝑓 =
× 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑤𝑜𝑟𝑘𝑒𝑑 𝑔𝑟𝑎𝑖𝑛𝑠
𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑔𝑒 (𝑦𝑒𝑎𝑟) − 3800
𝑆𝑅𝑎𝑝𝑝 =

(6)
(7)

The results are shown in table 9 and plotted in figure 23. Only the effective reworking rates are plotted,
as the apparent rates cannot be used to draw any conclusions.
Table 9 Apparent and effective reworking rates calculated for each sample. Note that the samples are sorted by depth.

Sample

Depth [cm]

1
7
2
8
3
9
4
10
5
11
6

11
10
20
20
30
30
40
40
50
50
60

Apparent reworking
rate [mm/a]
2.92 ± 0.50
0.060 ± 0.008
0.160 ± 0.021
0.103 ± 0.010
0.155 ± 0.018
0.143 ± 0.017
0.157 ± 0.017
0.130 ± 0.018
0.094 ± 0.011
0.084 ± 0.011
0.069 ± 0.059

Effective reworking
rate [mm/a]
1.36 ± 0.23
0.031 ± 0.004
0.063 ± 0.008
0.052 ± 0.005
0.065 ± 0.008
0.060 ± 0.007
0.042 ± 0.005
0.030 ± 0.004
0.030 ± 0.003
0.015 ± 0.002
0.031 ± 0.003

Figure 23 Effective reworking rates plotted versus depth of the sample. Left shows full plot, right shows same plot zoomed on
lower values.
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The table and plots show a clear distinction between the reworking rates in the sample affected by
ploughing (sample 1) and the other samples, which were only affected by bioturbation. Soil profile BHII shows the trend as expected, with higher reworking rates in the upper samples compared to the
lower samples, as was also seen in Reimann et al. (2017) and Van Oorschot (2018). However, samples
7 and 8, which are the two top samples of profile BH-III, do not follow this trend. This can be explained
by the fact that the MAM ages of these samples are pretty similar, so soil layer was homogenised,
while the depths are different, so the SReff of the upper sample is lower. However, Albanico plots (figure
18) show that sample 8 and 9 do have a larger spread in the equivalent doses, with more older grains
in the sample, but this difference is small compared to the difference in depth.
The effective reworking rates in soil profile BH-II are structurally higher than in profile BH-III. My best
explanation is that some bioturbational mixing might have moved some grains with a young ploughing
age into the deeper soil, creating slightly younger ages and thus higher reworking rates in these deeper
samples. The presence of grains that are significantly younger than the palaeodose in samples 5 and 6
(albanico plots, figure 18) supports this. However, this is still only one of the possible hypotheses and
not the right explanation per se.
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4.4.4 Comparison of soil reworking rates in different environments
To get a grip on how the calculated soil reworking rates relate to different environments, the results
of this research were compared to the results of other researches. However, as explained in in section
4.4.1, apparent reworking rates from this research cannot be used for comparison, because they are
affected by arbitrary choices in data modelling. Therefore, only effective reworking rates were
compared, which so far have only been calculated by Reimann et al. (2017) and Van Oorschot (2018).
Fortunately, they researched completely different environments, i.e. a anthrosol created by ‘plaggen’
on top of aeolian deposited cover sand (depth > 120 cm) in Van Oorschot (2018) and an ant-dominated
reworked soil in Reimann et al. (2017) (section 1.3.4).
I summarised the effective reworking rates of the three sources in table 10, sorted by the depth of the
sample, and visualised them in figure 24. Note that Reimann et al. (2017) calculated reworking rates
using OSL, IRSL and pIRIR and argued for the quality of IRSL and pIRIR over quartz due to the possible
maturing of quartz. To compare, I have chosen to show the pIRIR results, as that method was used in
this research too.
Table 10 Comparison of effective reworking rates calculated in different environments. Sources: this study, Van Oorschot
(2018) and Reimann et al. (2017).

Depth [cm]
5
10
11
18
20
20
30
30
31
35
40
40
41
50
50
50
55
60
70
96
101
112
123

Effective reworking
rate [mm/a]
0.035 ± 0.003
0.031 ± 0.004
1.36 ± 0.23
0.019 ± 0.003
0.063 ± 0.008
0.052 ± 0.005
0.065 ± 0.008
0.060 ± 0.007
2.26 ± 0.63
0.008 ± 0.001
0.042 ± 0.005
0.030 ± 0.004
1.69 ± 0.34
0.030 ± 0.003
0.015 ± 0.002
1.82 ± 0.31
0.0000 ± 0.0000
0.031 ± 0.003
2.01 ± 0.27
2.01 ± .022
1.49 ± 0.17
1.34 ± 0.18
0.30 ± 0.03

142

0.03 ± 0.01

165

0.02 ± 0.01

Dominant reworking
source
Ants
Earthworms
Ploughing
Ants
Earthworms
Earthworms
Earthworms
Earthworms
Ploughing
Ants
Earthworms
Earthworms
Ploughing
Earthworms
Earthworms
Ploughing
Ants
Earthworms
Ploughing
Ploughing
Ploughing
Ploughing
Natural – specific
source unknown
Natural – specific
source unknown
Natural – specific
source unknown

Data source
Reimann et al. (2017)
This study
This study
Reimann et al. (2017)
This study
This study
This study
This study
Van Oorschot (2018)
Reimann et al. (2017)
This study
This study
Van Oorschot (2018)
This study
This study
Van Oorschot (2018)
Reimann et al. (2017)
This study
Van Oorschot (2018)
Van Oorschot (2018)
Van Oorschot (2018)
Van Oorschot (2018)
Van Oorschot (2018)
Van Oorschot (2018)
Van Oorschot (2018)
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Figure 24 Comparison of effective soil reworking rates in different environments. Sources: this study, Van Oorschot (2018) and
Reimann et al. (2017). Note that the x-axis has a logarithmic scale.

Table 10 and figure 24 show that ploughing induced reworking is systematically an order of magnitude
higher than natural induced reworking, even at similar depths, as shown for example by the samples
at 30 and 50 cm. Furthermore, earthworm dominated reworking is significantly higher than ant
induced reworking. This difference seems depth dependent, i.e. the relative difference is larger when
deeper in the soil.
However, there is one more aspect that should be taken into account: the difference in soil reworking
types. When ants rework the soil, they perform mounding, which means that the grains will be brought
to the surface, where they get bleached (Amador & Görres, 2007). Ploughing creates furrows, in which
daylight can penetrate, and are then filled up with material from the entire range that is reworked
(Lewis, 2012). However, earthworms perform mounding as well as mixing (Amador & Görres, 2007).
The latter is a form of soil reworking in which the grains do not reach the surface at all. Instead, they
are just relocated somewhere else in the soil (Wilkinson et al., 2009). These grains will therefore not
get bleached, so this form of reworking will not influence the luminescence results and thus will not
be taken into account when calculating the (effective) reworking rates. Therefore, the calculated
effective reworking rates in these earthworm dominated environments are probably slightly
underestimated. Evidence of soil mixing can be found in these samples. The presence of grains with a
luminescence age above 37 ka in even the upper samples of the soil profiles indicate that they have
been moved upward without reaching the surface in the process. To quantify the extent of this
underestimation, research has to be done into the ratio of mixing and mounding that earthworms
perform in the soil. However, that is not the goal of this research. Here, it is sufficient to consider the
possibility of underestimated earthworm dominated reworking rates when comparing the results.
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The results indicate that ploughing induced reworking is structurally an order of magnitude higher than
natural induced reworking, which is in line with Van Oorschot (2018) and Van der Meij et al. (2019).
Second, earthworm dominated bioturbation is more intense than ant dominated bioturbation, as also
concluded by Wilkinson et al. (2009) and Stockmann et al. (2013), although that cannot be deduced
for the data of the topsoil, where the reworking rates are similar. Thirdly, the results show that the
influence of earthworms went deeper than that of ants, as the ants barely reworked the soil at 55
centimetre, while the earthworms in this study were still fairly active at 60 cm. Lastly, the depth
dependency of the reworking rates seems stronger for ants than earthworms, because the ant
dominated reworking rates show a strong decrease with depth, while the earthworm dominated
reworking rates are fairly similar throughout the profiles.
It should be noted that these calculations should be used more as a first quantitative approximation
for the types of bioturbating agents than as a fixed rate related to these agents. Firstly, because soils
often have more than one different type of bioturbator reworking the soil (figure 10). Although
sometimes one type can be far dominant over other types, like earthworms in moist soils that do not
freeze and ants in dry settings (Wilkinson et al., 2009), the ratio of these bioturbating agents will be
different in each setting. Secondly, only fauna related bioturbation has been taken into account in
these studies, but flora related bioturbation, ranging from root activity to toppling trees, also has an
influence on the soils (Stockmann et al., 2013). Lastly, there are many different species within the
animal type. Earthworms for example, even though the general activity of all species is similar, do differ
in size and behaviour (Stein, 1983). For example, the earthworm type Megascolides australis, native
to Australia, can reach lengths of more than 3 m (Stein, 1983). The scale of bioturbation such a worm
induces will not be the same as bioturbation induced by worms of a couple of centimetre. Stockmann
et al. (2013) even reported apparent soil mixing rates of earthworms ranging from 0.5 mm/a to 10
mm/a.
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5. Synthesis
5.1 Full genesis of the soils
By interpreting the results of this study, a full genesis of the sampled Central German chernozems can
be constructed. Of course, multiple interpretations are possible. In this section, I will explain the one
the I deem most likely and explain why. The genesis is visualised in figure 25

Figure 25 Conceptual model of the soil genesis of the studied chernozem profiles. Note that ploughing is only the case in profile
BH-II. Note too that any possible soil forming processes from before ca. 37 ka, e.g. Eemian bioturbation, are not visualised, as
they are not in the scope of this thesis. The figure is conceptual and has therefore no scale.

Based on the field observations and supported by literature (Neumeister, 1971), it is believed that the
material from the lower part of the profile originated from glacial moraine deposition during the
Saalian, ca. 140 ka (figure 25a). Then, the stone layer is believed to have developed due to periglacial
processes during latest Saalian and most of the Weichselian glacial period: a large part of the finegrained material was removed whereas the stones remained and accumulated at the surface (25b).
Loess was deposited on op of this material during the Weichselian (25c). From the overlap in ages
between bioturbated and aeolian deposited populations, we believe that much of the material was
deposited especially in the Late Weichselian. However, it was not possible to extract exact depositional
ages from these measurements, because of later overprinting by soil reworking.
Subsequent soil processes mixed the soil. In this thesis, I argued that the process of bioturbation
happened constantly all over the soil profile instead that it started from the top and progressed down.
However, since bioturbation rates in the upper part of the soil are higher than in the lower part of the
soil, the resulting blackening of the soil seems to progress downward (25d, e, f). The chernozems found
below the Bornhöck were the direct result of this bioturbation. Grains with a high luminescence age,
expectedly from the Saalian, are still present in the sample, especially in the lower samples (40-70%,
figure 15), while soil mixing lead to the presence of some of these grains even in the upper layers (515%, figure 15). This mixing was mostly the result of bioturbation.
The results show that bioturbation started possibly in the Bølling-Allerød, with little influence of the
Younger Dryas, and progressed into the Holocene until the Bornhöck was built on top (25i). Evidence
that the Younger Dryas had little influence on the soils can be seen in figure 26, which shows the De
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distribution plot of sample 6 with age lines for the Younger Dryas (YD) and Bølling-Allerød (BA) added
to it.

Figure 26 KDE plot of sample 6 with age lines for the Younger Dryas (YD) and Bølling-Allerød (BA) plotted into it.

The black dots in figure 26 show the cumulative frequency of the measured grains on which the density
curve is based. If more grains have a similar age, then the dots will move more steeply upward around
that age than if less grains have that age. This can be used for data interpretation, because any big
reworking rate changes should be manifested in a clearly visible change of the slope of the plot. That
is, however, not the case in figure 26 around the Bølling-Allerød and Younger Dryas and thus, according
to the results, neither time period influenced the reworking rates in a significant way. It does make
sense that bioturbation occurred in the relatively warm period of the Bølling-Allerød, but the possibility
of permafrost in the relatively cold Younger Dryas could have halted bioturbation. A possible
explanation for the results is that the bioturbation was replaced by cryoturbation in the YD. However,
to me that does not seem likely, because the plot shows a smooth transition of the measurement
results into and out of the Younger Dryas. Cryoturbation is a completely different process than
bioturbation with different depth and strength, so that should be visible in the plot.
Another explanation is that the possible permafrost period in the YD was too short and not enough
developed. Isarin (1997) did a literature review on permafrost during the Younger Dryas and found
that small amplitude cryoturbation was spotted in the area at Merseburg-ost (figure 27). Furthermore,
he concluded that Central Germany was in zone of discontinuous permafrost during that time. This
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could mean that cryoturbation was present in the soils during the YD, but only in the upper part of the
soil. The evidence for that was never present in the lower samples and in the upper samples it got
overprinted/mixed through the soil by intensive bioturbation in the Holocene. Thus any possible
cryoturbation evidence was probably removed from the data. However, the lack of evidence could also
mean that cryoturbation did not happen in these soils and is therefore not visible in the results. There
is no way of knowing for sure based on this research.

Figure 27 Distribution of Younger Dryas cryoturbation based on a literature review. HQ and LQ indicate high and low quality
records used in this review respectively. Source: Isarin (1997).

The intensive bioturbation processes in the soil caused chernozem formation, which probably
continued till roughly 5.0-5.5 ka (25f). It is not part of this research to find out why bioturbation
intensity lowered after that. Further research is necessary to draw conclusions on that subject.
Subsequent low intensity bioturbation (25 g) happened until the Bornhöck was built (25i), blocking
active soil processes due to the burial of these soils.
At some point, Neolithic settlers started to affect the landscape (25h). Ploughing evidence was found
in one of the two sampled soils, but not in the other, even though their respective distance is only 23
meter. This might indicate that the Neolithic agricultural land-use was of small scale. They ploughed
the land till a depth of 10-20 centimetre. It is impossible to use the data to find when they started
ploughing, because of overprinting of the signal, but the results indicate that ploughing happened right
until the Bornhöck was built.

49

5.2 Analysis of model and parameter choice
An important part of this research has been the handling of the acquired luminescence data. Different
age models can be used with different input variables, most importantly over-dispersion, to separate
the different populations that were mixed in the samples. Since this has hardly been done in a setting
so complex as the Central German chernozem formation, there was no standard protocol on handling
the data. Ultimately, I decided to use a bootstrapped MAM, with over-dispersion based on the CAM
over-dispersion output of two measured samples, to separate the bioturbated fraction from the other
populations and estimate its age. However, multiple different approaches were considered and
rejected for various reasons of which this section gives a short overview.

5.2.1 Finite mixture model
At first, the Finite Mixture Model seemed most promising for separating the different populations.
However, just like the MAM and MaxAM, the FMM needs one input for over-dispersion, while in this
case, the different populations could have different OD values related to them. For example, the
aeolian deposited fraction has a different natural uncertainty and thus over-dispersion than the
bioturbated fraction. Furthermore, overprinting intensity of the depositional fraction was different in
every sample, which changes the optimal input value too. If you then take into account that the ages
of the populations were so close to each other that the wrong OD input would result in a faulty division
of grains into the populations, then it seems even less wise to use the FMM. Lastly, not all samples had
the same populations present (table 6), so the FMM would have had to be tailored differently for every
sample. These arbitrary decisions would have influenced the results significantly. Therefore, this model
is not usable for this specific case of Central German chernozems.

5.2.2 Using BIC values for deciding OD input in MAM
So, using a MAM and/or a MaxAM was favourable opposed to the FMM, because they could focus on
one population, while using one OD-value input. An idea to figure out what OD to use, was to use the
BIC values that the MAM produces to give an indication of the quality of the fit it creates. BIC stands
for Bayesian Information Criterion and is a criterion for model selection that uses the probability that
the model gives correct values. The lower the BIC value, the better the model fits. I applied different
Minimum Age Models with OD values ranging from 0.1 to 0.9 with steps of 0.1 on all samples. Then, I
zoomed in on the OD-range with the lowest BIC values, i.e. 0.25 to 0.32, with steps of 0.01. This yielded
the following summary of BIC values for each sample, and the summed value (table 11):
Table 11 BIC values for different OD-values as calculated by the Minimum Age Model when applied on the different samples.

OD BIC
BIC
BIC
BIC
BIC
BIC
BIC
BIC
BIC
BIC
BIC
BIC
[-]
1
2
3
4
5
6
7
8
9
10
11
sum
0.25 100.5 215.1 181.5 233.0 154.9 70.55 154.4 156.5 174.7 107.3 87.56 1636
0.26 100.4 215.1 181.4 232.2 153.5 70.29 155.3 156.4 175.1 107.2 87.44 1634
0.27 100.4 215.0 181.3 231.3 152.3 70.14 156.3 156.4 175.5 107.1 87.34 1633
0.28 100.4 215.0 181.2 230.6 151.2 70.46 157.3 156.6 175.8 107.0 87.29 1633
0.29 100.5 215.0 181.1 229.9 150.3 71.19 158.3 156.9 176.2 106.9 87.28 1634
0.30 100.6 215.1 181.0 229.3 149.6 72.27 159.3 157.4 176.6 106.9 87.32 1635
0.31 100.6 215.2 180.9 228.7 149.0 73.66 160.3 158.0 177.0 106.8 87.40 1637
0.32 100.7 215.3 180.8 228.1 148.5 75.30 161.2 158.6 177.4 106.7 87.53 1640
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The table shows the variability of the bioturbation in the different samples. Different samples have a
different optimum over-dispersion input when trying to find the best fit. One could argue that the
lowest summed BIC would be the best input value to apply on all samples. However, this method has
some mayor flaws. The first and foremost flaw is the fact that using the lowest BIC is just a way to find
the best fit. Hopefully, finding a good fit means that the model stumbled upon one population, which
would be the youngest population in the case of the MAM, but there is no guarantee and no way to
test that. It is likely that this method just found a nice fit somewhere random in the results, due to
variability in the data, instead of finding an actual population. Therefore, this method is not suitable
for separating the populations either.

5.2.3 Using MaxAM to remove the deposited fraction
Instead of trying to separate the bioturbation fraction from the rest and date it, it is also possible to
try and remove all other populations using the Maximum Age Model and date the leftover bioturbated
fraction with the Central Age Model. An advantage of that method is that aeolian deposited samples
have been dated using luminescence often before, so the best over-dispersion input in the MaxAM
could be found in the literature. However, the varying degree of overprinting in by later bioturbation
in these samples removes that advantage. Therefore, it would be a wild guess what input the MaxAM
would need to properly find the deposited population in the sample. Any small mistake could therefore
result in a leftover sample that does not contain the entire bioturbated fraction anymore, of leave part
of the depositional fraction in the sample.
In conclusion, this method, as well as the other methods explained in this section, is less desirable than
the bootstrapped MAM used in this research.
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Conclusions
During this research, I used single grain feldspar pIRIR luminescence dating to date and quantify
chernozem formation in Central Germany. In line with previous research, the method performed very
well, as the samples were probably well bleached, barely any fading was present, and feldspar pIRIR
proved to be far less time and labour intensive to use than quartz OSL. Moreover, dates estimated
from the pIRIR were comparable to dates received from more convetional quartz OSL dating. However,
using single grain luminescence dating a complicated setting like the Central German chernozems,
where multiple age populations are mixed within the soil, puts an emphasis on the decisions regarding
model use and parameters. This thesis provides further insight in necessary, but arbitrary decisions
that need to be taken in such a research.
The results show that intensive bioturbation and thus chernozem formation started at latest directly
after the end of the Weichselian period, even indicating that it might have started in the BøllingAllerød. This intense bioturbation continued into the Holocene until roughly 5.2 ka. Afterwards, less
intensive bioturbation was still present in the soil, until a burial mount, called the Bornhöck, was built
on top of the soil at ca. 3.8 ka ago, preserving the chernozems as inactive paleo-soils. This research
does, however, state the challenges in assuming that bioturbation can be used as an indicator for
chernozem formation to reach these results. Although bioturbation is a prerequisite for chernozem
formation, not all bioturbation leads to chernozem formation. That way, using bioturbation as a proxy
for chernozem formation could lead to an overestimation of the time range that is deduced from the
results.
The results do not show any discrepancies during the Younger Dryas, indicating that the
(discontinuous) permafrost of that time period did not affect the soils in the resolution we are able to
detect.
Ploughing, related to agricultural practices by Neolithic settlers, affected one of the soils. It is
impossible to deduce the start of ploughing activity from these results, but it did happen until the
moment the Bornhöck was built. The fact that only one of the two sampled chernozem profiles was
affected by ploughing might indicate that ploughing only happened on a small scale in the area.
Effective soil reworking rates were calculated with the data from the single grain luminescence
measurements and compared to effective reworking rates in different environments, where different
types of bioturbating agents dominated the reworking process. It is shown that human ploughinginduced reworking is structurally an order of magnitude more intense than natural induced
bioturbation. Furthermore, earthworm dominated bioturbation has shown to be 2 to 15 times more
intense, dependent on the depth of the sample, than ant dominated bioturbation. Earthworm
dominated bioturbation reached deeper than ant dominated bioturbation too.
This research has produced the chronology that has been lacking in scientific discussions towards the
genesis of Central German chernozems. I recommend that this chronology is used in further research
towards the paleoenvironmental boundary conditions that relate to chernozem formation, like climate
and vegetation. Furthermore, this thesis showed the potential of using single grain luminescence data
for this kind of research. However, it also underlined the importance of arbitrary decisions in the
involved data analyses, a subject on which more research needs to be done, so that stronger
conclusions can be drawn from this type of research.
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