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Abstract. Plaggic anthrosols demonstrate the significant and widespread influence of agriculture on the landscape of northern
Europe and testify to increased land-use intensity over the last millennium. However, a lack of established chronologic methods
to interrogate these soils has hindered research on their formation history, so the timing and process of plaggic anthrosol
development remain poorly quantified. Recently, luminescence dating methods have emerged as a tool for tracing the past
movement of grains, including within the soil column. This study combines two primary luminescence methods -- single-grain
feldspar infrared (IRSL) and post-infrared infrared (pIRIR) measurements, and small-aliquot (or, multigrain) quartz optically
stimulated luminescence (OSL) -- to reconstruct the formation of a plaggic anthrosol at Braakmankamp (eastern Netherlands).
Toward this aim, we present a new method to identify well-bleached single grains of feldspar using the ratio of the grains’
IRSL and pIRIR signals as a “filter’. The results provide both methodological and applied archaeological insights. Both small-
aliquot quartz OSL and single-grain feldspar pIRIR ages yield reliable ages for plaggen deposits when the new filtering
approach is used to remove poorly bleached feldspar grains from the analysis. Single-grain pIRIR feldspar has the added
benefit of revealing complex soil formation histories for naturally bioturbated deposits including those at the base of the
plaggen layer. Augmenting this information with conventional quartz OSL dating builds confidence in the geochronologic
record and allows us to reconstruct the timing and processes of plaggic anthrosol formation in Braakmankamp. According to
the luminescence dating results, land clearance occurred around 900-1000 years ago, and accumulation of plaggen material

began around 700-800 years ago. The average accumulation rate of plaggen material is estimated at ~ 1.1 mm/yr.

1 Introduction

Human agricultural activities are highlighted as one of the primary factors of human landscape alteration by several researchers

(Briggs et al., 2006; Delcourt et al., 2004; Denevan, 1992). The European landscape has been substantially transformed by
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agricultural activity since the settling of the first farmers during the mid-Holocene (Kaplan et al., 2009). In this research, we
focus on the highly engineered Dutch landscape, where early agricultural activities date to at least 4300 BCE (Huisman and
Raemaekers, 2014). Pre-modern agricultural practices in the Netherlands can still be observed in the remains of prehistoric
field systems (previously often described as Celtic fields, see Arnoldussen, 2018) and (early) historical open fields
characterized by plaggic anthrosols. The creation of anthrosols is one of the key elements to understanding the landscape
alteration caused by agricultural practices.

Plaggic anthrosols (Dutch: plaggendekken) are anthropogenic soils that have resulted from fertilizing nutrient-poor sandy soils.
They develop through the artificial raising of the fields by the continuous annual input of sods (Dutch: plaggen), often mixed
with manure. The sods came from various sources, which include heathlands and valleys (Groenman-van Waateringe, 1992;
Pape, 1970). Plaggic anthrosols are commonly found in the sandy areas of North-West Europe, including the Netherlands,
Belgium, northern Germany, and Denmark (Blume and Leinweber, 2004; Giani et al., 2014; Pape, 1970; Spek, 2004). In the
Netherlands, the most typical type of plaggic anthrosols overlies a layer of xeropodzol soils, or hydromorphic sandy soils
(Pape, 1970), but this may differ according to spatiotemporal circumstances.
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Figure 1: Schematic overview of the method of plaggen agriculture. Modified after the picture by Klaus Thierer presented in Giani
et al. (2014) using observations from our study site, at Braakmankamp. Typical plaggen agriculture involves the mixing of sods with
animal manure, but there are cases where raw sods are applied to the arable fields as well (Smeenge, 2020). The sods are typically
collected from heathlands, but materials from the adjacent stream valley were also used at Braakmankamp (Smeenge, 2020).

The introduction of plaggen agriculture was one of the major elements of land-use intensification in the Middle Ages (Ellis et
al., 2013; van Mourik et al., 2012). The continuous annual input of plaggen enabled yearly cultivation of a field plot without
fallowing periods (McKey, 2021). The formation of plaggic anthrosols had an impact beyond the arable fields, since the
plaggen management activities involved areas surrounding the villages and arable fields, such as heathlands and valleys. In
such areas, the difference in elevation, vegetation, and groundwater level was significantly altered by activities related to
plaggen agriculture (Blume and Leinweber, 2004). Despite the significant influence of plaggen agriculture on the land-use
intensification of the Netherlands in the Middle Ages, relatively little is known about the degree and timing of its impact.

Although there has been an estimation of how land-use intensity increased with the introduction of plaggen agriculture on a
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regional level (Blume and Leinweber, 2004), a quantitative estimation of the land-use intensification from the soil itself is
absent. Furthermore, the formation history of plaggic anthrosols is poorly understood, mainly due to the inconsistency between
different sources of dating, such as historical data, archaeological records, radiocarbon dates, pollen analyses, and
luminescence dating (Bokhorst et al., 2005; Giani et al., 2014; van Mourik et al., 2012; van Mourik et al., 2011).
Luminescence approaches, which have emerged since the 1980s for dating sediments (e.g., Huntley et al., 1985), may offer a
solution to resolve the formation history of plaggen soils. This radiometric dating method makes use of energy that accumulates
in the crystal lattice of quartz or feldspar minerals. The energy is stored when the minerals are removed from light (buried)
and it is released as a measurable flux of light upon exposure to heat or (sun)light in a process known as ‘bleaching’ (or,
‘zeroing’, ‘resetting’). Both quartz and feldspar offer unique advantages and disadvantages that are detailed in Section 2.
Quartz is conventionally used for dating when feasible because it yields a stable and readily bleached signal (e.g., Godfrey-
Smith et al., 1988). Yet, feldspar has high potential as a sediment tracer (e.g., Wallinga et al., 2019) because it is more readily
measured on a single-grain level than quartz and it can provide multiple signals with different bleachability from the same
grain (Li et al., 2014; Thomsen et al., 2008).

In this research, we explore the utility of single-grain feldspar luminescence to plaggic anthrosols to: 1) establish the timing of
the initial stages of plaggen agriculture, and 2) identify changes in soil-mixing intensity during the evolution of the plaggic
anthrosols. To examine whether single-grain feldspar methods can contribute to investigating the timing and process of the
formation of plaggic anthrosols we address three research questions: 1) How can well-bleached grains be identified for feldspar
single-grain pIRIR dating?; 2) Do results from feldspar single-grain pIRIR dating agree with more conventional small-aliquot
quartz optically stimulated luminescence (OSL) dating?; 3) What new information on the evolution of plaggic anthrosols is
gained from combining quartz OSL and feldspar single-grain pIRIR analyses? We focus on a high-resolution record of a single
site with a plaggic anthrosol to answer these questions. The methods developed and results obtained have broad application

potential for dating and reconstructing soil formation processes in human-influenced landscapes of the world.

2 Dating plaggic anthrosols

It is generally accepted that during the Middle Ages, open-field agriculture was adopted throughout the northern half of the
European landscape (Taylor, 1981; Renes, 2010). Since the sandy soils in coversand landscapes were poor in nutrients,
agricultural activities were mostly limited to areas with specific geomorphological and hydrological characteristics. These
tended to be relatively high and large coversand ridges, often bordered by valleys (Deeben et al., 2007; Renes, 2018; Spek,
2004). In the Dutch landscape, the open-field system was adopted in the form of so-called essen (singular: es). Essen are large
and open arable fields, which are often (partially) communally used. They are generally parceled, based on the property rights
of different parts of the arable field (Deeben et al., 2007).

In arable areas like essen and other types of open fields, the fertility of the soils was maintained or improved by the application

of plaggen agriculture (Edelman, 1950; Pape, 1970; Renes, 2018; Spek, 2004). The exact timing of the emergence of plaggic
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anthrosols is still under debate, due to a scarcity of information and the general incompatibility of different types of data (Dyer
et al., 2018; Renes, 2010; Taylor, 1981). A number of studies place the substantial spread of plaggen agriculture in
northwestern Europe at the beginning of the High Middle Ages, around 1000 CE (Blume and Leinweber, 2004; Giani et al.,
2014), based on various methods. The applied methods range from the ‘1 mm per year theory’, in which the thickness of the
plaggen is divided by an assumed accumulation rate of 1 mm per year, to isotopic dating methods (Spek, 2004). Early
radiocarbon dating attempts in the 1960s produced dates as early as 600 to 800 CE (Giani et al., 2014). In one case, a Dutch
plaggic anthrosol was dated between 500 BCE to 100 CE based on pollen analysis (Blume and Leinweber, 2004; Giani et al.,
2004). The oldest plaggic anthrosols that have been reported are located on the German north-coast islands of Sylt and Féhr,
which are assumed to be more than 3000 years old (Blume and Leinweber, 2004). Given the widespread occurrence of plaggic
anthrosols in the northern part of Europe, plaggen agriculture may have been practiced in different regions at different times.
Improving dating methods for plaggic anthrosols would be an important contribution to the understanding of the temporal

position of open-field systems.
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Figure 2: Conceptual diagrams illustrating the expected luminescence signals of grains experiencing soil reworking by agricultural
activities and bioturbation, which (a) deliver grains from the surface to depth and from depth to the surface over time. (b)
Luminescence signals accumulate with time while the grains are buried and are bleached by light exposure when the grains are at
the surface position. While some grains may be fully bleached, others may be partially bleached if they are not sufficiently light-
exposed at the soil surface. (c) Exposed scenario when grains are reworked by bioturbation, and (d) expected scenario when grains
are reworked by agricultural activities, mainly ploughing. The soil reworking process by bioturbation is relatively slow compared
to ploughing, so bioturbated grains may spend more time at the surface than sediments. Bioturbation is also less intense and can
reach a greater depth than ploughing. This may result in greater heterogeneity in the equivalent doses of well-bleached bioturbated
grains at a given depth. In contrast, ploughed grains are more likely homogenised by the intense mixing process and exhibit less
heterogeneity in the equivalent doses of the well-bleached grains.

A number of more recent publications dated the soils using optically stimulated luminescence (OSL) (Bokhorst et al., 2005;
van Mourik et al., 2011; van Mourik et al., 2012). Luminescence dating is advantageous for sedimentary landscapes because
the obtained ages reflect the moment of the depositional event, provided that the material is exposed to light prior to deposition
and shielded from light since that time and that a suitable protocol is used. The sand grains within agricultural soils like plaggic

anthrosols may have varied individual histories due to the combined processes of natural bioturbation, ploughing, and accretion
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(e.g., through sodding of the plaggen) (Fig. 2). With luminescence methods, it may be possible to interrogate individual grains
to parse these processes within the soil column while measuring multiple grains will yield an average burial history of the
deposits. Comparison of OSL ages to radiocarbon dates of plaggic anthrosols has yielded a discrepancy (van Mourik et al.,
2011; van Mourik et al., 2012), with the former providing much younger ages than the latter. The research by van Mourik et
al. (2011) concluded that the luminescence ages reflect the deposition of plaggic horizons while the radiocarbon dates are
indicative of the organic material related to the beginning of agricultural land use and are largely affected by the mixing of
organic matters of different ages (van Mourik et al. 2011; Wallinga et al., 2019).

Although OSL dating of plaggic anthrosols has yielded consistent and seemingly reliable results for the accumulation phase,
which generally begins around 1600 CE in the Netherlands (van Mourik et al., 2011; van Mourik et al., 2012), several
challenges remain. Firstly, robust dating of the initial stages of the development of plaggic anthrosols has proven to be
problematic as only part of the grains in the lowest parts of plaggic deposits are exposed to light. Secondly, standard methods
provide little information on the intensity of mixing as a function of time. These challenges are related to within-aliquot
averaging effects for small-aliquot quartz OSL dating (Cunningham et al., 2011; Wallinga, 2002).

The averaging effect of the multi-grain luminescence dating can be overcome by performing equivalent dose (D)
measurements at a single-grain level. The ideal situation would be to perform a measurement on single-grain quartz since the
fast-component OSL signal of quartz bleaches faster than feldspar infrared stimulated luminescence (IRSL) or pIRIR signals
(Kars et al., 2014b; Murray et al., 2012). However, in sediments from the North European Plain and many cases elsewhere,
the luminescence sensitivity of quartz is low, with typically less than 3—5 % of the grains providing sufficient OSL signal to
determine D, values (Cunningham et al., 2015; Duller, 2008). Therefore, single-grain quartz OSL dating is not practical in
most settings.

As an alternative to quartz OSL, feldspar grains can be useful for single-grain IRSL or pIRIR dating, since they are more
sensitive, with approximately 50 % of the grains providing sufficiently bright signals to produce a D, (Reimann et al., 2012).
However, feldspar has its own deficiencies, which hinder it from being commonly used as a natural dosimeter. The first
problem is anomalous fading: a-thermal loss of the luminescence signal with time (Spooner, 1994; Wintle, 1973), causing
luminescence ages to underestimate the actual burial age. To largely avoid the problem of fading, the use of pIRIR signals,
measured at elevated temperature(s) following the evacuation of the lower temperature IRSL signal, was suggested by
Thomsen et al. (2008). The pIRIR signals are increasingly stable (i.e., less affected by anomalous fading) at higher stimulation
temperatures (Buylaert et al., 2012; Cheng et al., 2022; Kars et al., 2014b; Reimann and Tsukamoto, 2012). However, the
pIRIR signals reset much more slowly upon exposure to light than feldspar IRSL or quartz OSL signals (Kars et al., 2014b;
Thomsen et al. 2008). Consequently, pIRIR signals of fewer grains will be completely reset compared to other luminescence
signals and pIRIR-derived ages are more likely to overestimate the burial age. pIRIR signals are increasingly hard to bleach at

higher stimulation temperatures (e.g. Kars et al., 2014b).
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Therefore, in this research, we investigate appropriate measurement parameters for single-grain feldspar luminescence dating
of the plaggen and underlying deposits, seeking an optimal compromise between bleachability and stability. In addition, we

develop a new approach to identify those grains for which the pIRIR signal is well bleached.

3 Materials and Methods
3.1 Site information and samples
3.1.1 Site information

The sampling took place at a site named Braakmankamp, where ~ 1 m thick plaggic anthrosol development is present.
Braakmankamp is located in the eastern Netherlands, south of Denekamp, Overijssel (Fig. 3, inset). This region is a part of the
‘European Sand Belt’, which extends from Northwestern Europe to Poland, and the Baltic region. The majority of the landscape
is covered by aeolian coversand deposits of the last glacial (Weichselian, OIS 4-2). In the Netherlands, these acolian sands are
characterized by a fairly uniform grain size, which ranges from 105 to 420 pm, and form hummocky landscapes with sand
dunes varying in height and slope values (Koster, 2009). During the Holocene, and especially after 1,000 BCE, coversands
were locally reactivated under the influence of increased human pressure resulting in drift sand often deposited in dunes (Pierik
et al., 2018). The Braakmankamp site is located in a coversand landscape dissected by the river Dinkel and its tributaries
forming ‘sand islands’ of different sizes. Braakmankamp positions itself on one of the sand islands on the east of the Dinkel
(see Fig. 1). It may have been one of the first reclaimed sites in this region because of its proximity to the Dinkel, and its
relatively large extent, which qualifies as a favourable settlement area (Groenewoudt and Lubberink, 2007). The site has been
used as an agricultural field, but has not been deep-ploughed in the past 50 years, and therefore, was selected as a suitable

research site.
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Figure 3: The location of the Braakmankamp site on the geomorphological map of the Netherlands (BRO, 2023). Plaggic anthrosols
occur mostly in areas with coversand deposition. The projected coordinate system is Amersfoort / RD New (EPSG:28992).

A pit was dug at the Braakmankamp site for the documentation of the soil layers (Smeenge, 2020; van Oorschot, 2018) (Table
1), and for the collection of samples for luminescence dating and pollen analysis. The pit was located in the middle of a field
plot, which is positioned on the outer border of a larger area covered with plaggic anthrosols (Fig. 3). The field plot is adjacent
to a stream valley, including a tributary of the Dinkel. The soil was identified to be a plaggic anthrosol. At all depths, the
texture of the soil is weakly loamy sand, with a median grain size of 210 pum. The plaggen layer is divided into 1Aap, and
2Aap, distinguished based on the colour which may reflect differences in the plaggen material used. It is probable that the
brighter colour of 1Aap originated from forest/heather plaggen, and the darker colour of 2Aap is derived from plaggen
containing more organic materials, which would likely have been collected from the adjacent Dinkel valley (Smeenge, 2020).
Below the plaggen horizon is the non-plaggic 2Ap horizon. The 2Ap horizon has a lighter colour than the overlying Aap
horizons, which is due to the inclusion of grey-coloured grains. The colour of these greyish particles resembles the colour of

the eluviation horizon of podzols. Below the 2Ap horizon is the brown weathering horizon (2Bw). A coversand layer, which
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is the parent material, underlies the soil matrix, and gleiing is observed in this layer (Cg). Considering the presence of the Bw

layer, the soil that formed prior to the practice of plaggen deposition is a brown forest soil.

Table 1: Description of soil horizons at the sampling location. The descriptions of the soil horizons are based on the Dutch soil
classification system (de Bakker and Schelling, 1989). Translation for the description of the small-letter suffix provided by B.
Makaske and G.J.W.C. Peek.

Depth Horizon Colour Remarks Samples
(cm)
0-30 1Aap 10YR 2/2 Brick pieces present NCL-1117134 (22 cm)
NCL-1117133 (31 cm)
30-50 1Aap/2Aap 10YR3/2 Brick pieces present
NCL-1117132 (41 cm)
NCL-1117131 (50 cm)
NCL-1117130 (60 cm)
NCL-1117129 (70 cm)
50-105 2Aap 10YR 3/3
NCL-1117128 (81 cm)
NCL-1117127 (96 cm)
NCL-1117126 (101 cm)
105-120 2Ap 10YR 4/2 Grey coloured stains from podzol NCL-1117125 (112 cm)
120- 130 Bw 10YR 4/3.5 NCL-1117124 (123 cm)
) NCL-1117123 (142 cm)
130-170 Cg 2.5Y 5/4 Fossil gley mottles of cm-scale

NCL-1117122 (165 cm)

Soil Profile

Small-letter suffix after main horizon code in the Dutch soil classification

Horizon that consists of material that was brought from else-where (e.g., a plaggen cover on an old arable field

‘ or an anthropogenic sand cover).
g Horizon with rusty mottles.
P Horizon that is regularly ploughed.
Code that may indicate three different phenomena:
w 1) weathering and incorporation of moder humus (in moder-podzol soils)

2) B and C horizons with soil aggregates (in clay or sandy clay soils)

3) a strongly weathered peaty C horizon
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Archaeological data demonstrates that the Twente region has been occupied by humans since the Late Palaeolithic age (van
Beek et al., 2015). Large coversand ridges along the Dinkel valley have been favourable habitation sites since late prehistoric
times. One of the earliest pieces of evidence of human occupation in the vicinity of the study area is found in Mekkelhorst,
adjacent to Braakmankamp. In Mekkelhorst an Iron Age settlement has been identified. Since the Middle Ages, farmers formed
essen on the sandy ridges east of the Dinkel (Smeenge, 2020). The Braakmankamp site is located on a part of such an essen
complex. The suffix ‘kamp’, common in the eastern Netherlands, refers to a (generally fairly small) arable field, whereas

‘Braakman’ probably is an old family name.

3.1.2 Sampling

Thirteen luminescence dating samples were collected in a vertical sequence at the Braakmankamp site, with at least one sample
from each of the identified soil horizons (Table 1). Each sample was collected by horizontally hammering in a sampling tube
with a length of 20 cm and a diameter of 4.5 cm into the excavated and cleaned soil profile. After removing the sampling tubes
from the soil profile, both ends of the tubes were sealed with lids and tape to prevent exposure to sunlight. For dose rate

measurements, additional soil material was collected from the same depth as the sampling tubes and placed into a plastic bag.

3.2 Sample preparation

All sample preparations were performed under safelight conditions at the laboratory of the Netherlands Centre for
Luminescence dating (NCL), at Wageningen University. Materials from the outer 3 cm of the sampling tubes, which may have
been exposed to light during sampling, were used for dose rate measurements. Of the remaining material, 100 g was wet-
sieved to obtain 212-250 um sand grains. These were cleansed through magnetic separation, removing magnetic particles.
After magnetic separation, the samples were treated with 10 % HCI for 1 hour to remove carbonates and 10 % H202 for more
than 15 hours to remove organic materials. Subsequently, the samples went through a density separation process using LST
heavy liquid of 2.58 g/cm?, separating K-feldspars (2.57 g/cm?), and quartz (2.64 g/cm®) grains. The heavy fraction (2.58
g/cm?) was etched with HF for 40 minutes to obtain a purified quartz extract and to remove the outer layer exposed to alpha
irradiation. After HF treatment, the quartz grains were cleansed in HCI for 1.5 hours, rinsed, and then sieved over a 180 um
sieve to remove grains that were severely affected by the HF treatment.

For the measurement of the dose rate, the material removed from the outer 3 cm of the sampling tubes was combined with
sample-adjacent material collected in plastic bags. The materials were dried at 105 °C for more than 12 hours to determine
gravimetric moisture content. The organic matter content was measured by calculating the loss on ignition at 500 °C. The
remaining materials were ground using a ball mill to a particle size smaller than 300 um. The ground material was mixed with
wax in a 70 : 30 sediment : wax ratio and was moulded into 2 cm thick pucks. The puck was analysed by the gamma
spectrometer to measure the activity of “°K and several isotopes in the 238U and 2**Th decay chains. The dose rate was calculated
from the radionuclide concentrations following Guérin et al. (2011). We assumed an internal K-content of 10 + 2 % for the K-

feldspar grains to calculate the internal dose rate (Smedley et al., 2012). Since etching was not performed for the K-feldspar

10
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grains, the external alpha contribution was taken into account with the assumption of 0.050 + 0.025 Gy/ka. The cosmic radiation
contribution to the dose rate was determined following Prescott and Hutton (1994), assuming gradual burial of the samples
between deposition and present. Beta dose attenuation correction for the used grain size was performed according to Mejdahl
(1979). Dose rate attenuation due to water and organic contents was taken into account following Aitken (1998). The full data

essential to calculate the dose rate are provided in Supplementary Material A.

3.3 Luminescence measurements

Automated luminescence readers (Risg TL/OSL DA-15) equipped with °°Sr/*°Y beta source, Blue-LED diodes, and IR-laser
(Beatter-Jensen et al., 2000; Batter-Jensen et al., 2003) were used for all measurements. All measurements (including gamma

spectrometry) were performed at the laboratory of the NCL, at Wageningen University.

3.3.1 Quartz OSL

The quartz was positioned on stainless steel discs, placed within a circle with a 2 mm diameter (~ 50 grains / disc) on the centre
of the discs using silicone oil (“Silkospray”). The measurement was conducted by applying the standard SAR protocol (Murray
and Wintle, 2003) (see Supplementary Material B) with a preheat temperature of 200 °C, and the stimulation temperature was
125 °C. The OSL signal was measured for 20 seconds, the first 0—0.5 s interval was used for analysis, and the subsequent
interval of 0.5-1.76 s was used for early background subtraction (Cunningham and Wallinga, 2010). To determine the
temperatures to be used for preheat and post-measurement bleaching, a thermal transfer (TT) test was performed (Truelsen
and Wallinga, 2003). In the TT test, we first removed the luminescence by bleaching with the blue LED stimulation for 600 s
in total. Subsequently, we gave the preheat for 10 s from 160 °C to 300 °C in 20 °C intervals. After each preheat, OSL signals
were measured. We summed up the luminescence signals from each measurement to obtain a cumulative dose transferred from
the preheat.

At the end of each SAR cycle, aliquots were bleached with Blue-LED for 40 seconds at an elevated temperature of 210 °C to
completely reset the OSL signals. The acceptance of the results was based on the following criteria: 1) the recycling ratio
should be smaller than 10 % of the unity; 2) the recuperation value smaller than 10 % of the largest regenerated signal; 3) the
test dose error should be smaller than 10 %; 4) the IR signal should be less than 20 % of the total OSL signal, or the decrease
of OSL signal after the exposure to IR should be less than 10 %. Errors were incorporated into the acceptance criteria.

A dose recovery test was performed to examine whether the samples could reproduce a given dose through the SAR procedure.
For the dose recovery test, we first removed the luminescence with exposure to blue LED lights for 600 s in total and then

gave each aliquot a dose of approximately 3.5 Gy.

3.3.2 Feldspar pIRIR

The prepared feldspar grains were placed on aluminium single-grain discs with 300 pm diameter holes arrayed in a 10 x 10
grid, each holding up to 100 grains. The grains were stimulated for 2 seconds with a 150 mW 830 nm IR laser. To select the
11
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emissions from K-rich feldspars around 410 nm, a LOT/Oriel D410/30 interference filter was utilized. A SAR measurement
protocol was adopted for De estimation, largely based on the pIRIR protocol proposed by Thomsen et al. (2008), which has
been modified for single-grain measurements, in accordance with the observations made by Reimann et al. (2012) and Brill et
al. (2018).

Prior to the measurement of the De, tests on remnant doses, dose recovery ratios, and fading rates were performed on feldspar
grains that were bleached in a Honle SOL2 solar simulator for 48 hours. Two samples were selected for the tests, one from the
Cg horizon (NCL-1117123), and one from the 2Aap horizon (NCL-1117129). The tests incorporated three different pIRIR
stimulation temperatures (150 °C, 175 °C, 225 °C), to inform an appropriate stimulation temperature for this work. The tests
on remnant doses and dose recovery ratios were performed on a single-grain level, and the fading rates were measured based
on multi-grain aliquots (Auclair et al., 2003). Ultimately a preheat of 200 °C for 120 s and a pIRIR stimulation temperature of
175 °C were selected (see Results, section 4.2.).

We expected two types of scenarios for soil mixing of the plaggen deposits: (1) slow and less intense mixing by natural
bioturbation decreasing with depth (Roméan-Séanchez et al., 2019; Wallinga et al., 2019) (Fig. 2.c), and (2) rapid and intense
mixing of the upper 20-25 cm through ploughing during agricultural activities (van der Meij et al., 2019) (Fig. 2.d). These
contrasting effects of different dynamics are also demonstrated in the results of von Suchodletz et al. (2023). However, since
the plaggic anthrosols also incorporate a rapid deposition rate of materials, the samples collected from the plaggen layers were
expected to contain a significant amount of poorly bleached grains due to slow bleaching of pIRIR signals and potentially
short light exposure during soil mixing processes. Therefore, a method was devised to identify well-bleached grains. The
adopted approach utilizes the different bleaching rates between the IRSL and pIRIR signals. It has been reported in previous
studies that IRSL signals bleach much faster than pIRIR signals (Buylaert et al., 2012; Kars et al., 2014b). Therefore, if a grain
is sufficiently light-exposed to fully reset the pIRIR signals, the IRSL signals will also be fully reset. This implies that well-
bleached grains should provide matching D. values for the pIRIR and IRSL signals. In contrast, if a grain is only briefly
exposed to light, we expect the IRSL signal to be better bleached than the pIRIR signal. This would result in a greater pIRIR
De value compared to that of IRSL. Comparison of feldspar D, values at different temperatures has previously been proposed
as a sediment tracer (e.g., Reimann et al., 2015; Chamberlain et al., 2017) and for identifying well-bleached samples with
single-aliquot approaches (Buylaert et al., 2013) but it has not yet been used to identify well-bleached grains on a single-grain
level for dating purposes.

Based on the above, a robust comparison between the D values of IRSL signals, and the D. of pIRIR signals was made by the
ratio of the two (De rst / De pirir ). Considering that IRSL signals are more prone to fading, we used a ratio of 0.9 as the
threshold rather than unity. If the ratio is greater than 0.9 within a 2-c error, we accepted the grain to be well-bleached. If it is
smaller than 0.9 within the 2-c error, the grain was classified as poorly bleached, and therefore rejected from age modelling of
the feldspar single-grain datasets. While we acknowledge that the value of 0.9 is arbitrary, it was also adopted by Buylaert et
al. (2013) for comparison of IRSL and pIRIR29 signals. In this study, we use the term “filtering” to refer to the differentiation

of well- versus poorly bleached grains using the D¢ irsr / De pirir ratio described above.
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3.4 Age models

The soil at Braakmankamp is likely to have been exposed to a prolonged soil reworking process by agricultural activities and
bioturbation (Fig. 2). Therefore, we applied two different age models to obtain ages that capture different phases of the soil
reworking process. To determine the latest surfacing event of grains by soil reworking, this research applied the bootstrapped
minimum age model (BsMAM) suggested by Cunningham and Wallinga (2012), to both quartz and feldspar D, datasets. For
single-grain feldspar samples, to extract the grains with depositional information from the soil samples, we used the maximum
age model (MaxAM) suggested by Olley et al. (2006). Combining the ages obtained by the Bs MAM and MaxAM can provide
a full narrative on the formation history of the soils with the soil reworking process taken into account. Evaluating between
the quartz and feldspar datasets was done by comparing ages, which was achieved by dividing the individual D, of each aliquot
/ grain by the sample-average mineral-specific dose rate.

The chosen overdispersion input, or o, value, can have a significant effect on the outcome of the BsMAM (Chamberlain et al.,
2018; Cunningham and Wallinga, 2012). The o}, value indicates the characteristic overdispersion within a D, dataset for well-
bleached sediments within a certain environment and for a given number of grains per disk (Cunningham and Wallinga, 2012).
To determine the value of oy, to be applied to the BsSMAM, this research adopted the method proposed by Chamberlain et al.
(2018). This method obtains the characteristic overdispersion of well-bleached and un-mixed samples within the dataset by
applying the BsMAM with o, = 0 + 0 to the relative overdispersion values obtained for the samples using the central age model
(CAM) (Galbraith et al., 1999), and assumes that at least some samples within the dataset are well bleached. We determined

the value by rounding the outcome of BSMAM applied to the relative overdispersion to the second decimal place.

4 Results
4.1 Quartz OSL tests

The average result of the thermal transfer test on the quartz samples demonstrates that the average values of thermally
transferred doses agree with 0 Gy within 1-o standard error up to 300 °C (Fig. 4.a). However, the individual aliquots
demonstrate greater scatter in the thermally transferred dose, and the majority of the aliquots are affected by preheat
temperatures greater than 240 °C (Fig. 4.a). Therefore, we adapted the preheat temperature of 200 °C, and the temperature of
210 °C for the bleaching at the end of SAR sequence.

The dose recovery test of the SAR sequence for quartz demonstrated that the quartz aliquots were able to recover D. close to
the given dose (CAM dose recovery ratio: 0.98 + 0.01; given dose 3.56 Gy). The o} input for quartz multigrain aliquots was
determined to be 0.15 + 0.04 following the method introduced by Chamberlain et al. (2018), applying BsMAM with the o,

input of 0 = 0 to the relative overdispersion of the quartz OSL dataset.
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Figure 4: The results of (a) thermal transfer test; (b) dose recovery test on quartz samples from the Braakmankamp site.
4.2 Feldspar pIRIR tests

We found that remnant doses after 48 h SOL2 bleaching increased with preheat temperature and temperature for pIRIR
stimulation (Fig. 5.a). As the IRSLso remnant doses increase as well, but less than those obtained through pIRIR, we attribute
the increase to a combination of thermal transfer (caused by preheating) and lower bleachability of high-temperature pIRIR
signals (Kars et al., 2014b; Reimann et al., 2012).

The dose recovery tests on the pIRIR signals yielded ratios within 5 % from unity for all tested pIRIR temperatures (Fig. 5.b).
In contrast, the dose recovery ratio of the IRSLsg signals showed satisfactory results for the pIRIR;50 and pIRIR;75 sequences
but underestimated severely for the pIRIR225 sequence (Fig. 5.b). This result corroborates the finding by Kars et al. (2014a)
and is possibly attributed to trapping sensitivity changes occurring at high-temperature preheat (Wallinga et al., 2000).
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Figure 5 The results of (a) remnant dose after bleaching in a solar simulator; (b) dose recovery test; (c) fading rate with different
preheat / stimulation temperatures. The tests were performed on samples NCL-1117023 and NCL-1117029 after bleaching in the
SOL2 solar simulator for 48 hours. The number of grains used for the analyses is indicated next to each data point (a, b). Six aliquots
were used for fading analyses for each pIRIR stimulation temperature (c).

For fading rates, the results show a lower correlation with the temperature used for pIRIR stimulation. It was demonstrated
that the lowest g-value was obtained when the highest temperature (225 °C) was applied (Fig. 5.c). The g-value of the IRSLso
signals were all substantially higher than the pIRIR signals, as expected. The g-values for the pIRIR 50 and pIRIR 75 agreed
within the 1-c error range. Based on these results, we decided to apply the pIRIR;75s protocol for age estimation. The main
reason was that the dose-recovery results were most stable in both IRSLso and pIRIR signals when the pIRIR 75 protocol was
applied, and this is important since we are using IRSLso and pIRIR signals for comparison. The o}, input for the single-grain

feldspar pIRIR 75 was determined to be 0.35 + 0.03 for the complete dataset and 0.20 + 0.04 for the ‘filtered’ dataset.

4.3 Identifying well-bleached feldspar grains

When the comparison between D rst and De pirir, or ‘filtering’, was performed, we observed that D. pirir values tended to be
larger than De rs. values as expected (example provided in Fig. 6.a). There are a few grains that have larger D. rse values than
De pirir values, but for the majority of the grains, the De irsL / De pirir ratio is smaller than or agrees with unity within a 2-c
error margin. Before examining the results of the comparison between D rst and De pirir values, we analyse the acceptance
ratio as a function of depth (a proxy of age) to ensure that fading is not significantly affecting the results of the filtering. Since
older samples are generally more affected by anomalous fading than younger ones, it is expected that fading would result in
rejecting greater portions of grains for the deeper samples. However, there is a weak opposite trend within the depth and the
acceptance ratio relationship (Fig. 6.b). When linear regression is applied, a positive relationship is observed. However, the

statistical significance of the regression is relatively weak (p-value = 0.03).
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Figure 6: (a) Example of grains characterized as well-bleached (red) versus poorly bleached (black) through comparison between
DeirsL and De pirir values for sample NCL-1117123. The solid diagonal line marks the 1:1 ratio between equivalent doses obtained
from IRSLso and pIRIR17s signals. The dashed diagonal line marks the 1:0.9 ratio adopted as a threshold to identify well-bleached
grains. (b) Acceptance ratio indicating the percentage of well-bleached grains with depth. The line demonstrates the trend between
the relationship between depth and acceptance ratio obtained by linear regression. (c) Comparison of relative overdispersion
obtained from the total dataset of feldspar pIRIR17s (black), filtered dataset of feldspar pIRIR175 (red), and quartz OSL (blue). Note
that the points are slightly displaced vertically for visibility.

Filtering using the De rst / De pirir ratio threshold impacted the D, distribution of most samples, with the strongest effect on
the samples from the plaggen layer (Aapl, Aapl/Aap2, and Aap2 horizons). The overdispersion is reduced through the filtering
approach for all samples from the Ap and Aap horizons, while negligible change is observed for samples from the Cg and Bw
horizons (Fig. 6.c). A closer inspection of the D, distribution shows that the reduced overdispersion for samples from the Ap
and Aap horizons results from the preferential rejection of older grains. For the Bw and Cg horizon samples, rejected grains
show no bias, which explains why the overdispersion remains unchanged (see Supplementary Material C for a full observation
of the results).

When comparing the ages obtained from BsMAM before and after applying the filter, the effect of the filtering can be observed,
with only 2 out of 13 samples showing agreeing ages with a 1-c error range (Fig. 7.a). While the agreement does not occur on
the deeper samples collected below the Ap horizon (NCL-1117122 to NCL-1117124), the difference becomes more significant
toward the present-day surface within the Aapl and Aap2 horizons (that is, within the upper 1 m of the soil profile, Fig. 7.b).
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Figure 7: (a) Comparison of D. obtained by applying BsSMAM to the filtered pIRIR dataset and the unfiltered pIRIR dataset. The
dotted diagonal line represents unity. (b) The comparison between depth and ratio obtained by dividing the D. of the total pIRIR
dataset by the D. of the filtered pIRIR dataset. The dotted vertical line represents unity. The majority of the samples (11 out of 13)
demonstrate smaller De when the filter is applied.

4.4 Results of the age model

For age modelling, we applied the BsSMAM to the small-aliquot quartz datasets with a oy, input of 0.15 = 0.04 and to the filtered

single-grain feldspar pIRIR D, datasets with a o, 0of 0.20 = 0.04. The resulting palacodoses were divided by the mineral-specific

dose rate for each sample to obtain age estimates. Ages are reported in years (a) relative to 2017 (Table 2). Both sets of ages

are internally consistent showing older ages for deeper sediments, with the exception of the feldspar pIRIR result at 70 cm

depth. Quartz and feldspar agree for nearly all samples from the Aap horizons. For the horizons below, age results for feldspar

tend to be lower compared to those for quartz.
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for the sake of visibility.

Table 2: Results of applying BsMAM and MaxAM to ages obtained from quartz signals and filtered ages from feldspar pIRIR:7s
signals. The reference year of the date is 2017 when sampling and preparation of samples were conducted. Note that the ages are
rounded to decades.

Sample Depth | Quartz Quartz Feldspar (filtered) Feldspar (filtered)
(cm) BsMAM (a) MaxAM (a) BsMAM (a) MaxAM (a)
60+5 110+ 30

NCL-1117134 | 22 - -
(1960 = 5 CE) (1910 % 30 CE)
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390

240 £ 20 200 = 30
NCL-1117133 | 31 - -
(1770 + 20 CE) (1810 £ 30 CE)
260 £ 20 240 £ 20
NCL-1117132 | 41 ; )
(1750 + 20 CE) (1770 + 20 CE)
350 £ 30 290 < 30
NCL-1117131 | 50 - -
(1660 + 30 CE) (1720 % 30 CE)
370 + 20 360 + 40
NCL-1117130 | 60 - -
(1640 + 20 CE) (1650 % 40 CE)
440 £ 30 250 £ 50
NCL-1117129 | 70 - -
(1580 + 30 CE) (1760 % 50 CE)
460 £ 30 420 £ 30
NCL-1117128 | 81 ; )
(1550 + 30 CE) (1590 + 30 CE)
680 + 40 500 < 30
NCL-1117127 | 96 - -
(1330 + 40 CE) (1510 £ 30 CE)
750 £ 50 650 + 50
NCL-1117126 | 101 ; )
(1260 + 50 CE) (1360 £ 50 CE)
960 + 60 1920 + 290 740 £ 60 2890 + 520
NCL-1117125 | 112
(1050 + 60 CE) (100 + 290 CE) (1270 £ 60 CE) (870 + 520 BCE)
2460 £ 410 7600 = 970 1070 + 210 9660 = 1110
NCL-1117124 | 123
(450 = 410 BCE) (5580 £ 970 BCE) | (940 + 210 CE) (7640 + 1110 BCE)
5790 + 1000 12650+1330 3240 + 640 9540 = 1160
NCL-1117123 | 142
(3780 + 1000 BCE) | (10630 = 1330 BCE) | (1230 + 640 BCE) | (7520 + 1160 BCE)
8190 + 2260 10770 + 350 6410 + 2530 8940 £ 270
NCL-1117122 | 165
(6180 2260 BCE) | (8750 +350 BCE) | (4400 + 2530 BCE) | (6920 + 270 BCE)

5 Discussion

5.1 Identifying well-bleached grains for feldspar single-grain pIRIR dating

In this research, we used the ratio of D¢ rst. and De pirir values as a means to identify well-bleached grains within samples.
From the results, we observed that there is a distinction between the population of grains that have been classified as well-
bleached and poorly bleached. While the well-bleached grains are concentrated on the youngest population of the samples, the
older grains consist of grains that have been classified to be poorly bleached (NCL-1117126 to 134, see Supplementary

Material C). The division of ages between the two classes of grains supports that the ratio of De rsr. and De prir values does

19




395

400

405

410

415

reflect the relative exposure time of grains to sunlight prior to being removed from exposure to sunlight. We checked the
potential impact of anomalous fading by performing a regression analysis between depth and the acceptance ratio (Fig. 6.b).
The hypothesis is that if the results are affected by fading, older samples would have grains that would be falsely classified as
poorly bleached since grains with higher doses are more susceptible to fading, as can be seen in Buylaert et al. (2012). However,
the result of the analysis shows an opposite trend, which indicates that anomalous fading has insignificant effects on the results
based on the ratio of De irst and De pirir in this research. This result is likely to have been caused due to the relatively young
age of the samples, though to what degree fading affects the results should be further researched.

The results demonstrate that identifying and selecting well-bleached grains can have a crucial effect on the output of age
models. Comparing the ages obtained by BsMAM on both filtered / non-filtered datasets shows that there is an average of 30
% overestimation on the ages from the non-filtered dataset when they are compared with the filtered ages, which we take to
be most representative (Fig. 7.b). The main reason for the discrepancy in the ages is the difference in the selected o values
that were applied to the BsSMAM. In this research, we applied the method suggested by Chamberlain et al. (2018) to assume
that the lowest overdispersion of the dataset represents the overdispersion of a well-bleached sample. However, for the pIRIR
signals in our sample site, none of the samples are completely well-bleached. Rather all samples include at least some poorly
bleached grains. This is also supported by the high proportion of poorly bleached grains within the samples collected from the
plaggen layer, where some have less than a 30 % acceptance ratio when the threshold for the D rst. / De pirir ratio is applied
(Fig. 6.b). The high percentage of poorly bleached grains yields high overdispersion values (Fig. 6.c), and thereby
overestimates the o, value that should be applied. Better agreement is seen between the OSL and the un-filtered pIRIR ages
when the o} value of 0.20 + 0.04 obtained from the filtered dataset of grains that have been classified as well-bleached grains,
is used as input to the BsMAM for pIRIR age modelling (Table 3). This indicates that using the ratio of D¢ rst. and De pirir
values can be a useful way to determine the oy, value for feldspar samples.

Table 3: Comparison of BsMAM results between the dataset of total grains using two different o, values and the dataset of grains
classified to be well-bleached.

Sample Depth (cm) | BSMAM result (Gy) BsMAM result (Gy) BsMAM result (Gy)
pIRIR ;75 total dataset pIRIR ;75 total dataset pIRIR ;75 filtered dataset
o, =0.35+0.03 op=0.2+0.04 op=0.2+0.04
NCL-1117134 22 0.28 £0.05 0.24 +0.04 0.23+0.07
NCL-1117133 31 0.55+0.09 0.36+0.13 0.41 +0.05
NCL-1117132 41 0.70 £ 0.06 0.59 +0.08 0.50 +0.03
NCL-1117131 50 0.75+£0.03 0.71 +£0.07 0.61 +0.05
NCL-1117130 60 1.09 £ 0.04 1.03 +0.08 0.77 £ 0.07
NCL-1117129 70 0.88+0.10 0.65 +0.09 0.54+0.10
NCL-1117128 81 1.09 +£ 0.04 0.97 £0.08 0.89 +0.05
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NCL-1117127 96 1.15+0.04 1.09+0.07 1.07 £0.04
NCL-1117126 101 1.51+£0.06 1.35+0.09 1.31+0.06
NCL-1117125 112 1.49+0.13 1.30+0.29 1.46 +£0.08
NCL-1117124 123 3.38+0.55 2.39+0.32 2.16+0.40
NCL-1117123 142 12.08 £ 1.73 8.01 +£1.44 6.78 £1.30
NCL-1117122 165 19.40+ 1.41 16.51 +3.37 13.82 +5.42

Notably, the overdispersion of ‘well-bleached’ feldspars is similar to that of quartz, resulting in similar o, values for both
minerals (Fig. 6.c). Smedley et al. (2019) reported a constant offset of ~ 10 % between the overdispersion between single-
grain quartz and single-grain feldspar. The difference is greater between the small-aliquot quartz OSL and the non-filtered
single-grain feldspar pIRIR dataset for the samples from Braakmankamp, which is ~ 20 %. Considering that aliquot-based
measurements will have smaller overdispersion compared to single-grain measurements (Thomsen et al., 2012), this is within
expectations. However, the overdispersion is significantly reduced by selecting well-bleached grains using the De irst. / De pirir
ratio. This indicates that feldspar single-grain measurements may have incorporated a significant amount of poorly bleached
grains even for samples with well-bleached quartz OSL characteristics.

Another factor that should be considered with the overdispersions of OSL and pIRIR datasets is the influence of external
microdosimetry. In the dose recovery experiments conducted for both minerals, it has been observed that the overdispersion
of small-aliquot quartz OSL is typically 5-10 % (e.g. Thomsen et al., 2005), and single-grain feldspar pIRIR is 15-20 % (e.g.
Brill et al., 2018; Reimann et al., 2012). Based on the dose-recovery experiments, the difference of ~ 10 % overdispersion is
caused by intrinsic characteristics of the minerals, and cannot be explained by the inclusion of poorly bleached grains.
However, the Braakmankamp samples with well-bleached quartz OSL characteristics do not demonstrate such a discrepancy.
This may be an effect of external microdosimetry, while small-aliquot quartz is more influenced by external microdosimetrical
variations than single-grain feldspar, which has significant influence by the internal K-content (Smedley et al., 2019). Thus,
one possible scenario is that the external microdosimetry of the samples evens out the intrinsic ~ 10 % overdispersion
difference by increasing the small-aliquot quartz OSL overdispersion to a more significant degree. However, the effects of

external microdosimetry and internal K-content are not tested in our research and therefore are to be further researched.

5.2 Comparison of single-grain pIRIR17s, IRSLso, and small-aliquot OSL ages

When comparing the ages obtained from the single-grain feldspar pIRIR dataset (selected grains using De rst. / De pirir ratio
filtering) with the quartz ages, we observe that five out of nine ages agree with each other within the 1-c error range. For two
additional samples, the differences between ages are minor, that is, they agree within 2-c. Most of the samples with agreeing

ages are concentrated at the upper part of the plaggen layer, besides the top sample (NCL-1117134). From the samples from

21



445

450

455

460

465

470

the lower part of the plaggen layer (NCL-1117126 & 127), the pIRIR signals produced younger ages than quartz OSL. This is
also the case for the samples collected from the Bw and Cg horizons below the plaggen layer.

The disagreement in ages in the samples collected from the deeper layers beneath the plaggen layer may be largely due to the
averaging of multiple quartz grains within aliquots. When we examine the outcome of the BSMAM and the MaxAM of the
samples NCL-1117124 and NCL-1117125, it is observed that the age range obtained from BsMAM and MaxAM being applied
to quartz OSL is within the age range derived by applying BsMAM and MaxAM to pIRIR signals (Table 2, Fig. 8). These
samples seem to have heterogeneous age distribution, in which the youngest grains may be detected by single-grain dating
methods, but not by dating methods based on aliquots.

The result of the youngest sample (NCL-1117134) demonstrates a different pattern. Unlike the other results, in which the ages
obtained by BsMAM applied to pIRIR signals are younger than the ages from quartz signals, the age from pIRIR signals is
older than that from quartz signals. This might have been caused by the presence of grains with hard-to-bleach yet relatively
minor remnant doses with pIRIR signals (Kars et al., 2014b), which can also be observed by the test performed on grains
bleached in the solar simulator (Fig. 5.b). However, it is difficult to conclude that this is the principal reason for the difference
in NCL-1117134 since each individual grain can behave differently, which can also be seen in the NCL-1117134 sample itself,
where grains that are bleached to near-zero dose are also present (Supplementary Material C). Near-zero dose bleached grains
are also of low precision, meaning they have only a minor influence on the BsMAM.

Based on our results, multi-grain quartz OSL performed on small-diameter aliquots that provide a sufficient proxy for genuine
single-grain quartz OSL measurements is a suitable approach for dating the plaggen layer because it appears to provide ages
that are stratigraphically consistent and reflects the formation history of this anthropogenic layer. Also, there are well-bleached
samples within the plaggen layer providing nearly identical results from both the central age model (CAM) and BsSMAM
(NCL-1117128, NCL-1117129, NCL-1117130, see Table 4). Since other dating methods are problematic for plaggic
anthrosols, quartz OSL ages of the well-bleached samples can function as an age constraint to vet the more experimental
luminescence approaches. The ages obtained from pIRIR signals mostly align with the quartz OSL ages in this study, showing
the possibility that single-grain feldspar pIRIR dating can be useful for obtaining reliable ages and may be an important tool
for dating anthropogenic soils in settings where quartz does not possess suitable characteristics for OSL dating. In contrast,
the IRSLso ages (Supplementary Material D) only agree with the quartz OSL ages for one of the nine plaggen samples, while
the majority of IRSLso ages are underestimated relative to the quartz results. These results suggest that fading is significantly
affecting the IRSLs signals, despite the samples being young. Therefore, despite lower bleachability, pIRIR signals may be
preferable over IRSL signals for the dating of late Holocene sedimentary deposits. The full results of IRSLso signals can be
observed in Supplementary Material D. Finally, although time-consuming, our approach highlights the value of employing
different luminescence signals and minerals to enhance confidence in dating results for challenging materials such as soils.

Table 4. CAM and BsMAM D. results obtained from quartz OSL signals. The radial plots of all samples are available in
Supplementary Material E.

Sample Depth (cm) | Quartz OSL CAM result (Gy) Quartz OSL BsMAM result (Gy)
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490

o, =0.2+0.06
NCL-1117134 22 0.12+0.02 0.07 £0.01
NCL-1117133 31 0.30+0.02 0.26 +0.02
NCL-1117132 41 0.37+0.03 0.29+0.01
NCL-1117131 50 0.47 £0.05 0.41+£0.02
NCL-1117130 60 0.44+£0.02 0.43+0.02
NCL-1117129 70 0.53+0.02 0.52+0.03
NCL-1117128 81 0.54 +£0.02 0.54 +0.03
NCL-1117127 96 0.88 £0.07 0.75+0.04
NCL-1117126 101 0.87 +0.05 0.80 £ 0.04
NCL-1117125 112 1.11£0.07 1.00 + 0.05
NCL-1117124 123 3.71+0.26 2.66+0.43
NCL-1117123 142 9.89 £ 0.65 6.64+1.12
NCL-1117122 165 12.15+£0.69 9.95+2.72

5.3 Luminescence informed soil formation history

Beyond ages, luminescence dating can provide information on the formation history of soils (e.g. Wallinga et al., 2019).
Especially the single-grain feldspar pIRIR signals can provide additional information on the formation process (e.g. Gray et
al., 2020; Reimann et al., 2017; von Suchodoletz et al., 2023). The different age distribution patterns between the samples from
plaggic anthrosols and natural layers demonstrate the effects of bioturbation and human activities on age distributions. Samples
from the plaggen layers demonstrate a relatively larger proportion of poorly bleached grains, and a relatively small dispersion
of age after being processed by the filtering method (Fig. 6.c). In contrast, a smaller proportion of grains are identified as
poorly bleached for the natural layers even though the age distributions are overdispersed. We propose that this contrast can
be explained by the difference between the effects of natural bioturbation and anthroturbation.

The difference in the overdispersion between the samples collected from plaggen layers and the samples collected from the
underlying deposits can be explained by the change in the pedoturbation caused by the change in land use. The overdispersion
of single-grain pIRIR D, values within the natural layers can be explained by the effects of natural bioturbation driven by a
deeper soil food web, involving deep-rooted trees and an increased number of soil fauna that utilizes deep plant roots (Maeght
et al., 2013) (Fig. 9.c). Such natural bioturbation is a constant but slow process, where grains that are brought to the surface
will stay there for sufficient time to totally bleach luminescence signals (Bateman et al., 2007; Kristensen et al., 2015; Reimann
et al., 2017; von Suchodletz et al., 2023). As a result, the material within this mixing zone will contain well-bleached grains

of different luminescence ages. The age range will be wide due to the long period between deposition (oldest grains, late
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Glacial) and end of bioturbation (youngest grains, plaggen agriculture introduction). In our data, the influence of bioturbation
is visible within NCL-1117123 and not within NCL-1117122. This suggests that pre-agricultural bioturbation at
Braakmankamp likely caused soil reworking to a depth of 30—50 cm below the pre-plaggen palacosurface. Prior human land-
use activities on this site (e.g. land clearance) before the start of agricultural activities are not evident in the luminescence
dating results.

For the plaggic layer, natural bioturbation is replaced by intense anthroturbation through ploughing (Fig. 9.d). This would
likely cause the soil food web to be shallower with the reduction of specific subterranean fauna due to the removal of deep
roots (Maeght et al., 2013). A much greater part of the grain is now (repeatedly) brought to the surface, but light exposure
duration is expected to be much shorter (Porgba et al., 2013; van der Meijj et al., 2019; von Suchodletz et al., 2023). Although
plaggic material may contain Pleistocene-aged material when first applied, light exposure of the vast majority of grains will
result in bleaching of luminescence signals. Subsequent shallow reworking will mix grains that yield similar (young)
luminescence ages in smaller age dispersion (Fig. 5.c). This shift toward different ecological (forest vs grassland) and land use
(natural vs agricultural) regimes and thereby different soil mixing processes that we interpret in the pIRIR D, distributions and
bleaching results is supported by the pollen analysis of the samples taken from the same site (Fig. 9.a). The pollen analysis
demonstrates a significant decrease in pollen of trees and an increase in pollens of herbs and cereals, around 1000 years ago

(Fig. 9.a) (Smeenge, 2020).
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Figure 9: (a) Simplified pollen analysis result of Braakmankamp from Smeenge (2020). A sharp decrease in trees and shrubs
coincides with the increase in herbs, cereals, and Fagopyrum. (b) A conceptual diagram illustrating the expected luminescence
signals of grains within the plaggen layer at Braakmankamp (see Fig. 2 for symbol reference). While the topsoil is continuously
reworked by ploughing, a certain depth of the soil layer is excluded from the soil reworking by accretion of plaggen, creating a series
of layers with grains of a certain age range. (c) Possible scenario of soil reworking before the introduction of plaggen agriculture at
Braakmankamp. The deeper soil food chain, mainly deep-rooted trees, moves the grains from the surface to relatively deep layers.
(d) Possible scenario of soil reworking after the introduction of plaggen agriculture at Braakmankamp. The decrease of the depth
affected by the soil food chain, due to cereals and herbs with shallower roots and the decrease of soil fauna dependent on deep roots,
cause decreased movement of grains. Also, the yearly addition of plaggen materials (indicated by the dashed box) results in previous
deposits being excluded from the soil reworking process.
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The high proportion of poorly bleached grains in the plaggen layer can be interpreted as an outcome of the combination of
intensive ploughing activities and increased depositional rate of materials after the introduction of plaggen agriculture. The
intensive ploughing caused more grains to be exposed to sunlight, which can be seen in the lower overdispersion within the
D, values of quartz signals (Fig. 6.c). However, the duration of the exposure for many of the grains would have been relatively
short, compared to that before the introduction of plaggen agriculture, which resulted in a high proportion of feldspar grains
with poorly bleached pIRIR signals (e.g., Fig. 2.d). There is an evident increase in depositional rate after the introduction of
plaggen agriculture, which can also be observed in the depth-age plot (Fig. 8). When a simple calculation based on the depth
and BsMAM age is made, the depositional rate after plaggen have been applied to the field plots is 1.4 mm/yr. The depositional
rate of the layers under the plaggen layer cannot be derived the same way, since the BsMAM results are likely to be artefacts
of bioturbation resetting (see Fig. 2.c), and would probably represent the time that the layers have been last exposed to
pedoturbation. For these layers, the depositional rate remained small, resulting in prolonged exposure to soil reworking caused
by bioturbation. However, after plaggen agriculture was introduced, the time that each grain was under the influence of soil
reworking would have reduced, with approximately 14 cm of deposits being excluded from the cycle every century. This
results in a series of layers consisting of grains with a similar age distribution with partial inclusion of poorly bleached grains,
which is a distinctive pattern for plaggic anthrosols (Fig. 9.b). This result also aligns with the idea that the effects of agriculture

are likely to superimpose the effects of natural bioturbation on soil reworking (von Suchodoletz et al., 2023).

5.4 Implications for the timing and formation of plaggic anthrosol on the Braakmankamp site

Ideally, multiple dating methods should be combined to obtain chronologies of landscape evolution, because this allows for
cross-checking of assumptions and findings. Yet, the resulting datasets must be reconciled to obtain a single chronology for
the site in question. Here, we use insights from both quartz and feldspar luminescence measurements, including dose
distributions and comparisons of age datasets, to reconstruct the soil formation process at Braakmankamp. The comparison of
multiple luminescence methods informs the selection of appropriate approaches for different deposit types and gives
confidence in the assignment of time periods to the depositional events at Braakmankamp.

The first recorded event is the deposition of aeolian coversands, which occurred mainly around 9-10 ka ago according to the
results of the MaxAM of feldspar (samples NCL-1117122 to 124). The aeolian sand functioned as the parent material for the
brown forest soil that was formed on the site before the reclamation. We adopt the MaxAM to derive the depositional age to
avoid underestimation of age due to bioturbation. It should be noted that bioturbation can work both ways, by introducing
older grains from deeper layers (as in Fig. 2.c) and therefore causing an overestimation of ages when MaxAM is applied (Yates
et al., 2024). However, in the specific context of this site, the last major depositional unit in the broader region (besides the
deposition of driftsands, which occurred after the Middle Ages) is the Younger Coversand II observed in Lutterzand, Twente,
which is a thick layer of coversand deposited in a relatively short period of time (Vandenberghe et al., 2013). The parent
material of Braakmankamp is very much likely to correspond to this sedimentary unit. Therefore, we believe that the

overestimation by the inclusion of older material is less likely since the materials would have originated from the same unit.
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For the same reason, we prefer the single-grain pIRIR ages over single-aliquot quartz OSL ages. The ages obtained from the
MaxAM results on feldspar are more consistent with each other than those of quartz. However, the pIRIR age may have been
affected by fading, and the actual age of the deposition of the acolian coversand is likely to be around 12 ka, which is obtained
from the quartz CAM of NCL-1117122. This corresponds with the ages of the Younger Coversand II, which was dated between
13.6 + 1.1 ka to 12.2 £ 0.9 ka (Vandenberghe et al. 2013). The degree to which fading affects the discrepancy between the
single-grain feldspar BsMAM and the multi-grain quartz BsMAM should be further researched.

The reclamation of the Braakmankamp site seems to have occurred around 900-1000 years ago (1020-1120 CE), which is
around the 11th - 12th century CE. The quartz BsMAM result of the sample (NCL-1117125) from the Ap horizon is 970 + 60
a. The feldspar BsMAM age for this sample is a bit younger, but the sample collected below the Ap horizon (NCL-1117124)
gave the result of 1070 + 210 a. Considering that the youngest population of the ages in this sample is likely to reflect the
grains that have been reworked, the BsMAM result of the feldspar from the Bw horizon imposes that the soil reworking has
affected the Bw horizon up to around 1000 a. The difference between the quartz and feldspar in these samples seems to have
occurred because of the difference between aliquot-based dating and single-grain-based dating.

The introduction of plaggen agriculture to the site seems to have occurred around 700-800 years ago (1220-1320 CE) based
on the quartz BsMAM results of NCL-1117126 (Table 2). A nearly identical age is obtained from the feldspar BsMAM results
of NCL-1117125 (Table 2). Based on the results, after the introduction of plaggen agriculture, the intensity of the mixing has
increased, allowing more grains to reach the surface. However, the depth of the mixing has decreased during this period, due
to human land-use practices. The main source of mixing would have been limited to ploughing, which would not have affected
more than 20 cm of depth during the period (van der Mejj et al. 2019). The rapid accumulation of plaggen materials would
also preserve deeper layers from soil reworking with the accumulation rate of ~ 1.14 mm/yr, which is understood to be typical

for the plaggic anthrosols in this area (Spek, 2004).

6 Conclusion

Establishing robust chronology and developing knowledge of the formation process of plaggic anthrosols are crucial to
understanding the landscape evolution in Western Europe and human-landscape dynamics. Our study approaches this through
a combination of established and new luminescence methods for 13 luminescence samples collected from a plaggic anthrosol
site in Braakmankamp, eastern Netherlands. This yields insights into both the formation history of an anthropogenic soil and
luminescence approaches for quantifying soil formation. Our main observations are:

— The ratio of D. rsL and De prrir values for single-grains is a new tool to largely exclude poorly bleached grains from
luminescence age estimations and obtain robust overdispersion values for well-bleached grains, which are needed for minimum
age modelling.

— Small-aliquot quartz OSL is viable for dating the Braakmankamp and likely other plaggen deposits. Single-grain feldspar
pIRIR yields similar ages as single-aliquot quartz OSL when filtered by the D rst. / De pirir ratio. The filtered pIRIR ages are
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more valid than those obtained from IRSLso. For underlying natural layers that experienced significant bioturbation, single-
grain feldspar pIRIR is capable of providing the ages related to the soil-reworking to the full extent.

— Single-grain feldspar pIRIR data reflect bioturbation history, making it possible to reconstruct the transition between forested
and agricultural landscape regimes in the soil column.

— At Braakmankamp, site reclamation involving land clearance occurred around 900-1000 years ago and plaggen agriculture
began around 700-800 years ago.

In summary, this research demonstrates that combining single-grain feldspar pIRIR and small-aliquot quartz OSL
measurements can be a useful tool in dating and reconstructing soil formation processes. The application of single-grain
feldspar pIRIR measurements has added value in understanding the dynamics of different sources of pedoturbation. Overall,
this research provides a methodological approach to luminescence dating and an example of its application on anthrosols,

which will be useful for the reconstruction of anthropogenic landscapes elsewhere.

Data availability

The data and metadata are available at https://doi.org/10.4121/4ad5c9b3-f0f1-4757-b845-681268a707e4.

Author contributions

JC, RvB, ELC, TR, HS, AvO, and JW contributed to the conceptualization of different aspects of the research. TR, HS, and
AvO conducted the fieldwork and sampling. Funding acquisition was undertaken by JW, TR, and RvB. HS carried out the
main investigation on the research site, including site selection, soil profile, and pollen analysis. JC, and AvO performed
luminescence measurements and analysed the data, supported by TR, ELC, and JW. JC prepared the manuscript with

contributions from all co-authors.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgements

This research is part of the EARTHWORK project funded by the NWO ‘Archeologie Telt’ programme (AIB.19.013). We
appreciate Mr. Ben H. Nieuwe Weme for the permission to conduct fieldwork in the study site. We also thank for Alice

Versendaal and Erna Voskuilen for their assistance during the lab work.

28



610

615

620

625

630

635

640

References

Aitken, M. J.: Introduction to optical dating: the dating of Quaternary sediments by the use of photon-stimulated luminescence,
Oxford University Press, Oxford1998.

Arnoldussen, S.: The Fields that Outlived the Celts: The Use-histories of Later Prehistoric Field Systems (Celtic Fields or
Raatakkers) in the Netherlands, Proceedings of the Prehistoric Society, 84, 303-327, 10.1017/ppr.2018.5, 2018.

Auclair, M., Lamothe, M., and Huot, S.: Measurement of anomalous fading for feldspar IRSL using SAR, Radiation
Measurements, 37, 487-492, https://doi.org/10.1016/S1350-4487(03)00018-0, 2003.

Bateman, M. D., Boulter, C. H., Carr, A. S., Frederick, C. D., Peter, D., and Wilder, M.: Preserving the palacoenvironmental
record in Drylands: Bioturbation and its significance for luminescence-derived chronologies, Sedimentary Geology, 195, 5-
19, https://doi.org/10.1016/j.sedge0.2006.07.003, 2007.

Blume, H.-P. and Leinweber, P.: Plaggen Soils: landscape history, properties, and classification, Journal of Plant Nutrition and
Soil Science, 167, 319-327, https://doi.org/10.1002/jpIln.200420905, 2004.

Bokhorst, M. P., Duller, G. A. T., and Van Mourik, J. M.: Optical dating of a Fimic Anthrosol in the southern Netherlands,
Journal of Archaeological Science, 32, 547-553, https://doi.org/10.1016/j.jas.2003.11.011, 2005.

Botter-Jensen, L., Andersen, C. E., Duller, G. A. T., and Murray, A. S.: Developments in radiation, stimulation and observation
facilities in luminescence measurements, Radiation Measurements, 37, 535-541, https://doi.org/10.1016/S1350-
4487(03)00020-9, 2003.

Beatter-Jensen, L., Bulur, E., Duller, G. A. T., and Murray, A. S.: Advances in luminescence instrument systems, Radiation
Measurements, 32, 523-528, https://doi.org/10.1016/S1350-4487(00)00039-1, 2000.

Briggs, J. M., Spielmann, K. A., Schaafsma, H., Kintigh, K. W., Kruse, M., Morehouse, K., and Schollmeyer, K.: Why ecology
needs archaeologists and archaeology needs ecologists, Frontiers in Ecology and the Environment, 4, 180-188,
https://doi.org/10.1890/1540-9295(2006)004[0180: WENAAA]2.0.CO;2, 2006.

Brill, D., Reimann, T., Wallinga, J., May, S. M., Engel, M., Riedesel, S., and Briickner, H.: Testing the accuracy of feldspar
single grains to date late Holocene cyclone and tsunami deposits, Quaternary Geochronology, 48, 91-103,
https://doi.org/10.1016/j.quageo.2018.09.001, 2018.

BRO, 2023. About the key registry: https://basisregistraticondergrond.nl/english/about-key-registry/, last access: 23 April
2023.

Buylaert, J.-P., Jain, M., Murray, A. S., Thomsen, K. J., Thiel, C., and Sohbati, R.: A robust feldspar luminescence dating
method for Middle and Late Pleistocene sediments, Boreas, 41, 435-451, https://doi.org/10.1111/1.1502-3885.2012.00248 .x,
2012.

Buylaert, J. P., Murray, A. S., Gebhardt, A. C., Sohbati, R., Ohlendorf, C., Thiel, C., Wastegard, S., and Zolitschka, B.:
Luminescence dating of the PASADO core 5022-1D from Laguna Potrok Aike (Argentina) using IRSL signals from feldspar,
Quaternary Science Reviews, 71, 70-80, https://doi.org/10.1016/j.quascirev.2013.03.018, 2013.

29



645

650

655

660

665

670

Chamberlain, E. L., Wallinga, J., and Shen, Z.: Luminescence age modeling of variably-bleached sediment: Model selection
and input, Radiation Measurements, 120, 221-227, https://doi.org/10.1016/j.radmeas.2018.06.007, 2018.

Chamberlain, E. L., Wallinga, J., Reimann, T., Goodbred, S. L., Steckler, M. S., Shen, Z., and Sincavage, R.: Luminescence
dating of delta sediments: Novel approaches explored for the Ganges-Brahmaputra-Meghna Delta, Quaternary
Geochronology, 41, 97-111, https://doi.org/10.1016/j.quageo.2017.06.006, 2017.

Cheng, T., Zhang, D., Zhao, H., Yang, S., and Li, B.: Bleachability of pIRIR signal from single-grain K-feldspar, Quaternary
Geochronology, 71, 101321, https://doi.org/10.1016/j.quageo.2022.101321, 2022.

Cunningham, A. C. and Wallinga, J.: Selection of integration time intervals for quartz OSL decay curves, Quaternary
Geochronology, 5, 657-666, https://doi.org/10.1016/j.quageo.2010.08.004, 2010.

Cunningham, A. C. and Wallinga, J.: Realizing the potential of fluvial archives using robust OSL chronologies, Quaternary
Geochronology, 12, 98-106, https://doi.org/10.1016/j.quageo.2012.05.007, 2012.

Cunningham, A. C., Wallinga, J., and Minderhoud, P. S. J.: Expectations of scatter in equivalent-dose distributions when using
multi-grain aliquots for OSL dating, Geochronometria, 38, 424-431, 10.2478/s13386-011-0048-z, 2011.

Cunningham, A. C., Wallinga, J., Hobo, N., Versendaal, A. J., Makaske, B., and Middelkoop, H.: Re-evaluating luminescence
burial doses and bleaching of fluvial deposits using Bayesian computational statistics, Earth Surf. Dynam., 3, 55-65,
10.5194/esurf-3-55-2015, 2015.

de Bakker, H. and Schelling, J.: Systeem van bodemclassificatie voor Nederland: de hogere niveaus, Tweede, gewijzigde druk,
Centrum voor Landbouwpublikaties en Landbouwdocumentatie, Wageningen1989.

Deeben, J., van Doesburg, J., and Groenewoudt, B. J.: Een inleiding op essen, plaggendekken en enkeergronden in het
historische cultuurlandschap, in: Essen in zicht: Essen en plaggendekken in Nederland: onderzoek en beleid, edited by: van
Doesburg, J., de Boer, M., Deeben, J., and Groenewoudt, B. J., Nederlandse Archeologische Rapporten, 34, Rijksdienst voor
Archeologie, Cultuurlaandschap en Monumenten, Amerfoort, 9 - 20, 2007.

Delcourt, P. A., Haccou, P., and Delcourt, H. R.: Prehistoric Native Americans and ecological change: human ecosystems in
eastern North America since the Pleistocene, Cambridge University Press, Cambridge2004.

Denevan, W. M.: The Pristine Myth: The Landscape of the Americas in 1492, Annals of the Association of American
Geographers, 82, 369-385, 10.1111/j.1467-8306.1992.tb01965.x, 1992.

Duller, G. A. T.: Single-grain optical dating of Quaternary sediments: why aliquot size matters in luminescence dating, Boreas,
37, 589-612, https://doi.org/10.1111/j.1502-3885.2008.00051.x, 2008.

Dyer, C., Thoen, E., and Williamson, T.: Conclusion: the rationale of open fields, in: Peasants and their fields: The rationale
of open-field agriculture, c. 700-1800, edited by: Dyer, C., and Williamson, T., Brepols, Turnhout, 257-275, 2018.

Edelman, C. H.: Soils of the Netherlands, North-Holland Publishing Company, Amsterdam1950.

Ellis, E.C., Kaplan, J.O., Fuller, D.Q., Vavrus, S., Klein Goldewijk, K., Verburg, P.H., Used planet: A global history.
Proceedings of the National Academy of Sciences 110, 7978-7985, https://doi.org/10.1073/pnas.1217241110, 2013.

30



675

680

685

690

695

700

705

Galbraith, R. F., Roberts, R. G., Laslett, G. M., Yoshida, H., and Olley, J. M.: Optical dating of single and multiple grains of
quartz from Jinmium rock shelter, northern Austrailia: Part I, experimental design and statistical models, Archacometry, 41,
339-364, https://doi.org/10.1111/j.1475-4754.1999.tb00987 .x, 1999.

Giani, L., Makowsky, L., and Mueller, K.: Plaggic Anthrosol: Soil of the Year 2013 in Germany: An overview on its formation,
distribution, classification, soil function and threats, Journal of Plant Nutrition and Soil Science, 177, 320-329,
https://doi.org/10.1002/jpIn.201300197, 2014.

Godfrey-Smith, D. 1., Huntley, D. J., and Chen, W. H.: Optical dating studies of quartz and feldspar sediment extracts,
Quaternary Science Reviews, 7, 373-380, https://doi.org/10.1016/0277-3791(88)90032-7, 1988.

Gray, H. J., Keen-Zebert, A., Furbish, D. J., Tucker, G. E., and Mahan, S. A.: Depth-dependent soil mixing persists across
climate zones, Proceedings of the National Academy of Sciences, 117, 8750-8756, doi:10.1073/pnas.1914140117, 2020.
Groenewoudt, B., Lubberink, S.: Essen en plaggendekken in Oost-Nederland vanuit een archeologisch perspectief, in: Essen
in zicht. Essen en plaggendekken in Nederland: onderzoek en beleid, edited by: van Doesburg, J., de Boer, M., Deeben, J.,
Groenewoudt, B. J., de Groot, T., Nederlandse Archeologische Rapporten 34, Rijksdienst voor Archeologie, Cultuurlandschap
en Monumenten, Amersfoort, 53-77, 2007.

Groenman-van Waateringe, W.: Palynology and archaeology: the history of a plaggen soil from the Veluwe, The Netherlands,
Review of Palacobotany and Palynology, 73, 87-98, https://doi.org/10.1016/0034-6667(92)90047-K, 1992.

Guérin, G., Mercier, N., and Adamiec, G.: Dose-rate conversion factors: update, Ancient TL, 29, 5-8, 2011.

Guyez, A., Bonnet, S., Reimann, T., Carretier, S., and Wallinga, J.: A Novel Approach to Quantify Sediment Transfer and
Storage in Rivers—Testing Feldspar Single-Grain pIRIR Analysis and Numerical Simulations, Journal of Geophysical
Research: Earth Surface, 128, €2022JF006727, https://doi.org/10.1029/2022JF006727, 2023.

Huisman, D. J. and Raemackers, D. C. M.: Systematic cultivation of the Swifterbant wetlands (The Netherlands). Evidence
from Neolithic tillage marks (c. 43004000 cal. BC), Journal of Archaeological Science, 49, 572-584,
https://doi.org/10.1016/j.jas.2014.05.018, 2014.

Huntley, D. J., Godfrey-Smith, D. 1., and Thewalt, M. L. W.: Optical dating of sediments, Nature, 313, 105-107,
https://doi.org/10.1038/313105a0, 1985.

IUSS Working Group WURB: World Reference Base for Soil Resources. International soil classification system for naming
soils and creating legends for soil maps., 4, International Union of Soil Sciences, Vienna, Austria2022.

Kars, R. H., Reimann, T., and Wallinga, J.: Are feldspar SAR protocols appropriate for post-IR IRSL dating?, Quaternary
Geochronology, 22, 126-136, https://doi.org/10.1016/j.quageo.2014.04.001, 2014a.

Kars, R. H., Reimann, T., Ankjergaard, C., and Wallinga, J.: Bleaching of the post-IR IRSL signal: new insights for feldspar
luminescence dating, Boreas, 43, 780-791, https://doi.org/10.1111/bor.12082, 2014b.

Klasen, N., Kehl, M., Mikdad, A., Briickner, H., and Weniger, G.-C.: Chronology and formation processes of the Middle to
Upper Palaeolithic deposits of Ifri n'Ammar using multi-method luminescence dating and micromorphology, Quaternary

International, 485, 89-102, https://doi.org/10.1016/j.quaint.2017.10.043, 2018.

31



710

715

720

725

730

735

740

Koster, E. A.: The “European Aeolian Sand Belt”: Geoconservation of Drift Sand Landscapes, Geoheritage, 1, 93-110,
10.1007/s12371-009-0007-8, 2009.

Kristensen, J. A., Thomsen, K. J., Murray, A. S., Buylaert, J.-P., Jain, M., and Breuning-Madsen, H.: Quantification of termite
bioturbation in a savannah ecosystem: Application of OSL dating, Quaternary Geochronology, 30, 334-341,
https://doi.org/10.1016/j.quageo.2015.02.026, 2015.

Li, B., Jacobs, Z., Roberts, R. G., and Li, S.-H.: Review and assessment of the potential of post-IR IRSL dating methods to
circumvent the problem of anomalous fading in feldspar luminescence, Geochronometria, 41, 178-201, 10.2478/s13386-013-
0160-3,2014.

Maeght, J.-L., Rewald, B., and Pierret, A.: How to study deep roots—and why it matters, Frontiers in Plant Science, 4,
10.3389/fpl1s.2013.00299, 2013.

McKey, D.: Making the most of grasslands and heathlands, Revue d’ethnoecologie 20, [Online],
https://doi.org/10.4000/ethnoecologie..8120, 2021.

Mejdahl, V.: Thermoluminescence dating: beta-dose attenuation in quartz grains, Archaeometry, 21, 61-72, 1979.

Murray, A. S. and Wintle, A. G.: The single aliquot regenerative dose protocol: potential for improvements in reliability,
Radiation Measurements, 37, 377-381, https://doi.org/10.1016/S1350-4487(03)00053-2, 2003.

Murray, A. S., Thomsen, K. J., Masuda, N., Buylaert, J. P., and Jain, M.: Identifying well-bleached quartz using the different
bleaching rates of quartz and feldspar luminescence signals, Radiation Measurements, 47, 688-695,
https://doi.org/10.1016/j.radmeas.2012.05.006, 2012.

Olley, J. M., Roberts, R. G., Yoshida, H., and Bowler, J. M.: Single-grain optical dating of grave-infill associated with human
burials at Lake Mungo, Australia, Quaternary Science Reviews, 25, 2469-2474,
https://doi.org/10.1016/j.quascirev.2005.07.022, 2006.

Pape, J. C.: Plaggen soils in the Netherlands, Geoderma, 4, 229-255, https://doi.org/10.1016/0016-7061(70)90005-4, 1970.
Pierik, H. J., van Lanen, R. J., Gouw-Bouman, M. T., Groenewoudt, B. J., Wallinga, J., and Hoek, W. Z.: Controls on late-
Holocene drift-sand dynamics: The dominant role of human pressure in the Netherlands, The Holocene, 28, 1361-1381, 2018.
Porgba, G. J., Snieszko, Z., and Moska, P.: Influence of pedon history and washing nature on luminescence dating of Holocene
colluvium on the example of research on the Polish loess areas, Quaternary International, 296, 61-67,
https://doi.org/10.1016/j.quaint.2012.05.032, 2013.

Prescott, J. R. and Hutton, J. T.: Cosmic ray contributions to dose rates for luminescence and ESR dating: Large depths and
long-term time variations, Radiation Measurements, 23, 497-500, https://doi.org/10.1016/1350-4487(94)90086-8, 1994.
Reimann, T. and Tsukamoto, S.: Dating the recent past (<500 years) by post-IR IRSL feldspar — Examples from the North Sea
and Baltic Sea coast, Quaternary Geochronology, 10, 180-187, https://doi.org/10.1016/j.quageo.2012.04.011, 2012.
Reimann, T., Notenboom, P. D., De Schipper, M. A., and Wallinga, J.: Testing for sufficient signal resetting during sediment
transport using a polymineral multiple-signal luminescence approach, Quaternary Geochronology, 25, 26-36,

https://doi.org/10.1016/j.quageo.2014.09.002, 2015.

32



745

750

755

760

765

770

775

Reimann, T., Roman-Sanchez, A., Vanwalleghem, T., and Wallinga, J.: Getting a grip on soil reworking — Single-grain feldspar
luminescence as a mnovel tool to quantify soil reworking rates, Quaternary Geochronology, 42, 1-14,
https://doi.org/10.1016/j.quageo.2017.07.002, 2017.

Reimann, T., Thomsen, K. J., Jain, M., Murray, A. S., and Frechen, M.: Single-grain dating of young sediments using the
pIRIR signal from feldspar, Quaternary Geochronology, 11, 28-41, https://doi.org/10.1016/j.quageo.2012.04.016, 2012.
Renes, H.: Grainlands. The landscape of open fields in a European perspective, Landscape History, 31, 37-70,
10.1080/01433768.2010.10594621, 2010.

Renes, J.: ‘... this made the countrie to remayne champion, and without enclosures or hedging’: Open-field landscapes and
research in the Netherlands and in Europe, in: Peasants and their fields: the rationale of open-field agriculture, c. 700-1800,
edited by: Dyer, C., and Williamson, T., Brepols, Turnhout, 121-162, 2018.

Roman-Sanchez, A., Reimann, T., Wallinga, J., and Vanwalleghem, T.: Bioturbation and erosion rates along the soil-hillslope
conveyor belt, part 1: Insights from single-grain feldspar luminescence, Earth Surface Processes and Landforms, 44, 2051-
2065, https://doi.org/10.1002/esp.4628, 2019.

Smedley, R. K., Buylaert, J. P., and Ujvari, G.: Comparing the accuracy and precision of luminescence ages for partially-
bleached sediments using single grains of K-feldspar and quartz, Quaternary Geochronology, 53, 101007,
https://doi.org/10.1016/j.quageo.2019.101007, 2019.

Smedley, R. K., Duller, G. A. T., Pearce, N. J. G., and Roberts, H. M.: Determining the K-content of single-grains of feldspar
for luminescence dating, Radiation Measurements, 47, 790-796, https://doi.org/10.1016/j.radmeas.2012.01.014, 2012.
Smeenge, H.: Historische landschapsecologie van Noordoost-Twente: Acht interdisciplinaire studies op het snijvlak van
aardkunde, ecologie en cultuurhistorie (ca. 13.000 BP—heden), University of Groningen, Groningen, 2020.

Spek, T.: Het Drentse esdorpenlandschap; een historisch-geografische studie, Wageningen University, Wageningen, 2004.
Spooner, N. A.: The anomalous fading of infrared-stimulated luminescence from feldspars, Radiation Measurements, 23, 625-
632, https://doi.org/10.1016/1350-4487(94)90111-2, 1994.

Taylor, C. C.: Archaeology and the origins of open-field agriculture, in: The Origins of Open Field Agriculture, edited by:
Rowley, T., Croom Helm, London, 13-21, 1981.

Terrell, J. E., Hart, J. P., Barut, S., Cellinese, N., Curet, A., Denham, T., Kusimba, C. M., Latinis, K., Oka, R., Palka, J., Pohl,
M. E. D, Pope, K. O., Williams, P. R., Haines, H., and Staller, J. E.: Domesticated Landscapes: The Subsistence Ecology of
Plant and Animal Domestication, Journal of Archaeological Method and Theory, 10, 323-368,
10.1023/B:JARM.0000005510.54214.57, 2003.

Thiel, C., Buylaert, J.-P., Murray, A., Terhorst, B., Hofer, 1., Tsukamoto, S., and Frechen, M.: Luminescence dating of the
Stratzing loess profile (Austria) — Testing the potential of an elevated temperature post-IR IRSL protocol, Quaternary
International, 234, 23-31, https://doi.org/10.1016/j.quaint.2010.05.018, 2011.

Thomsen, K. J., Murray, A., and Jain, M.: The dose dependency of the over-dispersion of quartz OSL single grain dose
distributions, Radiation Measurements, 47, 732-739, https://doi.org/10.1016/j.radmeas.2012.02.015, 2012.

33



780

785

790

795

800

805

810

Thomsen, K. J., Murray, A. S., and Better-Jensen, L.: Sources of variability in OSL dose measurements using single grains of
quartz, Radiation Measurements, 39, 47-61, https://doi.org/10.1016/j.radmeas.2004.01.039, 2005.

Thomsen, K. J., Murray, A. S., Jain, M., and Better-Jensen, L.: Laboratory fading rates of various luminescence signals from
feldspar-rich sediment extracts, Radiation Measurements, 43, 1474-1486, https://doi.org/10.1016/j.radmeas.2008.06.002,
2008.

Truelsen, J. L. and Wallinga, J.: Zeroing of the OSL signal as a function of grain size: investigating bleaching and thermal
transfer for a young fluvial sample, Geochronometria, 22, 1-8, 2003.

van Beek, R., Gouw-Bouman, M. T. I. J., and Bos, J. A. A.: Mapping regional vegetation developments in Twente (the
Netherlands) since the Late Glacial and evaluating contemporary settlement patterns, Netherlands Journal of Geosciences, 94,
229-255,10.1017/njg.2014.40, 2015.

van der Meij, W. M., Reimann, T., Vornehm, V. K., Temme, A. J. A. M., Wallinga, J., van Beek, R., and Sommer, M.:
Reconstructing rates and patterns of colluvial soil redistribution in agrarian (hummocky) landscapes, Earth Surface Processes
and Landforms, 44, 2408-2422, https://doi.org/10.1002/esp.4671, 2019.

van Mourik, J. M., Slotboom, R. T., and Wallinga, J.: Chronology of plaggic deposits; palynology, radiocarbon and optically
stimulated luminescence dating of the Posteles (NE-Netherlands), CATENA, 84, 54-60,
https://doi.org/10.1016/j.catena.2010.09.006, 2011.

van Mourik, J. M., Seijmonsbergen, A. C., Slotboom, R. T., and Wallinga, J.: Impact of human land use on soils and landforms
in cultural landscapes on aeolian sandy substrates (Maashorst, SE-Netherlands), Quaternary International, 265, 74-89,
https://doi.org/10.1016/j.quaint.2011.06.053, 2012.

van Oorschot, A.: Quantifying reworking and accumulation rates in a plaggic anthrosol using feldspar single-grain
luminescence dating, Wageningen University, Wageningen, 2018.

Vandenberghe, D. A. G., Derese, C., Kasse, C., and van den Haute, P.: Late Weichselian (fluvio-)aeolian sediments and
Holocene drift-sands of the classic type locality in Twente (E Netherlands): a high-resolution dating study using optically
stimulated luminescence, Quaternary Science Reviews, 68, 96-113, https://doi.org/10.1016/j.quascirev.2013.02.009, 2013.
von Suchodoletz, H., van Meer, M., Kiihn, P., Wiedner, K., Schunke, T., and Reimann, T.: Deciphering timing and rates of
Central German Chernozem/Phacozem formation through high resolution single-grain luminescence dating, Scientific
Reports, 13, 4769, 10.1038/s41598-023-32005-9, 2023.

Wallinga, J.: Optically stimulated luminescence dating of fluvial deposits: a review, Boreas, 31, 303-322,
https://doi.org/10.1111/j.1502-3885.2002.tb01076.x, 2002.

Wallinga, J., Murray, A., and Wintle, A.: The single-aliquot regenerative-dose (SAR) protocol applied to coarse-grain feldspar,
Radiation Measurements, 32, 529-533, https://doi.org/10.1016/S1350-4487(00)00091-3, 2000.

Wallinga, J., Sevink, J., Van Mourik, J., and Reimann, T.: Luminescence dating of soil archives, in: Reading the soil archives:
unraveling the geoecological code of palacosols and sediment cores, edited by: van Mourik, J., and van der Meer, J.,

Developments in quaternary science, Elsevier, Amsterdam, 115-162, 2019.

34



815

Wintle, A. G.: Anomalous Fading of Thermo-luminescence in Mineral Samples, Nature, 245, 143-144, 10.1038/245143a0,
1973.

Wintle, A. G. and Murray, A. S.: A review of quartz optically stimulated luminescence characteristics and their relevance in
single-aliquot regeneration dating protocols, Radiation Measurements, 41, 369-391,
https://doi.org/10.1016/j.radmeas.2005.11.001, 2006.

Yates, L. A., Aandahl, Z., Brook, B. W., Jacobs, Z., Li, B., David, B., and Roberts, R. G.: A new OSL dose model to account
for post-depositional mixing of sediments, 81, 101502, https://doi.org/10.1016/j.quageo.2024.101502, 2024.

35



	1 Introduction
	2 Dating plaggic anthrosols
	3 Materials and Methods
	3.1 Site information and samples
	3.1.1 Site information
	3.1.2 Sampling

	3.2 Sample preparation
	3.3 Luminescence measurements
	3.3.1 Quartz OSL
	3.3.2 Feldspar pIRIR

	3.4 Age models

	4 Results
	4.1 Quartz OSL tests
	4.2 Feldspar pIRIR tests
	4.3 Identifying well-bleached feldspar grains
	4.4 Results of the age model

	5 Discussion
	5.1 Identifying well-bleached grains for feldspar single-grain pIRIR dating
	5.2 Comparison of single-grain pIRIR175, IRSL50, and small-aliquot OSL ages
	5.3 Luminescence informed soil formation history
	5.4 Implications for the timing and formation of plaggic anthrosol on the Braakmankamp site

	6 Conclusion
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	References

