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The hills of little Cornwall
Themselves are dreams.

Themind lies down among them,
Even by day, and snores,

Snug in the perilous knowledge
That nothingmore inward pleasing,

More like itself,
Sleeps anywhere beyond them

Even by night
In the great land it cares two pins about,

Possibly; not more.

Themind, eager for caresses,
Lies down at its own risk in Cornwall;

Whose hills,
Whose cunning streams,

Whosemazes where a thought,
Doubling upon itself,

Considers the way, lazily, well lost,
Indulge it to the nick of death–

Not quite, for where it curls it still can feel,
Like feathers,

Like affectionatemouse whiskers,
The flattery, the trap.

- Mark van Doren



Abstract

The central theme of this thesis revolves around the impacts of historic charcoal burning on
todays soils and soil landscapes in Connecticut, USA. The first chapter gives an overview of
the state-of-research regarding the spatial distribution, morphology and chemical- as well
as physical soil composition of so called relict charcoal hearth (RCH) landforms. RCHs
can be described as unique soil microhabitats in the context of flora and fauna growth. The
central research aim of the thesis is led by the question: How and to what extend does the
historical charcoal industry control the distribution, development and properties of pre-
sent day soils in Connecticut, USA? This thesis presents results from two field-campaigns
in 2017 and 2018 where 52 RCH sites were surveyed and sampled in Litchfield County,
Connecticut. The resulting dataset comprises of more than 1245 soil samples from 154 soil
profiles and detailed stratigraphic and morphometrical information for all RCH sites. RCH
landforms result in three distinct soils: charcoal rich horizons (Auh horizons), mineral soil
horizons dividing multiple Auh horizons horizontally (Cu horizons) and buried former
topsoil’s (Ahb horizons) or buried mineral soil horizons (Bwb horizons). Sites on flat ter-
rain (< 4° slope) have mostly one Auh horizon, while sites on steeper terrain (> 4° slope)
have mostly two, sometimes up to three Auh horizons. The total volume of sites on slo-
pes is positively correlated to the local slope, i.e. it increases with larger steepness of the
terrain. Compared to reference soils, RCH soils are enriched in total soil organic carbon
and especially in pyrogenic carbon. Vertical gradients of organic carbon concentrations in
Auh and Cu horizons suggest an enrichment of non-pyrogenic organic matter in the top-
soil and a vertical translocation of highly aromatic carbon compounds into intermediate
and buried soil horizons. Furthermore, Auh horizons have a lower bulk density, a higher
crystallinity ratio (Fed/Fet) of pedogenic iron oxides and are enriched in exchangeable ele-
ments (Ca2+, Mg2+, Mn2+) as well as oxalate extractable manganese-oxides compared to
reference soils. A deep-learning based automated mapping workflow called ARCHMAGE
(Automated Relict Charcoal Hearth Mapping and Geospatial Exploration) was created to
gain a continuous, state wide database of RCH sites locations and other relevant geospatial
information. This database, in combination with calculation of site specifics RCH volumes
and soil carbon stocks, showed that in regions with high RCH site densities, significant ad-
ditions to local soil organic and especially pyrogenic carbon stocks are present. This effect
is scale dependent, with a larger effect size on county scale and below (≤ 1:650,000).
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Zusammenfassung

The central theme of this thesis revolves around the impacts of historic charcoal burning on
todays soils and soil landscapes in Connecticut, USA. The first chapter gives an overview of
the state-of-research regarding the spatial distribution, morphology and chemical- as well
as physical soil composition of so called relict charcoal hearth (RCH) landforms. RCHs
can be described as unique soil microhabitats in the context of flora and fauna growth. The
central research aim of the thesis is led by the question: How and to what extend does the
historical charcoal industry control the distribution, development and properties of pre-
sent day soils in Connecticut, USA? This thesis presents results from two field-campaigns
in 2017 and 2018 where 52 RCH sites were surveyed and sampled in Litchfield County,
Connecticut. The resulting dataset comprises of more than 1245 soil samples from 154 soil
profiles and detailed stratigraphic and morphometrical information for all RCH sites. RCH
landforms result in three distinct soils: charcoal rich horizons (Auh horizons), mineral soil
horizons dividing multiple Auh horizons horizontally (Cu horizons) and buried former
topsoil’s (Ahb horizons) or buried mineral soil horizons (Bwb horizons). Sites on flat ter-
rain (< 4° slope) have mostly one Auh horizon, while sites on steeper terrain (> 4° slope)
have mostly two, sometimes up to three Auh horizons. The total volume of sites on slo-
pes is positively correlated to the local slope, i.e. it increases with larger steepness of the
terrain. Compared to reference soils, RCH soils are enriched in total soil organic carbon
and especially in pyrogenic carbon. Vertical gradients of organic carbon concentrations in
Auh and Cu horizons suggest an enrichment of non-pyrogenic organic matter in the top-
soil and a vertical translocation of highly aromatic carbon compounds into intermediate
and buried soil horizons. Furthermore, Auh horizons have a lower bulk density, a higher
crystallinity ratio (Fed/Fet) of pedogenic iron oxides and are enriched in exchangeable ele-
ments (Ca2+, Mg2+, Mn2+) as well as oxalate extractable manganese-oxides compared to
reference soils. A deep-learning based automated mapping workflow called ARCHMAGE
(Automated Relict Charcoal Hearth Mapping and Geospatial Exploration) was created to
gain a continuous, state wide database of RCH sites locations and other relevant geospatial
information. This database, in combination with calculation of site specifics RCH volumes
and soil carbon stocks, showed that in regions with high RCH site densities, significant ad-
ditions to local soil organic and especially pyrogenic carbon stocks are present. This effect
is scale dependent, with a larger effect size on county scale and below (≤ 1:650,000).
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I Thesis structure

This is a cumulative thesis essentially based on three published studies (chapters 5, 6, 7) and
one study currently submitted to a journal (chapter 8, as of January 2023). All studies are
(or will be) available “open-access”, meaning they fall under the Creative Commons Attri-
bution Licence, which permits use, distribution and reproduction in anymedium, provided
the original work is cited properly. All rights to this thesis belong to the author (AB).

Changes have been made to chapter 5 - 8 to avoid repetition and for the structural integrity
of the thesis. This affects the introductory sections of these four chapters, which have been
summarized as a stand-alone chapter at the beginning of the thesis with some extensions
and updates to the original text. Furthermore, sections regarding the study area have be-
en cut wherever possible to reduce or remove redundancy. Nonetheless, some repetitions
could not be avoided, as to keep the integrity of each study intact. Instead of section specific
reference lists, there is a summary of all references at the end of the thesis. The soil horizon
classification for the first study (chapter 5) differs slightly from the others, where interme-
diate (int) Auh horizons have been reclassified to Cu horizons.

For the framework of this thesis, four chapters have been added at the beginning (chap-
ter 1 – 4). Parts of these chapters have been taken and adapted from publications written or
co-written by the author (AB). Two chapters at the end (chapter 9, 10) consist of previously
unpublished text.
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1 Introduction

In recent years, the body of scientific literature dealingwith anthropogenic landforms resul-
ting from historic charcoal production is steadily growing. This historic craft dates back to
pre- and early industrial times and produced charcoal as fuel for local industries like iron
furnaces, tar kilns and glass manufacturers. Only the advent of more efficient sources of
fuel, like coal, caused a stop to this large scale use of woodlands. These landforms are most-
ly called relict charcoal hearths (RCHs), sometimes also charcoal kilns, charcoal platform
remains, charcoal piles or, in North Eastern America, charcoal pits (which is misleading in
terms of the landforms morphology). A charcoal hearth was built by so called colliers and
is an unhitched structure made from stacked wood that would be covered with grass sods,
twigs, leaves and reused soil from the hearths platform. Charcoal was created by slow pyro-
lysis, a process that could take up to several weeks to complete (Fig. 1A-B). The hearth was
then harvested by raking out the charcoal (Fig. 1C-D), all the while care had to be taken for
the pieces to not reignite. In the end, leftover charcoal pieces in various sizes (large pieces
to fine dust) remained on the site, intermixed with the residual cover material of the hearth.

The remains of the hearths platform and cover material is the origin of the landforms we
find today, forming small, circular (or nearly circular) elevations throughout the landscape
with soils heavily enriched in charcoal. This enrichment is one of the most distinct proper-
ties of RCH landforms, resulting in unique soil properties influencing local flora and fauna.
The following subsectionswill give an overview of the current state-of-knowledge regarding
different RCH types, the spatial distribution of RCH sites and their soil properties.
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Abbildung 1.1. A – B) Uncovered charcoal hearth wood stack and covered hearth in use (pictures: S. Vane &
F. Hirsch). C – D) After the pyrolysis is complete, the hearth is harvested carefully (pictures: A. Bonhage). The
pictures have been taken 2018 and 2022 in Brandenburg, Germany and show reconstructions of the historic
charcoal hearth operation process.

1.1 RCH landformmorphology and soil classification

On flatland, the colliers prepared the RCH platform by clearing a section of forest floor to
make an even surface. The charcoal burning resulted in leftover cover material that formed
a button-shaped elevation of up to multiple decimeters thickness. This elevation is usually
surrounded by a shallow ditch or multiple pits (Fig. 1.2A). The negative and positive relief
features result in a relatively strong contrast that makes them visible in the field, however,
understory vegetation and disturbances by forestry activities sometimes obstruct this view
(Raab et al., 2015; Risbøl et al., 2013). The ditch (Fig. 1.2B) was most likely constructed as
a protective measure against the spreading of fires and as a source of substrate to cover the
hearth (Hirsch et al. 2020).

Flatland RCH sites are single-layered, with the charcoal substrate layer having an avera-
ge thickness of around 20 cm (Bonhage et al. 2020a), although this can vary locally. Sites
on slopes (e.g. in the Harz and Appalachian Mountains) form a similar relief contrast, as
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the colliers had to create artificial breaks in a slope to make an even surface for the RCHs
construction. Sites on slopes are oftenmultilayered, meaning they featuremultiple charcoal
rich substrate layers with dividing mineral substrate layers.

Abbildung1.2.A) Schematic overviewof a flatlandRCH in the lignitemining area Jänschwalde, Brandenburg;
B) Archaeological work on an RCH after removing the topsoil, showing the charcoal filled ditch surrounding
the site (Pictures: Raab et al. 2015, modified).

Abbildung 1.3.A) Schematic view of a slope RCH construction (Raab et al. 2017). B) Field-view of a slope RCH
site as seen in Massachusetts (Picture: A. Bonhage).

This results most likely from efforts to repair and enlarge the original platform and is there-
fore indicative of multiple usages of a site. Sites on flatland and on slopes are by far the most
common types of RCHs described worldwide. Other construction types like charcoal pits
or rectangular hearths are either too old to be detected anymore or very rarely observed. A
comprehensive overview of various RCH types is given by Hirsch et al. (2020).

Soils on RCH landforms can be classified as Spolic Technosols, i.e. they have 20 % volume
(weighted average) of anthropogenic artifacts (charcoal) in the upper 100 cm from the soil
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surface (IUSS working group WRB, 2014) (Fig. 1.4A). The soil horizon directly originating
from the hearths operation, with the largest amount of charcoal and soil organic carbon is
theAuhhorizon (FAO2006). Flatland sites consist of oneAuh-horizon,while sites on slopes
often have multiple (mostly two, up to three) (Fig. 1.4B-C). The intermediate mineral soil
horizon between Auh-horizons is classified as Cu-horizons. But, this classification should
be seen as a placeholder, since the origin of the mineral substrate has not been determined
conclusively yet and is likely amixture of topsoil andmineral soil horizons. Soils underneath
RCH soil layers and horizons are classified as buried soils, with mostly B-horizons (Bwb)
being affected. Buried topsoil Ah horizons (Ahb) are sometimes observed, however the
preparation of the RCH platforms by the colliers most likely destroyed or truncated this
horizon significantly. Sometimes RCH soils bury Podzols (Fig. 1.4D).

Abbildung1.4.A) Schematic of soil stratigraphy for RCH sites on slope (modified fromBonhage et al. 2022), B)
Multi-layered RCH soil for sites on slopes, C) Single-layered RCH soil for sites on flatland, D) Thick Auh horizon
burying a well-developed Podzol in southern Poland (Pictures: A. Bonhage).

4
GeoRS Geopedology and Landscape Development Research Series | Vol. 13



1.2 Mapping RCH sites

Before thewidespread availability of high-resolution digital elevationmodels (DEMs) based
on airborne LiDAR data, RCHs were field-mapped during ground surveys on comparably
small areas (e.g., Bond, 2007; Bonhôte et al., 2002; Ludemann, 2003; von Kortzfleisch, 2008;
Young et al., 1996). Arguably the first (organized) larger scale RCH site detection happen-
ed in Lower Lusatia, Brandenburg (Germany), where archaeological work in the forefront
of the lignite mining operations uncovered a large RCH site field that fueled a local histo-
ric ironwork in the vicinity (Rösler et al. 2012). To this date, more than 1400 RCHs (pers.
communication) have been uncovered and archaeologically described in this area (Raab et
al. 2017). The negative-positive elevation contrasts make RCHs ideal candidates for digital
mapping techniques based on high-resolution LiDAR-derived DEMs (Fig. 1.5), much like,
e.g., burial mounds in the field of archaeology.

Abbildung1.5. Flatland RCH sites in Brandenburg, Germany as seenon ahillshadeDEM (Bonhage et al. 2021).

The earliest approaches mapped sites manually using a variety of DEM-derived relief visua-
lizations, such as local relief models and hillshade maps (e.g., Deforce et al., 2013; Hesse,
2010; Raab et al., 2015; Risbøl et al., 2013). With increasing LiDAR data coverage, map-
ping efforts have expanded to even larger areas, culminating in several studies that cover
hundreds to thousands of square kilometers, resulting in databases of ten to hundreds of
thousand RCH sites (Rutkiewicz et al., 2019; Schneider et al., 2020a). An overview of the
world-wide location of RCH mapping studies is given in Fig. 1.6 and Raab et al. 2022.
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Abbildung1.6. Location of studies dealingwithmapping RCH sites (as of December 2022). Backgroundmap:
ESRI.

It is clear now that RCHs are a widespread landscape feature of central European and nor-
theastern U.S. forests, so widespread that the task of manually mapping them digitally be-
comes inefficient. The first semi-automated mapping approach on a larger scale by Schnei-
der et al. (2014) used a template matching approach in a GIS environment. Withanara et
al. (2018) applied Geographic Object-Based Image Analysis (GEOBIA) for sloped areas in
Connecticut to extract RCH features from DEMs. In recent years, machine learning based
object detection has become increasingly popular and efficient for geoarchaeological and
archaeological research (Opitz and Herrmann, 2018). Thereby, datasets with manually di-
gitized and labelled sites are used to train convoluted neural network (CNN)-based object
detectors for site locations and segmentation (e.g., Bonhage et al., 2021; Trier et al., 2021;
Verschoof-van der Vaart et al., 2020; Verschoof-van der Vaart & Lambers, 2019; Kazimi et
al., 2019).

Although the reported mapping accuracies of recent studies are impressive, there is an in-
herent error associated with site detection on DEMs. It has been shown that there can be
large disparities between field- and DEM-based manually mapped sites for an area. For ex-
ample, Bonhage et al. (2020a) reported that >50 % of the actual RCH sites for an area in
the North German lowlands were not detected by humans. This error associated with Li-
DAR point densities and human factors is then of course transferred to CNN-basedmodels
via the training data. Nonetheless, the major advantage of machine learning-assisted map-
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ping is the ability to scan large areas relatively quickly and systematically (Verschoof-van
der Vaart et al., 2020), with the potential for the complete workflow to be realized using
freely available open source software and LiDAR data (Carter, 2019). Current advances in
machine learning-based remote sensing techniques therefore greatly facilitate the detection
of the full-scale legacy effect that historic charcoal burning has on today’s soil landscapes,
and it can be expected that RCH site databases will grow considerably in the near future.
As has been recently shown by Suh et al. (2022) and Verschoof-van der Vaart et al. (2022,
this thesis), this is a very promising approach for site detections over large areas.

1.3 RCH soil properties

Mikan and Abrams (1995) and Young et al. (1996), working in the North Central Appala-
chians of Pennsylvania, noted that RCH soils had unique soil chemistry patterns that could
affect the chemistry of some woody plant species and even inhibit their growth. Since then,
several studies have focused specifically on the soil chemical properties of RCH soils (Tab.
1.1). The ubiquitously observed differences from reference soils are increases in total orga-
nic carbon (TOC), black/pyrogenic carbon (BC) and exchangeable element concentrations.
These differences are spatially distinct within hearths but are also detectable along gradients
away from hearths (Donovan et al., 2021). The main controlling factor of these changes is
the content of macro- and microscopic charcoal pieces that are intermixed with the mine-
ral substrate. Soil organic carbon contents of RCH sites will be discussed more detailed in
section 1.3.

Although varying natural settings and sampling schemes make a direct comparison bet-
ween the studies listed in Table 1.1 difficult, general trends regarding differences between
RCH and reference soil chemistries can be derived. Overall, there is little change in soil
acidity (pH), with an average difference of 0.11 (± 0.38) pH units. TOC contents are on
average 188 % (± 280 %) higher, while in some cases, the difference can be up to approxi-
mately 1000 % (Hart et al., 2008; Mastrolonardo et al., 2018). The usual procedure in soil
analysis to disregard soil particles >2 mm can result in underestimation of TOC contents
in RCH soils, as large charcoal fragments will not be accounted for (Bonhage et al., 2020a;
Mastrolonardo et al., 2018). When buried A-horizons below the RCH soils are preserved,
they can show slightly reduced TOC contents compared with those of the A horizons of
surrounding forest soils (Hirsch et al., 2018b). This reduction can be attributed to the cea-
sed input of organic material along with proceedingmineralization of organic matter in the
buried horizons and with the combustion of organic matter during hearth operation.
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Tabelle 1.1. Overview of studies discussing RCH soil chemical properties. Acknowledged where studies that
list element concentrations in tables or appendixes. Properties where averaged whenever necessary. For bre-
vity, if multiple sites from different location where discussed, then only the first one listed is included here.
Numbers in parentheses are reference soil values. (Raab et al. 2022).

Study Location Depth pH TOC TN BC CEC
cm g kg−1 cmolc

kg−1

Abdelrahman
et al. 2018

South Germany 0-5 4.9 (5.1) 144 (69) 5.7 (4.26) 39.9 (5.4)

Bonhage et al.
2020b

Connecticut, USA 0-21 3.5-4.3
(41)

Buras et al.
2020

North-East
Germany

n.a. 3.2-3.9
(3.6-4.1)

46.7 (11.0) 7.0 (0.4) 0.49-0.77
(0.46)

Burgeon et al.
2020

Belgium 0-30 7.0 (7.1) 26.0 (14.0) 23.0 (14.0)

Carrarie et al.
2016

Central Italy 0-15 6.1 (5.9) 105.0 (56.5) 5.0 (4.2)

Donovan et al.
2021

Connecticut, USA 0-20 4.6 (4.9) 227.6 (154.6) 3.5 (3.3)

Eriksson &
Lundin 2021

Sweden 0-15 5.0 (4.7)

Hardy et al.
2016

Belgium 0-25 5.0 (3.8) 41.1 (42.9) 9.6 (13.3)

Hardy et al.
2017

Belgium 0-25 5.7 (5.8) 34.5 (17.9) 2.4 (1.8) 13.5 (0.9) 16.6
(10.7)

Hardy &
Dufey 2017

Belgium (Forest
sites)

0-30 106.1 (50.4) 82.3 (n.a.)

Hardy &
Dufey 2017

Belgium
(Cropland sites)

0-25 35.6 (17.5) 13.9 (n.a.)

Hardy et al.
2019

Belgium (Forest
sites)

0-59 3.4 (3.1) 85.7 (72.5) 53.8 (1.2) 28.1
(18.4) pot

Hardy et al.
2019

Belgium
(Cropland sites)

0-25 6.2 (6.3) 30.3 (13.9) 13.4 (1.1) 16.0
(10.6) pot

Hart et al.
(2008)

Tennessee, USA 0-5 4.9 (5.1) 61.6 (5.14) 14.66
(8.12) n.a.

Heitkötter &
Marschner

South Germany 0-10 3.8 (3.9) 97.9 (65.9) 5.6 (5.4) 8.51 (6.9)
eff

Hirsch et al.
2018a

Connecticut, USA 0-16 4.2 (3.7) 86.6 (71.1) 2.2 (6.0)

Hirsch et al.
2018b

North-East
Germany

0-5 3.5 (3.6) 28.8 (10.9) 0.7 (0.1)

Jabin et al.
2006

Eifel, Germany 0-10 4.4 (3.7) 284.0 (171.1) 8.7 (8.5)

Kerré et al.
2016

Belgium
(Cropland sites)

0-23 6.2 (6.4) 35.0 (20.0) 22.2 (7.6) 16.0
(13.0)

Lasota et a.
2022

Poland 46.6 (21.9) 1.4 (1.3)

Mastrolonardo
et al. 2019

Belgium (Forest
sites)

0-20 3.5 (3.5) 161.7 (31.5) 113.9
(3.1)

51.6
(25.5)

Mastrolonardo
et al. 2018

Central Italy 0-22 119.5 (11.5) 47.4 (0.4)

Mikan &
Abrams 1995

0-10 257.0 (132.0)

Pollet et al.
2022

Belgium (Forest
sites)

0-10 3.7 (3.7) 103.0 (88.0) 6.4 (6.2) 7.73
(8.38) pot
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Thedetermination of BC (or PyC) concentrations is prone tomethodological uncertainties,
as different laboratory procedures usually target a different, more or less small, fraction of
the black carbon spectrum, and thus far, there has been no standard protocol established.
On average, RCH soils have an increase in BC concentrations of approximately 3300 % (±
3700 %). The increased charcoal/BC contents result in + 37 % (± 37 %) higher cation exch-
ange capacities on average, caused by the negative surface charges of charcoal (Mastrolonar-
do et al., 2018). This effect can be increased by charcoal degradation processes, resulting in
higher levels of surface hydroxyl functional groups (Hardy, 2017). Differences in available
cation concentrations are discussed in the studies in detail, but notably, there are lower
concentrations of available phosphorous reported in some RCH soils (e.g., Donovan et al.,
2021; Hardy et al., 2016).

To date, information regarding soil mineralogical changes in RCH soils is rare. Hirsch et al.
(2018b) noted that the vertical heat flow of a burning RCH affects only the topmost centi-
meters of the buried soils. The layer immediately below the RCH substrate is influenced by
thermally induced transformation of iron (hydr-)oxides, apparent in the reddish color of the
buried substrate which is sometimes observed. This heating influence on buried minerals
enables RCH sites to be dated using the optical stimulated luminescence (OSL) technique
(Karimi Moayed et al., 2020). Powell et al. (2012) and Dupin et al. (2019) discuss the in-
crease in buried soil magnetic properties caused by hearth operation, which makes RCH
sites potentially detectable by geophysical prospecting techniques.

In terms of soil physical properties, multiple studies show that RCH soils feature lower bulk
densities (Raab et al. 2022), with higher coarse pore volumes being reported for some sites
(Schneider et al. 2018a). This can have effects on water retention and water infiltration rates
and patterns (Schneider et al. 2018a, Schneider et al. 2020b) that not necessarily result in
better plant available water contents. Long term monitoring of water contents and soil tem-
perature has shown that RCH soils are moister during wet climate conditions, that they dry
faster during dry periods and that they show increased variability of topsoil temperatures
and lower temperature variability in deeper soil horizons (Schneider et al. 2020b, Schneider
et al. 2019). Also, RCHs have been shown to alter surface hydrology of slopes, where they
can act as moisture sinks, with areas below the RCHs being drier than the surroundings
(Bayuzick et al. 2022a).
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1.4 Soil organic matter and pyrogenic carbon in RCH soil

Pyrogenic carbon (PyC) is a broadly defined term that refers to a degradation continuum
ranging from lightly charred, relatively easily degradable, to highly condensed aromatic
and recalcitrant carbon compounds (Bird et al. 2015), albeit this thesis will refer to the later
part of the definition when mentioning PyC. Ongoing discussions point out the difficulty
in applying PyC quantification methods to soil samples and interpreting their results, with
various studies reporting variability in PyC concentrations of up to orders of magnitude
for the same soil samples when applying different methodologies (e.g., Kerré et al. 2016,
Hammes et al. 2007, Kurth et al. 2006, Schmidt et al. 2001). RCH soil have the potential to
be used as a model system for studying the long-term effects of pyrogenic carbon/biochar
additions to soils (Burgeon et al. 2020, Borchard et al. 2014, Criscuoli et al. 2014).

The obvious primary driver for RCH soil´s chemical and physical properties is their lar-
ge content of charcoal and it remains unclear if or to what extent non-PyC dynamics in
RCH soils are affected by this. For similar charcoal-rich soils, some studies describe a po-
sitive correlation between PyC measured from a variety of methods and total organic car-
bon (TOC) concentration (Zimmerman & Mitra 2017, Reisser et al. 2016). In biochar-rich
soils, the effect is mainly attributed to a persistent negative priming effect of PyC on soil
organic carbon (SOC), i.e., an enhanced carbon storage caused by the sorption of organic
matter on charcoal surfaces that decreases the SOM mineralisation rate (Tilston et al. 2016,
Sing and Cowie 2014, Zimmerman et al. 2011, Kasozi et al. 2010). Furthermore, a “self-
humification” effect of aged charcoal in soils has been described by some authors (Ascough
et al. 2020, Ascough et al. 2011, Cohen-Ofri et al. 2006). Thereby, it can be assumed that the
charcoal-influenced carbon pool can be quite dynamic in RCH soils. And indeed, a positive
correlation between TOC and PyC concentrations has been described for RCH soils mo-
re than 60 years old (Abdelrahman et al. 2018, Borchard et al. 2014) and RCH soils older
than 150 years currently under agricultural use (Kerré et al. 2017, Hernandez-Soriano et
al. 2016), as have been weathering signs of RCH charcoal (Hardy et al. 2019). Research on
RCH soil properties thus farmostly does not differentiate between fractions of the soil orga-
nic carbon spectrum, with more than half of the studies listed in Table 1.2 solely reporting
total carbon or soil organic matter concentrations. The remaining studies mainly use wet
chemical digestionmethods that rely on the oxidization of nonpyrogenic SOM, resulting in
a poorly defined end product, or thermogravimetric methods that directly measure CO2
outputs at charcoal-specific oxidization temperatures to determine PyC concentrations in
soils. The vertical distribution of carbon fractions in RCHs has been poorly studied so far,
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despite being of potential interest to understand pedogenic processes in charcoal rich soils
and to identify translocation of aromatic carbon, a subject of ongoing research on biochar-
amended andwildfire-affected soils (Bellè et al. 2021, Braun et al. 2020, Hobley 2019, Abney
& Berhe 2018).

Tabelle 1.2.Overviewof the commonly applied total organic carbon (TOC) andpyrogenic carbon (PyC) quan-
tification methods used on pre/early industrial relict charcoal hearth (RCH) soils.

Study Methodology (and specific
source if relevant)

Targeted SOC fractions

Buras et al. 2020, Hirsch et al. 2018b, Carrari et al.
2018, Heitkötter & Marschner 2015, Criscuoli et al.
2014, Dehkordi et al. 2020, Young et al. 1996

Dry combustion total element
analysis

TOC

Hirsch et al. 2018a Dry combustion total element
analysis

PyC = RCH-Ctotal – nonRCH-
Ctotal

Donovan et al. 2021, Tolksdorf et al. 2020, Bonhage et
al. 2020a, Schneider et al. 2020, Schneider et al. 2019,
Schneider et al. 2018a, Mikan & Abrams 1995

Loss on ignition (550°C) TOC

Mastrolonardo et al. 2018 Weak nitric acid digestion
(Kurth et al. 2006)

Non-oxidizable SOM

Mastrolonardo et al. 2019, Hardy & Dufey 2017 Walkley-Black digestion (Walk-
ley 1974)

Non-oxidizable SOM

Kerré et al. 2016 Acid dichromate oxidation
(Lim & Cachier 1996)

Non-oxidizable SOM

Kerré et al. 2016 Chemo-thermal oxidation
(CTO-285) (Gustafsson et al.
2001, modified)

Non-oxidizable SOM

Burgeon et al. 2020, Hardy et al. 2019, Hardy et al.
2017, Hardy & Dufey 2017, Kerré et al. 2016

Differential scanning calorime-
try (DSC) (Leifeld 2007)

Charcoal

Hernandez-Soriano et al. 2016 Isotope ratiomass spectrometer Charcoal derived δ 13C Isoto-
pes

Bonhage et al. 2022, Abdelrahman et al. 2018, Bor-
chard et al. 2014

Benzene polycarboxylic acid
method (BPCA) (Brodowski et
al. 2005)

Condensed highly aromatic
carbon compounds

1.5 RCHs as microhabitat

The properties of RCH soil have the potential to change the local soil habitat conditions, so
much so that they are described as unique soil microhabitats (Bayuzick et al. 2022b, Car-
rari et al. 2016). This discussion started in the mid-1990s by Mikan and Abrams (1995)
and Young et al. (1996), who reported primarily negative to neutral effects on tree growth
on RCHs. Recent studies report neutral (Mastrolonardo et al. 2019) to negative (Buras et
al. 2020, Carrari et al. 2018) effects on tree growth but positive effects on understorey ve-
getation growth (Carrari et al. 2017). Some studies focus on soil meso- and microfaunal
communities in RCH soils and report neutral effects overall and higher abundances of spe-
cific nematode communities in affected soils and litter (Gießelmann et al. 2019). Signifi-
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cant changes in soil microbiological and fungal composition have been described for RCH
soils compared to reference soils (Lasota et al. 2021, Hardy et al. 2019, Garcia-Barreda et
al. 2017). A recent study on RCH sites in the Czech Republic noted changes in RCH soil
biochemistry compared to reference soils and generally favourable conditions for soil mi-
crobiota and plant root abundance, calling RCHs “microhabitat hotspots” (Kučera et al.
2023).
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2 Hypotheses and aims

This thesis hypotheses and aims where conceived in 2017 at the start of the DFG funded
research project titled: Effects of historical charcoal burning on soil landscapes inWestCon-
necticut, USA. At this point in time, RCHs have been mapped and described in the North-
Eastern United States, but only on a local, site specific scale. However, it was indicated that
the historic charcoaling industry has led to widespread anthropogenic changes to soils, and
therefore potentially influenced the soil landscape evolution.The research aim of this thesis
is to broaden our knowledge about the so called “legacy effects” of historic charcoal burning
on multiple scales. A graphical outline of the thesis structure is given in Fig. 2.1. The main
hypotheses of the thesis are:

(H) Historical charcoal burning notably affects the distribution, development and pro-
perties of recent soils in Connecticut.

• (H1) The architecture of RCHs results in three distinct soils in the study area:
Technosols, buried soils and natural (reference) soils.

• (H2) Topsoil properties of RCH soils vary significantly in their chemical and phy-
sical properties compared to natural (reference) soils.

The hypotheses result in the primary research question, further subdivided into two secon-
dary questions.

(Q) How and to what extent does the historic charcoaling industry control the distribu-
tion, development and properties of present day soils in Connecticut?

• (Q1) Can we prove the distribution of soils as stated in H1 in our study area?

– 1.1 What is the average depth and the typical soil horizon sequence found on
RCH soils and natural (reference) soils?
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– 1.2 Does the topographic position control the distribution andmorphometrical
parameters of RCH soils?

• (Q2) Can we prove „legacy effects” of charcoal burning on soil properties?

– 2.1Howare carbon concentrations and carbonquality controlled by the legacies
of charcoal burning?

– 2.2 Is there an effect of charcoal burning on soil physical properties?

– 2.3 Is there a change in element concentrations beside organic and pyrogenic
carbon?

– 2.4 How can we quantify legacy effects on a site-specific scale and on a soil-
landscape scale?

Abbildung 2.1.Outline of the thesis structure.
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3 Overview of studies

The first study (chapter 5): “Characteristics of small anthropogenic landforms resulting
fromhistorical charcoal production inwesternConnecticut, USA” (Bonhage et al. 2020)
examines themorphology and stratigraphy of 52 RCH sites in Litchfield County (NWCon-
necticut) in detail. The research presented here is the outcome of two extensive field cam-
paigns (2017 & 2018) in which the sites were measured in terms of their morphometric
characteristics and sampled using a high resolution vertical sampling scheme.The outcome
is a model that enables the calculation of RCH site volumes using a geometrical abstraction
of the sites morphology, average thicknesses and bulk densities of RCH soil horizons while
taking into account slope dependent variations of stratigraphy and soil horizons thickness.
This chapter addresses Q1.1, Q1.2 and Q2.2.

The second study (chapter 6): “Vertical SOC distribution and aromatic carbon in cen-
turies old charcoal‐rich Technosols” (Bonhage et al. 2022) examines the RCH soils car-
bon contents in detail. Using a chemometric approach with FTIR-DRIFT soil spectra and
elemental analysis, total organic and pyrogenic carbon contents are predicted for the com-
plete soil sample dataset (n = 1245) of the 52 RCH sites. The results show that RCH soils
are enriched in TOC and PyC and that there are vertical concentration gradients on the soil
horizons. Furthermore, there is a translocation of highly aromatic carbon into intermediate
Cu-horizons and buried subsoils, potentially resulting from ongoing charcoal degradation
processes and self-humification of aged charcoal in RCH soils that release soluble aromatic
acids. This chapter addresses Q2.1 in detail.

The third study (chapter 7): “Automated large‐scale mapping and analysis of relict char-
coal hearths in Connecticut (USA) using a Deep Learning YOLOv4 framework”
(Verschoof- van der Vaart et al. 2022) details a workflow to map RCH sites on DEMs using
a state-of-the art machine learning-based object detector and how to describe some key
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morphometric parameters (site area, local slope) automatically. We outline how to modify
the framework to enhance prediction results for smaller sites and how to reduce false posi-
tive prediction caused by bad DEM data quality. The result is a continuous state-wide RCH
site database for Connecticut. This chapter addresses Q2.4 peripherally. Although a state-
wide mapping was not originally planned for this thesis, it allows for the overall results to
be more significant in scale.

The fourth study (chapter 8): “From site to state - Quantifying multi-scale legacy effects
of historic landforms from charcoal production on soils in Connecticut, USA” (Bon-
hage et al. submitted) combines the results of all three previous studies. We expand the
available soil property database for our soil sample set by determining exchangeable cation
and pedogenic oxide concentrations. Using the state-wide RCH site database in combinati-
on with the model to calculate RCH site volumes and carbon concentrations from the fifth
and sixth chapter, we gain a comprehensive overview of legacy effects on a larger then site-
specific scale.The results show that RCH sites are enriched in certain exchangeable elements
(Ca, Mg, Mn) and have an increased state of weathering. The legacy effect on landscapes
are increases in local SOC and PyC stocks. This is shown to be a scale dependent effect; the
larger the scale of observation, the higher the additions become. The aggregated pattern of
RCH site distribution revealed by the state-wide mapping also means that these additions
are only significant locally, in areas with high RCH site densities. This chapter addresses
Q1.2, Q2.1, Q2.3 and Q2.4.
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4 Study area

North-western Connecticut became a hotspot for pre/early industrial iron industries for
multiple reasons, as described by Gordon (2001). It had the advantage of large deposits
of Limonite, offering higher quality bog iron ore that fuelled New England’s forges at that
point. It also had enough forest land suitable to produce the large amount of fuel (char-
coal) needed to run the forges. The early New England settlers used every opportunity to
convert suitable land into agriculture, making uphill forests with steep hills predestined for
charcoal production. Although there have been earlier attempts, the iron making industry
consolidated around the mid-18th century in the so called Salisbury Iron Making District,
comprised of 16 townships (Fig. 4.1, red outline). Ironmaking in this district lasted almost
200 years, and ended in 1923, caused by drying up markets. More than 20 blast furnaces
(Fig. 4.2) produced iron during that time.

The main study area is located in Litchfield County (Fig. 4.3). The area is part of the Appa-
lachian Highlands, with glacial sediments dominated by till from the Wisconsin glaciation
(Stone et al. 2005). The main properties of the study area and its soils are given in Table
4.1. Generally, the vegetation in the area is a mixed forest dominated by Oak, Maple and
Birch. State wide, Connecticut is 59 % forested, with 72 % of forests being Oak/Hickory
(Hochholzer et al. 2010). The soil sampling site is part of the Housatonic Highlands Massif,
with bedrock containing granitic gneiss and amphibolite (Gates 1964). Soils in the area are
usually Cambisols (IUSS working group WRB 2022).
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Abbildung 4.1. Elevation map of Connecticut showing the general location of the main study area within
the Salisbury Iron District and the Appalachian Mountains. Elevation data: NASA Shuttle Radar Topography
Mission (SRTM) (2013).

Abbildung 4.2. Elevation map of Connecticut showing the general location of the main study area within
the Salisbury Iron District and the Appalachian Mountains. Elevation data: NASA Shuttle Radar Topography
Mission (SRTM) (2013).
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Abbildung 4.3. Elevation map of Connecticut showing the general location of the main study area within
the Salisbury Iron District and the Appalachian Mountains. Elevation data: NASA Shuttle Radar Topography
Mission (SRTM) (2013).

Tabelle 4.1. Natural setting and main properties of the studied soils (data from Bonhage et al. 2022, Raab
et al. 2017, Hirsch et al. 2018). Soil type classification according to US Soil Taxonomy (Soil Survey staff, 2014)
andWorld Reference Base for Soil Resources (IUSSWorking GroupWorld Reference Base,WRB, 2014). The soil
acidity (pH) in CaCl2 is given as a range and average. (Bonhage et al. 2022, modified).

Climate Temperate

Mean annual temperature 8.3 °C#

Mean annual precipitation 1350 mm#

Vegetation Mixed forest (Maple, Oak, Birch, Aspen, White Pine)

Reference soils

Type Typic Dystrudets (US Soil Taxonomy)/Cambisols (WRB)

Soil acidity (pH) topsoil 3.6–4.7 (4.1)

Average TOC content topsoil 50 g kg−1

Soil texture Sandy loam

Munsell colour 10 YR 4/2 (dark greyish brown) – 7.5 YR 3.5 (strong brown)

RCH topsoils

Type Anthropic Udorthents (US Soil Taxonomy)/Spolic Techno-
sols (WRB)

Soil acidity (pH) topsoil 3.5–4.8 (4.2)

Average TOC content topsoil 89 g kg−1

Munsell colour topsoil 10YR 2.5/1 (Black)

Period of charcoaling activity AD 1760–1900

*based on monthly (1981-2010) normals, station Hartford. https://www.usclimatedata.com
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5 Characteristicsof small anthropoge-
nic landforms resulting from histo-
rical charcoal production inwestern
Connecticut, USA

This chapter is published as: Bonhage, A., Hirsch, F., Raab, T., Schneider, A., Raab, A., &Ou-
imet,W. (2020): Characteristics of small anthropogenic landforms resulting from historical
charcoal production in western Connecticut, USA. CATENA, 195, 104896. https://doi.org/
10.1016/j.catena.2020.104896. The Annex contains additional, previously unpublished ma-
terial regarding site morphometrics and stratigraphy.

5.1 Abstract

Relict charcoal hearths (RCHs) are anthropogenic geomorphic features with an average dia-
meter of 12 m found in many forests of Central Europe and in the eastern USA wherever
pre-industrial iron production took place or other industries demanded the production of
charcoal. To expand the knowledge about their geoarchaeological significance and their le-
gacy effect on soil properties and forest ecosystems, we propose a method for a generalized
description of soil stratigraphy on RCHs.We studied 154 soil profiles at 52 RCH sites along-
side two 1 km transects in Litchfield County, Connecticut, USA. The sites can be classified
based on the slope inclination, with sites on < 4° mostly having a single-layered stratigra-
phy and an elevated circular shape, while sites on slopes > 4° mostly are built as levelled
and multilayered platforms. The latter have two or more charcoal rich technogenic Auh-
layers separated by intermediate Auh-layers mostly consisting of mineral substrate. Based
on average layer thicknesses and their dependence on the sites slope inclinations, we pro-
pose a model with two idealized RCH shapes with slope controlled properties that allow
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for an easy computation of site diameters and elemental stocks. With ongoing advances in
remote sensing of RCH sites, our proposedmodel can help to further understand the effects
of historic land use on a landscape scale.

5.2 Aims

In their 2017 study, Raab et al. analyzed stratigraphic properties of 18 RCH sites on multi-
ple locations in Litchfield County, Connecticut, USA, and concluded that local forest soils
are heavily influenced by historical charcoal burning and that the building technique of
RCHs is comparable to sites in Europe. However, the small number of sites described in
the Raab et al. study did not allow for generalizable soil sequences on RCHs with differing
specifications such as size and topographic position (local slope). In this study, we analyze
the variation of RCH soil stratigraphy and layer geometry on two separate, coherent to-
pographic transects with regularly spaced RCHs that cover a wide range of topographical
positions in terms of their slope inclination. We examine the pedostratigraphy of 153 soil
profiles at 52 RCHs and their correlation with the topographical position to develop a RCH
classification based on slope inclination. We also analyze variation of bulk density as a pro-
xy for physical soil properties. We want to create a model consisting of generalized shapes
of RCHs and soil stratigraphy that could potentially help in the upscaling of site specific
physical and chemical soil properties to a regional or landscape scale. This would allow for
fully assessing the legacy effects of historical charcoal production on todays soil landscapes
and forest ecosystems.

5.3 Study area

The study area is located approximately 7 kilometers north-east of the town West Cornwall
in Litchfield County, Connecticut, USA (Fig. 5.1).The area is part of the AppalachianHigh-
lands with glacial sediments dominated by tills from the Wisconsin glaciation (Stone et al.
2005). The main morphological units are till-mantled hillslopes with narrow floodplains
from the Housatonic River (Stone et al. 2005, Raab et al. 2017). The vegetation consists of
maple, oak, birch and aspen forest (Raab et al. 2017). The climate is temperate with an an-
nual mean temperature of 8.2 °C and a mean annual precipitation of 1164 mm. Soils are
classified as Typic Dystrudepts (US Soil Taxonomy) or Cambisols (IUSS Working Group
WRB 2014) developed on fine sand dominated sandy loam, with an acidity that ranges from
very strong to strongly acidic (pH 3.3 – 4.2, CaCl2) (Hirsch et al. 2018a, Raab et al. 2017).
Soils on RCHs are Anthropic Udorthents (US Soil Taxonomy) or Spolic Technosols (Hu-
mic) (IUSSWorking GroupWRB 2014) (Hirsch et al. 2018a). RCHs in the area often have a
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Abbildung 5.1. Location of the transects “Wickwire” and “Hollenbeck” depicted on a 1 m LiDAR DEM. Red
signatures mark the position of analysed RCHs. Site coordinates are provided in Annex A.2. LiDAR data
courtesy of the Connecticut Department of Energy and Environmental Protection (CTECO, http://www.cte-
co.uconn.edu/).

multi-layered stratigraphy with charcoal rich Auh-layers and intermediate layers consisting
of relocated mineral substrate (hereinafter referred to as intermediate Auh-layers). These
intermediate layers are most likely not the result of in situ pedogenic processes or of erosi-
ve slopewash, but rather have their origin in the purposeful relocation of adjacent mineral
substrate to enlarge or to renew the platform for further hearth operations (Raab et al. 2017,
Hirsch et al. 2018a).

Besides RCHs there are further signs of historic anthropogenic activity in the study area,
such as building foundations, old roads and stone walls, the latter are related to agricultural
land use activities beginning in the early 18th century (Johnson & Ouimet 2014). Although
no direct dating of RCHs is available, they can be indirectly dated by proxy of the blast
furnaces operating in the area, which wouldmean they were most likely built between 1750
and 1850 (Raab et al. 2017). During this time period the area was deforested, as shown by
historical documents (Raab et al. 2017). There is no evidence for other deforestations after
this time period.
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5.4 Field measurements and laboratory analysis

We surveyed RCH sites adjacent to two topographic transects, approximately 2 km apart,
on a total area of 0.7 km² (Fig. 5.1). The transects were chosen in areas with the same sur-
face geology and vegetation and to cover the characteristic topographic units with slopes
of varying inclination and relatively flat areas in plateau or floodplain positions. Each tran-
sect consists of surficial geology characterized as thin glacial till mapped at 1:125,000 scale.
RCH sites to be surveyed were chosen on a LiDAR DEM prior to field work based on their
proximity to the idealized lines of the two transects. In total, 52 RCH sites were measured
for their stratigraphy, diameter and surrounding slope inclination. To account for possible
small scale variations in soil layer thickness, soil profiles where described for three 1 x 1
m soil pits for each RCH site. The location of the soil pits was determined according to
the survey pattern shown in Figure 5.2 to enable the reconstruction of the complete RCHs
stratigraphy orthogonally to the slope. Position 1 is located at the upslope end, position 2
in the middle and position 3 at the downslope end of each RCH site. In case of a very flat
relief at a site, we used the general slope of the landscape to determine position 1 and 2.
One reference forest soil profile was dug for each site in a downslope position and a di-
stance within 10-15 m from the site (Position 4). Soil profiles were usually dug to a depth
that reaches the C-horizon, except when this was impossible because of large amount of
rocks. The Auh-layers were completely measured in any case. The diameter of each site was
measured orthogonally and parallel to the slope.The transects are named after nearby street
designations. In the eastern end of the study area, the transect “Hollenbeck”, has a length of
920 m and an altitude ranging from 381 m to 440 m a.s.l. The western transect, “Wickwire”,
has a length of 1100 m and an altitude ranging from 316 m to 375 m a.s.l. We analysed 26
RCH sites adjacent to each transect (Fig. 5.1). The site specific slope inclination for each
RCH was measured trigonometrically using adjacent elevations from a 1 m LiDAR DEM
(horizontal accuracy ± 1 m, vertical accuracy 0.138 – 0.170 m, CTECO 2017) taken parallel
to the upslope-downslope orientation of the soil pits.

All soil profiles were sampled volumetrically in 5 cm vertical spacing’s with 250 ml steel
cylinders and additionally in 10 cm steps as bulk samples. The bulk density was calculated
based on 40 °C dry weight of the volumetric samples. Grain-size distribution of representa-
tive soil profiles was analysed by wet sieving and fractionation according to the Soil Survey
Investigation Report No. 42 method 3A1a1a (Soil Survey Staff, 2014). Soil pH was measu-
red in 0.01 M CaCl2. Descriptive and comparative statistics were done using ArcGIS 10.4.1
(ESRI) and SPSS 25 (IBM). For descriptive statistics of soil horizon thicknesses and bulk
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Abbildung 5.2. Schematic of the two prevailing RCH types found in the study area, the position of sampling
pits and the extent of the platforms diameter measurements: A) RCHs on slopes > 4°, with multiple techno-
genic layers; B) Example data and pit photos for RCH (no. 39), a high slope RCH; C) RCHs on slopes of < 4° with
a single technogenic layer; D) Example data and pit photos for RCH (no. 46), a low slope RCH.
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densities, any observation 1.5 times the interquartile range from Q1 and Q3 respectively,
was treated as an outlier andwas not included in further calculations. Significant differences
between samples were determined using Mann-Whitney-U tests. LiDAR derived DEM vi-
sualizations were created using the Relief Visualization toolbox 2.2.1 and the Visualization
for Archaeological Topography (VAT) method (Kokalj & Somrak 2019).

5.5 Results

5.5.1 RCH classification and size

There are two typical architectural types of RCHs in the study area that are previously de-
scribed for locations in Central Europe and the Eastern United States: RCHs on slopes and
RCHs on flatland. RCHs on slopes consist of a levelled, slightly oval platform built into the
slope, often framed by a stone wall at the downslope end. At most sites, they feature mul-
tiple charcoal rich Auh-layers with an increasing thickness towards the downslope end of
the platform. RCHs on flatland are round, circular elevations of multiple decimeters, usual-
ly consisting of one charcoal rich Auh-layer whose thickness does not vary substantially for
different positions on the site. For a detailed description of the genesis and historical back-
ground of these two typical architectural types we refer to Hirsch et al. (2020), Hirsch et al.
(2018a) and Raab et al. (2017). Most common in our study area are RCH platforms on slo-
pes (n = 34) and circular RCHs surrounded by a ditch on flatter terrain (n = 15). However,
the ditches of the circular RCHs are not as pronounced and filled with charcoal as reported
in other studies, therefore subsequent analysis will omit them from generalizations. Wick-
wire has 7 flat- and 19 platform RCHs on slopes while Hollenbeck has 8 flat- and 15 slope
RCHs (Tab. 5.1 & 5.2).

Soil physical and chemical properties of a representative site (Annex Tab. A2) are in ac-
cordance with results from former studies in this area. The soils are predominantly sandy
loams dominated by coarse-fine sand (Annex Fig. A.1). Figure 5.2 illustrates characteristic
stratigraphy of both RCH types, showing the typical visual difference between both types,
i.e. the occurrence or absence of charcoal rich- and intermediate Auh strata, mostly in po-
sition 2 and 3 of a site. However, this visual difference is not always present. We analyzed
one multilayered RCH on flat terrain with an intermediate Auh-layer and eleven RCHs on
steeper slopes with only one discernible Auh-layer. A definitive decision for classification
was consequently based on a clear increase in summarized Auh- and intermediate Auh-
layer thickness between the first and the third profile position of a site. This ratio is given

GeoRS Geopedology and Landscape Development Research Series | Vol. 13
25



Tabelle 5.1. Wickwire RCH sites properties and the derived generalized classification of sites based on the
difference (ΔT) in thickness of technogenic Auh layers between the up- (pos. 1) and downslope position (pos.
3) of a site (class 1: ΔT < 50 %, class 2: ΔT > 50 %). Dp and Do give the diameter of a site measured parallel and
orthogonal to the slope.

RCH no. Slope
[°]

Dp[m] Do[m] Diameter
Average

[m]

Total Auh
thickness
pos. 1 [cm]

Total Auh
thickness
pos. 3 [cm]

ΔT [%] RCH class

39 9.1 12.4 12.8 12.6 21 77 267 2
40 11.2 8.4 9.8 9.1 10 38 280 2
41 6.9 9.5 11.3 10.4 18 42 133 2
42 8.2 11.6 10.8 11.2 24 43 79 2
43 7.8 10.0 10.0 10.0 23 78 239 2
44 11.9 9.2 8.3 8.8 11 44 300 2
45 10.0 10.4 9.3 9.9 25 54 116 2
46 4.7 13.5 12.8 13.2 26 32 23 1
47 0.9 15.4 13.8 14.6 31 60 93 2
48 7.1 9.8 10.1 10.0 23 50 117 2
49 9.7 10.7 10.0 10.4 23 55 139 2
50 11.5 10.5 8.3 11.7 25 84 236 2
51 4.5 15.0 12.9 14.0 23 61 165 2
52 1.6 13.2 13.5 13.4 27 27 0 1
53 3.1 11.6 10.7 11.2 34 36 6 1
54 1.3 10.9 9.4 10.2 22 9 -59 1
55 4.0 12.8 11.3 12.1 24 55 129 2
56 6.9 11.3 11.3 11.3 10 62 520 2
57 6.6 12.6 12.1 12.4 20 70 250 2
58 11.3 11.5 11.0 11.3 18 50 178 2
59 6.6 9.5 13.3 11.4 18 60 233 2
60 5.3 9.9 9.7 9.8 15 63 320 2
61 3.5 8.4 8.4 8.4 5 5 0 1
62 10.4 10.6 10.4 10.5 18 60 233 2
63 2.1 12.1 11.1 11.6 24 33 37 1
64 6.4 11.8 13.8 12.8 27 30 11 1

as percentage value (ΔT) in tables 5.1 and 5.2, with positive values showing an increase in
Auh-layer thickness in the downslope direction, and negative values showing a decrease.

We set the threshold value for classifying sites to be ΔT < or > 50 % (Fig. 5.3), as this puts
most sites with a low or negative ΔT value that are not multilayered in a separate class from
multilayered sites with a high ΔT value. RCHs with ΔT < 50 % are located on significantly
(p < 0.001) more level terrain than RCHs with ΔT > 50 %, with an average (± 1 standard
deviation) inclination of 2.8 ± 1.6° against 7.0 ± 3.0°, respectively. Therefore, we attribute
sites with ΔT < 50 % to generally be on slopes < 4° and sites with ΔT > 50 % to generally
be on slopes > 4°. For the sake of brevity, the first group will be labeled as class 1 RCHs and
the latter as class 2 RCHs henceforth. The site diameters were measured slope parallel (Dp)
and slope orthogonal (Do). Class 1 RCHs have an average Dp of 11.6 ± 1.3 m and a Do of
11.4 ± 1.6 m. Class 2 RCHs have an average Dp of 11.4 ± 1.6 m and a Do of 11.1 ± 1.4 m.
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Tabelle 5.2. Hollenbeck RCH sites properties and the derived generalized classification of sites based on the
difference (ΔT) in thickness of technogenic Auh layers between the up- (pos. 1) and downslope position (pos.
3) of a site (class 1: ΔT < 50 %, class 2: ΔT > 50 %). Dp and Do give the diameter of a site measured parallel and
orthogonal to the slope.

RCH
no.

Slope
[◦]

Dp [m] Do [m] Diameter
Average

[m]

Total Auh
thickness
pos. 1 [cm]

Total Auh
thickness
pos. 3 [cm]

ΔT %] RCH class

28 11.1 13.0 11.6 12.3 13 83 538 2
29 3.0 12.0 12.6 12.3 17 30 76 2
30 4.7 12.2 12.4 12.3 21 54 157 2
31 8.5 11.9 10.8 11.4 19 87 358 2
32 7.1 9.5 10.2 9.9 15 50 233 2
33 10.6 8.8 8.9 8.9 19 43 126 2
34 2.8 12.4 11.8 12.1 20 20 0 1
35 2.1 11.5 10.8 11.2 - - - -
36 2.0 11.8 12.2 12.0 25 31 24 1
37 3.0 11.7 11.4 11.6 29 36 24 1
38 2.3 9.8 8.9 9.4 - - - -
65 6.0 11.9 10.9 11.2 40 54 35 -
66 4.2 11.6 10.8 11.8 16 52 225 2
67 6.0 11.8 11.7 12.3 25 53 112 2
68 7.4 13.0 11.6 13.3 19 70 268 2
69 3.2 13.4 13.2 11.4 21 11 -48 1
70 1.5 11.6 11.2 11.1 24 44 83 2
71 5.6 11.2 11.0 12.2 16 45 181 2
72 4.6 11.5 12.8 12.6 30 54 80 2
73 0.6 12.3 12.8 11.9 35 23 -34 1
74 1.5 12.0 11.8 12.8 26 40 54 2
75 6.4 13.1 12.5 11.4 20 64 220 2
76 4.4 12.9 9.8 11.5 20 57 185 2
77 2.7 11.2 11.8 12.3 20 10 -50 1
78 0.3 11.9 12.6 9.4 26 16 -38 1
79 5.2 9.6 9.1 12.3 26 37 42 1

Both classes of RCHs therefore showcase a slight ovality, with the longer axis in the slope
parallel direction. However, the difference between Dp and Do is not statistically signifi-
cant. Therefore, we subsequently assume a circular shape for RCHs on slopes, consisting of
the averaged Do and Dp of each site.

A uniquely located site is RCH no. 38, which was surveyed in a bankside position next to a
pond in the south of Hollenbeck. Due to groundwater influence we could only create a pit
at position 2 in the middle of the platform on this site, therefore it could not be classified.
Beside slope- and flat RCHs, we found one slope platform RCH surrounded by a ridge (no.
65) in the north of Hollenbeck as described by Hirsch et al. (2020) and Tolksdorf et al.
(2020). RCH no. 35 could not be classified due to lacking a profile at the first position.
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Abbildung 5.3. A) Relationship between slope and downslope change in Auh-layer thickness (ΔT) for indivi-
dual RCH sites; Right) Relationship between slope and class 2 RCH diameter

5.5.2 Slope correlation with∆T and diameter

We used simple linear regression models to analyze the correlation of ΔT and diameter
with slope inclination (Fig. 5.3). For class 1 RCHs there is a moderately weak positive and
insignificant correlation of ΔT with the slope. ΔT ranges from -59 % to 42 %, which we
regard as variation caused by the colliers efforts to create an even platform on generally flat
positions with rough micro relief features (at the meter scale) that are not captured by our
DEM-based slopemeasurement. For class 2RCHs there is amoderate positive correlation of
ΔT with slope, suggesting a general increase in Auh-layer thickness toward the downslope
end of sites on steeper slopes. From around 5° to 7.5°, ΔT rises to a maximum of up to 300
% and then varies between 100 % and more than 500 %. Class 2 RCH‘s diameter correlates
moderately negative with slope, showing a general decrease of site diameter with increasing
slope inclination from > 15 m at 1° to around 8 m on 12 °.

5.5.3 Site pedostratigraphy

Auh-layers

The sites stratigraphy and their location alongside the transects is shown in figures 5.4 and
5.5. An overview of average thicknesses for all sites is given in figure 5.6 and Annex Tab.
A.3. Nearly every sites position has a primary Auh-layer with the exception of RCH no.
61, upon which no technogenic layer could be classified because of a distinct lighter color
and comparably lower or lacking occurrence of charcoal pieces. RCH nos. 38 and 35 are
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lacking two and one soil pits, respectively, hence the total number of Auh-layers per posi-
tion in table 2 does not match the total number of RCH sites. The average first Auh-layer
(Auh1) thickness increases from 20.9 ± 5.7 cm in position 1 to 23.6 ±14.9 cm in positi-
on 3. The second Auh-layers (Auh2) average thickness is generally six to nine centimeter
smaller than for the Auh1. The third Auh-layer (Auh3) is has an average thickness of 16.3 ±
9.7 cm. Neither Auh1, Auh2, or Auh3 horizon thicknesses significantly correlate with slope
inclination (data not shown).

Abbildung 5.4. Overview of Wickwire RCH site locations and summary of soil stratigraphy data. The map
shows 1.5 m contour lines.
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Abbildung 5.5. Overview of Hollenbeck RCH site locations and summary of soil stratigraphy data. The map
shows 1.5 m contour lines.

Intermediate Auh-layers

The average thickness of the int Auh1 horizon increases from 7.6 ± 4.0 cm to 14. 4 ± 7.3
cm. A second intermediate Auh-layer (int Auh2) is comparably rare. Its average thickness
ranges from 8.5 ± 4.5 cm in position 2 to 24.0 ± 11.2 cm in position 3. Neither int Auh1 or
int Auh2 horizon thicknesses correlate with the slope inclination (data not shown).

Forest soil horizons

We could identify buried Ah-horizons (Ahb) on 37 RCH sites, mostly on positions 2 and
3 (Annex A.2), but only very seldom on both at the same site. Their distinguishing cha-
racteristics are the lack of macro and micro sized charcoal particles except for scattered
pieces at the top of the horizons, a less dark color then the Auh-layers and predominantly
a very sharp upper boundary that is even, wavy or interlocked. The average Ahb thickness
increases from 5.0 ± 2.2 cm in position 1 to 8.7 ± 5.1 cm in position 3. Although buried
Bw-horizons are generally present at nearly every soil profile we sampled, it was only pos-
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sible to measure their vertical extent down to the lower boundary at 18 sites. The average
Bwb-horizon thickness is barely changing depending on the position on a site. At position
1 it measures 15.6 ± 4.6 cm, and at position 3 14.3 ± 2.7 cm. In the reference forest soil
profiles, we measured the thickness of 26 Ah-horizons and 20 complete Bw-horizons. The
Ah-horizons have an average thickness of 9.7 ± 4.6 cm. The average Bw-horizon is 29.1 ±
8.6 cm thick. 11 RCH sites show a slight redness of the top end of the Bwb-horizons mostly
at position three, indication heat exposure (Hirsch et al. 2018b).

Abbildung 5.6. Box and whisker plots comparing average soil horizon thickness and variation at the four
positions of a RCH site (1: RCH upslope end; 2: center of the RCH; 3: RCH downslope end; 4: reference forest
soil).

5.5.4 Variation of bulk density

We detected significant differences in the bulk density of soil horizons by intra- and inter
site comparison (Annex A.4). The lowest average bulk density is measured in the Auh1 at
position 1 with 0.66 ± 0.10 g per cm³, with an increase to 0.73 ± 0.10 g per cm³ on position
3 (Fig. 5.7).

There is a significant difference between position 3 and positions 1 and 2. Furthermore,
the bulk density for the Auh1 differs significantly from most other soil horizons, including
Auh2. Auh2 andAuh3 combined have an average bulk density of around 0.82 g per cm³. An
insufficient sample amount in Auh2 at position 1 and in Auh3 overall preventmore detailed
analysis. The bulk density for int Auh1 and int Auh2 horizon ranges between 0.86 ± 0.07 g
per cm³ and 0.92 ± 0.17 g per cm³, with no significant difference between positions. Their
bulk densities do not significantly differ in relation to other soil layers, except for Auh1 and
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Abbildung 5.7. Box and whisker plots comparing soil horizon bulk density and its variation at the four posi-
tions of a RCH site (1: RCH upslope end; 2: center of the RCH; 3: RCH downslope end; 4: reference forest soil).

the Bwb-horizon. The Ahb- and Bwb-horizons bulk density ranges between 0.92 ± 0.14 g
per cm³ and 1.12 ± 0.15 g per cm³ for each position, with mostly no significant difference
between them. The Ahb-horizon is 0.3 g per cm³ higher than the reference forest soil Ah-
horizon. No significant difference in bulk density can be detected between the buried- and
the reference forest soil Bw-horizon.

5.6 Synthesis and discussion

5.6.1 Generalizing pedostratigraphy and RCH diameter

The following section gives the outline for themodel we propose to generalize the pedostra-
tigraphy of the analyzed RCH sites. A previous study has used one type of RCH architecture
and only one variable (diameter) to generalize RCH geometry throughout a landscape in
the North German Lowland (Bonhage et al. 2020a), which works well in flat terrain and
with architectural homogeneous RCHs. We can show that in sloped terrain with multiple-
layered RCH types, the slope inclination and the associated differences in pedostratigraphy
must be regarded as well. The correlations we show of ΔT and diameter with the slope in-
clination are moderately good, with some degree of heterogeneity that can be attributed to
a number of factors. The first is that the colliers could have deliberately used site locations
on natural breaks in the slope, which would allow for RCHs with a lower ∆T on a steeper
general slope. This factor is mentioned by Krebs et al. (2017) in their comprehensive re-
search on site selection criteria for historical charcoal production. However, we could not
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find evidence for the intentional usage of slope breaks to build platforms. Due to the po-
tential significant disturbance of buried soil horizons, as seen by the sporadic occurrence
of buried A-horizons and the difference in thickness of Bw- and buried Bw-horizons, as
well as the potential reworking of Auh-layers during multiple usages of the platforms, a tri-
gonometrical check of the “true” slope the site was built upon, based on the depth of the
technogenic Auh-horizons lower boundaries, is unreliable. Second, theAuh-layers with low
bulk densities and increased SOM content are potentially prone to compaction due to me-
chanical compression and the decomposition of SOM. This might be especially the case for
the Auh2 layers which are often characterized by slightly sloped horizon boundaries, con-
trary to historic documents that usually note the importance of a horizontal platform for
the construction of the charcoal hearth (e.g., see Warren et al. 2012). Third, the position of
the hearth on a platform could be variable. Former studies suggest that each consecutive
usage of a site resulted in a larger platform and therefore the possibility to build a larger
hearth (Hirsch et al. 2018a, Raab et al. 2017), however, it is possible that a smaller hearth
was built on top of a larger platform, and the substrate of the platform was used to cover the
wood heap. If in this scenario, for example, substrate was mainly taken from the upslope
end of the platform, then ΔTwould be skewed. Fourth, regarding the RCH diameters, hete-
rogeneity can be caused by faulty or imprecise measurements in the field. Frequently it was
not possible to identify clear boundaries of RCH platforms and the forest floor, in the slope
parallel direction. Lastly, it must be considered that the colliers, although presumably using
regionally appropriate construction techniques based on a principle of minimum energy
expenditure, also varied the size of the constructed platforms depending on other factors,
e.g., available workforce, intended reuse of sites, or wood availability. However, no further
information is available on these aspects.

In light of these uncertainties, we propose a model based on RCH site slope inclination to
account for the differences in the sites pedostratigraphy and diameter. The resulting model
is based on two assumptions: First, RCH sites in the study area can be classified into the
RCH on slopes and the flatland RCH class that has been reported for this and study areas
in Europe. Second, the fact that sites on slopes are usually multilayered and sites on flatland
are usually single layered and more or less constant in thickness holds true. We could show
that both assumptions can be confirmed for our study area. The resulting two categories of
idealized sites and their properties are listed in table 5.3.

The sites are categorized using a threshold value of 4° slope inclination based on results from
section 5.5.2. The 4° slope inclination break in the data is crucial for the differentiation of
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Tabelle 5.3. Parameters for themodel of idealized RCH sites suitable for calculating geometry, pedostratigra-
phical thicknesses and stocks of elements

Ideal class 1
RCH

Ideal class 2 RCH

∆T [%] at position 3 0 ∆T = 16.514*slope[°]+88.886
Site diameter 11.5 m Diameter = -0.2699*slope[°]+13.104
Auh-layer Thickness Position 1,2,3 Position 1 Position 2 Position 3
Auh1 22.6 cm 20.9 cm 22.9 cm 23.6 cm
intermediate Auh - - (20.9*∆T*0.01/2)*0.17 (20.9*∆T*0.01)*0.27
Auh2 - - (20.9*∆T*0.01/2)*0.32 (20.9*∆T*0.01)*0.32
Bulk density g cm−3

Auh1 0.69 g cm−3 0.69 g cm−3 0.69 g cm−3 0.69 g cm−3

intermediate Auh - - 0.89 g cm−3 0.89 g cm−3

Auh2 - - 0.82 g cm−3 0.82 g cm−3

single- andmultilayered sites when using the approach outlined in this study.The thickness
of Auh-layers is not correlated with slope inclination, therefore an average horizon thick-
ness can be assumed for all sites, which is potentially showcasing their artificial character
and the lack of erosive slopewash. Colluvial deposits of substrate onto the RCH platform,
whether caused by historic anthropogenic activity or natural processes, should potentially
lead to a larger thickness of RCHs Auh-layers on steeper slopes. ΔT for class 2 RCHs cor-
relates significantly with slope and can therefore be calculated for site specific inclinations.
Under the assumption that the technogenic horizons at position 1 consist solely of a first
Auh-layer, all the other layer thicknesses at position 2 and 3 can be calculated. For position
2, ΔT is thereby only half as thick as for position 3. The secondary Auh- and intermedia-
te Auh-layer have an additional factor proportional to the summarized technogenic-layer
thickness of position 2 and 3. At position 2 the summarized average thickness of the Auh1-
, Auh2- and intermediate technogenic layers is 44.5 cm, whereof, based on their average
thicknesses, 51 % are made up of the Auh-1 layer, 32 % of the Auh2-layer and 17 % of the
intermediate Auh-layer. For position 3 it’s a total of 54.3 cm, whereof 41 % are Auh1, 32 %
are Auh2 and 27 % are intermediate Auh-layer substrate. The volume of the idealized soil-
layer shapes can then be calculated as a cylinder for flat RCHs (Bonhage et al. 2020), and
as the sum of three truncated cylinders for slope RCHs (Fig. 5.8). Stocks of elements can be
calculated using the volume and average bulk densities for each soil-layer.

Bulk densities for Auh-layers in RCHs are typically lower than the reference forest soils, as
is the case for the first Auh-layer in this study. This is most likely linked to the high char-
coal content as reported for this area (Hirsch et al. 2018a) and similar sites in Pennsylvania
(Mikan & Abrams 1995). The differences in Auh1 and Auh 2 and 3 bulk densities most li-
kely originate from soil compaction affecting the latter two. Differences between position
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Abbildung 5.8.Model for class 1 and 2 RCH architecture with generalized layers and average bulk densities
for each soil layer.

1 and 3 may be caused by differences in SOM content on the sites. Future studies need to
address the SOM distribution on RCH sites to analyze this aspect. Comparing our results
to other studies reveals some similarities, although for a detailed analysis differences in soil
texture, SOM content and compaction should be taken into account. For mountainous re-
gions published bulk densities (g per cm³) vary: 0.61 - 0.76 (Harz mountains, Germany,
Borchard et al. 2014), 0.60 (Northern Italy, Criscuoli et al. 2014), 0.70 (Connecticut, USA,
Hirsch et al. 2018a), 0.69 (Southern Belgium, Mastrolonardo et al. 2019) and 0.65 - 1.04
(Southeastern Pennsylvania, Mikan & Abrams 1995). Higher bulk densities (g per cm³) in
general are reported for sites in less sloped, non-mountainous terrain: 0.7-0.9 (Central Ita-
ly, Mastrolonardo et al. 2018) and 0.94 - 1.28 (Northeast Germany, Schneider et al. 2020).
To our best knowledge, this study is the first to report intra-site variations for multiple Auh
and intermediateAuh-layers.Differences in bulk densitiesmay impact physicochemical soil
properties important for forest ecological functions (e.g., Buras et al. 2020, Gießelmann et
al. 2019, Carrarie et al. 2018). Results from a year-long monitoring experiment show that
the topmost 15 cm of technogenic RCH substrate has higher daily and seasonal tempe-
rature variations than adjacent forest soils, which is mainly due to the lower bulk density
(Schneider et al. 2019). Increased preferential flow in technogenic RCH substrate under
dry soil conditions can also lead to a high spatial and temporal variation of water con-
tents. Because these effects are related to structural heterogeneity and hydrophobicity that
results from high contents of charcoal and potentially by border effects from the boundary
of technogenic- to forest soil substrate (Schneider et al. 2018a), they may be accentuated in
multilayered sites.
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5.6.2 Interregional comparison

A multilayered stratigraphy for RCHs on slopes is described here and in other sites stu-
died in Connecticut, USA (Hirsch et al. 2018, Raab et al. 2017). Stolz & Grunert (2010)
describe up to four Auh-layers and corresponding intermediate layers at RCH sites that
span a century of charcoal production in Southwest Germany. No information about the
stratigraphy is given for RCH platforms in the foreland of the Taunus Mountain Range,
Germany, however, sites are described as having a ridge at the downslope end that can be
multilayered, representing multiple harvesting phases of a site (Stolz et al. 2012). Schneider
et al. (2018b) document sites on slopes in Bavaria, Germany with a striking similarity to
sites in this study, i.e. there are multiple Auh- and intermediate Auh-layers that increase in
thickness towards the downslope end of the platform. Williams (2019) describes RCHs in
Clarion County, Pennsylvania as being single layered and on mean slopes of 1.7° with dia-
meters comparable to our study area, including the somewhat oval shape of the platforms.
A LiDAR-based survey of RCH sites in the Blue Mountain Region, Pennsylvania describes
that most sites there can be found on slopes of 8.5° - 11.3° Carter (2019), but unfortunately
no further information about RCHs soil properties are known for that region. Otherwi-
se, most studies of RCH sites have either no information on their stratigraphy, or describe
them as single layered in case of flatland RCHs. The comprehensive comparison of Hirsch
et al. (2020) documents several RCH architectural types that do not fundamentally vary for
study sites in Central Europe and the US. This potentially indicates that our generalizations
regarding the geometry of RCHs as a function of slope can be applied to other areas, since
the dependency of layer thicknesses and slope should be the same. However, the lack of data
regarding the detailed pedostratigraphy on different positions of RCH sites and its relation
to slope for other regions limits the transferability for now, as it cannot be ruled out that
multiple usages of RCH sites resulting in clearly discriminable Auh-layers is regionally spe-
cific. Furthermore, differences in geology or soil parent material can potentially limit the
transferability of our results, e.g., as the presence of hard bedrock on the surface in the Ore
Mountains (Saxony, Germany) required a different building technique for RCHs on slopes
(Hirsch et al. 2020).

5.6.3 Significance for Geoarcheology and beyond

Overall, the study of RCHs in the geoarchaeological context is currently expanding in va-
rious disciplines. Advances regarding alteration of soil properties on RCHs and resulting
effects on vegetation and fauna in relation to unaffected soils show the profound impact
of this historical craft on present day forest ecosystems (e.g. Buras et al. 2020, Máliš et al.
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2020) Furthermore, RCHs are potential sites of interest for the analysis of biochar appli-
cation to soils and its degradation over time (e.g. Kerré et al. 2016, Borchard et al. 2014).
Their charcoal content is a time capsule, potentially allowing the reconstruction of past fo-
rest compositions and historical wood exploitation. The geoarchaeological value of RCH
sites originates not only from the possibility to more or less accurately date them by va-
rious techniques or by proxy of nearby historical industries, but also from the astonishing
numbers in which they are mapped presently (e.g., Schneider et al. 2020, Rutkiewicz et al.
2019). With this study, we show that it is possible to generalize RCH site shape with a mo-
del, allowing the transformation of site specific results onto a landscape scale. This is an
important step towards understanding and quantifying the legacy effects of historical lan-
duse on forest ecosystems. In this context, future studies should further assess the detailed
stratigraphical properties of complete RCH platforms in different regions of the USA and
Central Europe. Furthermore, detailed RCH site mappings on a landscape scale and spatial
analysis regarding their topographical position are required to apply and test the presented
generalizations.

5.7 Summary and Conclusion

This study aims at producing a model to generalize the stratigraphical features of RCHs
based on their position in the landscape. We show that RCH sites in western Connecticut
exhibit two architectures with diameter and pedostratigraphies correlating to slope incli-
nation. RCHs with an elevated circular construction type are characteristically located on
flatter slopes (< 4°), while RCHs on levelled platforms are typically found on steeper slopes
(> 4°). Sites on steeper slopes are usually multilayered and built up by multiple charcoal
rich Auh-layers and intermediate Auh-layers consisting of reworked mineral substrate. Ba-
sed on detailed study of 52 sites, we present a generalized model of RCH architecture that
includes slope dependent variations of diameter, downslope Auh-layer thickness variation,
individual Auh-layer thicknesses, and bulk density. The results show that an easy to imple-
ment model can be used to calculate soil volumes impacted by RCHs in landscapes affected
by historical charcoal burning, and to assess effects on forest ecosystems such as additions
to soil organicmatter, changes in element stocks, and dynamics ormodifications of soil bio-
logy or vegetation. Lack of data similar to that presented here regarding pedostratigraphy
and soil physical properties limits further application into other regions where RCHs are
common, such as Central Europe and mid-Atlantic USA. Future challenges include the as-
sessment of the transferability of our generalizations into other regions, which depends on
detailed field-based descriptions of the sites pedostratigraphy and its relation to the slope
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inclination. Furthermore, RCH site mappings on a landscape scale and knowledge about
their soil properties are necessary to apply the presented generalizations.
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6 VerticalSOCdistributionandaroma-
tic carbon in centuries old charcoal-
rich Technosols

This chapter is published as: Bonhage, A., Raab, T., Schneider, Fischer. T., Ramezany, S.,
Ouimet, W., Raab, A. & Hirsch, F. (2022): Vertical SOC distribution and aromatic carbon
in centuries old charcoal-rich Technosols. European Journal of Soil Science, 73, 4. DOI:
10.1111/ejss.13293 The Annex contains additional, previously unpublished material regar-
ding samples TOC and BPCA-C (measured and predicted) concentrations and pH values.

6.1 Abstract

Charcoal-rich Technosols on century-old relict charcoal hearths (RCHs) are the subject of
ongoing research regarding potential legacy effects that result from historic charcoal pro-
duction and subsequent charcoal amendments on forest soil properties and forest ecosys-
tems today. RCHs consist mostly of Auh horizons that are substantially enriched in soil
organic carbon (SOC), of which the largest part seems to be of pyrogenic origin (PyC). Ho-
wever, the reported range of SOC and PyC contents in RCH soil also suggests that they are
enriched in nonpyrogenic SOC. RCH soils are discussed as potential benchmarks for the
long-term influence of biochar amendment and the post-wildfire influences on soil pro-
perties. In this study, we utilize a large soil sample dataset (n = 1245) from 52 RCH sites in
north-western Connecticut, USA, to quantify soil organic carbon contents by total element
analysis. The contents of condensed highly aromatic carbon as a proxy for black carbon
(BC) were predicted by using a modified benzene polycarboxylated acid (BPCA) marker
method in combination with diffuse reflectance infrared Fourier transform spectroscopy-
based partial least square regression (R2 = 0.89). A high vertical spatial sampling resolution
allows the identification of SOM enrichment and translocation processes. The results show
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an average 75 % and 1862 % increase in TOC and BPCA-derived carbon respectively for
technogenic Auh horizons compared to reference soils. In addition to an increase in aroma-
tic properties, increased carboxylic properties of the RCH SOC suggest self-humification
effects of degrading charcoal and thereby the continuing formation of leachable aromatic
carbon compounds, which could have effects on buried soils pedogenic processes. Indeed,
we can show BPCA-derived carbon concentrations in intermediate technogenic Cu hori-
zons and buried top/subsoils that suggest vertical translocation of highly aromatic carbon
originating in RCH Auh horizons. Topmost Auh horizons show a gradual decrease in TOC
contents with increasing depth, suggesting accumulation of recent, non-pyrogenic SOM.
Lower aliphatic absorptions in RCH soil spectra suggest different SOM turnover dynamics
compared to reference soils. Furthermore, studied RCH soils feature additional TOC en-
richment, which cannot be fully explained as of now.

6.2 Aims

To better understand the soil carbon dynamics of RCH soils, we utilize the Benzene polycar-
boxylic acid (BPCA) molecular marker method to gain knowledge about the concentration
and vertical distribution of aromatic carbon (BPCA-C). BPCAmolecular markers are often
used as a proxy to determine pyrogenic carbon concentrations in soils. However, current
discussions point out that BPCAmarkers are specific not only for pyrogenic carbon but also
for highly aromatic carbon compounds in general (Gerke 2019, Gerke 2018). The specific
aims of the study are:

• To determine TOC and BPCA-C concentrations in a large RCH- and reference soil
sample set (n = 1245) using total element analysis and FTIR based chemometric pre-
diction modelling

• To compare TOC and BPCA-C concentrations of RCH-, buried- and reference soil
horizons

• To describe the vertical distribution of carbon fractions in RCH soil horizons in high
resolution and thereby to study potential redistribution processes and initial pedo-
genesis in carbon-rich anthropogenic substrates
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6.3 Methodology

6.3.1 Sample preparation and total carbon analysis

Samples were sieved (< 2 mm) and ground to a homogeneous fine powder using a ball
mill grinder (Retsch© PM400). Total element carbon and nitrogen analysis was conduc-
ted on all samples (n = 1216) using an Elementar© vario Max Cube. A subset of samples
(BPCAquant, n = 100) was used for quantifying BPCA-derived carbon. BPCAquant consists
of 52 RCH soil samples (Auh and Cu horizons) and 48 reference soil samples (buried A-
and B- and non-RCH-affected A- and B-horizons) taken from representative soil profiles.
In total, samples from 8 sites where included in the BPCAquant dataset, and thereby, no
sample from the same depth of every soil profile was included more than once. As we ex-
pect a high degree of heterogeneity in the RCH soil, we do not deem pseudo replication
to be an issue. To assess the significance of vertical changes of TOC and PyC concentrati-
ons we used the nonparametric comparative Mann–Whitney U tests (SPSS 14, IBM©). We
interpreted P values following Muff et al. 2021. Soil acidity (pH) was measured in 0.01 M
CaCl2 (1:2.5 w:w).

6.3.2 Benzene polycarboxylic acid (BPCA) determination

We applied the benzene polycarboxylic acid (BPCA) molecular marker method originally
proposed by Glaser et al. (1998) and modified by Llorente et al. (2017), further modify-
ing the method to allow for the use of microwave pressure digestion. The method aims
at cleaving and oxidizing benzene rings using nitric acid as well as high temperature and
pressure, resulting in aromatic carboxylic acids that can be qualitatively and quantitatively
analysed (Chang et al. 2018). For this, 0.5 g of sample material was digested with 10 ml of
4 M trifluoroacetic acid (TFA) (Acros©, CAS: 76-05-1) at 130°C for 30 minutes in a MARS
6 microwave digestion system (CEM©). The solid residue was then washed three times by
repeated centrifugation at 5500 rpm for 10 minutes, the supernatant was discarded, and
fresh distilled water was added each time while stirring. The original protocol used glass
fibre filters to separate and wash the solid phase; however, we found the loss of sample ma-
terial caused by adhesion to the filter to be too high.Thewashed and dried solid residue was
then microwave pressure digested with 6 ml of 65 % HNO3 at 200°C for 30 minutes. The
content of the digestion vessels was then filtered using ashless cellulose filters (Whatman©
#41, CAT: 1441-110) and washed several times by rinsing with distilled water. The solid
phase is discarded. The BPCA-containing solution was then dried at 60°C and rewetted re-
peatedly to remove nitric acid residues. The solid residue was then weighed, and its total
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carbon content was measured by dry combustion. The results are reported as uncorrected
BPCA-C concentrations and corrected black carbon (BC) concentrations using a correction
factor of 2.27 (Brodowski et al. 2005). The results of the procedure were checked by FTIR
spectral analysis of dried residuals from some RCH samples, which confirmed the presence
of BPCA-relevant absorption bands. The spectra (Annex Fig. A3) show CH bendings and
deformations of m, o, p-disubstituted aromatics from 1039 cm-1 towards 825 cm−1 and
lower wavenumbers, aromatic ring C=C stretching at 1481 cm−1, strong C=O stretching at
1668 cm−1 and a broad OH stretching at 3500 cm−1 that presumably result from residual
moisture in the sample material.

6.3.3 PLSR-based BPCA prediction

FTIR DRIFT spectra of undiluted soil samples were acquired with a Bruker© Optics (Ger-
many) TENSOR 27 equipped with a DRIFT module, liquid N2-cooled Mercury Cadmium
Telluride (MCT) detector and the high-throughput screening extension (HTS-XT)microp-
late reader.The soil spectra were recorded from 4000–400 cm−1 and averaged over 40 scans
at a 4 cm−1 resolution and 10 kHz scan speed. Spectral processing and explorative analy-
sis were conducted using Bruker© OPUS software and the ChemoSpec R package. Spectral
bandswere assigned using theWiley’s©KnowItAll Informatics System 2020 database or ba-
sed on literature research. All spectra were baseline corrected and cut at 1300 cm−1 to avoid
silica band interferences (Robertson et al. 2015). Partial least squares regression (PLSR) and
cross validation on the complete dataset were conducted using the OPUS software package.
The software’s optimization algorithm was used to find the optimal spectral preprocessing
method and the most meaningful wavenumber regions to include in the PLSR analysis.

6.4 Results

6.4.1 BPCAquant soil properties

Table 6.1 lists the specific properties of the BPCAquant soil samples. The TOC concen-
trations of the BPCAquant Auh horizons are approximately twice as high as those of the
reference Ah horizons and nearly reach an average of 100 g kg−1. BC makes up on average
83 % of the TOC concentration in Auh horizons, in contrast to 7 % for reference soil Ah
horizons. The Auh horizons therefore have an average 75 % increase in TOC and an 1862
% increase in BC concentrations compared to the adjacent reference topsoil. The Cu hori-
zons have higher TOC and BC concentrations and BC-TOC ratios than all other mineral
horizons. The Bw, Bwb and C horizons have comparably low TOC and BC concentrations,

42
GeoRS Geopedology and Landscape Development Research Series | Vol. 13



resulting in BC-TOC ratios of approximately 30 %. Ahb horizons, however, have a higher
ratio of 54%, constituting a 137% increase in BC compared to reference Ah horizons, while
their TOC contents are 67 % lower.

Tabelle 6.1. Total concentrations of nitrogen (TN), organic carbon (TOC), BPCA-derived carbon (BPCA-C) and
black carbon (BC) grouped by soil horizon (mean ± standard deviation) for BPCAquant samples. Soil acidity
(pH) is given as a range and average. The ratio gives the BC to TOC ratio.

Soil horizon pH in CaCl2 n
TN TOC BPCA-C BC

[g kg−1] Ratio

RCH soils
Auh 3.5-4.8 (4.2) 42 2.4 ± 0.9 94.6 ± 48.1 34.6 ± 21.8 78.5 ± 49.4 83

Cu 4.4-5.0 (4.7) 8 0.9 ± 0.3 38.4 ± 24.7 11.3 ± 8.0 25.6 ± 18.1 66

Non-RCH soils

Ahb 4.6-4.8 (4.7) 5 0.5 ± 0.1 17.4 ± 4.8 4.2 ± 2.4 9.5 ± 5.4 54

Ah 3.6–4.7 (4.1) 11 2.1 ± 0.8 53.8 ± 29.0 1.8 ± 1.3 4.0 ± 2.9 7

Bwb 4.3-5.1 (4.8) 10 0.6 ± 0.2 16.8 ± 5.4 2.7 ± 1.1 5.1 ± 2.4 30

Bw 4.2–4.9 (4.5) 23 0.7 ± 0.5 13.3 ± 9.4 2.0 ± 1.9 4.5 ± 4.3 33

C 4.9 7 0.5 ± 0.2 8.6 ± 3.7 1.1 ± 0.5 2.4 ± 1.1 27

6.4.2 BPCAquant spectral properties

Figure 6.1 gives an overview of the BPCAquant soil sample spectra. A principle component
analysis of untreated BPCAquant spectra shows a separation of scores into two clusters that
correspond to the two soil types: RCH soils have mainly positive scores alongside principal
component (PC) 1 and negative scores alongside PC 2, while for non-RCH soils, the order
is reversed (Fig. 6.2A). Figure 6.2B shows the corresponding PCA loading values, which
can be seen as the weights associated with each principle component, giving an idea about
which wavenumber regions are influential for the difference in score values. The main se-
parator along PC 1 are negative loadings for wavenumber regions associated with mineral
soil components such as clay minerals (approximately 3500 cm-1), SiO2 overtones (Vol-
kov et al. 2021) (peaking at 1890 cm−1), C-O, CH, CH2 vibrations in alkenes and phenolic
groups (Hobley et al. 2014) (approximately 1300 cm−1) and positive loadings for the regi-
on associated with aromatic carbon C=C and carboxyl C=O (1750 cm−1 to 1400 cm−1).
Loadings for PC 2 are mainly positive, and the main differences compared to PC 1 are the
stronger influence of aliphatic CH and CH2 absorptions at approximately 2900 cm−1 and
the absence of any influence by carboxylate C=O absorptions at 1740 cm−1. Coincidently,
aliphatic CH absorptions at approximately 2900 cm−1 are notably less intense in RCH soils
(Fig. 6.2). Furthermore, the loadings at absorptions related to C-O, CH, CH2 vibrations in
alkenes and phenolic groups (1300 cm−1) are positive in PC 2. The grouping of RCH and
non-RCH soil spectra can further be seen in a dendrogram for an exemplary subset of 20
spectra (Annex Fig. A4), where most technogenic and reference soil spectra belong to se-
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Abbildung 6.1. Diffuse reflectance spectra of BPCAquant RCH soils (Auh, Cu Horizons) and non-RCH soils
(Ahb, Bwb, Ah, BwHorizons). The black line shows the averaged spectra. Close ups of the aliphatic CH absorp-
tion wavenumber region exclusively show spectra of soil samples taken from the top 10 cm of a soil profile.

parate groups. However, the Cu horizons TOC content is especially heterogeneous, making
some samples more similar to reference spectra, presumably caused by their very low TOC
content. We created separate PLSR quantification models for carbon rich Auh and Cu hori-
zons (RCH soils) and reference soils and Cu horizons with low carbon contents (non-RCH
soils) to improve the prediction accuracy of BPCA-C concentrations. Cu horizons whe-
re included in the calibration dataset of a prediction model based on a threshold of their
average TOC content (Table 6.1), where samples with < 38.4 g TOC kg−1 are assigned to
the non-RCH soil group.

Abbildung 6.2. A) Principal component analysis (PCA) score- and B) loading plots for untreated BPCAquant

soil sample spectra. RCH soil: Auh & Cu horizons; non-RCH soil: Ahb, Bwb, Ah, Bw and C horizons.
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Abbildung 6.3. PLSR BPCA-C prediction model evaluation using cross-validation for RCH soil (Auh & Cu hori-
zons) and non-RCH soil (Ahb, Bwb, Ah, Bw, C horizons) BPACquant spectra.

6.4.3 PLSRmodel validation

PLSR can predict BPCA-C concentrations in RCH soils very well (r2 = 0.89); however, it
fails to predict concentrations for non-RCH soils (r2 = 0.01) (Fig. 6.3). The reason for this
being the very low TOC and BC concentrations in non-RCH soils, which fail to produce
a strong enough signal in the spectra. The PLSR regression coefficients for the RCH soil
model (Fig. 6.4) suggest that higher BPCA-C concentrations coincide with higher carboxyl
C=O absorptions at 1732 cm−1, aromatic C=C absorptions from ionized carboxyl (COO−)
groups or C=O absorptions at 1616 cm−1 (Rebollo et al. 2008, Volkoy et al. 2021), aroma-
tic C-H vibrations at 3000-3100 cm−1 and lower absorptions at the aliphatic CH region at
2800-3000 cm−1 and aromatic C=C stretches associatedwith lignin at 1518 cm−1 (White et
al. 2011, Ferrari et al. 2011, Volkov et al. 2021). Thereby, the coefficients show that BPCA-C
concentrations correlatemainly positivewithwavenumber regions associatedwith charcoal
contents in soils. Furthermore, inorganic absorptions peaking at 3622 cm−1 are positively
correlated with higher BPCA-C concentrations.

Although we separated Cu horizons based on their TOC content for the initial prediction
model building, we decided to refrain from this for the further prediction of BPCA-C va-
lues, as it would otherwise omit a lot of Cu-horizon spectra from the analysis. This seemed
valid, because the measured BPCA-C concentrations for Cu horizons (Tab. 6.1) fall within
the calibration range of the RCH soil model.
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Abbildung 6.4. PLSR regression coefficient for RCH soil spectra in the BPCAquant dataset

6.4.4 Variation in soil carbon concentration by horizon

Abbildung 6.5. Total carbon (TOC), predicted BPCA-derived carbon (BPCA-C) and calculated black carbon
(BC) concentrations for RCH soils and non-RCH soil horizons

An overview of the TOC and predicted BPCA-C and BC concentrations for the complete
dataset sorted by soil horizons is given in Figure 6.5, with descriptive statistical values of all
soil chemical parameters given in Table 6.2. The TOC concentration of the Auh horizons
is highest in the first Auh and decreases in 3Auh and 5Auh. The Auh horizon has similar
BC to TOC ratios as seen for the BPCAquant dataset. Notably, the ratio is increasing for
deeper Auh horizons. Outliers with exceptionally high TOC and BC concentrations (up to
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Tabelle 6.2.Concentrations ofmeasured nitrogen (TN), carbon (TOC), predicted BPCA-derived carbon (BPCA-
C) and calculated black carbon (BC) concentrations grouped by soil horizon (mean ± standard deviation) for
all samples. The ratio gives the BPCA-C and BC to TOC ratio.

Horizon n TN TOC BPCA-C BC Ratio Avg. C:N
[g kg−1] BPCA-C BC

RCH soils

Auh 600 2.4 ± 1.0 89.4 ± 41.0 32.0 ± 14.9 72.6 ± 33.8 0.35 0.85 37.2
2Cu 131 1.0 ± 0.5 36.1 ± 23.7 15.1 ± 9.8 34.2 ± 22.2 0.41 0.94 36.1
3Auh 100 1.5 ± 0.4 66.7 ± 26.9 26.7 ± 13.1 60.6 ± 29.7 0.40 0.90 44.4
4Cu 15 0.7 ± 0.2 27.0 ± 19.8 11.9 ± 12.0 27.0 ± 27.2 0.44 1.00 38.5
5Auh 12 1.3 ± 0.3 57.8 ± 14.2 29.2 ± 6.6 66.2 ± 14.9 0.50 1.14 44.4

Non-RCH
soils

Ah 55 2.5 ± 2.6 50.5 ± 43.5 n.a. 20.2
Ahb 67 1.0 ± 0.5 26.4 ± 12.5 n.a. 26.4
Bw 65 0.7 ± 0.3 13.2 ± 8.8 n.a. 18.5
Bwb 159 0.5 ± 0.3 12.6 ± 7.6 n.a. 25.2
C 27 0.3 ± 0.1 5.6 ± 3.5 n.a. 18.6
Cb 14 0.3 ± 0.1 7.1 ± 5.1 n.a. 23.6

281 g kg−1 and 256 g kg−1, respectively) can be explained by large contents of charcoal
in the respective samples. The 2Cu and 4Cu horizon TOC concentrations are higher than
those of reference soils B and C-horizons, suggesting a carbon admixture to the mineral
substrate caused by the hearths operation. Furthermore, the BC to TOC ratios for the 2Cu
and 4Cu horizons are higher than those for the BPCAquant dataset. Buried A-horizons and
B-horizons feature a lower average TOC concentration than unburied reference soils. The
C:N ratios of RCH soils are approximately twice as high as those of non-RCH soils.

6.4.5 Vertical distribution of TOC and BPCA-C in RCH soil horizons

The averaged vertical TOC and BPCA-C distribution can only be analysed for Auh, 2Cu
and 3Auh horizons, based on the sufficient amount of samples. Depth information (Fig.
6.6) refers to the upper boundary of the horizon, not the ground surface. The Auh horizons
contain the highest concentrations of TOC and BPCA-C in the topmost 5 cm, with a de-
creasing trend until a depth of 20 cm, where they lose 44 % of TOC and 31 % of BPCA-C.
For the first 15 cm to 20 cm depth, there is moderate to strong evidence for a systematic
difference between BPCA-C and TOC concentrations at each depth increment (P ≤ 0.1 and
P < 0.01). The average BPCA-C:TOC and C:N ratios increase from 32 % to 40 % and from
36 % to 40 %, respectively, in the top 30 cm before slightly dropping and fluctuating with
increasing depth. The 2Cu-horizon carbon concentrations decrease up to a depth of 25 cm,
where they lose 47 % of the TOC content and 63 % of the BPCA-C concentration. Howe-
ver, evidence for the first weak to moderate systematic difference between increments is
only given when comparing carbon concentrations between depths of 5 cm and 20 cm (P =
0.10 and P = 0.06). The BPCA-C:TOC ratio decreases from 38 % to 25 % in the first 20 cm,
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Abbildung 6.6. Vertical distribution of total carbon and BC carbon concentrations in RCH soil horizons. P
values fromMann–Whitney U testing are given as a measure for evidence of systematic differences between
sampling increments (P > 0.10 not shown).

while there is no change in the C:N ratio.The 3Auh horizon carbon concentrations show no
vertical trend. The BPCA:C and C:N ratios remain constant until a depth of 20 cm, where
they start to diverge. However, the amount of data is very small for depths of 25 cm and 30
cm.

6.5 Discussion

6.5.1 Spectra-derived soil properties

Analysing the differences in RCH- and non-RCH soil spectra shows two main results: an
interaction of mineral and organic absorption intensities and the increased intensity of
carboxyl- and aromatic absorptions inRCHsoils, as also described by several studies before.
We hypothesize that the difference in spectral properties of RCH and non-RCH soils from
the BPCAquant dataset mainly results from the large difference in the TOC quantity and
quality of the soil samples. PC 1 (Fig. 6.4) potentially shows the effect that higher absorp-
tion intensities from organic soil constituents can have on mineral component absorption
intensities, namely, that they lower the latter in the spectra. Conversely, lower absorption
intensities related to TOC can result in more pronounced mineral absorptions. This ef-
fect can be seen in the spectra (Fig. 6.3), where mineral absorptions at approximately 1900
cm−1 are higher in intensity for non-RCH soils than for RCH soils. PC 1 (Fig. 6.4) shows
the importance of wavenumber regions associated with carboxyl C=O and aromatic C=C
absorptions, which are higher in intensity in RCH soil spectra (Fig 6.4). This result is fur-
ther shown by the PLSR regression coefficients for RCH soils (Fig. 6.6), which are mainly
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sensitive to carboxyl and ionized carboxyl COO− groups. The positive correlation coeffici-
ents of absorptions in the phyllosilicate region (3622 cm−1) (Fig. 6.6) cannot be reasonably
explained as of now, but could very well be a pseudo-predictor caused by the large amount
of variables used by the PLSR model.

The spectral properties suggest an ongoing weathering of charcoal in RCH soils. An in-
crease in carboxylic properties has been described for RCH soils (Hardy et al. 2019) and
for incubation experiments where fresh and historic charcoal pieces (19th century) were
artificially aged for several months, resulting in an increase in carboxylic groups by the oxi-
dation of carbon compounds on the charcoal surface and interior (Cheng et al. 2014, Cheng
et al. 2008). This effect can be increased by introducing noncharcoal biomass to the process
(Cheng et al. 2006). Cohen-Ofri et al. (2006) termed this effect the “selfhumification” of
charcoal, which is further discussed by Ascough et al. 2011. They describe the presence of
highly carboxylated aromatic humic acids in aged charcoal, which originate, at least in part,
from the weathering of the charcoal itself and not from exogenous sources. Furthermore,
the less intense aliphatic CH absorptions at approximately 2900 cm−1 in RCH soils suggest
a lower content of relatively labile carbon compounds compared to reference soils. Similar
findings are discussed by Abdelrahman et al. 2018, who reported stronger signals for ali-
phatic carbon from long chained molecules (e.g., waxes and fatty acids) in NMR spectra
of forest soils compared to some RCH soils. We suggest that this could be a direct result
of the charcoal burning process that acts as a reset point for any noncharcoal carbon com-
pounds in the affected soils, since they are most likely charred during the final burning on
a site. Compared to the reference soils, the RCH sites then had a relatively short time to
accumulate fresh SOM (approximately 120 to 250 years, Raab et al. 2017), although most
SOM has a decadal residence time (Schmidt et al. 2011). Furthermore, other factors that
could influence the input and degradation rate of fresh biomass cannot be ruled out, such
as changes in vegetation and microbial composition and growth at RCH sites.

6.5.2 TOC enrichment of RCH soil

The ratios of PyC to TOC in RCH soils that have been observed in other studies vary stron-
gly, and the variety of methods used to quantify pyrogenic/highly aromatic carbon makes
only for a superficial comparison (Table 6.3). Additional RCH soil OC contents in RCH
soils have been discussed by several studies, although the majority of them studied RCH
sites under long term agricultural use (Burgeon et al. 2020, Kerré et al. 2016, Hernandez-
Soriano et al. 2016).
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Tabelle 6.3. Average total organic carbon (TOC) and pyrogenic/highly aromatic carbon (PyC) concentrations
for relict charcoal hearth (RCH) topsoil in temperate forests. The ratio gives the PyC /Charcoal-derived C to
TOC ratio.

Study Methodology
TOC PyC

Ratio Additional OC
[g kg−1]

Mastrolonardo et al. 2018 Weak nitric acid digestion 129 56 0.43 57 %

Mastrolonardo et al. 2019 Walkley-Black digestion 131 65 0.49 51 %

Hardy et al. 2019 Differential scanning calori-
metry

85 53 0.62 38 %

Hardy & Dufey 2017 Walkley-Black digestion 106 82 0.77 23 %

This study BPCA (no factor) 89 32 0.35 65 %

This study BPCA (x2.27) 89 72 0.80 20 %

The effect is attributed to sorption and consequent sequestration of dissolved organic mat-
ter (DOM) on charcoal surfaces (Borchard et al. 2014), whereby a preferential accumula-
tion of hydrophilic, humic-like compounds can take place (Kerré et al. 2016, Heitkötter
& Marschner 2015). Furthermore, charcoal-derived SOM seems to be stabilized through
organo-mineral associations in RCH soils (Burgeon et al. 2020), as has been similarly re-
ported for comparably younger biochar-amended soils (Tilston et al. 2016, Singh & Cowie
2014, Zimmermann et al. 2011). Other studies discuss the absorption of potentially more
labile, nonaromatic SOM on charcoal surfaces through vertical transport by DOM (e.g.,
Wagner et al. 2018). Since the additions shown in Table 5 are rather large in some cases,
other origins should be discussed as well.

Most obviously,methodological uncertainties could be the reason,which could be increased
by the specific nature of OC and PyC in RCH. Different quantification methods for PyC
can target different parts of the PyC degradation continuum, and as already discussed, RCH
substrate seems to be very heterogeneous in its OC and PyC composition. Besides chemical
weathering of charcoal, factors influencing its actual production have to be considered. The
temperatures within and below charcoal hearths at production have been detected within
a relatively wide range (Powell et al. 2021, Dupin et al. 2019), which can result in incom-
plete charring of SOM and different degrees of aromaticity (Ascough et al. 2020, Abney et
al. 2019). Pyrogenic materials with low-order aromaticity caused by degradation (ageing)
or lower pyrolysis temperatures at production have been shown to be susceptible to oxi-
dation in laboratory environments (Ascough et al. 2020), i.e. they could be overlooked by
some PyC quantificationmethods. Furthermore, the presence and quantity of noncharcoal-
related products that potentially remain in the soil as a result of RCH burnings (such as
resins, tar and potash) and their resistance to commonly used PyC quantification methods
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have not yet been studied. Finally, the material that was used to cover the hearth during
operation is part of the Auh horizons today and contributes to their TOC. It was most li-
kely a mixture of grass/moss sods, twigs and mineral/topsoil from the adjacent areas and
could thereby feature high non-PyC concentrations from the very start.

For the BC quantification method of this study, sources of uncertainty have to be conside-
red.The BPCA-derived carbon in this study can originate from charcoal, aromatic products
of the charcoal “self-humification” process and noncharcoal-related aromatic SOM. BPCA
markers are used to characterize and quantify organic matrices containing aromatic car-
bon by splitting up groups of benzene rings and oxidizing them, thereby also including
nonpyrogenic aromatic carbon (Chang et al. 2018, Kappenberg et al. 2016, Zimmerman &
Mitra 2017). Therefore, the method is reportedly underestimating pyrogenic carbon con-
tents, even for pure charcoal samples, for which ratios of 15% to 26%BPCA-C to TOChave
been documented (Schneider et al. 2010, Hammes et al. 2007). Correction factors have be-
en established to convert BPCA-derived carbon into pyrogenic carbon, with a factor of 2.27
given as a conservative estimate for estimating black carbon concentrations in soils (Bro-
dowski et al. 2005). Schneider et al. (2010) discuss that any application of conversion factors
adds a potential large source of error in the quantification and that the best solution is to
just report measured concentrations as they are. However, interpreting our results in terms
of ratios without a correction factor would result in a large difference between TOC and
BPCA-C concentrations that could not be explained satisfactorily. Nevertheless, problems
arise with factor usage since ratios using corrected BPCA-C often surpass 100 % (e.g., Table
6.3), demonstrating that a fixed correction factor is not universally applicable.

For the results of this study, subtracting BPCA-C fromTOC concentrations for the first Auh
horizon results in a TOC content similar to that of the reference soil Ah horizon (appro-
ximately 50 g TOC kg−1), which suggests that the Auh horizon has started to accumulate
fresh SOM.The higher ratios in the 3Auh and 5Auh horizons could be explained by amuch
lower or missing input rate of fresh SOM and by a higher degree of aromaticity caused by
an older age of these horizons compared to the topmost Auh. The same reasoning applies
when looking at BC instead of BPCA-C ratios, despite these ratios being much larger, e.g.,
non-BC carbon in the topmost Auh horizons now reaches approximately 17 g TOC kg−1

instead of 50 g TOCkg−1.This could also explain the lower absorption intensities of alipha-
tic carbon spectral features compared to reference Ah horizons. BC ratios of nearly 100 %
(and above) for the 2Cu, 4Cu and 5Auh horizons suggest that the TOC in deeper horizons
is more or less completely made up of highly aromatic carbon.
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In summary, the ubiquitously observed increase in TOC contents compared to reference
soils is either caused by methodological sources of uncertainty in quantifying PyC, by the
specific composition of RCH OC, or by postburn accumulation of SOM; but likely a com-
bination of all factors.

6.5.3 Vertical distribution of carbon

Potential vertical translocation processes can best be assessed from the vertical distributi-
on of carbon in the 2Cu horizon (Fig. 6.6) since it consists of relocated mineral substrate
and therefore, a homogeneous carbon distribution at the time of its deposition can be as-
sumed. Although, buried topsoils also show higher ratios of BC, again suggesting a vertical
translocation of aromatic carbon or a mechanical admixture of charcoal during the hearths
operation. We observe a 177 % to 544 % increase in TOC concentrations for 2Cu horizons
compared to non-RCH Bw and C horizons respectively. Thereby, 94 % of the TOC is py-
rogenic carbon (Table 6.2). This increase might in part be due to charcoal pieces that are
sometimes found in 2Cu horizons of RCHs in the area (Raab et al. 2017), presumably re-
sulting directly from the operation of the hearths (raking, digging). However, the gradual
decrease in TOC concentrations and aromaticity in the first 20 cm of the 2Cu horizons also
suggests vertical translocation originating in Auh horizons. Evidence of bioturbation has
not been detected in our study area.

Comparable vertical transport of pyrogenic carbon is described for wildfire affected- and
biochar amended soils in particulate and soluble form (Bellè et al. 2021, Braun et al. 2020).
It remains unclear if these processes are still ongoing in RCH soils. However, the evidence
of charcoal degradation described here and in other studies suggest the continuing forma-
tion of water extractable black carbon in RCH soils.This could be of interest when studying
RCH sites located in areas with occurring podsolization. If the natural A horizons are re-
placed by RCH substrate of up to several decimetres in thickness, this would allow to study
the effect of increased amounts of soluble aromatic organic acids on buried E horizons.

The vertical TOC distribution in the top 20 cm of the Auh horizon suggest an accumu-
lation of non-pyrogenic carbon. However, based on FTIR spectra analysis as shown in Fig.
6.3 and discussed in section 6.5.1, the accumulated TOC seems to be of different compo-
sition compared to reference topsoils. This could hint at changed SOM turnover dynamics
in RCH soils. Mastrolonardo et al. (2019) describe a PyC enrichment for the lower part of
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RCH substrate for sites in Belgium, which we could not confirm for our sites.

6.6 Conclusions

• The spectral properties of our studied RCH soils suggest an increase in aromatic and
carboxylic properties when compared to the SOM of reference soils. This hints at
ongoing charcoal degradation processes that potentially result in the formation of
water extractable aromatic acids.

• The vertical distribution of TOC in topmost Auh horizons suggest an accumulation
of recent, non-pyrogenic SOM. However, less intense aliphatic carbon absorptions in
RCH soil spectra suggest potentially different SOM turnover dynamics compared to
reference soils.

• The ratio of BC contents and TOC contents suggest an accumulation of additional
SOM in RCH soils. The origin of this additional SOM seems unclear as of now. It is
hypothesized to be a combination of methodological uncertainties when quantifying
PyC, a postburn accumulation of SOMand the potential SOMenriched original RCH
cover material.

• The vertical distribution of PyC in 2Cu and Ahb horizons suggest a translocation of
aromatic carbon compounds from the Auh horizons into buried mineral soils and
the continuing formation of water extractable black carbon even after centuries of
charcoal incorporation into the soils.
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Once upon a time, in days of old,
Charcoal burners labored in the cold.
Cutting wood and stacking it just right,

To create the perfect fire pit site.
They lit the flame and watched it grow,

As the wood turned to ash and began to glow.
Banking the fire to keep it burning bright,

They tended it day and night.
When the fire had died down and the coals were white,

They carefully covered them to smother the light.
And when the coals had cooled, they raked them out,
Ready for use in blacksmith’s forge or hearth, no doubt.

Thus, the charcoal burners played their part,
In the history of fire and the art
Of creating fuel from the trees,

A legacy that still lives on, if you please.

- ChatGPT
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7 Automated large-scalemappingand
analysis of relict charcoal hearths in
Connecticut (USA)usingaDeepLear-
ningYOLOv4 framework

This chapter is published as: Verschoof-van der Vaart, W., Bonhage, A., Schneider, A., Ou-
imet, W., Raab, T. (2022): Automated large-scale mapping and analysis of relict charcoal
hearths in Connecticut (USA) using a Deep Learning YOLOv4 framework. Archaeological
Prospection. DOI: 10.1002/arp.1889

7.1 Abstract

In the past decade numerous studies have successfully mapped thousands of former char-
coal production sites (also called Relict Charcoal Hearths) manually using DEM data from
various forested areas in Europe and the north-eastern USA. The presence of these sites
causes significant changes in the soil physical and chemical properties, referred to as legacy
effects, due to high amounts of charcoal that remain in the soils.The overwhelming amount
of charcoal hearths found in landscapes necessitates the use of automated methods to map
and analyze these landforms. We present a novel approach based on open source data and
software, to automatically detect relict charcoal hearths in large-scale LiDAR datasets (vi-
sualized with Simple Local Relief Model). In addition, the approach simultaneously provi-
des both general as well as domain-specific information, which can be used to further study
legacy effects. Different versions of the methodology were fine-tuned on data from north-
western Connecticut and subsequently tested on two different areas in Connecticut. The
results show that these perform adequate, with F1-scores ranging between 0.21 and 0.76,
although additional post-processing was needed to deal with variations in LiDAR quality.
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Abbildung 7.1. Excerpts of LiDAR data, visualized with Simple Local Relief Model (Hesse, 2010), showing ex-
amples of relict charcoal hearths in the Netherlands (left), Connecticut, USA (center), and Germany (right).

After testing the best performing version of the predictionmodel (with an average F1-score
of 0.56) was applied on the entire state of Connecticut. The results show a clear overlap wi-
th the known distribution of charcoal hearths in the state, while new concentrations were
found as well. This shows the usability of the approach on large-scale datasets, even when
the terrain and LiDAR quality varies.

7.2 Introduction

Recent archaeological and pedological research has shown the widespread presence of for-
mer charcoal production sites, also called Relict Charcoal Hearths (RCHs), across fores-
ted areas in Europe and the north-eastern USA (for an extensive overview see Hirsch et
al., 2020). These landforms are mainly of pre-industrial age and persist in the present-day
landscape as earthworks, i.e., circular-shaped, elevated platforms of up to 30 m in diame-
ter (on average 12 m) surrounded by a shallow ditch or multiple pits. LiDAR-based digital
elevation model (DEM) analysis has proven an effective tool to find, map, and investigate
them (Figure 7.1).

One of the reasons for investigating RCHs is the value of these objects for geoarchaeological
and pedological research. Recent larger scale studies have analysed the spatial association
between RCH- and historic industrial sites (Schneider et al., 2020), emphasizing the sca-
le dependent heterogeneity of site densities (Schneider et al., 2022). Relict charcoal hearth
sites are often studied for past-landscape- and historic reconstruction efforts (e.g., Dupin
et al., 2019; Tolksdorf et al., 2015). The charcoal remaining in these RCHs is of particu-
lar value to reconstruct historic forest compositions and abundances (Deforce et al., 2013;
Gocel-Chalté et al., 2020). As a result of high amounts of charcoal remaining in the soils,
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these sites (categorized as Spolic Technosols; IUSS Working Group World Reference Base,
WRB, 2014) have a distinct enrichment of total organic- and pyrogenic carbon (e.g., Bor-
chard et al., 2014; Hirsch et al., 2017), resulting in significant changes of the soil physical
and chemical properties (e.g., Donovan et al., 2020; Schneider et al., 2019). This enrich-
ment is also affecting vegetation patterns and dynamics as well as microbial growth and
abundance (e.g. Raab et al. 2022). Efforts have been made to quantify the changes caused
by historical charcoal burning on today’s soil landscapes, referred to as legacy effects, on a
larger-than-site specific scale. For instance, Bonhage et al. (2020a) found a positive correla-
tion between local slope, RCH site volume and stratigraphy, i.e., on steeper slopes the sites
total volume increases and vice versa. By using a GIS-based modelling approach, it enables
the quantification of nutrient- and carbon stocks in RCH sites based on their topographical
position. Thereby information about the local topography and the sites surface area is of
high interest next to the site’s location itself. A uniform and seamless large scale mapping
can significantly help to improve the assessment of legacy effects on soil landscapes caused
by historic land-use, whether it be in terms of morphology (e.g., how much soil substrate
was redistributed) or soil properties (e.g., carbon- and element stocks) and it can help in
the effort to identify large scale clusters of site occurrences.

In the past decade various studies have successfully mapped thousands of RCHs by hand
using DEM data from various regions (Carrari et al., 2017; Deforce et al., 2013; Hazell et al.,
2017; Hesse, 2010; Johnson et al., 2015; Raab et al., 2019; Risbøl et al., 2013; Rutkiewicz et
al., 2019). For instance, the manual analysis of DEM data from northwestern Connecticut,
USA resulted in the discovery of over 20,000 RCHs (Johnson et al., 2015; Johnson & Oui-
met, 2021; Raab et al., 2017; see also Table 1).

This overwhelming number of RCHs, combined with an ever-increasing set of available,
high-quality, remotely-sensed data necessitates the use of computer-aided methods for the
automatic detection of these objects, thereby alleviating the complications surroundingma-
nual analysis, e.g., biased andheterogeneous detection accuracy (Quintus et al., 2017; Risbøl
et al., 2013; Sadr, 2016), and documentation (Bennett et al., 2014; Bevan, 2015). Furthermo-
re, in order to model legacy effects using these enormous numbers of RCHs, automation in
the calculation of domain specific information based on their topographical position (e.g.,
local slope) is needed as well.

Previous research in an effort to automatically detect RCHs has relied on various methods
including Template Matching (Schneider et al., 2015; Trier & Pilø, 2012) and Geographic
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Object-Based Image Analysis (Witharana et al., 2018), while more recently Machine Lear-
ning approaches are being developed and utilized (Anderson, 2019; Bonhage et al., 2021;
Carter et al., 2021; Davis & Lundin, 2021; Kazimi et al., 2019, 2020; Oliveira et al., 2021; Suh
et al., 2021; Trier et al., 2018, 2021; Verschoof-van derVaart et al., 2020). Deep Learning (Le-
Cun et al., 2015), a subfield of Machine Learning, predominantly employs Convolutional
Neural Networks (CNNs)—hierarchically structured algorithms that generally consist of a
(image) feature extractor and classifier (Guo et al., 2016)—that learn to generalize from a
large set of labelled examples, rather than relying on a human operator to set parameters
or formulate rules. To date, these automated methods are mainly tested in an experimental
setting, but have generally not been applied in various contexts or on a large (e.g., regional
or national) scale (Verschoof-van der Vaart et al., 2020; but see for instance Berganzo-Besga
et al., 2021; Davis et al., 2021; Orengo et al., 2020); with this being the aim of previous in-
itiatives (Trier et al., 2019). Questions remain concerning the usability of these approaches
for large-scale surveys and the transferability of these methods when applied outside of the
area where they were developed (Cowley et al., 2020; Kermit et al., 2018; Verschoof-van
der Vaart & Landauer, 2022). Furthermore, archaeological automated detection can still be
considered as being in a developmental stage (Opitz & Herrmann, 2018) and as such stu-
dies generally focus on the training and testing of automated methods and the resulting
detection rates, while the further analysis and use of the generated archaeological informa-
tion are often not part of these studies (Davis, 2019). Leading to the understanding that,
opportunities to automate the subsequent analysis of detections to gain domain-specific
information are rarely explored.

In this paper, we present a novel approach to automatically detect relict charcoal hearths in
LiDAR-based digital elevation model (DEM) data. For this, a state-of-the-art Deep Lear-
ning object detection framework, YOLOv4, has been transfer-learned, i.e., the model has
been pre-trained on a generic image dataset and subsequently fine-tuned on our own da-
taset, and combined with (GIS) processing algorithms with a focus on being effective and
efficient to handle large amounts of spatial data (e.g., entire states). Simultaneously, it is desi-
gned to be able to provide both general information (e.g., the location), as well as domain-
specific information, such as the area (i.e., the area covered by the RCH’s platform and
ditch) and average local slope (i.e., the slope in the direct vicinity of the RCH; see Bonhage
et al., 2020a; Johnson & Ouimet, 2021), of the objects of interest (see also Verschoof-van
der Vaart, 2022). A further aim of this research is to utilize open-source data and software,
to make this research more transparent, reproducible, and more readily implementable by
other researchers (Schmidt & Marwick, 2020).
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7.3 Research areas and LiDAR data

Abbildung 7.2. The research areas on an elevation map of Connecticut, USA.

In order to train, test, and apply the developed method, four different, predominantly fo-
rested areas were first defined (see Table 7.1 and Figure 7.2). The Huntsville area (circa
40 km2) comprises the northern part of the Housatonic State Forest between Huntsville,
Cornwall Hollow, and West Cornwall in Litchfield County located in northwestern Con-
necticut (Figure 7.2, Training area). This wider area is part of the Salisbury Iron district
and has a very high density of known RCHs (Johnson et al., 2015; Johnson & Ouimet,
2021; Raab et al., 2017). RCH sites from the Huntsville area have been used for the trai-
ning of our approach (see Section 7.4.1). To test the developed method, two separate areas
in Connecticut were selected. The Canaan area (circa 11 km2), or Test area 1, lies circa 10
km north of the Huntsville area near the town of Canaan within the Salisbury Iron district.
Due to the close proximity, this area closely resembles the training area in terms of landscape
and to a lesser extent in known RCH density (Table 7.1). The discrepancy in forest cover
(see https://www.sciencebase.gov/catalog/item/5b6fa9d4e4b0f5d57878e707) between the-
se two areas is in large part caused by Washining Lake in the southwest of the Canaan area.
The Ashford area (302 km2), or Test area 2, lies circa 100 km to the east of the Huntsville
area, in Windham County in eastern Connecticut. While this area has a comparable topo-
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graphy and forest cover as the Huntsville area, the density of known RCHs is much lower
andmore comparable to the overall density of RCHs in Connecticut (Table 7.1; see also Suh
et al., 2021). The difference in size and RCH density of the two test areas offers opportuni-
ties to see the influence of these parameters on the performance of the developed method
(see Verschoof-van der Vaart, 2022).

Tabelle 7.1.Overview of the research areas and the number and density of manually mapped relict charcoal
hearts.

Location Type Sq. km Known
RCH

Density
(RCH

/sq. km)

Forest
cover

Ground
point /
sq. m

Huntsville, Litchfield County CT Training area 40 3040 76 92% 2.44
Canaan, Litchfield County CT Test area 1 11 314 29 77% 3.98
Ashford, Windham County CT Test area 2 302 527 1.75 87% 2.13
State of Connecticut Application 12189 24051 2 66% -

After testing, the developed method has been applied on a large-scale. The application area
equals the entire state of Connecticut (circa 12,542 km2), excluding the training and testing
areas. As of this publication, about 24,000 RCHs are known from the entire state of Connec-
ticut according to the publicly available Northeastern US Relict Charcoal Hearth ArcGIS
Online Web Map (Ouimet, 2019).

Statewide LiDAR-based DEM data (the 2016 dataset with a raster cell size of 0.6 m) was ac-
quired from the openly accessible repository of the Connecticut Department of Energy and
Environmental Protection (http://www.cteco.uconn.edu). The global accuracy of this data-
set is stated as a horizontal accuracy of ± 1.0 meter and a vertical accuracy of ± 0.138–0.170
meter. In addition, we assessed the quality of the LiDAR data for the three subregions by
randomly selecting 10 point cloud las tiles (760 x 760 m each) and then averaging their cal-
culated ground point density, which varied between 2.1 and 4 (Table 7.1).

The downloaded DEM tiles where merged into a single file, which was subsequently split
into 25 tiles (around 800 km2 each) to ease further computational requirements. This pro-
cedure was a compromise of reducing the total number of DEM tiles and keeping the files
sizes manageable. The 25 DEM tiles where visualized, using the RVT toolbox (see Kokalj
& Hesse, 2017), with Simple Local Relief Model (SLRM; Hesse, 2010) and subsequently
merged. The choice to use SLRM was based on several factors such as the fact that this
visualization most clearly shows the RCHs for the purpose of human observation. Also, in
prior automated detection research on RCHs the use of SLRMhad led to satisfactory results
(Trier et al., 2021; Verschoof-van der Vaart, 2022). We are aware that multiscale visualiza-
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Abbildung 7.3. Simplified representation of the ARCHMAGE workflow.

tion techniques can result in better detection results when using deep learning (Guyot et
al. 2021). Even though, SLRM produces relatively high results in recent study comparing
visualizations (Guyot et al. 202) as well as in less recent publications (Gallwey et al., 2019,
Kazimi et al., 2020). More importantly, we choose efficiency over total accuracy, as we are
dealing with (very) large-scale datasets. Compared with other visualizations and especially
blends and multiscale visualizations, SLRM is more easy to implement and can be utilized
using open source tools that allow rapid batch processing of large datasets.

7.4 Methodology

The aim of this study is to create an effective and efficient approach to automatically detect
RCHs in large amounts of DEM data, while simultaneously providing both general (e.g.,
location) as well as domain-specific information (e.g., area and local slope). The develo-
ped approach (Figure 3), called ARCHMAGE (Automated Relict Charcoal Hearth Map-
ping And Geospatial Exploration), combines the state-of-the-art object detection frame-
work, YOLOv4 (Bochkovskiy et al., 2020), with different (GIS) processing algorithms. The
workflow can be divided into three parts: a preprocessing part that converts the DEM data
into input images (subtiles), based on geospatial information about known RCHs (Section
7.4.1); a part concerning the Deep Learning-based object detection (Section 7.4.2); and a
post-processing part where the results of the object detection are converted back into geos-
patial data (Section 7.4.3). In addition, two domain-specific parameters, i.e., area and local
slope are calculated.

7.4.1 Preprocessing of DEM data into subtiles

To generate a training dataset for the object detection model, all RCHs in the Huntsville
area (circa 40 km2; see Table 7.1) were manually mapped. The results of a prior analysis of
the 2011 LiDAR data of Litchfield County (Johnson et al., 2015) where used as a starting
point. This data on the location of RCHs originally consisted of point data, which we con-
verted into polygons, using the outer edge of RCH sites as a maximum extent.
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Subsequently, two experts—both with ample experience in the analysis of DEM data—in-
dependently marked all other visible RCHs in the DEM data. The annotations were com-
bined and compared in QGIS (QGIS Development Team, 2017). This resulted in a dataset
containing 3040 unique RCH sites, of which 2350 were known from the 2015 analysis (see
Johnson et al., 2015). The latter shows the problem of heterogeneous detection accuracy
between operators in manual analysis, which is further enhanced by the use of DEM data
of different date, quality, and different visualizations (see Quintus et al., 2017; Risbøl et al.,
2013; Sadr, 2016). To make input subtiles for the YOLOv4 model, a modified version of
the dataset generation method developed by Olivier & Verschoof-van der Vaart (2021) was
used. This python script uses a spatial dataset of objects (in this case known RCH sites) to
crop LiDAR data into smaller images (subtiles) with set dimensions (in this case 500 x 500
pixels or circa 305 x 305 m). For every individual object in the dataset, a subtile is genera-
ted, centered on the location of the object. To avoid bias, a small shift (or jitter) is added so
that the RCH is not in the exact center of the subtile. However, as RCHs are often spatially
clustered, these cropped subtiles generally contains multiple RCHs and therefore, a RCH
site can appear on multiple subtiles. This ‘re-use’ of objects has proven beneficial, as it not
only increases the number of subtiles in the training dataset, but also increases variability
(Olivier & Verschoof-van der Vaart, 2021).

Tabelle 7.2. The number of subtiles per research area, resulting from the dataset generation.

Location Number of subtitels

Huntsville, Litchfield County CT (Training area) 1942

485

Canaan, Litchfield County CT (Test area 1) 143

Ashford, Windham County CT (Test area 2) 3672

State of Connecticut (Application) 214,620

A selection of 2427 RCHs from the 3040 RCHs found in the manually mapped dataset were
used to crop the SLRM visualized DEM data of the Huntsville training area. The remaining
613 RCHs were omitted as these were mapped in the prior analysis of Johnson et al. (2015),
but could not be verified in the LiDAR data used in this research. Subsequently, all subti-
les were randomly split 80/20 into a train and validation dataset (Table 7.2), as is common
practice in the training of Deep Learning algorithms (Goodfellow et al., 2016).

As the testing and application areas simply need to be split into equal parts, not based on
the location of known RCHs, an additional python script was used that cuts the DEM data
into subtiles of 500 x 500 pixels (circa 305 x 305 m) with a 25 pixel (circa 15 m) overlap
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to all sides. The latter is done to avoid the dissecting of potential RCHs at the edge of the
subtiles. A drawback of this overlap is the occurrence of multiple overlapping predictions
(i.e., bounding boxes) on RCHs at the edge of multiple subtiles. This resulted in two test da-
tasets of respectively 143 and 3672 subtiles, while the application dataset consists of 214,620
subtiles (Table 7.2).

7.4.2 Object detection with theYOLOv4 framework

The object detection portion of the ARCHMAGE workflow consists of the YOLOv4 de-
tection framework (Bochkovskiy et al., 2020), a recent implementation of the YOLO (”You
Only Look Once”) framework (Redmon et al., 2016). YOLOv4 is a so-called ‘one-stage’ de-
tector, which, contrary to ‘two-stage’ detectors such as Faster R-CNN (Ren et al., 2017),
combines the two parts of object detection (i.e., object localization and classification) in
one process and approaches this as one would a regression problem. More specifically, in
YOLOv4 input subtiles are downscaled to a fixed resolution and subsequently divided into
an equally spaced grid. For every cell within this grid, a set amount of bounding boxes with
confidence scores is predicted as well as a class probability (Bochkovskiy et al., 2020). This
approach dramatically decreases the inference time (i.e., the speed of detections), generally
without a loss of accuracy. For example, a comparison of the testing time between YOLOv4
and Faster R-CNN on DEM data showed that the former was about 18 times faster than
the latter (see Olivier & Verschoof-van der Vaart, 2021). Although speed is normally not
the focus of archaeological automated detection research, the aim to develop an effective
and efficient approach for large-scale mapping—which involves massive amount of data up
to several hundred gigabytes—necessitates a fast inference time without a loss in perfor-
mance, especially on small objects which the YOLOv4 framework provides (Bochkovskiy
et al., 2020; Carranza-García et al., 2021).

7.4.2.1 AdjustingYOLOv4 for archaeological object detection

Implementing an off-the-shelf version of an object detection framework, pre-trained on a
general-purpose dataset, e.g., Microsoft COCO (Lin et al., 2014), on the task of detecting
(archaeological) objects in remotely-sensed data generally results in an unsatisfactory per-
formance (Verschoof-van der Vaart & Lambers, 2019). This is directly related to the diffe-
rences between the (objects in) images in general-purpose datasets and DEM data (Olivier
&Verschoof-van der Vaart, 2021; Verschoof-van der Vaart, 2022).Themain problem is that
general-purpose datasets contain ‘natural images’ (i.e., photographs of scenes seen in nor-
mal, every-day settings) in which objects are generally large and prominent, and occupy a
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major portion of the image. Object detection methods normally take advantage of this by
downscaling (and pooling) the images, when they pass through the CNN to greatly reduce
the computational cost (Guo et al., 2016). For instance, in the YOLOv4 framework input
images are downscaled to a fixed size, normally 416 × 416 pixels. However, within DEMda-
ta (and remotely-sensed imagery in general) the objects of interest are generally very small,
especially in relation to the size of the images. Consequently, downscaling on these images
will result in information loss and the removal of small objects, which makes it impossible
to detect them (Olivier &Verschoof-van der Vaart, 2021).Therefore, in our versions of YO-
LOv4, the input size was set to 512 x 512 pixels—while the actual size of the subtiles is 500
x 500 pixels—to prevent the downsampling of the subtiles in the CNN (Table 7.3).

Tabelle 7.3.Overview of the general (hyper)parameters for theYOLOv4 framework (before specific modifica-
tions) used in this research.

(Hyper)parameter Value /Type

backbone CNN CSPDarknet53

input size 512 x512

batchsize 64

learning rate initially 0.001

epochs 4000

data augmentation photometric distortions: brightness, contrast,

hue, saturation, and noise;

geometric distortion: random scaling, cropping, flipping,
and rotating;

mosaic

regularization Dropblock

loss function CIoU

non-maximum suppression greedyNMS

Another commonproblem remains in the fact that the objects of interest in remotely-sensed
imagery are often densely clustered but scarcely distributed. This means that while many
subtiles in the test and application datasets will be empty, some will contain a large number
of RCHs. Traditional object detection methods can generally only detect a select number of
objects within a single subtile, although this can be adjusted.Therefore, themaximumnum-
ber of detections per subtile was increased to 200 in the YOLOv4 framework used in this
study (Table 7.3). Finally, several data augmentation techniques (Goodfellow et al., 2016)
were implemented to improve the robustness of the model to deal with occlusion and frag-
mentation of RCHs in the data (for an extensive explanation of augmentation techniques,
see Bochkovskiy et al., 2020; Redmon et al., 2016).
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Tabelle 7.4.Overview of the different versions of the YOLOv4 framework used in this research.
Model Upsample stride Loss function Accuracy metric
1 2 CIoU mAP@0.5
2 4 CIoU mAP@0.5
3 2 GIoU mAP@0.5
4 4 GIoU mAP@0.5
5 2 GIoU mAP@0.9
6 4 GIoU mAP@0.9

In addition to the general adjustments to the YOLOv4 framework, we experimented with
different strides, loss functions, and accuracy metrics. To measure the influence of these,
six different versions of the YOLOv4 model were created, transfer-learned, and tested on
the two test areas (Table 7.4).

Upsample stride

To further enhance YOLOv4’s performance on especially small objects, i.e., smaller than 19
x 19 pixels (the average size of RCH in the dataset is circa 17 x 17 pixels or 11 by 11 m), the
upsampling stride in YOLOv4 can be increased. At two points in the framework the image
is upsampled, i.e., if the image is upsampled with a stride 2, one pixel is transformed into
four pixels in a 2 by 2 area. By increasing the stride parameter from 2 to 4, small objects,
which constitute a few pixels, will appear larger in the upsampled image. A downside can
be that the element of scale becomes more difficult.

Loss function

During the training of the CNN, the loss function—a function that calculates the penalties
of incorrect classifications into a single number (Goodfellow et al., 2016)—is optimized. A
low loss value is generally regarded as an indication for awell-trained approach and therefo-
re high performance (Guo et al., 2016). In the case of object detection, the IntersectionOver
Union (IoU) is often used as loss function, which gives a measure for the overlap between
the predicted bounding box and the ground truth. While this metric gives a good indica-
tion for bounding box quality, it completely disregards the positional relation between the
predicted bounding box and the ground truth (Rezatofighi et al., 2019).Therefore, YOLOv4
employs an improved version of the IoU, the Complete IoU (CIoU), which uses three pa-
rameters, i.e., the overlap between predicted bounding box and ground truth, the distance
between the center point of the predicted bounding box and ground truth, and the aspect
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ratio between the two (Zheng et al., 2021). However, other loss functions, which also take
the position of the bounding box in regard to the ground truth into account, might prove
more beneficial. Therefore, several versions (3–6) have been outfitted with the Generalised
IoU (GIoU) (Rezatofighi et al., 2019). The GIoU takes into account the distance between
the predicted bounding box and ground truth, as well as their overlap by using the size of a
box enclosing the prediction and the ground truth.

Accuracy metric

The last modification involves using GIoU (see above) and changing themetric used to eva-
luate the quality of detections during training, i.e., themean average precision, ormAP.This
metric is changed from mAP@0.5 to mAP@0.9, which means that only predictions whose
overlapwith the ground truth is over 0.9 (instead of 0.5) are regarded as True Positives when
determining mAP (Everingham et al., 2010). This modification should make the detected
bounding boxes more accurate and consequently improve the overall performance of the
detection framework.

7.4.3 Post processing

The initial post-processing part of the ARCHMAGE workflow consists of three steps: 1)
Converting predicted bounding boxes to geospatial polygons and calculate their area; 2)
Filter detections by land-use; and 3) Calculate the average slope in the vicinity of the de-
tections. The output of the YOLOv4 model is one text file per subtile, with a list of detected
RCHs comprising of pixel coordinates for the bounding box and a confidence score (range
0–100).

The first post-processing step involves converting these pixel coordinates into a ‘real-world’
coordinate system, so that these can be managed and analysed in a GIS environment (see
also Verschoof-van der Vaart & Lambers, 2019). Therefore, a python script, based on the
detectionsToCSV script by Olivier & Verschoof-van der Vaart (2021) was used to convert
the content of the txt file into a CSV file by connecting every subtile to the DEM tile from
which it originally derived. The real-world coordinates from the DEM tile are used to com-
pute the real-world coordinates of the bounding boxes and add them to the CSV file. Then,
the area (i.e., the area covered by the potential RCH’s platform and ditch) is calculated using
the formula for the area of an oval, based on the size of the bounding box and the resolution,
i.e., cell size, of the DEM tile (Equation 1). However, this initially produced unsatisfactory
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Abbildung 7.4. Excerpt of LiDAR data, visualized with Simple Local Relief Model (Hesse, 2010), showing the
outline of a RCH (black), the ground truth (green), and the predicted bounding box (blue).

results, as the predicted bounding boxes are generally larger than the actual RCH (Figure
7.4). Further analysis of this problem showed that most ground truths are also larger than
the actual RCH, which might have led to larger predicted bounding boxes. To cope with
this problem, a negative constant (α and β; in this research 5 and 6 pixel respectively) was
added to the formula.This resulted in areasmuch closer to themanually calculated analogs.

Equation 1

Area = ∗ ((width− ) ∗ resolution)/2 ∗ (height− ) ∗ resolution)/2)

In the second step of the post-processing the detections are loaded into a GIS environment
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and the location of every potential RCH is compared to a spatial layer containing forested
areas (see https://www.sciencebase.gov/catalog/item/5b6fa9d4e4b0f5d57878e707). All de-
tections situated outside of woodland are discarded, as research has shown that over 95 %
of all known RCHs are situated in forested areas (deciduous and conifer forest, Johnson et
al., 2015). This aids in filtering out some False Positives created by landscape objects such
as swimming pools, roundabouts etc.

Finally, the average slope in the vicinity of the potential RCHs is automatically calculated
using a combination of different GIS processing algorithms (see Algorithm 1). This process
is comparable to how the average slope surrounding RCHs is manually calculated usually
(see for instance Johnson & Ouimet, 2021). For every bounding box, a buffer with 20 m
radius is generated. The original bounding box is removed from this buffer to reduce dis-
tortions in the average slope value due to slope variation within the RCH. The resulting
polygon is compared to a slope map (5 m cell size). Empirically, we found that the median
of slope values inside the polygon gave the best results as compared to manually generated
average slope values and was less affected by outliers. In addition, the detections are divided
into five classes (<4° / 4°–8° / 8°–12° / 12°–16° / >16°), based on the calculated average slope
value. The latter is done to make an informed distinction between RCHs on (relatively) flat
terrain and more steep terrain.

7.4.4 Implementation details

We used the six versions of the YOLOv4 framework with CSPDarknet53 as the backbone
CNN. The CNN was pre-trained on the Microsoft COCO dataset (Lin et al., 2014), and
fine-tuned for 4000 epochs with an initial learning rate of 0.001 on our own training data-
set (see Section 7.3). During and directly after training, the performance of the six versions
of YOLOv4 was determined on the validation dataset. Subsequently the models were used
to detect RCHs in the test datasets (see Table 7.1 and 7.2), the results were post-processed
(see Section 7.4.3) and evaluated.

The training and testing of the frameworks was implemented on the browser-based Cola-
boratory platform (Colab Pro+) from Google Research (Google, 2022). Google Colab is a
specialized version of Jupyter Notebook, which is cloud-based and offers free computing
resources (e.g., GPUs). This platform is connected to Google Drive, where the necessary
data (e.g., training and testing dataset, model weights) are stored. Therefore, Colab provi-
des straightforward implementation of the developed models, allows multiple researchers
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to access and use the same data and code, and makes dissemination of the developed ap-
proach simple.

7.4.5 Performancemetrics

To evaluate and compare the performance of our Deep Learning model, the common me-
trics Recall (R; Equation 2), Precision (P; Equation 3), and F1-score (F1; Equation 4) were
calculated (Chicco & Jurman, 2020; Verschoof-van der Vaart, 2022) by determining the
number of True Positives (TP), False Positives (FP), and False Negatives (FN). Recall gives
ameasure of howmany relevant objects are selected, while Precisionmeasures howmany of
the selected items are relevant. The F1-score is the harmonic mean of the Precision and Re-
call and a single metric of the model’s overall performance (Sammut & Webb, 2010). These
metrics are restricted between 0 and 1, where higher values indicate better performance.

Equation 2
Recall = TP/((TP + FN))

Equation 3
Precision = TP/((TP + FP ))

Equation 4

F1 = 2 ∗ ((Recall ∗ Precision))/((Recall + Precision))

To obtain the highest F1-scores, we employed threshold moving (Zou et al., 2016). By de-
fault, a Deep Learning model uses a certain confidence threshold: detections with a confi-
dence score that equals or exceeds this threshold are included in the results, while detections
with a lower confidence score are discarded. This confidence threshold is generally set to
an arbitrary number, typically 0.5. However, by changing the threshold and recalculating
the performance metric, an optimal trade-off between Recall and Precision can be found,
resulting in the highest F1-score (Zou et al., 2016). Therefore, we empirically calculated the
optimal confidence threshold for the validation and test datasets and used these (see Ta-
ble 7.5). While this might complicate the comparison of the performance between datasets,
it better shows the capability and maximum performance of the model on that particular
dataset.
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7.5 Results

7.5.1 General results

Table 7.5 shows the performance of the different versions of the YOLOv4 framework on
the validation and test datasets. The performance (F1) on the validation dataset is high, on
average 0.88, which demonstrates that the detection method is suitable—at least on a tech-
nical level—for this specific task (see Verschoof-van der Vaart, 2022). The performance on
both test areas is lower. The performance (F1) on test area 1 is on average 0.73. Although
the average Precision (0.86) is very similar to the validation dataset (0.86), a clear drop
in average Recall can be observed (0.90 to 0.64). This reduced performance between the
validation dataset (or a small, non-random, selective dataset) and test datasets (‘realistic’
datasets representing the real-world situation) has been observed in various studies (Sor-
oush et al., 2020; Verschoof-van der Vaart et al., 2020) and is related to several factors, such
as the proportion of positive and negative subtiles (i.e., subtiles with or without archaeolo-
gical objects), the total number of labelled objects in the area as compared to the size of the
area (i.e., the density), the variety in the state of preservation of the archaeological objects
(Verschoof-van der Vaart et al., 2020), and land cover conditions (Suh et al., 2021).

Tabelle 7.5. The performance (Recall, Precision, F1) of the different versions of theYOLOv4 framework on the
validation, and test datasets. Notice the difference in confidence threshold between the different datasets.

Validation (conf
thresh 0.25)

Test area 1 (conf
thresh 0.5)

Test area 2 (conf
thresh 0.9)

Model Upsam-
ple stride

Loss
function

Accuracy
metric

Recall Precision F1 Recall Precision F1 Recall Precision F1

1 2 CIoU mAP@0.5 0.90 0.85 0.88 0.65 0.89 0.75 0.38 0.15 0.21

2 4 CIoU mAP@0.5 0.90 0.87 0.89 0.61 0.89 0.73 0.36 0.24 0.28

3 2 GIoU mAP@0.5 0.91 0.86 0.88 0.71 0.69 0.70 0.52 0.09 0.15

4 4 GIoU mAP@0.5 0.90 0.87 0.88 0.66 0.88 0.754 0.40 0.18 0.24

5 2 GIoU mAP@0.9 0.90 0.85 0.87 0.62 0.87 0.72 0.30 0.25 0.27

6 4 GIoU mAP@0.9 0.91 0.86 0.88 0.60 0.92 0.72 0.25 0.37 0.30

Another factor that can have a considerable impact on the performance of detection are ch-
anges in the LiDAR data quality (Bonhage et al., 2021; Suh et al., 2021; Verschoof-van der
Vaart & Landauer, 2022). This is clearly illustrated by the large decline in performance bet-
ween Test area 1 and Test area 2 (Table 7.5). An inspection of the properties of the LiDAR
data of both test areas shows that Test area 2 has a lower ground point density than Test
area 1 (Table 7.1). This results in the appearance of interpolation errors (C�ţeanu & Ciubo-
taru, 2020). These errors are particularly problematic for this research, as their appearance
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Abbildung 7.5. Excerpt of LiDAR data, in (scale 1:2000), visualized with Simple Local Relief Model (Hesse,
2010), showing a RCH in (blue outline) and an interpolation error in (red outline).

in the interpolated and visualized DEM data is often round, and thereby very comparable
to RCHs (Figure 7.5). This results in the severe drop in Precision from on average 0.86 (Test
area 1) to on average 0.21 (Test area 2). As a solution to this problem, an additional post-
processing step was developed to automatically filter out the majority of FPs resulting from
these interpolation errors. Further investigation proved that the slope within the interpo-
lation errors varies little, i.e., the standard deviation (stdev) of the slope within the errors
is low. Therefore, a combination of different GIS processing algorithms (Algorithm 2) was
developed. For every bounding box (detection polygon), the centroid is computed and a
buffer with 4 m radius is generated. The size of the buffer was empirically determined to
make sure no edges of the RCHs or the interpolation artefacts where included, while still
allowing the computation of the slope standard deviation by including enough raster cells.
These buffer polygons are compared to a slope map of the original DEM resolution, which
has been created with an added z-factor of 10 and then has been subsequently converted
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to integer values to allow the use of the Zonal Statistic Toolbox in ArcGIS. For each buffer
polygon, the standard deviation (stdev) of the slope is calculated. Subsequently, the buffer
polygon feature tables are joined with the detection polygons based on their location. Every
detection polygon with a slope standard deviation lower or equal than the threshold of 4.5
is removed. This threshold was determined by comparing the slope standard deviation of a
selection of the interpolation errors.

Tabelle 7.6. The original and recalculated performance (Recall, Precision, F1) of the different versions of the
YOLOv4 framework on the test datasets. Notice the difference in confidence threshold between test area 1
and 2.

Test area 1 (conf thresh 0.5) Test area 1 (conf thresh 0.5)
Original Recalculated

Model Up-
sample
stride

Loss
func-
tion

Accu-
racy
metric

Recall Precisi-
on

F1 Recall Precisi-
on

F1

1 2 CIoU mAP@0.5 0.65 0.89 0.749 0.64 0.96 0.757
2 4 CIoU mAP@0.5 0.61 0.89 0.73 0.61 0.93 0.73
3 2 GIoU mAP@0.5 0.71 0.69 0.70 0.70 0.76 0.73
4 4 GIoU mAP@0.5 0.66 0.88 0.754 0.65 0.91 0.759
5 2 GIoU mAP@0.9 0.62 0.87 0.71 0.62 0.92 0.74
6 4 GIoU mAP@0.9 0.60 0.92 0.725 0.59 0.94 0.72

Test area 2 (conf thresh 0.9) Test area 2 (conf thresh 0.9).
Original Recalculated

Model Up-
sample
stride

Loss
func-
tion

Accu-
racy
metric

Recall Precisi-
on

F1 Recall Precisi-
on

F1

1 2 CIoU mAP@0.5 0.38 0.15 0.21 0.37 0.29 0.32
2 4 CIoU mAP@0.5 0.36 0.24 0.28 0.34 0.42 0.38
3 2 GIoU mAP@0.5 0.52 0.09 0.15 0.5 0.14 0.21
4 4 GIoU mAP@0.5 0.40 0.18 0.24 0.39 0.32 0.35
5 2 GIoU mAP@0.9 0.30 0.25 0.27 0.3 0.43 0.35
6 4 GIoU mAP@0.9 0.25 0.37 0.30 0.25 0.57 0.34

To evaluate the effectiveness of this post-processing step, the models’ performance on Test
area 1 and Test area 2 was recalculated (Table 7.6). Based on the results, interpolation errors
account for 25 to 41 % of the FPs in Test area 1, while in Test area 2 the percentage lies bet-
ween 43 and 59 %. The remaining FPs are mainly caused by a variety of natural landforms
that ‘mimic’ RCHs. For Test area 1 a slight decrease in Recall (0–1 point) and an increase in
Precision (2–8 points), with an overall increase in performance (F1) between 0 and 3 points
can be observed. The impact on the performance of Test area 2 is more notable. While the
Recall is only slightly decreasing, the Precision increases by 5-20 points, i.e., the procedu-
re is effective and efficient in predominantly deleting false positive sites. In summation,
false positives are generally caused by areas with low ground point density (resulting in in-
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terpolation errors), but with a central elevation value higher than the surrounding values.
Therefore, these areas can be automatically selected as being detections with low standard
deviation of the elevation values.

7.5.2 Results of the implementation of specific adjustments

The results (Table 7.5 & 7.6) display that the specific adjustments are of influence on the
performance. More specifically, the increase of the upsampling stride seems to have a nega-
tive influence on Recall, while improving Precision. Changing the loss function from CIoU
to GIoU improves Recall, but decreases Precision. Finally, changing the mAP results in an
increase in Precision, but a decrease in Recall. The version of YOLOv4 with the best Recall
is model 3, which concerns the base model with GIoU. However, this model also has the
lowest Precision of all versions (see Table 7.5 & 7.6). The opposite is true for model 6. This
version reached the highest Precision, but has the lowest Recall of all versions (Table 7.5
& 7.6). The models with the overall best performance (F1) in both test areas are model 2
and 4, of which the former uses an increased upsampling stride and the latter an increased
upsampling stride and GIoU.

7.5.3 Results of the post-processing

To evaluate the automatically computed area (see Equation 1), the results of 25 randomly
selected RCHs in Test area 1 were compared to manually determined areas. The results (Fi-
gure 7.6) show that on average, the automatically determined area is still an overestimation
of the actual area. Even though the overestimation is less than 20 sq. m on average, which
we deem an acceptable error.

To evaluate the performance of the average slope algorithm (see Algorithm 1), the results
for 50 RCH locations in the training area where compared with manually determined slope
values (see Bonhage et al., 2020b). The results show that 46 % (23 out of 50) of the auto-
matically calculated slope values are within 1 degree of the manually determined slopes,
while 94 % (47 out of 50) are within 4 degrees. Three locations yield widely different values
(> 4-degree difference). A manual investigation of these outliers shows that two are located
on a ridge surrounded by low-lying areas (e.g., gullies; Figure 7.7, A & B). For the other
outlier (Figure 7.7, C) no clear cause for the discrepancy can be found, although it should
be noted that the difference between the two slope values for this location is reasonably low
(4.1 degrees) in comparison to the other outliers (6.1 and 9.5 degrees respectively).
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Abbildung 7.6. Boxplot graph showing the difference (in fractions) between the automatically andmanually
determined area of 25 RCHs.

Abbildung7.7.Excerptsof LiDARdata, in scale 1:2000, visualizedwithSimple Local ReliefModel (Hesse, 2010),
showing the three predicted RCH locations in blue outline.

7.5.4 Application andTransferability of the ARCHMAGEworkflow

Based on the results (section 7.4.3), model 2 was regarded as the most suitable to be used
for large scale mapping of RCHs in the entire state of Connecticut.The testing time on circa
214,500 subtiles took about 40 hours on Colab, using a Nvidia T4, P100, or V100 GPU. The
results were post-processed (see Section 7.4.3 and 7.5.3), which resulted in 43,197 detec-
tions. The distribution of these detections shows a clear concentration in the northwestern
part of Connecticut, with up to 194 RCHs per sq. km (see Figure 7.8). The highest concen-
tration can be found in the western part of the Salisbury district, in Sharon County. To get a
first impression of the results, a comparison was made to the distribution of known RCHs,
obtained through manually mapping, by Anderson (2019). Note that the latter only shows
the presence or absence of RCHs, while our results also show the number of RCHs per sq.
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Abbildung 7.8. Overview of the distribution of RCHs (per sq. km) in the state of Connecticut, based on prior
research by Anderson (2019; top) and current research (bottom). The top figure shows the presence (orange)
or absence (lilac) of RCHs. The bottom figure shows the numbers of RCHs per sq. km (in shades of orange) or
absence (lilac). Note that cells with less than 3 RCHs are omitted. The Training area is shown in black, the Test
areas in blue. The red outline shows the newly discovered concentration of RCHs nearWest Stafford.
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Abbildung 7.9. Excerpt of LiDAR data, visualized with Simple Local Relief Model (Hesse, 2010), showing part
of the newly discovered cluster of RCHs in Shenipsit State Forest nearWest Stafford.

km (Figure 7.8). A visual inspection reveals a clear overlap between both distributions, wi-
th minor differences between the extents of individual concentrations. A major deviation
can be observed in the northeastern part of the state (Figure 7.8, red outline). This was con-
firmed to be a concentration of previously unknownRCHs in Shenipsit State Forest near the
town ofWest Stafford (Fig. 7.9).This demonstrates that ARCHMAGE is able to successfully
detect RCHs over the entire state of Connecticut, even when the terrain and LiDAR quality
varies.
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7.6 Discussion

With the ever-increasing reliance of archaeologists on remotely-sensed data (Opitz &Herr-
mann, 2018)—with some even advocating for remote sensing as the primary source for ar-
chaeological prospection of large areas (Banaszek et al., 2018)—the usability of automated
mapping approaches for large-scale archaeological survey becomes ever more important
and necessitates investigation (Lambers et al., 2019). However, up-to-now the application
of automated methods is generally limited to relatively small test areas, although a trend
towards covering larger areas can be observed (e.g., Berganzo-Besga et al., 2021; Carter
et al., 2021; Suh et al., 2021). Even though, questions concerning the reliability and trans-
ferability of these methods for large spatial scales remain (Cowley et al., 2020; Kermit et
al., 2018; Verschoof-van der Vaart & Landauer, 2022). Presumably, the application on large
areas is still mostly limited by DEM data availability, problems in handling and processing
large amounts of spatial data, and, most pressingly, the uncertainty caused by changes in
LiDAR data quality over larger areas. The usability of a method on areas with different to-
pography, land-use, and/or LiDAR data quality is challenging. As shown in this research,
variations in LiDAR data quality presumably caused by differences in data acquisition and
processing (Opitz & Cowley, 2013) and/or varying land cover conditions (Bonhage et al.,
2021; Cowley et al., 2020; Suh et al., 2021) can result in reduced and heterogeneous ground
points densities and interpolation errors (C�ţeanu & Ciubotaru, 2020) that can greatly in-
fluence detection performance. As shown in this study (Table 7.5 & 7.6), increasing the
spatial scale of the investigated area results in a drastic decrease in performance (see also
Trier et al. 2021). Unsurprisingly, the efficiency of automated mapping approaches seems
scale dependent (Bonhage et al., 2021). The effect of differences in LiDAR quality have also
been noted in other research on automated- (Banasiak et al., 2022; Dolejš et al., 2020; Trier
& Pilø, 2012) as well as manual mappings (Risbøl et al., 2013) of archaeological objects in
LiDAR data. We showed that these variations in LiDAR data quality could be addressed by
an additional post-processing step, without decreasing the information value of the LiDAR
data (e.g., by increasing the resolution of the DEM although this could be a valid solution
as well). The results of the application (Section 7.5.6) show that with this additional step,
ARCHMAGE is able to efficiently and effectively detect RCHs on very large spatial scales.

Another obstacle appears to be the general low density of objects within the test areas. The
former is a problem inherent to archaeological automated detection, as archaeological ob-
jects are more often absent than present in the landscape (Trier et al., 2021) and conse-
quently the majority of the images in the test datasets will not contain an object of interest.
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Identifying objects in such low-density datasets is a challenging task; not only for automa-
tedmethods but also for domain experts, with a decrease in object density having a negative
influence on performance (Soroush et al., 2020; Verschoof-van der Vaart, 2022). When the
density of objects decreases it negatively influences performance. This is, apart from the
problem with LiDAR data quality outlined above, the most probably cause of the decrease
in performance of our method between Test area 1 (high-density: 29 RCHs / sq. km) and
Test area 2 (low-density: 1.75 RCHs / sq. km; see also Table 7.1). In addition, the objects
within our test datasets are generally small and scarcely distributed, especially compared
to objects in more general image datasets, such as the Microsoft COCO dataset (Lin et al.,
2014), which are often large and predominately present (see for instance Verschoof-van
der Vaart, 2022, Fig. 7.2.). Deep Learning methods take advantage of the large size of ob-
jects to reduce computational cost by downscaling images when they pass through a CNN.
However, this also removes small objects, rendering them impossible to detect (Olivier &
Verschoof-van der Vaart, 2021). Small and scarcely distributed objects lead to the problem
of foreground-background class imbalance in object detection (Oksuz et al., 2019), where
one class is over-represented, in this case the background class, while the other class (fore-
ground, i.e., the archaeological objects) is under-represented (Luque et al., 2019). This im-
balance can have a major impact on the classification and generalization capacity of CNNs,
leading to bias and low performance, as these are generally geared towards detecting large,
abundantly present objects.

A final challenge when using automated detection on a large scale is thematter of validating
the results, as using a singular methodology as the primary source of information, without
verifying the results, seems neither scientifically sound, nor desirable (Bennett et al., 2014).
However, manually verifying all detections made on such a large spatial scale runs the risk
of moving the professional bottleneck (Smith, 2014) from manual analysis to manual veri-
fication, especially when automated approaches with middling performance are used. The-
refore, either an approach with very high performance is required, or alternative strategies
need to be explored to verify the results (Trier et al., 2021; Verschoof-van der Vaart et al.,
2020), such as the use of citizen science (Herfort et al., 2019; Lambers et al., 2019). Notwi-
thstanding, the need for detailed verification is very dependent of how the method and its
results are embedded within the wider research framework (Banaszek et al., 2018; Cowley
et al., 2020; Lambers et al., 2019; Opitz & Herrmann, 2018). In the case of this research,
the aim was to develop a method that can be used in subsequent research on legacy effects
on a landscape scale (see Section 1). As such, the validation and correctness of every single
detection might not be necessary (see also Soroush et al., 2020). Alternatively, a shift may
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become necessary from a fixation on individual detections being correct, to the overall pat-
terns being descriptive (Cowley, 2012; Sadr, 2016). While individual detections might not
always be correct; the overall patterns in the landscape might be correctly reproduced by
the automated method (Gallwey et al., 2019). For instance, the comparison in distribution
of RCHs in Connecticut, as shown in Figure 8, can inform us on of the methods ‘pattern
descriptiveness’. Although the true value of using automated detection would lie in the dis-
covery of RCHs in areas priory devoid of these objects of interest, i.e., deviations from the
prevailing pattern.

7.7 Conclusion

In this research we presented a novel approach (ARCHMAGE) based on open source data
and software to automatically detect relict charcoal hearths (RCHs) in large-scale LiDAR
datasets and simultaneously provide general as well as domain-specific information. The
workflow consists of three steps: a preprocessing step that converts the DEMdata into input
images (subtiles), based on geospatial information about known RCHs; a step concerning
the Deep Learning-based object detection; and a post-processing step where the results
of the object detection are converted back into geospatial data. In addition, two domain-
specific parameters, i.e., area and local slope are calculated. Our study shows that ARCH-
MAGE is able to effectively detect RCHs in Connecticut, with F1-scores ranging between
0.21 and 0.76, although an additional post-processing was needed to deal with variations in
LiDAR quality between different test areas. The results of applying best performing version
of the prediction model (with an average F1-score of 0.56) on the entire state of Connec-
ticut show a clear overlap with the known distribution of RCHs in the region, while new
site clusters were found as well, showing the usability of the approach on large-scale datasets
even when the terrain and LiDAR quality varies. Future research will focus on the improve-
ment of the overall workflow and especially the generation of domain specific information.
For instance, preprocessing of the LiDAR data to remove interpolation errors would enhan-
ce the performance of the workflow. Additional post-processing is envisioned to deal with
overlapping bounding boxes, caused by the overlap in the subtiles (which is estimated to
occur in circa 4 % of all detections). Another possible angle of research would be to use se-
mantic segmentation (e.g., Guyot et al., 2021) to improve the calculation of domain specific
information. Furthermore, the results of the statewide detection and analysis will be used in
subsequent research to analyze site distributions as well as morphological- and pedological
legacy effects of historic charcoal burning on a landscape scale. The additional information
of the sites local slope and surface area will be used to calculate specific site volumes and
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subsequently how much soil substrate was moved and what the sites element stocks are.
The datasets and methods created in this research will be made freely available in the near
future.
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8 Fromsite tostate -Quantifyingmulti-
scale legacy effects of historic land-
forms from charcoal production on
soils in Connecticut, USA

This chapter is published as: Bonhage, A., Raab, T., Schneider, A., Raab, A., Ouimet,W., Völ-
kel, J., Ramezany, S.: From site to state - Quantifying multi-scale legacy effects of historic
landforms from charcoal production on soils in Connecticut, USA. Catena. https://doi.org/
10.1016/j.catena.2023.107426 The Annex contains additional, previously unpublished ma-
terial regarding concentrations of exchangeable cations, pedogenic (hydr)oxides and total
element concentrations.

8.1 Abstract

Relict charcoal hearth (RCH) landforms are relatively small (average diameters of 11 m)
and circular microrelief features found inmany forests of the North-Eastern USA and Cen-
tral Europe. Soils on RCHs are special in that they are significantly enriched in organic-
(OC) and pyrogenic carbon (PyC), caused by the admixture of charcoal. Many studies have
shown that this results in changed soil chemical and physical properties, making RCHs uni-
que soil microhabitats. However, questions about their larger impact on a soil landscape’s
carbon storage have hardly been studied so far; an aspect that could become more relevant
with growing RCH site location databases. Here we show that RCHs can substantially add
to a landscape soil organic- and pyrogenic carbon storage. This effect is scale dependent,
i.e. a larger scale of observation (1:20,000) will result in significant additions for areas with
high site densities (+ 22.6 % OC, 128.6 % PyC), contrary to smaller scales of observation
(>1:650,000) where the effect is diminished (+ 0.2 % OC, + 1.2 % PyC). A comparison with
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a nationwide soil database (gSSURGO) shows that in areas with high site densities, indi-
vidual soil unit OC contents are increased by up to 91.6 %. An exemplary comparison to
historic terrace/lynchet systems shows that RCHs store vastly more carbon when pedons
of the same size are compared. However, if the actual landform surface areas are taken into
account, RCHs store a lot less. This is showcasing the spot-like distribution of RCHs on a
landscape scale. Furthermore, we broaden the knowledge about RCH site specific proper-
ties in Connecticut by a first analysis of pedogenic (hydr-)oxide and exchangeable cation
concentrations, with the result indicating increased weathering rates and enrichment of
exchangeable Ca2+, Mg2+ and Mn2+ in RCH soils.

8.2 Aims

We hypothesize that, in addition to site-specific legacy effects, the historic charcoaling in-
dustry in Connecticut caused changes to soils that are quantifiable on a landscape scale.
With this study, we aim at complementing the existing database of known site-specific RCH
soil properties in Connecticut, USA, with a focus on exchangeable cations and pedogenic
(hydro-)oxides indicating changes in the mineral phase of the soils affected by the charcoal
burning. Furthermore, we aim at gaining information about the extent of legacy effects in
the state of Connecticut (USA) on four scales: site (single/individual RCH platform), land-
scape (1:20,000), county/district (1:650,000) and state (1:1,250,000). In a geopedological
approach, we combine available RCH soil chemical and physical properties, determined by
this and already published studies and a state wide site mapping. We asses site aggregation
patterns and correlations with topographical positions and relief ruggedness parameters.
Furthermore, we calculate anthropogenically redistributed soil substrate masses and ele-
ment stocks of RCHs. With this we aim at gaining a more holistic view of the extent of
legacy effects of RCH soils on today’s soils and landscapes.

The specific aims of the study are to:

• Determine the RCH- and reference soils horizons total element and pedogenic
(hydro-) oxide concentrations to analyse rates of crystallinity and assess weathering
activity;

• Determine concentrations of exchangeable cations;

• Statistically analyse morphometric variables of RCH landforms (volume, mass, sur-
face area);

• Analyse RCH locations in terms of terrain ruggedness and topographic position;
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• Assess the RCH landforms legacy effect on organic-pyrogenic carbon stocks from a
site to a landscape scale.

8.3 Methods

8.3.1 RCH soil property database

This study builds on data gathered from previously published studies (Bonhage et al. 2020,
Bonhage et al. 2022). 52 RCHs along two catenas have been extensively sampled volumetri-
cally in 5 cm vertical spacing (honouring horizon boundaries) on three positions within
a site (upslope, middle, downslope); with one reference soil profile being sampled outside
each site. TOC concentrations have been measured by dry combustion using a total ele-
ment analyser (Elementar© Vario Max Cube). Pyrogenic carbon concentrations have been
measured using a modified benzene-polycarboxylated acid (BPCA) method with a subse-
quent conversion factor of 2.27, in combination with a chemometric approach predicting
BPCA-C concentrations using FTIR-MIR spectra. Soil acidity (pH) was measured in 0.01
M CaCl2 (1:2.5 w:w).

8.3.2 Soil chemical analysis

Further analysis was conducted on representative subsets of the dataset described in section
3.1. Total element concentrations and cation exchange capacitywasmeasured on 85 samples
from 5 RCH sites and 59 samples from 11 reference soils. Total element concentrations are
determined by aqua regia (1:3 65 % HNO3 + 35 % HCl) digestion in a Mars 6 Synthesis
microwave system and subsequent element determination using plasma atomic emission
spectroscopy (MP-AES 4100, Agilent). Exchangeable elements and effective cation exch-
ange capacity (CEC) are determined according to Hendershot et al. (2006) using BaCl2 as
cation displacement agent with subsequent element determination by MP-AES. Pedoge-
nic (hydro-)oxides are determined for 42 samples from the same 5 RCH sites and for 19
samples from 6 reference soils by using 1g sample material in a sequential extraction (Völ-
kel 1995) with Sodium-Pyrophosphate (Na4P2O7), Ammonium-Oxalate ((NH4)2C2O4)
and Sodium-Dithionite (Na2S2O4), with element concentrations being determined by ato-
mic absorption spectroscopy (AAS, Thermo Scientific™ iCE™ 3000). The non-parametric
Mann-Whitney-U (SPSS 14, IBM) test was applied to check for statistical significance when
comparing soil parameters.
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8.3.3 GIS based quantification of legacy effects

8.3.3.1 Calculating RCH site Volume &Mass

We utilize a recent DEM-based mapping of RCH sites covering the complete state of Con-
necticut that not only describes the location of sites, but also provides their surface area and
the local slope on which they are build (Verschoof-van der Vaart et al. 2022). To calcula-
te RCH site volumes, substrate masses and element stocks, we utilize a process described
by Bonhage et al. (2020) that geometrically abstracts RCH sites to cylinders. For sites on
slopes, the thickness and stratigraphy are correlated to the local slope of each site (i.e. an
RCH sites overall thickness will increase the steeper the slope is its build upon). For sites on
flat terrain, an average thickness is assumed. A slope threshold of 4° is used to classify sites
as either single-layered flatland sites (< 4°) or multi-layered sloped sites (> 4°). With this
approach, we assume that an RCH is a self-contained epipedon that lies sharply delineated
from adjacent pedons within the natural soil landscape. Average bulk densities for RCH
soil horizons are used as described by Bonhage et al. (2020): Auh 0.69 g cm−3, 2Cu 0.89 g
cm−3 and 3Auh 0.81 g cm−3.

8.3.3.2 RCH site distribution

e state-wide site density per km2 was calculated using the Point Density toolbox of ArcGIS
10.4.1 (cellsize 10 (feet), circle with radius of 250 m) and then classified for visualisation
using Natural Breaks (Jenks) (10 classes). The Terrain ruggedness Index (TRI) and Topo-
graphic Position Index (TPI) were calculated based on a DEM with 10-meter cell size ba-
sed on state wide available LiDAR data (2016, CTECO, http://www.cteco.uconn.edu/). The
TRI was calculated in SAGA-GIS 8.4.0. The index gives information about topographic he-
terogeneity by calculating the sum change of elevation values between a grid of eight cells
around a target cell (Riley et al. 1999). Lower values of TRI indicate less rugged-, larger va-
luesmore rugged terrain. For ease of computation, TRI values were grouped into ten classes
(1 = low, 10 = high), whereby class boundaries are determined byNatural Breaks (Jenks). To
classify landscape positions, we applied the Topographic Position and Landform Analysis
workflow implemented in the Land Facet Corridor toolbox (v.1.2.884) for ArcGIS 10.4.1.
Thereby, the TPI (standardized elevation) is created and classified according toWeiss (2000)
(circle, radius = 50 cells). To classify the 6 slope positions (Ridge, Upper-, Steep Slope, Flats,
Lower Slope, Valley) suggested by the author, we use his thresholds for TPI standard devia-
tion units, which proved to be sensible for our study area. To analyse the occurrence of
significant spatial clusters of large and small RCH sites, we applied the Getis-Ord Gi* sta-
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tistic, as implemented in ArcGIS 10.4.1. The test gives information about local pockets of
spatial dependence within a dataset (Getis &Ord 1992), i.e. it does not indicate the location
of sites that are larger (Hot Spots) or smaller (Cold Spots) than the datasets global mean,
but the location of significant spatial clusters (aggregations) of such sites. We used the tool-
box Optimized Hot Spot Analysis of ArcGIS 10.4.1 to determine the optimal fixed distance
band to 30 nearest neighbours for the Cluster analysis, which is 1265 meters.

8.3.3.3 Calculating Forest SOC stocks and comparison with soil survey data

Forest soil SOC stocks for Connecticut are calculated based on a land cover dataset (30
meter cell size) that gives areas for mixed, coniferous and deciduous forests (NLCD 2016
Landcover, https://www.mrlc.gov/data) in combination with published concentrations of
SOC storage in forest soils (compiled by Tomasso et al. 2014). We averaged the given con-
centrations for coniferous (52.6 Mg ha−1) and deciduous (78.5 Mg ha−1) forests soils to
get a mean for mixed forests soils (65.5 Mg h−1). Total stocks were then calculated by mul-
tiplying forest areas with the given SOC stocks per hectare. We estimated PyC stocks for
forest soils based on the available average SOC and PyC concentration and ratio for Ah-,
Bw, and C-horizons (est. 0 – 50 cm depth) (Bonhage et al. 2022). The result shows that 14.4
% of SOC in forest soils can be estimated to be PyC, which is within the range of usually
reported ratios (Reisser et al. 2016).

Additionally, we compare added SOC stocks from RCHs to forest soils using properties
from a frequently used nationwide soil database (Gridded Soil Survey Geographic Databa-
se, gSSURGO, Soil Survey Staff, 2022). Thereby, carbon stocks for soil units (polygons) are
calculated using their given area and carbon concentrations per square meter (0 – 100 cm
depth). These soil unit SOC stocks are then compared to the TOC contents of all RCH sites
within each polygon.

8.4 Results and Discussion

We sorted the results for better reading comprehension. First we discuss site specific results,
then, for the larger scale analysis, we grouped the results into site distributions, morpholo-
gical legacy effects and carbon stock legacy effects.
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8.4.1 Site scale

8.4.1.1 Carbon, pH and exchangeable cations

A recent study (Bonhage et al. 2022) has shown that total organic carbon and pyrogenic
carbon concentrations of sites in the Litchfield area (Tab. 1) are well aligned with previously
published results for sites in Connecticut and elsewhere (Donovan et al. 2021, Raab et al.
2022). Total organic carbon concentrations, as well as highly aromatic (pyrogenic) carbon
concentrations are significantly increased for the Auh and Cu horizons compared to other
horizons. Buried horizons, notably theAhb, have increasedPyC concentrations. Soil acidity,
measured as pH value, is slightly stronger for Ah and Auh horizons, presumably caused by
humification of fresh litter and, additionally, by charcoal degradation processes resulting in
the formation of aromatic acids in Auh horizons. Effects on soil pH as seen during initial
phases of biochar application (liming effect), are generally not reported for RCH soils, as
for most sites there is no distinct difference to reference Ah-horizons (Raab et al. 2022).

Tabelle 8.1. Averaged total organic carbon (TOC), pyrogenic carbon (PyC) and pH values for RCH (Auh, Cu),
reference (Ah, Bw, C) and buried soil horizons (Ahb, Bwb) (data taken from Bonhage et al. 2022)

n TOC+ [g kg−1] PyC* [g kg−1] pH [CaCl2]

Auh 42 94.6 78.5 4.2

Cu 8 38.4 25.6 4.7

Ah 5 53.8 4.0 4.1

Ahb 11 17.4 9.5 4.7

Bw 10 13.3 4.5 4.5

Bwb 23 16.8 5.1 4.8

C 7 8.6 2.4 4.9
+ determined by dry combustion, see Bonhage et al. (2022) * determined by benzene-polycarboxylated-acidmarkers, see Bonhage

et al. (2022)

While the increased CEC of Auh horizons compared to reference Ah horizons (Tab. 2)
is not significant (p = 0.13), the difference in the sum of certain exchangeable cations is.
Thereby, exchangeable Ca2+, Mg2+ and Mn2+ concentrations are significantly increased
in Auh horizons (p < 0.05), while Fe3+, K+ and Na+ concentrations are significantly de-
creased (p < 0.05). Increases inCa2+ andMg2+ concentrations have been reported for RCH
soils (Mastrolonardo et al. 2019, Hirsch et al. 2018) and linked to the increased presence of
phenolic and carboxylate groups on aged charcoal in soils (Burgeon et al. 2022). Notab-
ly, exchangeable Mg2+ and Ca2+ are increased in buried horizons as well, although to a
comparably lesser degree and only significantly for Bwb-horizons (p < 0.05) when com-
pared to reference Bw-horizons. This is potentially indicating vertical leaching of cations,
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Tabelle 8.2. Cation exchange capacity (CEC in cmolc kg-1) and exchangeable cations (in cmolc kg-1) for refe-
rence (Ah, Bw, C), technogenic (Auh, Cu) and buried soil horizons (Ahb, Bwb). BS (%) and Al (%) give the base-
and aluminium saturation

Soil Horizon/

ex. elements

Auh

n = 31

Cu

n= 7

Ah

n = 14

Ahb

n = 5

Bw

n = 32

Bwb

n = 24

C

n = 11
CEC 10.96 8.04 6.40 5.10 3.99 4.19 3.32
Fe 0.01 0.02 0.02 0.01 0.06 0.03 0.02
Al 2.07 1.30 0.45 0.31 2.24 0.54 0.36
Mn 0.16 0.09 0.05 0.02 0.07 0.01 <0.01
Ca 6.14 4.53 2.83 2.24 1.89 1.57 1.51
Na 1.09 1.03 0.98 0.94 1.31 1.15 0.90
K 0.16 0.11 0.09 0.08 0.21 0.10 0.12
Mg 1.26 0.97 0.70 0.58 0.47 0.36 0.36
BS % 73 79 62 91 85 91 89
Al % 25 20 36 8 14 8 10

which could be linked to leaching of aromatic acids originating in the charcoal rich sub-
strate (Bonhage et al. 2022). That is especially relevant for Ca2+ (Kalinichev & Kirkpatrick
2007). Leaching of K+, as reported for RCH sites under agricultural use (Burgeon et al.
2022), cannot be proven for our study area.

8.4.1.2 Pedogenic (hyrd-)oxides

The extraction of pedogenic iron, aluminium and manganese can give information about
the weathering state of a soil (e.g., Blume 1969). Figure 8.1 shows concentrations of pedoge-
nic oxides and ratios of activity (Feo/Fed), as well as crystallinity (Fed/Fet) (see also Annex
Tab. A1). Brunification, the release of iron by weathering of minerals and formation of se-
condary iron oxides, is the dominant pedogenic process in our study area and can be seen
by studying the soil morphology. This process is also reflected in the highest Fed concen-
trations in Bw horizons of the reference soils. Activity- and crystallinity ratios are slightly
increased for RCH and buried soils, with the exception of a markedly higher activity ratio
for Ah horizons and almost equal activity ratios for Bwb and Bw horizons (Fig. 8.1). This
suggests an increased overall weathering state of iron in soils affected by historical charcoal
production, not only in terms of crystalline iron compounds, but also in terms of amor-
phous ones.

High activity ratios are usually found in Ah-horizons, where organic matter contents can
result in unfavourable conditions for crystallisation (Blume & Schwertmann 1969). The
disparity between Auh- and Ah- horizons activity ratio could indicate that changes to pe-
dogenic oxides are not the result of an pedogenic process, but rather the direct result of
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Abbildung8.1.Concentrations of sequentially extractedpedogenic oxides (pyro –pyrophosphate, oxa – oxa-
late, dit – dithionite) in RCH soil (Auh, Cu), buried soil (Ahb, Bwb) and reference soil (Ah, Bw, C).

heating the mineral substrate during the hearths operation. Qualitative changes to pedoge-
nic iron (hydr-)oxides in RCH- and buried soils haven been described in Germany. Ther-
eby, the RCH soil horizons and sometimes the topmost centimeters of buried B-horizons
have heat-induced increased contents of magnetite, maghemite and hematite, causing an
increase in the magnetic mass susceptibility (Hirsch et al. 2018). This effect of pyrogenic
magnetic enhancement is also seen for wildfire affected soils, and is there discussed at least
partly to be caused by minerals originating from burned vegetation ash that has been in-
corporated into the topsoil (Jordanova et al. 2019a).

Most prominent is the increase of Mnox in the Auh, Cu and the buried Ahb horizon, which
comes to around +65 % when compared to the reference Ah horizons (Fig. 8.1, Annex A1).
Furthermore, for Auh horizons the amount of exchangeable Mn2+ is increased by +128 %
compared to Ah horizons (p < 0.05).Manganese is accumulated in acidic topsoils by plant
uptake of soluble Mn2+ and consequent litter decomposition that leads to the oxidation
of Mn2+ to insoluble Mn oxides in the soil environment (Li et al. 2021). The oxidation of
mobile Mn2+ is dominantly facilitated by biotic processes (e.g. bacteria and fungi) (Tebo
et al. 2004). Abiotic oxidation processes can take place, e.g. oxidation by reaction with Fe-
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Tabelle 8.3. Total element concentrations of recovered macroscopic charcoal pieces from two RCH sites
Sample ID Ca Mg Mn Al Na K

mg kg−1

45-3a 7,669 1,275 958 11,850 618 761
45-3b 8,154 1,364 1,009 12,557 704 773
56-3a 9,023 1,251 597 10,266 728 1037
56-3b 8,213 1,127 534 9,316 718 984

oxides, however, they are favoured mostly in alkaline conditions (Li et al. 2021). Relatively
high concentrations of total Mn in recovered charcoal pieces (Tab. 8.3) let us assume that
charcoal is themain source of additional Mn2+ in RCH soil. Increase ofMn concentrations
are also reported for wildfire affected soils (Jordanova et al. 2019b).

As studies focusing on microbial characteristics of RCH soil are very rare so far, future re-
search should also address the potential effect of increasedMn concentrations onmicrobial
growth in RCH soils. First studies show no significant differences in microbial biomass in
RCH soils under agricultural use (Kerre et al. 2017) and some changes in fungal (Garcia-
Barreda et al. 2017) and bacterial abundance and composition (Lasota et al. 2021, Gießel-
mann et al. 2019). Bonhage et al. (2022) found potential evidence for changed SOM turno-
ver dynamics in RCH soils in Connecticut, which is especially interesting in this context
given the key role of manganese as a biotic and abiotic oxidizer of soil organic matter (Li
et al. 2021). Wildfire affected soils can exhibit changes to microbial activity that influence
pedogenic oxide contents of soils (Jordanova et al. 2019b), however it is unknown if this
effect happened or is still present in the centuries old RCH soils.

8.4.2 Landscape, County and State scale

8.4.2.1 State-wide site distribution

In total, 34,692 RCH sites are included in the available state-wide dataset, whereby 8,187
sites (24 %) are located on terrain with a slope < 4°. Therefore, they can be classified as
single-layered type 2b RCHs (sites on flat land) according to Hirsch et al. (2020). Conver-
sely, 26,505 sites (76 %) are located on terrain with a slope > 4°, making them multi-layered
type 3b RCHs (sites on slopes). We use Connecticut‘s county and township boundaries as
a mean of segmenting the area. The site distribution shows that the largest impact of the
historic charcoaling industry took place in Litchfield county, where 60 % of all RCH sites
and the highest site densities (310 per km2) are found (Fig. 8.2A). Thereby, townships in
the Salisbury Iron District (Sharon, Cornwall, Kent, Canaan and Litchfield) have the hig-
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hest site occurrences in Litchfield county on mountains along the Housatonic River.

The Getis Gi* cluster analysis shows the presence of multiple hot spots (cluster with larger
sites) and cold spots (cluster with smaller sites) throughout the state of Connecticut (Fig.
8.2B). Thereby, 9,780 sites are part of hot spots and 6,107 part of cold spots. Most notably is
the abundance of cold spots in the eastern part of the state versus the occurrence of hot spots
in the western part. Hot Spots are especially prevalent in Litchfield county, which further
highlights the concentration of charcoaling efforts around the Salisbury Iron District that
resulted not only in more, but also bigger RCH sites. Other noticeable site aggregations
(100 sites per km2 or more) are located in south east Hartford, centering around the town
Marlborough, in north eastern Fairfield near Newtown along the Housatonic River and in
western Hartford near the towns Burlington and Simsbury.

Abbildung 8.2. A) RCH site density in the state of Connecticut. Site locations are taken from Verschoof-van
der Vaart et al. (2022). DEM data, State- and County boundary polygons are taken from the Connecticut De-
partment of Energy andEnvironmental Protection (CTECO, http://www.cteco.uconn.edu/), Coordinate system
WKID: 6434.; B) Map of Getis-Gi* Clusters for RCH sites areas. Hot Spots indicate significant spatial clusters of
larger sites; Cold Spots indicate significant spatial clusters of smaller sites. C) Map of the state-wide Terrain
Ruggedness Index (TRI).
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Abbildung 8.3. State-wide A) Terrain Ruggedness Index (TRI) cell values for each class (1 level, 10 extreme-
ly rugged) compared to RCH site occurrence, B) Topographic Position Index (TPI) cell values for each class
compared to RCH site occurrence.

The state-wide Terrain Ruggedness Index (Fig. 8.2c, Fig. 8.3a) indicates an increase in rug-
gedness towards the western part of Connecticut and the onset of the Appalachian moun-
tain massife, with its highest values being reached in the Salisbury Iron District. TRI cell
values ≤ 5 make up 95 % of the states total area, while 77 % of RCH sites are located on
them. The remaining 23 % of all sites are located on 5 % of the state’s area with TRI va-
lues > 5, showing a slight proclivity of site occurrences toward rougher terrain. This is in
contrast to findings from Europe, where in two study areas (North German Lowland and
Northern Bavaria) RCH site occurrences tended to increase towards flat, less rugged terrain
(Schneider et al. 2020). Taking into account TPI derived slope positions (Fig. 8.3b), 37 %
of RCH sites are located on steep slopes that make up 24 % of state-wide cell values. Aggre-
gating RCH sites occurrences for TPI classes signifying sloped terrain in general (Ridges,
Upper Slope, Steep Slope, Lower Slope) gives a sum of 79 %, while 3 % are found in valley
positions, and 18 % on flat terrain. Potentially, there are two major drivers towards the in-
creased abundance of sites on sloped terrain. First, the steepest and most rugged terrain is
found in the area of the historic Salisbury Iron District, a mountainous area with abundant
opportunities for ore-mining and iron smelting industries. Secondly, the rough conditions
encountered by the settlers and early New England inhabitants made it necessary to dis-
tribute the landscape pragmatically: land suitable for agriculture was used as such, making
upland forests and steep hills a preferred site for charcoal production (Gordon 2001).

Other large scale studies of RCH site distributions in Germany note a similar aggregated
pattern, where increased site densities could often be related to the location of historical
industrial sites; but also often times lack an obvious spatial relationship, especially in he-
terogeneous terrain where relief and morphology then become an important factor in site
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Tabelle 8.4.Measured and calculated morphometrics and mass for relict charcoal hearth sites in the state of
Connecticut (average ± one standard deviation).

Geographic
boundary

RCH sites* Average RCH
surface Area*

Average RCH
Volume

Average RCH mass Total RCH mass

n m2 m3 Mg Mg
Connecticut St 34,692 183 ± 52 103 ± 46 75.6 ± 35.3 2,622,888
Litchfield Ct 21,573 191 ± 48 117 ± 41 86.5 ± 31.2 1,866,976
Fairfield Ct 1,721 174 ± 60 87 ± 47 63.3 ± 35.8 108,980
Hartford Ct 3,681 183 ± 54 91 ± 47 66.4 ± 35.4 244,500

New Haven Ct 1,714 169 ± 58 84 ± 45 61.0 ± 34.1 104,622
Middlesex Ct 1,143 172 ± 55 76 ± 43 55.3 ± 32.1 63,307
Tolland Ct 1,682 153 ± 50 70 ± 42 50.9 ± 31.3 85,648

Windham Ct 1,447 151 ± 58 62 ± 41 44.7 ± 29.94 64,702
New London Ct 1,731 162 ± 55 67 ± 40 48.6 ± 30.4 84,149

* Site information taken from Verschoof-van der Vaart et al. (2022)

occurrences (Schneider et al. 2020). Furthermore, cluster of larger and smaller sites within
areas of high RCH site densities have been discussed as resulting from charcoaling activities
during different time periods, a rapid overabundance of wood (e.g. caused by calamities)
or other local peculiarities that influenced the intensity of charcoal production (Raab A. et
al. 2017).

8.4.2.2 Morphological legacies

State wide, the estimated average surface area of all sites is 183 ± 52 m2 (Tab. 8.4), which
means their average diameter is 15.2 ± 8.1 meters. For type 3b sites on slopes, the average
diameter is 15.3 ± 8.0 meters, for type 2b sites on flatlands its 15.0 ± 8.7 meters. This is
well above the average (field mapped) size of sites in study areas previously reported in the
county of Litchfield, that show averages of around 11.5 meters by Bonhage et al. (2020) and
9.5 meters by Raab T. et al. (2017). We see two possible reasons for this. Firstly, the majority
of sites mapped in the aforementioned studies are within a cold spot (Fig. 8.4A close up).
Secondly, the difference between field- andDEM-basedmeasured sites can be considerable,
as the determination of exact dimensions and edges of sites on DEMs is inherently inaccu-
rate when compared to field mappings. The DEM based mapping tends to overestimation
(Verschoof-van der Vaart et al. 2022).

The average RCH site has a volume of 103 ± 46 m3 and mass of 7.6 ± 3.5 Mg (Tab. 8.4).
For type 3b sites on slopes the average is 122 ± 34 m3, for type 2b sites on flatland it is 40 ±
13 m3, which shows that sloped sites have more mass due to being multi-layered and their
general construction principle. In total, our estimation shows that colliers moved and re-
distributed more then 2.6*106 Mg of soil substrate state-wide for the charcoaling industry
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Abbildung 8.4. A) RCH site Getis-Gi* cluster along the Housatonic River in Litchfield County, Connecticut.
B) Detail view of RCH locations related to slope positions and boundary of the Miles Wildlife Sanctuary site
aggregation example. Site locations are taken from Verschoof van-der Vaart et al. (2022). DEM data, State-
and County boundary polygons are taken from the Connecticut Department of Energy and Environmental
Protection (CTECO, http://www.cteco.uconn.edu/).

(Tab. 8.4), whether it be by building the platform, or reusing available RCH substrate for
multiple burnings. For comparison, the Hoover Dam constructed in the 1930s is made up
of 6.6*106 Mg of concrete .

Giving an example on a county scale, the site aggregation spanning the townships Salisbury,
Canaan, Sharon and Cornwall (Fig. 8.4A), consists of 4,919 RCH sites on appr. 77 km2 (or
7700 ha). With a total RCH mass of 419,108 Mg, this comes to 5,442 Mg moved substrate
per km2 (or 54Mg per ha). Decreasing the scale further to a landscape scale for an arbitrary
example within the aggregation, there are 377 RCH sites on 2.3 km2 (or 230 ha) in theMiles
Wildlife Sanctuary south of the Mine Mountain in the township Sharon (Fig. 8.4B). With a
total RCH mass of 31,416 Mg, this comes to 13,696 Mg per km2 (or 136 Mg per ha; or 13.6
kg per m2) of relocated substrate.

8.4.2.3 SOC and PyC carbon stock legacy

Based on the morphological features identified and the calculations done, the average SOC
stock in RCHs on a state scale is 6.1 Mg, of which 4.9 Mg are pyrogenic carbon (Tab. 5)
with most of the carbon being stored in Litchfield county. Given as content per ha, the
legacy effect on carbon stocks is comparably small, even in Litchfield county with 0.61 Mg
SOC per ha (or 0.06 kg per m2).
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Tabelle 8.5. Calculated average (± one standard deviation) and total stocks of total organic carbon (TOC) and
pyrogenic carbon (PyC) for RCH soils in Connecticut

Geographic
boundary

RCH sites av TOC stock av PyC Stock tot TOC stock tot PyC Stock TOC PyC

Mg Mg per ha

Connecticut St 34,692 6.1 ± 2.6 4.9 ± 2.1 210,935 170,466 0.17 0.14

Litchfield Ct 21,573 6.8 ± 2.3 5.6 ± 1.9 148,227 119,776 0.61 0.49

Fairfield Ct 1721 5.2 ± 2.7 4.2 ± 2.2 8949 7229 0.05 0.04

Hartford Ct 3682 5.5 ± 2.7 4.4 ± 2.1 20,084 16,230 0.10 0.08

New Haven Ct 1714 5.0 ± 2.6 4.1 ± 2.1 8615 6956 0.05 0.04

Middlesex Ct 1143 4.6 ± 2.4 3.6 ± 1.9 5300 4287 0.05 0.04

Tolland Ct 1682 4.3 ± 2.4 3.4 ± 1.9 7149 5776 0.07 0.05

Windham Ct 1447 3.8 ± 2.3 3.1 ± 1.8 5494 4447 0.04 0.03

New London Ct 1731 4.1 ± 2.3 5.8 ± 1.9 7115 5761 0.04 0.03

Tabelle 8.6. Calculated SOC and PyC stocks for forested areas compared to carbon stored in Connecticut’s
RCH soils

Boundary Stocks [Mg] Addition by RCH

Forest type Area [ha]x Forest
SOCy

Forest PyC RCH SOC RCH PyC SOC PyC

State-wide

Mixed 277,498 18,176,130 2,617,363 31,999 25,858 0.2 % 1.0 %

Evergreen 59,452 3,127,153 450,310 2,016 1,632 0.2 % 0.4 %

Deciduous 901,615 70,776,760 10,191,853 165,861 134,005 0.2 % 1.3 %

Total 0.2 % 1.2 %

Salisbury Iron District

Mixed 33,177 2,173,103 312,927 18,875 15,238 0.9 % 4.9 %

Evergreen 4,929 259,267 37,334 1,015 821 0.4 % 2.2 %

Deciduous 83,345 4,383,959 631,290 108,671 87,823 2.5 % 13.9 %

Total 1.9 % 10.6 %

M. W. Sanctuary aggregation

Deciduous 208 10,964 1,579 2,476 2,030 22.6 % 128.6 %
x based on NLCD 2016 Landcover (Conus) data, https://www.mrlc.gov/data/nlcd-2016-land-cover-conus
y based on SOC stocks compiled by Tomasso et al. (2014)
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Abbildung 8.5. Soil unit polygons from the Gridded Soil Survey Geographic Database (gSSURGO, Soil Survey
staff 2022)with added total organic carbon stocks fromRCHs compared to forest soil stocks (0 – 100 cmdepth)

However, the RCH legacy effects on carbon stocks are shown to be scale dependent (Schnei-
der et al. 2022). Additions of SOC and PyC per area increase with decreasing scale of ob-
servation (Tab. 8.6) from very little (0.2 %) to significant (22.6 %). Since most of the carbon
stored in RCH is pyrogenic and the forest soil contains comparably less PyC than SOC, the
effect on PyC stocks is more severe, especially for deciduous forest areas (up to +128.6 %).

When compared to TOC stocks of soil units from the gSSURGO database, RCHs add bet-
ween 0.1 % to 91.6 % of additional TOC to individual polygons (Fig. 8.5). Reisser et al.
(2016) estimated global PyC stocks in soils, with results showing a range from around 2.6
to 40.1 Mg PyC ha−1 globally. On a state-wide scale, our results would add only very little
to this range (0.14 Mg PyC ha−1), however, on a county and landscape scale, additions of
1.1 Mg PyC ha−1 and 9.7 Mg PyC ha−1 can be seen (Tab. 8.6).

8.4.3 Comparison of historic land-use

To better determine the scale of themagnitude of legacy effects fromRCH soils, we compare
the RCH landform masses of the Miles Wildlife Sanctuary aggregation with another land-
form resulting from historical land use, an agricultural terrace/lynchet system in Belgium
(Tab. 7) (Cucchiaro et al. 2021).

Looking solely at the surface area of the landforms, 1 ha of RCH landform comprises of
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Tabelle 8.7.Comparison ofmorphometrics and SOC stocks fromRCHs and historical terrace/lynchet systems.
RCH Terrace/Lynchetx

Total per ha landform per ha landscape Totalx per ha landscapey

Landform surface area 7.2 ha 0.03 ha 18 ha
Landform Volume 42,549 m3 5,909 m3 185 m3 89,105 m3 4,950 m3
Landform mass 31,416 Mg 4,363 Mg 137 Mg 122,965 Mg 6,831 Mg
Landform SOC stock 2,518 Mg 350 Mg 11 Mg 1,390 Mg 77 Mg

x Data taken from Cucchiaro et al. (2021), table 5, study area Belgium; y own calculations

more volume, mass and notably higher SOC stocks then the exemplary historical terrace
system. However, due to the spot-like distribution of RCH sites, a dilution takes place when
taking into account actual landscape surface areas. The miles Wildlife Sanctuary aggregati-
on has 7.2 ha of RCH landform area, but they are located on 230 ha of landscape, thereby
making up only 3 % of the total area, whereas the terrace system landform is the landscape
itself. Looking at actual morphometric values per ha landscape, RCHs metrics are then an
order of magnitude lower than for the terrace systems, with SOC stocks being 7 times lower
(Tab. 8.7).

8.5 Conclusions and Outlook

Site specific legacy effects (Fig. 8.6A) of the historic charcoaling industry on recent soils
have been described in Connecticut by multiple studies (Bonhage et al. 2022, Bonhage et
al. 2021, Donovan et al. 2021, Hirsch et al. 2018, Raab et al. 2017). By a first analysis of
pedogenic (hydr-)oxides, we found evidence for increased weathering rates in RCH soils.
Contents of exchangeable and oxalate extractable manganese are increased and could result
in changes to the RCH soils microbiome. Both aspects of increased weathering rates and
higher manganese concentrations merit further research. RCH soils in the area also fea-
ture decreased available phosphorous concentrations (Donovan et al. 2021). We show that
high spatial variation of site densities, as described for areas in Germany (Schneider et al.
2021), is also characteristic for the Connecticut RCH landscape. This results in local po-
ckets of significant additions to soil organic carbon and especially pyrogenic carbon stocks
(Fig. 8.6B-D). For pyrogenic carbon stocks, these effects can become noticeable at a county
scale (1:650,000). On a landscape scale (1:20,000), additions to TOC and PyC stocks are
significant in regions with high RCH site density. In summary, we can draw the following
main conclusions from this study:

• RCH soils are selectively enriched in exchangeable Ca2+, Mg2+, Mn2+, and there is
evidence of vertical translocation of cations into buried soils.
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• RCH soils are enriched in oxalate extractable manganese

• RCH sites feature an aggregated spatial pattern throughout Connecticut, concentra-
ted in the historic Salisbury Iron District.

• There are spatially significant clusters of smaller and larger RCH sites throughout the
state.

• On a state scale, RCHs add to soil organic and pyrogenic carbon stocks; this effect
becomes more noticeable with increasing scale of observation.

Hence, RCH sites should be recognized as important anthropogenic landforms with remar-
kable legacy effects on today’s soils and a landscapes soil carbon budget. Although RCHs
have and still are influencing and changing local soil habitat conditions, it remains open
how the increases to local soil organic carbon stocks e.g. influence calculations and mo-
delling of a soil landscapes carbon sequestration rate or stocks of pyrogenic carbon. The
relatively small area of RCHs and therefore their small share on a landscapes overall surface
area is a main challenge for the accurate consideration by existing soil surveys.

Abbildung 8.6. Synthesis of A) site specific RCH soil properties. Percentages are in relation to reference forest
topsoil properties; Large scale legacy effects on soil organic carbon and soil pyrogenic carbon stocks on a B)
landscape, C) County and D) State scale.
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9 Synthesis

Based on the results shown in the last chapters, Q1 (Can we prove the distribution of soils
as stated in H1 in our study area?) can be answered positively. We can confirm the in-
itial assumption (H1) about the distribution of soils that was derived from other known
RCH soil-landscapes in Europe and pre-studies in Litchfield county. Results from Q1 are
the foundation for subsequently answering Q2.

Q2 (Can we prove “legacy effects” of charcoal burning on soil properties?) can also be
answered positively and therefore, the assumption of significant differences in properties
of RCH soils (H2) can be confirmed. The studied RCH soils feature changed soil physical
and chemical properties. Most notably they have increased stocks of organic- and pyroge-
nic carbon which add to a landscapes overall soil carbon stock.

The overall research question: “How and to what extent are historical charcoal burning
activities controlling the distribution, development and properties of recent soils?” is
therefore answered.The charcoaling industry in Connecticut resulted in unique landscapes
where the natural forest soil has been altered in terms of its morphology and chemical pro-
perties. The resulting new, anthropogenic soils have a comparably small signature on the
overall landscape in terms of surface area, but nevertheless remarkable legacy effects. For
singular landforms, the effect comprises of noticeably changed soil properties with poten-
tial implications for soil fertility and the soil microbiome. For RCH-landscapes, the legacy
affects soil organic and pyrogenic carbon stocks.

The following section addresses each research question respectively. A graphical overview
of the results is given at the end of the chapter.
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Q1.1 What is the average depth and the typical soil horizon sequence found on RCH
soils and natural (reference soils)?

The results from measuring 52 RCH sites in Litchfield County described in chapter 5 show
their stratigraphic properties and average soil horizon thicknesses. RCH soils feature at least
one technogenic horizon (Auh) with specific soil properties caused by the large contents of
charcoal and organic substances. If a site is multilayered, intermediate mineral layers (Cu)
will separate at least two Auh horizons. The exact origin of the Cu horizons substrate is not
determined conclusively, it is most likely a mixture of former topsoil (Ah) and mineral soil
(Bw, C) horizons. Former topsoils underneath RCHs are mostly unrecognizable and on-
ly seldomly preserved in truncated form. Buried Bw-horizons (Bwb) are most commonly
present. Reference soils in the area are mainly Cambisols with an Ah, Bw, C horizon stra-
tigraphy. The (topmost) Auh horizons average thickness ranges between 20.9 cm and 23.6
cm, depending on the position within a site, while the reference soils Ah horizons average
thickness is 9.7 cm. Conceptually, RCH landforms are replacing the natural forest topsoil
(locally) with an A horizon more than twice as thick and with significantly different soil
properties. The stratigraphy and thickness of RCH sites is influenced by the local slope that
they are located on, which leads into the next question.

Q1.2 Does the topographic position control the distribution and morphometrical pa-
rameters of RCH soils?

In chapter 5 it is shown that the topographic (slope) position of an RCH site influences its
stratigraphy and its soil horizons thickness. Sites on flat terrain are generally single-layered,
with an Auh, (2Ahb), 2Bwb, 2Cb stratigraphy, while sites on slopes are generally multi-
layered, with an Auh, 2Cu, 3Auh, (4Ahb), 4Bwb, 4Cb stratigraphy (there can be more than
2 Auh horizons in some cases). It has been shown that a slope threshold of 4° serves well
to predict which type of site it is (>4° = multilayered, <4° = singlelayered). The local slo-
pe also influences the thickness of technogenic layers (except for the topmost Auh), mea-
ning a sites overall thickness will increase with increased steepness of the slope it was built
upon. The slope threshold and slope dependent site thickness has important implications
for calculating site specific substrate volume and subsequential element stocks and has be-
en acknowledged in the subsequent model calculations. Chapter 8 shows that RCH sites in
Connecticut are preferably located on steep slopes and generally on more rugged terrain.
To say that these features are solely explanatory for the RCH site distribution in Connec-
ticut is not entirely validated, as most likely the availability of iron ore (that also spawned

100
GeoRS Geopedology and Landscape Development Research Series | Vol. 13



the Salisbury Iron District) in the Appalachian Mountain region of NW Connecticut plays
a large part in the presence of iron furnaces and, by proxy, the charcoaling industry.

Q2.1 How are carbon concentrations and carbon quality controlled by the legacies of
charcoal burning?

Chapter 6 illustrates the significant changes in soil organic carbon contents within RCH
soils compared to reference soils. Average total carbon contents of Auh horizons are in-
creased by 75 % compared to Ah horizons. Highly aromatic carbon (pyrogenic carbon) is
increased by 1862% compared to reference soils, originating in the large amounts of charco-
al stored in the Auh horizons. Intermediate Cu horizons feature overall lower TOC concen-
trations then Ah horizons, but are also increased in PyC by more than a magnitude. Buried
Ah horizons (Ahb) are decreased in TOC contents, presumably caused by the influence of
heath during the hearths operation and the stopped input of fresh SOC when it was bu-
ried. However, they also feature larger PyC concentrations. The large soil sample dataset
in combination with a chemometric FTIR spectra-based approach and the high resolution
vertical sampling approach allowed to draw conclusions about vertical TOC concentrati-
ons beyond a site specific scale. Topmost Auh horizons feature signs of accumulation of
non-pyrogenic organic matter while intermediate Cu horizons feature signs of translocati-
on of highly aromatic carbon, originating from the Auh horizons that they are buried by.
Analysing the FTIR spectra showed increased carboxylic properties in the organic matter
of Auh horizons, most likely as a result of ongoing charcoal degradation (aging) processes
that release highly aromatic andmobile humic acids. Furthermore, potential changes in the
organic matter turnover dynamics in Auh horizons could be seen, as aliphatic carbon com-
pounds features are decreased in intensity. Overall, these results highlight that RCH Auh
horizons are heavily enriched in highly aromatic organic matter, not solely in pyrogenic
matter. This distinction can potentially be important, as laboratory methods quantifying
pyrogenic matter in soils could misinterpret the true soil organic matter composition of
RCH soils.

Q.2.2 Is there an effect of charcoal burning on soil physical properties?

In very recent years the state-of-knowledge regarding soil physical properties of RCH soils
has been improved significantly. Results from this thesis confirm the primary effect disco-
vered in other study areas, which is the lower bulk density of RCH soils. To answer subse-
quent research questions regarding carbon stocks, the bulk density was a crucial parameter
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to determine. Chapter 5 shows for one that the Auh horizons bulk density is considerably
lower compared to reference Ah horizons and also that the bulk density in general is varia-
ble among the technogenic RCH soil horizons. This was taken into account for calculating
carbon stocks of RCH sites.

Q2.3 Is there a change in element concentrations besides organic- and pyrogenic car-
bon?
Chapter 8 reveals that the studied RCH soils are enriched in elements besides carbon. They
feature higher concentrations of exchangeable Ca2+, Mg2+ and Mn2+, originating most
likely from the charcoal addition to the soil. RCH soils feature generally increased activity
and crystallinity ratios of pedogenic iron, indicating an increased state of mineral weathe-
ring, although it remains unclear if this is caused by the burning event(s), or by pedogenic
effects originating in the altered chemical properties of RCH soils. Oxalate extractableman-
ganese is increased by 100 % compared to reference Ah horizons, which could potentially
hint at influences on the microbiome of RCH soils.

Q2.4 How can we quantify legacy effects on a site-specific scale and on a soil landscape
scale?

Quantifiable legacy effects in the context of this thesis refer to element stocks and landform
attributes. The approach to calculate RCH landform volumes and thereby substrate masses
developed in chapter 5 is the basis for quantifying the legacy effects. With this model, the
two types of RCH sites can be geometrically abstracted as cylinders based on the local slope
they are located on (4° threshold), whereby a fixed thickness is presumed for single-layered
sites, and a slope-dependent thickness is presumed for multi-layered sites. Using average
bulk densities for the RCH soil horizons allows the calculation of element stocks, thereby
a focus was set to carbon and pyrogenic carbon stocks based on element concentrations
determined in chapter 6. The initial target of analysing 52 RCH sites this way could be
greatly expanded by a state wide site mapping, as outlined in chapter 7. The ARCHMAGE
(Automated Relict Charcoal Hearth Mapping and Geospatial Exploration) workflow was
designed to not only infer site locations, but also automatically extract information regar-
ding each sites local slope and surface area, key parameters needed for calculating RCH
sites volume. Therefore, this approach works on a site specific and on a soil landscape scale.
Chapter 8 shows that legacy effects are scale dependent, with increasing influence on local
soil carbon stocks when there is a high RCH site density and a large scale (≤ 1:650,000) of
observation.
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10 Outlook

The extensive field survey- and soil sampling campaigns of this research project resulted
in a unique dataset of morphological-, stratigraphical- and soil properties of 52 RCH sites,
with more than 1245 soil samples gathered from 154 soil profiles. This, in combination
with cutting-edge deep learning based site mapping and geospatial exploration enabled a
novel and powerful analysis of the impact the historical charcoal burning has on todays
soils and soil landscapes carbon stocks in Connecticut. The studies presented in this thesis
are well aligned with the state-of research regarding the landform analysis of RCHs that
has advanced during recent years and in terms of spatial scale, they are unique so far. The
results produced new insights about the often assumed, but seldomly proved legacy effects,
which lead to new potential research questions:

• Is the model to calculate RCH landform volume and mass transferable to other
study areas in New England or Worldwide? Multiple studies have shown that the
RCH stratigraphy in other areas is very similar to the one observed in this thesis. For
sloped sites, the basic relationship of local slopes and overall site thickness should
hold true, but the occurrence of intermediate mineral layers could be a local pecu-
liarity of our study area (although it has been described for sites in Pennsylvania and
Germany).

• Are pedogenic processes of buried soils influenced by the vertical input of aro-
matic carbon and cations with the soil solution? Especially for buried E-horizons,
this could be of interest to study the effect increased and/or altered environmental
conditions on podsolization rates.

• Is there a change in C-turnover rates in RCH soils? The lower intensity of aliphatic
absorptions in FTIR spectra for samples in the first 10 cm of Auh horizons begs the
questions of what causes this effect. Is it caused by (relatively) young age of these
topsoils, increasedmineralisation rates of labile OM, or is it caused by spectral effects
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diminishing the intensity of aliphatic-C specific wavenumber regions in MIR FTIR
spectra?

• Does the increase in exchangeable andoxalate extractablemanganesehas an effect
on themicrobiomeand faunal growthonRCHsoils?Manganese is an essential nut-
rient for plant growth and the increased concentrations of exchangeableMn2+ could
influence local growth conditions. Increased oxalate extractable Mn-oxides concen-
trations could hint at increased soil microbial activity in RCH soils.

• Can the ARCHMAGE workflow be applied in other regions in New England? It
was designed to be able to process large amounts of DEMdata efficiently. Can further
areas be surveyed when the DEM data quality and resolution differs across larger
areas? Can the algorithm to reduce false positive detections caused by bad DEM data
quality expanded and/or improved for other areas?

• If it can be transferred, can other regions of high RCH site densities in New Eng-
landbedetected?Other states in theNewEngland region had historic iron industries
and thereby charcoal production. Can similar site densities and aggregation patterns
and thereby legacy effects be discovered?

• How is the RCH site distribution in Connecticut spatially correlated with histo-
ric manufacturers and landscape features (ponds, roads etc.)? The distribution of
RCH sites in general, and the distribution of smaller and larger sites specifically, could
hint at different local conditions influencing the charcoaling industries, or different
timespans of charcoal production.

• DoRCHcarbon stock additions to landscapes need to be included in soil surveys?
As was shown, the effect on local C- and Pyc stocks can be significant. But the spot-
like distribution of RCH sites in a landscapes results in relatively small hot spots of
carbon additions.
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Annex

The Annex contains additional results from field- and laboratory work that where used in
the thesis and the publications, but where not displayed in the respective chapters.



Chapter 5

Tabelle A1. Physical and chemical soil properties for a representative RCH site and corresponding reference
forest soil.

RCH no. and pit position Depth Soil horizon Bulk density pH in CaCl2
[cm] [g cm−3]

39-4 reference forest soil 0-12 Ah 0.55 4.1
12-50 Bw - 4.5 - 4.7
50-80 C - 4.7

39-1 0-21 Auh 0.51 3.5 - 4.3
21-40 2Bwb - 4.5

39-2 0-25 Auh 0.67 4.6 - 4.8
25-50+ Bw2 - 4.8

39-3 0-9 Auh 0.73 4.4
9-14 2Auh (int) 0.94 4.8
14-32 3Auh 0.74 3.9 - 4.9
32-61 4Auh (int) 0.94 4.7 - 4.8
61-77 5 Auh 0.67 4.4 - 4.8
77-87 fAh 1.14 4.8

87-120+ Bw 0.96 4.2 - 4.4

Tabelle A2. Descriptive statistics of all measured soil horizons thickness for every position on the RCH sites
and for reference forest soil profiles. Only Bwb- and Bw-horizons where the subsequent C-horizon was visible
are included (SDW = Standard deviation, CV= Coefficient of variation).

Soil horizon Position N Average thickness
[cm]

SDW [cm] CV

Auh
1 47 20.9 5.7 0.3
2 49 22.9 8.1 0.4
3 48 23.6 14.9 0.6

Auh2
1 2 18.0 - -
2 17 14.4 6.1 0.4
3 24 17.4 8.5 0.5

Auh3
1 0 - - -
2 0 - - -
3 4 16.3 9.7 0.6

Int Auh
1 3 8.3 2.5 0.3
2 21 7.6 4.0 0.5
3 29 14.4 7.3 0.5

Int Auh2
1 0 - - -
2 2 8.5 - -
3 5 24.0 11.2 0.5

Ahb
1 6 5.0 2.2 0.4
2 18 6.7 2.6 0.4
3 21 8.7 5.1 0.4

Bwb
1 11 15.6 4.6 0.3
2 14 15.7 6.7 0.4
3 6 14.3 2.7 0.2

Forest Ah 4 24 9.7 4.5 0.5
Forest Bw 4 20 29.1 8.6 0.3
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Tabelle A3. Coefficient matrix of Mann-Whitney-U test results comparing bulk density for soil horizons ( / p >
0.05 (not significant), * p ≤ 0.05 , ** p ≤ 0.01, *** p ≤ 0.001)

Position Auh1 Auh2 Ahb Bwb int Auh1 int
Auh2

Ah Bw

1 2 3 2 3 1 2 3 1 2 3 1 2 3 3 4 4

Auh1
1 x / ** *** *** *** *** *** *** *** *** *** *** *** ** ** ***
2 x ** *** ** *** *** *** *** *** *** *** *** *** ** * ***
3 x * * *** *** *** *** *** *** *** *** *** / / ***

Auh2 2 x / * / * *** *** *** / / / / / ***
3 x ** / ** *** *** *** / / / / / ***

Ahb
1 x / / / / / * * / / *** /
2 x / *** / * / / / / / *
3 x ** / / / * / / *** /

Bwb
1 x / / *** *** *** ** *** /
2 x / ** *** ** * *** /
3 x ** ** / / *** /

int Auh1
1 x / / / * **
2 x / / / **
3 x / ** *

int Auh2 3 x / /
Ah 4 x ***
Bw 4 x

Tabelle A4. Descriptive statistics of soil horizons bulk densities for every position on the RCH sites and for
reference forest soil profiles.

Soil horizon Position N Average bulk
density [g per

cm³]

SDW [g cm−3] CV

Auh
2 50 0.67 0.09 13
3 49 0.73 0.10 13
1 2 0.80 - -

Auh2
2 14 0.83 0.16 19
3 20 0.81 0.12 14
1 0 - - -

Auh3
2 0 - - -
3 3 0.80 0.02 3
1 12 0.90 0.17 19

Int Auh 2 8 0.86 0.07 9
3 22 0.92 0.17 18

Int Auh2
1 0 - - -
2 1 1.18 - -
3 6 0.89 0.16 18

Ahb
1 6 1.00 0.08 8
2 13 0.92 0.14 15
3 18 0.98 0.18 19

Bwb
1 30 1.09 0.13 12
2 26 1.05 0.15 14
3 27 1.04 0.14 13

Forest Ah 4 17 0.76 0.14 19
Forest Bw 4 14 1.05 0.12 11
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AbbildungA1. Soil texture for RCH sites no. 28, 29, 30, 32, 33 (averagedper site) and their respective reference
forest soil profiles (USDA texture triangle)
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Abbildung A2. Site Stratigraphy. The following morphometric and stratigraphic information regarding the
52 RCH sites sampled in Litchfield County has not been publishedwith Chapter 5, but is included in this thesis
for completeness. The soil horizons classification varies slightly compared to chapter 5.
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Chapter 6

Abbildung A28. MIR spectra of dried benzenecarboxylic acid (BPCA) residue showing absorptions for aro-
matic C=C (≤ 1481 cm−1), carboxyl C=O (1668 cm−1) as well as a broad OH absorption band (3500 cm−1).
Additionally, shown are possible structures of BPCA (reproduced from Brodowski et al. 2005).

Abbildung A29. Hierarchical cluster analysis of 20 exemplary BPCAcal soil sample spectra and their total or-
ganic carbon concentration (TOC).
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Tabelle A5. List of measured (C, N) and predicted (BPCA) soil properties for volumetric samples.
RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

28-1 0-5 Auh 12.20 0.08 10.66 29-3 0-5 Auh 9.45 0.26 3.31
5-10 Auh 8.53 0.22 3.32 5-10 Auh 9.60 0.21 3.82
13-14 2Bwb 10-15 Auh 9.15 0.19 3.44
18-21 2Bwb 0.41 0.02 0.25 15-20 Auh 5.26 0.14 1.77

20-25 Auh 6.53 0.15 2.88
28-2 0-5 Auh 12.57 0.25 5.02 25-30 Auh 6.47 0.15 2.28

5-10 Auh 7.65 0.19 2.95 30-35 2Bwb 3.00 0.11 0.32
10-15 Auh 7.70 0.21 2.96 35-40 2Bwb 1.92 0.09 0.28
17-22 2Cu 3.35 0.10 1.37 48-53 2Cb 1.00 0.05 -
23-28 3Auh 5.56 0.14 2.22
34-39 4Bwb 0.93 0.03 - 29-4 0-5 Ah 8.05 0.33 0.41

5-10 Bw 3.94 0.18 0.31
28-3 0-5 Auh 11.48 0.30 4.19 10-15 Bw 2.76 0.13 0.30

5-10 Auh 9.17 0.23 3.28 15-20 Bw 1.90 0.10 0.30
11-16 2Cu 3.12 0.09 0.81 20-25 Bw 1.36 0.08 0.25
16-21 2Cu 2.93 0.09 0.64 25-30 Bw 0.92 0.06 0.22
22-27 3Auh 6.84 0.16 2.63 32-37 C 0.96 0.05 0.21
27-32 3Auh 6.91 0.15 3.06
32-37 3Auh 5.85 0.14 2.10 30-1 0-5 Auh 11.08 0.47 3.32
37-42 3Auh 5.86 0.12 2.66 5-10 Auh 9.56 0.34 3.18
43-48 4Cu 0.93 0.04 0.35 10-15 Auh 7.10 0.23 3.25
48-53 4Cu 1.03 0.04 0 15-20 Auh 8.44 0.25 3.59
53-58 4Cu 2.02 0.07 0.62 21-26 2Cb 1.94 0.08 -
58-63 4Cu 1.66 0.07 0.35 26-31 2Cb 0.93 0.05 -
63-68 4Cu 1.83 0.08 0.23 31-36 2Cb 0.97 0.05 -

?
73-78 5Auh 4.97 0.11 2.27 30-2 0-5 Auh 12.30 0.45 4.41
78-83 5Auh 5.37 0.14 2.20 5-10 Auh 9.96 0.29 4.20
87-92 6Cb 1.47 0.07 - 10-15 Auh 7.98 0.23 3.35

15-24 2Cu 5.59 0.14 2.97
28-4 2-7 0.00 0.00 0.28 24-29 2Cu 4.46 0.12 2.11

9-14 Ah 0.00 0.00 0.25 29-34 3Auh 3.46 0.10 1.48
14-19 Bw 0.75 0.04 0.22 35-40 3Auh 0.72 0.03 0.50
19-24 Bw 0.89 0.04 0.24
25-30 Bw-C 0.70 0.03 0.19 30-3 0-5 Auh 10.13 0.41 3.83
30-35 Bw-C 0.59 0.03 0.19 5-10 Auh 7.71 0.28 3.19

10-15 Auh 3.49 0.14 1.58
29-1 0-5 Auh 13.59 0.37 4.59 12-17 Auh 3.19 0.12 1.66

5-10 Auh 9.86 0.27 3.43 17-22 2Cu 2.15 0.09 0.00
10-15 Auh 9.79 0.27 3.40 22-27 2Cu 2.72 0.10 1.38
17-22 2Bwb 2.18 0.07 0.33 27-32 2Cu 2.59 0.09 1.09
22-27 2Bwb 1.44 0.05 0.28 32-37 3Auh 4.71 0.15 1.18

37-42 3Auh 5.85 0.12 3.18
29-2 0-5 Auh 11.70 0.28 4.16 42-47 3Auh 6.16 0.14 2.49

5-10 Auh 9.70 0.23 3.95 53-58 4Bwb 1.10 0.06 -
10-15 Auh 8.90 0.21 3.17 58-63 4Bwb 1.11 0.06 -
15-20 Auh 9.10 0.22 3.27
22-27 2Bwb 1.60 0.07 0.29 30-4 0-5 Ah 3.95 0.25 -
27-32 2Bwb 1.50 0.06 0.29 5-10 Ah-

Bw
2.12 0.13 -

32-37 2Bwb 1.30 0.05 0.28 10-15 Ah-
Bw

2.41 0.14 -

40-45 2Cb 1.00 0.05 - 15-20 Ah-
Bw

1.65 0.09 -

21-26 Bw 1.50 0.09 -
26-31 Bw 0.71 0.05 -
33-38 C 0.44 0.03 -
38-43 C 0.41 0.03 -
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RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

31-1 0-5 Auh 15.38 0.41 4.47 32-3 0-5 Auh 9.23 0.38 2.76
5-10 Auh 12.45 0.31 4.14 5-10 Auh 7.21 0.23 3.15
10-15 Auh 9.99 0.25 3.66 10-15 Auh 6.97 0.19 2.90
15-20 Auh 9.68 0.24 3.88 15-20 Auh 4.69 0.16 2.07

23-28 2Cu 2.27 2.09 1.50
31-2 0-5 Auh 13.55 0.37 4.48 28-33 2Cu 4.29 0.12 2.32

5-10 Auh 11.98 0.32 4.50 35-40 3Auh 4.33 0.16 2.25
11-16 Auh 10.45 0.28 4.22 40-45 3Auh 4.10 0.11 2.70
15-20 Auh 9.36 0.24 3.63 50-55 4 Auh 4.05 0.13 2.28
20-25 Auh 9.04 0.22 3.24 57-62 5Ahb 0.92 0.06 0.44
25-30 Auh 9.28 0.22 3.72 62-67 5Ahb 1.29 0.08 0.34
30-35 Auh 10.10 0.20 3.99 67-72 5Ahb 1.52 0.09 0.51
35-40 Auh 8.47 0.17 3.57 85-90 5Bwb 1.33 0.08 -
40-45 Auh 8.19 0.15 3.82
45-50 Auh 11.46 0.13 5.77 32-4 0-5 Ah 2.47 0.15 -
50-55 Auh 4.83 0.10 1.61 5-10 Ah 2.08 0.13 -

20-25 Ah 1.20 0.07 -
31-3 0-5 Auh 9.67 0.24 4.21 25-30 Bw 0.60 0.04 -

5-10 Auh 8.49 0.24 3.96
9-14 Auh 7.24 0.20 3.54 33-2 0-5 Auh 18.04 0.35 6.80
14-19 2Cu 2.88 0.09 2.28 5-10 Auh 9.74 0.19 3.96
19-24 2Cu 2.66 0.09 1.61 10-15 Auh 6.43 0.15 3.31
24-29 2Cu 2.30 0.08 1.55 15-20 Auh 5.35 0.16 2.30
29-34 2Cu 3.06 0.09 2.15 20-25 Auh 8.19 0.15 4.15
34-39 2Cu 3.80 0.11 2.04 25-30 2Auh 14.99 0.21 7.55
39-44 2Cu 7.22 0.16 3.70 30-35 2Auh 15.22 0.22 6.79
47-52 3Auh 6.35 0.16 3.58 35-40 2Auh 7.77 0.16 4.10
52-57 3Auh 6.25 0.19 3.66 42-47 3Bwb 1.69 0.05 -
57-62 3Auh 7.99 0.22 3.72 48-56 3Bwb 0.22 0.01 -
62-67 3Auh 7.82 0.16 4.16 56-62 3Bwb 0.17 0.01 -
67-72 3Auh 6.29 0.13 3.94
72-77 3Auh 4.71 0.11 3.29 33-3 0-5 Auh 11.76 0.29 4.67
77-82 3Auh 4.39 0.11 2.50 5-10 Auh 13.35 0.29 5.51
82-87 3Auh 3.51 0.09 2.34 10-15 Auh 12.11 0.23 6.25
89-94 4Cb 0.98 0.05 - 15-20 Auh 8.05 0.17 3.13

20-25 Auh 8.36 0.18 3.55
31-4 2-7 Ah 2.46 0.13 - 25-30 Auh 9.51 0.18 4.00

10-15 Ah 1.52 0.08 - 31-36 2Cu 1.70 0.05 0.93
38-43 2Cu 1.69 0.05 0.51

32-1 0-5 Auh - - - 43-48 3Ahb 2.08 0.05 -
5-10 Auh - - - 43-48 3Ahb 2.25 0.07 -
10-15 Auh - - - 53-58 3Bwb 1.17 0.04 -
15-20 2Bwb - - -

33-4 0-5 Ah - - -
32-3 0-5 Auh 10.46 0.34 4.27 5-10 Ah - - -

5-10 Auh 17.50 0.32 6.02
10-15 Auh 6.92 0.19 3.22 33-1 0-5 Auh 20.93 0.53 6.02
20-25 2Auh 0.91 0.04 5-10 Auh 10.47 0.29 4.17
25-30 3Cu 10-15 Auh 7.98 0.19 3.38
30-35 4Ahb 6.43 0.27 2.32
35-40 4Ahb 5.85 0.18 2.69 34-1 0-5 Auh 18.28 0.43 4.90
42-47 4Bwb 6.12 0.14 2.98 5-10 Auh 6.16 0.19 2.13
47-52 4Bwb 3.31 0.09 0.41 10-15 Auh 4.91 0.13 1.98
52-57 4Bwb 0.71 0.04 0.20 15-20 Auh 6.10 0.20 1.85

25-30 2Bwb 1.13 0.06 -
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RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

34-2 0-5 Auh 11.65 0.36 3.04 30-35 2Bwb 0.64 0.03 -
5-10 Auh 8.39 0.22 2.98 37-42 2Cb 0.49 0.02 -
10-15 Auh 5.34 0.16 1.81
15-20 Auh 8.80 0.18 3.45 36-3 0-5 Auh 15.51 0.42 4.60
20-25 2Bwb 2.31 0.09 - 5-10 Auh 12.23 0.28 4.82
26-31 2Bwb 1.20 0.06 - 10-15 Auh 7.83 0.20 2.57
31-36 2Bwb 0.92 0.05 - 15-20 Auh 6.75 0.17 2.53
41-46 2Cb 0.62 0.04 - 20-25 2Auh 5.89 0.14 2.29

25-30 2Auh 4.36 0.12 1.33
34-3 0-5 Auh 12.29 0.38 - 36-41 3Bwb 1.54 0.05 -

6-11 Auh 8.15 0.21 3.00 41-46 3Bwb 0.88 0.03 -
11-16 Auh 10.95 0.22 3.43 48-53 3Cb 0.52 0.30 -
18-23 2Cu 1.85 0.07 0.88
26-31 3Ahb 2.66 0.10 - 36-4 0-5 Ah 6.82 0.31 -
41-46 3Bwb 1.27 0.07 - 6-11 Bw 2.90 0.15 -

11-16 Bw 1.54 0.08 -
34-4 0-5 Ah 6.72 0.27 - 25-30 C 0.57 0.03 -

6-11 Bw 3.26 0.16 -
11-16 Bw 1.51 0.08 - 37-1 0-5 Auh 10.52 0.33 3.02
16-21 Bw 1.07 0.06 - 5-10 Auh 6.77 0.23 2.15
21-26 Bw 0.60 0.04 - 10-15 Auh 6.41 0.21 2.37
26-31 C 0.59 0.04 - 15-20 Auh 5.23 0.17 1.82
31-36 C 0.57 0.04 - 20-25 Auh 7.56 0.17 2.82
36-41 C 0.58 0.03 - 29-34 2Ahb 1.73 0.05 0.64

35-40 2Bwb 0.72 0.03 -
35-2 0-5 Auh 11.81 0.24 3.89

5-10 Auh 8.18 0.15 2.84 37-2 0-5 Auh 8.15 0.22 3.29
10-15 Auh 8.05 0.15 2.62 5-10 Auh 6.11 0.14 2.86
15-20 Auh 4.30 0.09 1.80 10-15 Auh 5.31 0.11 2.25
22-27 2Bwb 2.23 0.08 - 15-20 Auh 5.37 0.14 2.12
27-32 2Bwb 1.39 0.06 - 20-25 Auh 8.70 0.17 3.24

31-36 2Ahb 1.81 0.07 0.62
35-3 0-5 Auh 13.15 0.41 2.88 38-43 2Bwb 1.05 0.05 -

5-10 Auh 8.31 0.19 2.40
10-15 Auh 7.16 0.16 2.47 37-3 0-5 Auh 12.91 0.29 4.18
15-19 Auh 6.77 0.15 1.84 5-10 Auh 10.72 0.28 3.82
19-23 Ahb 5.21 0.12 - 10-15 Auh 7.87 0.24 2.54
23-28 2Bwb 2.81 0.09 - 15-20 Auh 6.56 0.19 2.44
28-32 2Bwb 0.95 0.04 - 20-25 Auh 8.03 0.20 3.08

25-30 Auh 7.37 0.16 2.95
36-1 0-5 Auh 10.41 0.28 3.53 30-35 Auh 6.32 0.15 2.38

5-10 Auh 6.62 0.20 2.28 36-41 2Bwb 1.68 0.06 -
10-15 Auh 5.74 0.17 1.84 41-46 2Bwb 0.89 0.04 -
15-20 Auh 5.83 0.17 2.07
20-25 Auh 8.48 0.20 3.48 37-4 0-5 Ah 12.32 0.54 -
25-30 Ahb 2.86 0.08 0.74 7-12 Bw 4.03 0.18 -
30-35 2Bwb 1.82 0.06 - 12-17 Bw 2.32 0.11 -
39-44 2Bwb 0.74 0.03 - 17-22 Bw 1.55 0.08 -

22-27 Bw 1.50 0.08 -
36-2 0-5 Auh 8.54 0.25 3.03 27-32 Bw 1.81 0.09 -

5-10 Auh 7.53 0.18 2.79
10-15 Auh 7.57 0.18 2.94 38 0-5 Auh 17.23 0.40 4.78
15-20 Auh 6.55 0.16 2.39 5-10 Auh 10.84 0.26 4.23
20-25 2Ahb 2.28 0.07 - 10-15 Auh 10.82 0.23 4.57
25-30 2Bwb 0.77 0.03 - 15-20 Auh 8.06 0.24 3.89
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RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

RCH
no.

Depth
[cm]

Hori-
zon

C % N% BPCA
%

20-25 Auh 7.02 0.22 3.24 41-1 0-5 Auh 28.06 0.49 9.51
30-35 Auh 6.96 0.38 3.68 5-10 Auh 13.45 0.30 4.41
37-42 2Ahb 1.55 0.09 - 18-23 2Bwb 2.94 0.11 -
42-47 2Bw-

Bl
0.95 0.06 - 23-28 2Bwb 1.57 0.07 -

39-1 0-5 Auh 27.53 0.58 10.40 41-2 0-5 Auh 7.17 0.15 2.87
5-10 Auh 19.05 0.33 6.77 5-10 Auh 4.98 0.11 2.78
10-15 Auh 12.55 0.26 4.39 13-18 2cu 5.30 0.13 2.48
15-20 Auh 5.51 0.15 2.25 19-24 3Auh 6.97 0.15 3.26
20-25 2Bwb 1.67 0.06 - 24-29 3Auh 8.70 0.13 4.41

31-36 4Bwb 3.22 0.13 -
39-2 0-5 Auh 19.02 0.42 6.82

5-10 Auh 14.23 0.27 5.07 41-3 0-5 Auh 6.26 0.22 1.86
10-15 Auh 14.36 0.22 5.50 5-10 Auh 2.65 0.11 0.96
15-20 Auh 10.57 0.18 4.52 10-15 2Cu 2.10 0.07 0.68
25-30 2Bwb 0.77 0.04 - 15-20 2Cu 1.07 0.05 0.17

28-33 3Auh 17.63 0.35 6.14
39-3 0-5 Auh 8.81 0.23 2.93 37-42 3Auh 10.78 0.18 4.51

5-10 Auh 5.39 0.16 1.62 42-47 4Ahb 3.26 0.11 -
10-15 2Cu 6.89 0.19 2.75 47-52 4Bwb 2.30 0.10 -
15-20 3Auh 7.16 0.20 2.49
32-37 3Cu 1.94 0.07 0.62 42-1 0-5 Auh 12.47 0.32 3.29
37-42 3Cu 1.56 0.07 0.61 5-10 Auh 9.22 0.21 2.77
42-47 3Cu 1.01 0.05 0.04 10-15 Auh 10.71 0.23 3.89
47-52 3Cu 1.48 0.10 -0.03 15-20 Auh 7.84 0.18 2.59
59-64 4Auh 7.10 0.20 3.06 24-28 2Ahb 2.02 0.06 0
64-69 4Auh 6.68 0.66 2.71 28-33 2Bwb 1.14 0.05 -
72-77 4Auh 6.57 2.81 2.65 33-38 2Bwb 0.67 0.04 -
77-82 5Ahb 1.08 7.25 -
82-87 5Ahb 1.59 0.07 - 42-2 0-5 Auh 14.36 0.33 4.48
87-92 5Bwb 1.20 0.06 - 5-10 Auh 13.30 0.24 4.46

11-16 2Cu 5.81 0.16 2.15
39-4 0-5 Ah 11.99 0.51 - 16-21 3Auh 8.29 0.18 3.15

5-10 Ah 3.82 0.19 - 21-26 3Auh 7.76 0.15 3.30
10-15 Bw 2.54 0.13 - 26-31 3Auh 6.46 0.15 2.53

40-1 0-5 Ah 6.43 0.21 1.19 42-3 0-5 Auh 21.35 0.38 7.14
5-10 Ah 3.45 0.13 0.77 5-10 2Cu 3.97 0.14 1.10
10-15 2Bwb 2.12 0.09 - 10-15 2Cu 6.78 0.18 2.16

15-20 2Cu 9.19 0.20 2.91
40-2 0-5 Auh 7.17 0.23 2.52 20-25 2Cu 9.33 0.20 2.56

5-10 Auh 8.99 0.25 2.68 25-30 2Cu 14.58 0.25 4.76
10-15 Auh 8.72 0.21 3.21 34-39 3Auh 10.97 0.22 4.19
15-20 Auh 7.16 0.18 2.62 43-48 4Ahb 4.15 0.12 -
20-24 2Ahb 3.03 0.12 - 50-55 4Bwb 2.02 0.08 -

40-3 0-5 Auh 6.76 0.18 2.40 43-1 0-5 Auh 19.27 0.29 4.66
5-10 Auh 4.48 0.11 1.93 5-10 Auh 14.75 0.25 4.71
10-15 Auh 3.67 0.09 1.51 10-15 Auh 10.36 0.23 3.96
15-20 Auh 1.86 0.07 0.61 15-20 Auh 10.41 0.23 3.79
20-25 Auh 1.68 0.06 0.84 25-30 2Bwb 0.82 0.04 -
32-38 2Auh 3.07 0.08 1.54
38-43 3Bwb 1.20 0.05 - 43-2 0-5 Auh 13.64 0.29 4.71

5-10 Auh 8.55 0.19 3.39
10-15 Auh 7.95 0.18 2.58
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15-20 Auh 5.41 0.14 1.65 33-38 2Cu 6.89 0.11 2.68
23-28 2Bwb 2.03 0.07 - 39-44 3Auh 6.72 0.12 2.48

44-49 3Auh 6.08 0.11 2.23
43-3 0-5 Auh 15.49 0.34 4.33 54-59 4Ahb 2.64 0.07 -

5-10 Auh 8.44 0.20 3.00 60-65 4Ahb 1.76 0.06 -
10-15 Auh 8.52 0.18 3.04
15-20 Auh 9.36 0.16 4.08 46-1 0-5 Auh 17.86 0.43 5.16
20-25 Auh 6.15 0.13 2.66 5-10 Auh 10.90 0.27 3.65
32-37 2Auh 6.11 0.13 2.19 10-15 Auh 11.51 0.26 3.75
37-42 2Auh 5.01 0.17 1.92 15-20 Auh 7.98 0.35 2.78
42-47 2Auh 5.67 6.32 2.06 20-25 Auh 6.26 0.15 2.11
47-52 2Auh 9.98 11.54 3.86 26-31 2Bwb 1.87 0.07 -

43-4 0-5 Ah 6.87 0.25 - 46-2 0-5 Auh 13.53 0.34 4.01
5-10 Ah 3.09 0.13 - 5-10 Auh 10.08 0.22 3.55
10-15 Bw 1.63 0.08 - 10-15 Auh 6.17 0.15 2.37
15-20 Bw 1.19 0.06 - 15-20 Auh 5.64 0.12 2.23
20-25 Bw 1.01 0.05 - 20-25 Auh 7.75 0.18 2.87

44-1 0-5 Auh 9.93 0.27 3.02 46-3 0-5 Auh 11.96 0.33 4.16
5-10 Auh 3.53 0.12 0.76 5-10 Auh 9.45 0.22 3.30

10-15 Auh 9.69 0.22 4.82
44-2 0-5 Auh 19.21 0.36 6.93 15-20 Auh 7.80 0.21 3.06

5-10 Auh 7.11 0.18 2.26 20-25 Auh 6.66 0.17 2.67
14-20 2Ahb 2.32 0.07 - 25-30 Auh 6.76 0.18 2.94

32-37 2Ahb 1.73 0.06 -
44-3 0-5 Auh 7.21 0.20 2.14

5-10 Auh 4.76 0.13 1.77 46-4 0-5 Ah 8.98 0.39 -
16-21 2Cu 1.91 0.07 0.15 5-10 Ah 5.13 0.23 -
21-26 2Cu 1.02 0.05 0 25-30 Bw 0.83 0.05 -
26-31 2Cu 0.91 0.05 0
31-36 2Cu 0.80 0.04 0 47-1 0-5 Auh 12.35 0.44 3.73
36-41 2Cu 0.86 0.05 0 5-10 Auh 10.74 0.35 3.44
44-49 3Ahb 1.02 0.05 - 10-15 Auh 9.27 0.27 3.07
49-54 3Ahb 1.40 0.06 - 15-20 Auh 6.18 0.21 1.67

20-25 Auh 4.20 0.16 1.51
45-1 0-5 Auh 9.78 0.27 2.94 31-36 2Ahb 2.26 0.10 0

5-10 Auh 7.65 0.17 2.25 36-41 2Bwb 1.05 0.05 -
10-15 Auh 6.89 0.15 2.14
15-20 Auh 6.23 0.14 1.74 47-2 0-5 Auh 23.11 0.55 7.82

5-10 Auh 11.85 0.30 4.07
45-2 0-5 Auh 12.60 0.35 3.95 10-15 Auh 10.15 0.22 4.05

5-10 Auh 8.38 0.20 2.96 15-20 Auh 9.48 0.23 4.09
10-15 Auh 8.58 0.17 3.19 20-25 Auh 9.66 0.23 4.20
15-20 Auh 6.17 0.14 2.18 25-30 2Ahb 4.05 0.13 -
20-25 2Cu 5.29 0.11 1.72
25-30 3Auh 5.38 0.10 1.71 47-3 0-5 Auh 24.93 0.91 5.47
33-38 4Bwb 1.06 0.03 - 5-10 Auh 17.94 0.53 4.67

10-15 Auh 14.43 0.43 3.87
45-3 0-5 Auh 8.34 0.19 2.55 15-20 Auh 9.33 0.32 2.41

5-10 Auh 6.11 0.15 1.81 20-25 Auh 7.95 0.26 2.32
10-15 Auh 8.24 0.15 3.42 25-30 Auh 9.40 0.27 3.70
15-20 Auh 8.43 0.16 3.11 30-35 Auh 9.95 0.28 3.73
23-28 2Cu 5.56 0.12 1.81 35-40 Auh 5.89 0.21 2.09
28-33 2Cu 7.03 0.13 2.47 40-45 Auh 5.27 0.20 1.65
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50-55 2Ahb 3.59 0.15 - 23-28 Auh 1.05 0.04 0.79
55-60 2Ahb 2.66 0.12 -

49-2 0-5 Auh 14.01 0.38 5.34
48-1 0-5 Auh 10.29 0.28 4.07 5-10 Auh 14.68 0.38 5.32

15-20 Auh 2.82 0.10 1.00 10-15 Auh 5.77 0.18 2.88
20-25 Auh 4.14 0.12 1.67 15-20 Auh 3.52 0.13 1.97
25-30 Auh 4.72 0.15 2.07 20-25 2Cu 3.47 0.14 1.48
32-32 Auh 0.47 0.02 0.52 27-32 2Cu 5.87 0.27 1.10
44-49 2Cb 0.20 0.01 -

49-3 0-5 Auh 10.63 0.38 3.49
48-2 0-5 Auh 8.22 0.23 2.33 5-10 Auh 5.99 0.23 2.29

5-10 Auh 11.99 0.20 4.88 15-20 2Cu 3.74 0.14 1.76
10-15 Auh 8.58 0.17 4.25 20-25 2Cu 2.69 0.11 1.22
15-20 Auh 7.83 0.20 3.20 25-30 2Cu 3.57 0.15 1.75
20-25 Auh 7.74 0.19 3.55 30-35 2Cu 3.66 0.15 1.60
34-39 2Bwb 1.33 0.04 -

50-1 0-5 Auh 7.54 0.28 1.96
48-3A 0-5 Auh 6.67 0.17 2.70 5-10 Auh 6.66 0.24 2.99

5-10 2Cu 1.78 0.07 0.49 10-15 Auh 7.26 0.23 3.46
10-15 2Cu 1.04 0.05 0.40 15-20 Auh 4.81 0.17 1.66
15-20 2Cu 0.81 0.03 0.25
20-25 2Cu 1.06 0.04 0 50-2 0-5 Auh 9.92 0.40 3.32
25-30 2Cu 0.97 0.04 0 5-10 Auh 8.71 0.30 3.62
30-35 2Cu 1.36 0.04 0.10 10-15 Auh 5.75 0.24 2.97
35-40 2Cu 1.48 0.04 0.01 16-21 2Cu 0.88 0.04 1.94
48-53 2Cu 1.28 0.04 0
53-58 2Cu 1.49 0.04 0.18 50-3 0-5 Auh 7.56 0.30 2.65
62-67 3Auh 5.07 0.09 2.15 5-10 Auh 4.57 0.19 2.09
67-72 3Auh 4.76 0.09 2.14 10-15 Auh 5.00 0.15 3.18
72-77 4Bwb 0.83 0.03 - 15-20 2Cu 0.79 0.03 0.49

20-25 2Cu 0.97 0.04 1.04
48-3B 0-5 Auh 14.49 0.36 4.35 25-30 2Cu 0.87 0.04 0.96

5-10 Auh 8.28 0.18 2.49 30-35 2Cu 1.28 0.04 1.41
10-15 Auh 7.67 0.17 3.08 35-40 2Cu 2.96 0.10 1.32
15-20 Auh 7.70 0.16 3.25 45-50 2Cu 2.51 0.10 1.48
20-25 Auh 9.76 0.16 5.41 50-55 2Cu 2.51 0.10 2.03
27-32 2Cu 7.38 0.11 3.21 56-61 3Auh 3.49 0.12 2.38
32-37 2Cu 5.51 0.09 2.39 61-66 3Auh 4.30 0.13 2.45
43-48 2Cu 4.99 0.09 2.24 66-71 3Auh 4.54 0.14 2.64
50-55 3Bwb 1.27 0.04 - 71-76 3Auh 5.09 0.15 2.77
55-60 3Bwb 0.53 0.02 - 76-81 3Auh 5.27 0.15 2.48

81-86 3Auh 8.60 0.25 3.84
48-4 0-5 Ah 4.25 0.15 - 86-91 4Ahb 5.89 0.39 -

5-10 Bw 1.27 0.07 -
10-15 Bw 0.80 0.04 - 50-4A 0-5 Ah 13.34 0.73 -
15-20 Bw 0.60 0.04 - 5-10 Ah 7.75 0.41 -
20-25 Bw 0.73 0.04 - 10-15 Ah 4.94 0.28 -
33-38 Bw 0.43 0.06 - 15-20 Ah 3.11 0.20 -
38-43 C 0.33 0.02 - 32-37 Go 2.15 0.12 -
43-48 C 0.31 0.02 -
57-63 C 0.24 0.02 - 50-4B 0-5 Ah 3.99 0.27 -

5-10 Ah 2.17 0.14 -
49-1 0-5 Auh 7.89 0.28 2.93 10-15 Ah 1.74 0.11 -

5-10 Auh 7.74 0.27 3.25 15-20 Bw 1.09 0.06 -
10-15 Auh 4.63 0.18 2.65 20-25 Bw 0.97 0.05 -
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25-30 Bw 1.31 0.08 30-35 2Auh 10.57 0.21 3.93
35-40 2Auh 7.66 0.16 2.67

51-1 0-5 Auh 12.25 0.45 5.36
5-10 Auh 9.60 0.36 5.12 52-3 0-5 Auh 6.00 0.24 2.19
10-15 Auh 9.59 0.36 4.66 9-14 Auh 5.88 0.18 2.13
15-20 Auh 6.98 0.30 3.32 14-19 Auh 6.18 0.19 2.20
23-28 2Bwb 1.50 0.08 0.65 19-24 Auh 6.70 0.20 1.84
28-33 2Bwb 0.78 0.04 0.38 27-32 Auh 2.59 0.10 0.54
33-38 2Bwb 0.59 0.04 0.33 32-37 2Ahb 2.08 0.08 -
45-50 2C 1.87 0.09 -

53-1 0-5 Auh 20.10 0.52 7.68
51-2 0-5 Auh 18.01 0.46 5.95 5-10 2Cu 9.10 0.28 4.09

5-10 Auh 14.98 0.33 5.82 10-15 2Cu 8.76 0.23 3.85
10-15 Auh 11.75 0.27 4.69 15-20 3Auh 8.49 0.22 3.72
15-20 Auh 14.41 0.35 6.32 20-25 3Auh 7.82 0.22 3.46
20-25 Auh 10.70 0.28 3.87 30-35 3Auh 8.97 0.23 3.85
25-30 Auh 10.79 0.19 5.29 35-40 3Auh 9.36 0.18 4.49
30-35 Auh 12.52 0.18 5.70 38-43 4Bwb 1.51 0.07 0.37
35-40 2Ahb 7.02 0.17 - 43-48 4Bwb 0.60 0.04 0.70
40-45 2Ahb 4.98 0.22 -

53-2 0-5 Auh 16.17 0.49 4.51
51-3 0-5 Auh 10.47 0.46 2.36 5-10 Auh 11.60 0.31 3.98

5-10 Auh 7.55 0.28 3.02 10-15 Auh 10.16 0.26 3.43
10-15 Auh 6.57 0.21 2.21 15-20 Auh 5.67 0.16 2.21
15-20 Auh 8.14 0.20 3.20 30-35 2Ahb 2.30 0.09 0.15
20-25 Auh 7.45 0.18 3.64
25-30 Auh 7.17 0.19 3.62 53-3 0-5 Auh 14.55 0.44 5.24
30-35 Auh 8.12 0.22 3.31 5-10 Auh 13.71 0.35 5.96
35-40 Auh 9.31 0.29 3.60 10-15 Auh 16.23 0.28 7.26
40-45 Auh 6.79 0.17 2.18 15-20 Auh 12.11 0.24 5.39
45-50 Auh 8.76 0.26 4.01 20-25 Auh 10.69 0.18 5.65
50-55 2Cu 3.14 0.09 1.37 25-30 Auh 7.15 0.12 3.74
55-60 3Auh 12.77 0.24 5.37
60-65 4Ahb 3.57 0.15 - 53-4 0-5 Ah 10.18 0.50 -
65-70 4Ahb 3.57 0.21 - 5-10 Ah 3.90 0.19 -

10-15 Bw 1.37 0.08 -
51-4b 0-5 Ah 6.27 0.34 -

5-10 Ah 6.28 0.34 - 54-1 0-5 Auh 10.22 0.34 4.01
10-15 Bw 3.01 0.15 - 5-10 Auh 7.89 0.25 2.55
15-20 Bw 2.10 0.10 - 10-15 2Auh 8.68 0.25 2.85
20-25 Bw 0.90 0.05 - 22-27 2Bwb 3.07 0.13 -
25-30 Bw 0.60 0.03 -
30-35 Bw 0.67 0.04 - 54-2 0-5 Auh 13.26 0.37 4.79

5-10 Auh 5.05 0.18 3.08
52-1 0-5 Auh 17.90 0.49 5.45

5-10 Auh 9.36 0.28 3.28 54-3 0-5 Auh 3.84 0.17 1.71
10-15 Auh 7.20 0.22 2.59 5-10 Auh 1.74 0.10 0.17
15-20 Auh 8.90 0.23 3.04

54-1 0-5 Auh 10.22 0.34 4.01
52-2 0-5 Auh 10.5 0.6 3.91 5-10 Auh 7.89 0.25 2.55

5-10 Auh 6.3 5.0 1.96 10-15 Auh 8.68 0.25 2.85
10-15 Auh 6.0 11.8 1.88 22-27 2Bwb 3.07 0.13 -
15-20 Auh 4.6 23.6 1.17
20-25 2Auh 5.6 35.8 1.93 54-2 0-5 Auh 13.26 0.37 4.79
25-30 2Auh 10.1 0.2 3.84 5-10 Auh 5.05 0.18 3.08
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53-4 0-5 Auh 3.8 0.2 1.71 20-25 4Bwb 0.44 0.02 -
5-10 Auh 1.7 0.1 0.17

57-2 0-5 Auh 19.21 0.52 7.50
55-1 0-5 Auh 11.7 0.4 3.64 5-10 Auh 12.31 0.27 5.74

5-10 Auh 5.0 0.2 1.37 13-18 Auh 10.27 0.21 5.22
10-15 Auh 8.8 0.2 3.14 21-26 2Cu 4.86 0.12 2.38
15-20 Auh 8.2 0.2 2.73 26-31 2Cu 2.43 0.09 0.03

31-36 3Ahb 3.59 0.10 -
55-2 0-5 Auh 10.8 0.3 3.66

5-10 Auh 10.6 0.3 3.69 57-3 0-5 Auh 10.89 0.32 3.68
10-15 Auh 9.1 0.2 3.82 5-10 Auh 9.26 0.21 3.71
15-20 Auh 8.8 0.2 3.09 10-15 Auh 7.91 0.18 3.52
20-25 Auh 7.2 0.2 2.81 20-25 Auh 5.88 0.15 0.34
30-35 2Cu 3.8 0.1 1.61 25-30 Auh 2.25 0.08 1.87

45-50 Auh 5.31 0.16 2.63
55-3 0-5 Auh 8.1 0.3 2.52

5-10 Auh 6.0 0.2 1.29 58-1 0-5 Auh 19.96 0.41 5.62
10-15 Auh 5.7 0.2 1.26 5-10 Auh 17.73 0.35 5.04
15-20 Auh 6.7 0.2 2.21 10-15 Auh 13.67 0.28 4.10
20-25 Auh 7.8 0.2 2.96 18-23 2Cb 0.57 0.03 -
25-30 Auh 7.0 0.2 2.50
40-45 Auh 7.8 0.2 3.07 58-2 0-5 Auh 15.47 0.29 5.11
45-50 2Auh 7.0 0.2 3.19 5-10 Auh 14.81 0.34 5.27
50-55 2Auh 6.8 0.1 3.40 14-19 2Bwb 2.12 0.06 -

19-24 2Bwb 1.27 0.05 -
56-1 0-5 Auh 9.1 0.3 2.32

5-10 Auh 4.5 0.1 1.80 58-3 0-5 Auh 11.99 0.29 3.46
10-15 2Bwb 1.0 0.0 - 5-10 Auh 10.26 0.23 4.04

10-15 Auh 11.15 0.21 3.85
56-2 0-5 Auh 11.4 0.4 3.19 15-20 Auh 6.71 0.16 2.68

5-10 Auh 7.5 0.1 2.48 20-25 Auh 7.79 0.17 3.29
10-15 Auh 8.6 0.2 2.29 25-30 Auh 7.85 0.16 3.58
15-20 Auh 5.7 0.1 2.45 30-35 Auh 6.57 0.15 2.45
27-32 2Bwb 0.5 0.0 - 40-45 2Cu 4.69 0.13 1.59

45-50 2Cu 6.41 0.16 2.72
56-3 0-5 Auh 11.7 0.3 4.45 50-55 3Bwb 0.91 0.05 -

5-10 Auh 7.8 0.2 2.75 55-60 3Bwb 0.91 0.05 -
10-15 2Cu 6.9 0.2 2.47
15-20 2Cu 8.2 0.2 3.00 59-1 0-5 Auh 19.35 0.55 5.08
20-25 3Auh 6.6 0.1 2.54 5-10 Auh 15.53 0.40 5.06
25-30 3Cu 3.8 0.1 1.73 10-15 Auh 12.52 0.33 4.38
30-35 3Cu - - - 23-28 2Bwb 0.50 0.03 0.26
35-40 3Cu 8.7 0.1 4.63 38-42 2Cb 0.19 0.02 -
40-45 3Cu 3.8 0.1 1.24
45-50 3Cu 3.8 0.1 1.65 59-2 0-5 Auh 16.77 0.52 5.23
50-55 3Cu 0.8 0.0 0 5-10 Auh 13.56 0.36 4.92
55-60 3Cu 2.2 0.1 0.82 10-15 2Cu 9.62 0.25 3.65
62-67 3Cu 1.7 0.1 0.11 15-20 2Cu 6.83 0.18 2.52
67-72 4Ahb 1.7 0.1 - 20-25 2Cu 4.69 0.13 1.41
72-77 4Bwb 1.4 0.0 - 25-30 2Cu 3.04 0.09 0.04
77-82 4Bwb 3.3 0.1 - 30-35 3Bwb 1.71 0.08 -

35-40 3Bwb 1.62 0.09 -
57-1 0-5 Auh 17.63 0.45 6.19

5-10 Auh 12.97 0.30 5.54 59-3 0-5 Auh 15.54 0.58 4.06
10-15 Auh 12.92 0.29 6.19 5-10 Auh 11.65 0.38 3.57
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10-15 Auh 10.24 0.31 3.50 60-2 0-5 Auh 10.58 0.29 3.16
15-20 Auh 10.10 0.30 3.15 5-10 Auh 6.17 0.17 2.64
20-25 Auh 9.44 0.25 3.62 10-15 Auh 3.12 0.10 1.02
25-30 Auh 9.41 0.24 3.45 15-20 2Cu 4.77 0.12 2.02
30-35 Auh 9.36 0.22 3.48 20-25 2Cu 3.17 0.08 1.69
37-42 Auh 9.49 0.22 3.56 32-37 3Bwb 0.70 0.04 -
42-47 Auh 15.75 0.24 6.92
47-52 Auh 14.40 0.24 6.23 60-3 0-5 Auh 7.73 0.22 2.95
52-57 Auh 9.41 0.19 4.19 5-10 Auh 6.50 0.18 2.43
60-65 2Bwb 0.70 0.04 - 10-15 Auh 7.94 0.17 2.44

15-20 Auh 7.89 0.14 3.74
59-
4M

0-5 Ah 6.60 0.28 - 20-25 Auh 8.04 0.14 4.06

5-10 Ah 6.60 0.29 - 25-30 Auh 7.39 0.11 3.65
10-15 Bw 2.49 0.12 - 36-41 2Ahb 2.18 0.06 -
15-20 Bw 1.05 0.07 - 42-48 2Bwb 3.52 0.11 -
20-25 Bw 0.78 0.05 -
25-30 Bw 0.73 0.05 - 61-1 0-5 Auh 14.74 0.28 4.30
33-38 Bw 0.52 0.04 - 5-10 2Cu 4.90 0.14 1.22
38-43 Bw 0.38 0.04 - 10-15 3Ahb 2.72 0.07 0.40
47-52 C 0.16 9.05 - 15-20 3Bwb 1.33 0.05 0.10

20-25 3Bwb 0.90 0.04 0
59-
4O

0-5 Ah 6.21 0.26 - 25-30 3Cb 0.79 0.04 -

5-10 Ah 3.60 0.17 -
12-17 Bw 2.53 0.12 - 61-2 0-5 Auh 9.93 0.24 3.67
23-28 Bw 1.10 0.06 - 5-10 2Cu 4.20 0.13 0.66
28-33 Bw 0.80 0.04 - 14-19 3Ahb 2.67 0.07 0.02

19-24 3Bwb 1.89 0.07 0.44
59-
4W

0-5 Ah 6.23 0.28 - 10-15 3Bwb 2.62 0.06 0.26

5-10 Ah 2.46 0.12 - 25-30 3Bwb 0.90 0.04 0
10-15 Bw 1.18 0.06 - 38-43 3Cb 0.80 0.03 -
15-20 Bw 0.55 0.03 -
20-25 Bw 0.49 0.03 - 61-3 0-5 Auh 19.97 0.37 4.01
30-35 2Bw 0.52 0.03 - 10-15 Ahb 4.54 0.14 0.65
35-40 2Bw 0.39 0.02 - 15-20 2Bwb 3.21 0.12 -
40-45 2Bw 0.38 0.02 - 20-25 2Bwb 1.93 0.09 -
45-50 2Bw 0.36 0.02 -

62-1 0-5 Auh 23.92 0.57 7.79
0-5 Auh 10.12 0.29 2.82 5-10 Auh 15.80 0.37 3.83
5-10 Auh 7.12 0.20 1.53 10-15 Auh 6.84 0.20 1.35
10-15 Auh 7.85 0.19 2.04 18-23 2Bwb 1.06 0.07 -
15-20 2Bwb 1.91 0.06 -
20-25 2Bwb 0.73 0.03 -

62-2 0-5 Auh 12.92 0.25 5.01
0-5 Auh 10.58 0.29 3.16 5-10 Auh 19.58 0.29 7.50
5-10 Auh 6.17 0.17 2.64 10-15 Auh 14.69 0.20 5.00
10-15 Auh 3.12 0.10 1.02 19-24 2Cu 4.66 0.12 0.71
15-20 2Cu 4.77 0.12 2.02 25-30 3Auh 9.81 0.22 2.63
20-25 2Cu 3.17 0.08 1.69 30-35 3Auh 9.58 0.21 2.55
32-37 3Bwb 0.70 0.04 -

62-3 0-5 Auh 9.44 0.25 2.02
60-1 0-5 Auh 10.12 0.29 2.82 5-10 Auh 6.32 0.18 1.72

5-10 Auh 7.12 0.20 1.53 10-15 Auh 4.67 0.13 1.41
10-15 Auh 7.85 0.19 2.04 16-21 2Cu 7.50 0.16 2.71
15-20 2Bwb 1.91 0.06 - 21-26 2Cu 4.10 0.12 1.18
20-25 2Bwb 0.73 0.03 - 30-35 3Auh 7.98 0.16 2.81
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35-40 3Auh 7.12 0.15 2.32 15-20 Auh 4.72 0.13 0.76
45-50 3Auh 3.09 0.10 0.19 20-25 Auh 4.94 0.12 1.90
50-55 3Auh 5.74 0.13 1.74 25-30 Auh 7.21 0.15 1.44
55-60 3Auh 4.66 0.12 1.34 30-35 Auh 13.16 0.19 5.09
60-65 4Bwb 1.56 0.07 - 35-40 Auh 2.34 0.10 0.14

40-45 2Bwb 1.30 0.06 -
63-1 0-5 Auh 15.06 0.47 4.58 45-50 2Bwb 0.34 0.02 -

5-10 Auh 9.17 0.25 3.99 60-65 2Cb 0.19 0.01 -
10-15 Auh 3.86 0.13 2.07
15-20 Auh 5.52 0.16 2.40 65-2 0-5 Ah 4.59 0.28 -
24-29 2Cu 2.80 0.10 1.71 5-10 Ah 1.92 0.11 -

10-15 Ah 1.73 0.10 -
63-2 0-5 Auh 14.65 0.41 2.97 30-35 Bw 0.97 0.06 -

5-10 Auh 10.90 0.30 3.67 35-40 Bw 0.62 0.04 -
10-15 Auh 10.10 0.26 3.63 45-50 C 0.61 0.04 -
15-20 Auh 10.08 0.26 3.99 55-60 C 0.37 0.02 -
20-25 Auh 9.52 0.24 3.69
25-30 Auh 8.12 0.21 3.15 65-3 0-5 Auh 5.41 0.22 1.77
30-35 2Ahb 5.43 0.16 2.05 5-10 Auh 4.24 0.16 1.67
35-40 2Bwb 3.44 0.13 10-15 Auh 5.32 0.16 1.61

15-20 Auh 6.89 0.18 2.41
63-3 0-5 Auh 11.63 0.41 2.96 25-30 2Cu 1.40 0.08 0.02

5-10 Auh 8.80 0.28 2.90 30-35 2Cu 1.34 0.08 0
10-15 Auh 8.15 0.26 3.48 35-40 2Cu 1.38 0.08 0
15-20 Auh 8.26 0.26 2.87 54-59 3Ahb 1.81 0.11 -
20-25 Auh 8.17 0.26 2.89 59-64 3Ahb 1.24 0.08 -
25-30 Auh 7.87 0.25 2.14
33-38 2Ahb 4.12 0.19 65-4 0-5 Ah 4.54 0.27 -
38-43 2Bwb 1.28 0.06 5-10 Ah 2.31 0.14 -

25-30 Bw 0.84 0.05 -
63-4 0-5 Ah 27.18 1.86 -

8-13 C 1.06 0.08 - 66-1 0-5 Auh 9.66 0.28 3.17
13-18 C 0.54 0.04 - 5-10 Auh 4.60 0.14 1.89

10-15 Auh 4.67 0.13 2.36
64-1 0-5 Auh 18.03 0.52 6.49 16-21 2Bwb 0.58 0.04 -

5-10 Auh 7.89 0.25 3.06 21-26 2Bwb 0.37 0.03 -
10-15 Auh 4.93 0.17 2.17
15-20 Auh 4.02 0.16 1.72 66-2 0-5 Auh 7.25 0.20 3.45
27-32 2Bwb 1.68 0.09 - 5-10 Auh 6.60 0.14 3.18

10-15 Auh 5.83 0.16 2.16
64-2 0-5 Auh 17.60 0.59 4.33 15-20 Auh 5.36 0.15 1.87

5-10 Auh 11.73 0.33 4.04 24-29 2Cu 5.40 0.15 2.22
10-15 Auh 7.71 0.24 2.67 36-41 3Auh 3.14 0.12 1.30
15-20 Auh 4.26 0.15 1.80 45-50 4Ahb 2.90 0.07 -
20-25 2Cu 3.17 0.12 1.61 50-55 4Ahb 1.06 0.07 -
25-30 2Cu 4.92 0.16 2.44
30-35 2Cu 4.35 0.15 1.93 66-3 0-5 Auh 6.45 0.27 1.54

8-13 2Cu 2.21 0.10 0.43
64-3 0-5 Auh 16.86 0.51 5.79 32-37 3Auh 5.06 0.16 2.21

5-10 Auh 7.71 0.26 3.34 37-42 3Auh 5.29 0.16 0.56
10-15 Auh 6.14 0.19 2.41 42-47 3Auh 4.83 0.18 1.84

47-52 3Auh 5.32 0.16 2.02
65-1 0-5 Auh 6.2 0.2 1.19 52-57 4Bwb 1.53 0.09 2.21

5-10 Auh 4.7 0.1 1.15 57-62 4Bwb 0.93 0.06 -
10-15 Auh - - -
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67-1 0-5 Auh 8.32 0.28 3.87 69-1 0-5 Auh 8.19 0.32 1.98
5-10 Auh 6.62 0.21 2.89 5-10 Auh 7.11 0.24 2.22
10-15 Auh 6.99 0.18 2.51 10-15 2Cu 4.32 0.16 1.67
15-20 Auh 5.74 0.14 1.41 15-20 2Cu 1.73 0.09 0.49
25-30 2Bwb 2.52 0.08 -
30-35 2Bwb 0.86 0.04 - 69-2 0-5 Auh 7.58 0.32 1.64

5-10 Auh 6.74 0.23 2.31
67-2 0-5 Auh 21.45 0.41 8.82 10-15 Auh 8.26 0.19 3.21

5-10 Auh 13.55 0.24 4.06 15-20 2Cu 4.98 0.14 2.43
10-15 Auh 8.59 0.18 2.59 20-25 2Cu 2.77 0.10 1.58
15-20 Auh 5.36 0.14 2.85 25-30 3Bwb 1.22 0.07 -
20-25 Auh 5.99 0.15 3.18 35-40 3Bwb 0.76 0.05 -
25-30 2Cu 7.48 0.18 2.41
35-40 2Cu 5.55 0.14 - 69-3 0-5 Auh 5.52 0.20 1.21
47-52 3Ahb 2.28 0.07 - 5-10 Auh 3.77 0.13 1.51
52-57 3Ahb 1.40 0.05 - 10-15 2Bwb 1.40 0.07 -

15-20 2Bwb 1.27 0.07 -
67-3 0-5 Auh 5.10 0.23 0.86 25-30 2Bwb 0.79 0.04 -

5-10 Auh 3.18 0.14 0.67 30-35 2Bwb 0.44 0.02 -
12-17 2Cu 2.60 0.09 1.12 35-40 2Bwb 0.35 0.02 -
17-22 2Cu 4.42 0.12 1.65 40-45 2C 0.19 0.01 -
20-25 2Cu 45-50 2C 0.18 0.01 -
25-30 3Auh 7.87 0.17 3.57
30-35

I
3Auh 6.68 0.15 3.07 70-1 0-5 Auh 5.88 0.27 2.43

30-35
II

3Auh 6.00 0.14 3.01 5-10 Auh 5.41 0.20 2.88

35-40 3Auh 5.62 0.16 2.18 15-20 Auh 4.98 0.16 2.93
40-45 3Auh 4.42 0.14 1.67 24-29 2Bwb 1.46 0.06 -
45-50 3Auh 4.55 0.14 2.61
53-58 4Bwb 2.44 0.08 - 70-2 0-5 Auh 5.53 0.26 2.05
58-63 4Bwb 1.60 0.07 - 5-10 Auh 4.14 0.15 2.18

10-15 2Cu 4.31 0.15 2.11
68-1 0-5 Auh 16.88 0.44 4.81 20-25 3Auh 4.06 0.14 1.96

5-10 Auh 10.97 0.29 3.41 28-33 4Ahb 3.74 0.13 -
10-15 Auh 7.15 0.18 2.49 33-38 4Ahb 3.46 0.13 -

50-55 4Cb 0.32 0.03 -
68-2 0-5 Auh 12.21 0.42 3.99

5-10 Auh 9.30 0.24 3.32 70-3 0-5 Auh 5.43 0.28 1.67
10-15 Auh 7.80 0.20 3.22 5-10 Auh 4.70 0.22 1.64
15-20 Auh 6.89 0.15 2.69 10-15 Auh 3.81 0.18 1.25
20-25 Auh 7.34 0.16 2.86 15-20 Auh 3.29 0.14 1.22
41-46 2Bwb 1.02 0.04 - 20-25 Auh 3.59 0.13 1.54

28-33 2Cu 1.86 0.09 0.79
68-3 0-5 Auh 9.49 0.28 3.55 33-38 2Cu 1.00 0.06 0.51

5-10 Auh 4.97 0.16 2.26 38-43 2Cu 0.63 0.05 0.74
10-15 Auh 6.27 0.17 2.64 44-49 3Bwb 0.43 0.03 -
15-20 Auh 6.62 0.16 2.87 49-54 3Bwb 0.48 0.04 -
20-25 Auh 5.46 0.14 2.26 60-65 4Cb 0.20 0.02 -
30-35 Auh 8.92 0.22 3.95
35-40 Auh 10.07 0.19 5.07 71-1 0-5 Auh 10.34 0.29 4.02
43-48 Auh 5.66 0.19 3.03 5-10 Auh 8.87 0.23 3.12
48-53 Auh 4.63 0.05 2.44 10-15 Auh 5.29 0.17 1.97
53-58 Auh 3.03 0.10 1.33 16-21 2Bwb 1.20 0.07 4.09
58-63 Auh 2.84 0.09 1.04 21-26 2Bwb 0.60 0.04 3.33
80-85 2Bwb 0.47 0.03 -
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Depth
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%

71-2 0-5 Auh 11.26 0.29 3.80 20-25 Auh 5.14 0.15 1.34
5-10 Auh 7.56 0.14 2.22 25-30 2Auh 6.54 0.18 2.52
10-15 Auh 8.60 0.13 0.50 31-36 3Bwb 1.55 0.07 -
15-20 2Cu 5.66 0.10 2.79
20-25 2Cu 2.64 0.08 1.96 73-3 0-5 Auh 5.55 0.21 1.67
29-34 3Auh 7.12 0.14 - 5-10 Auh 8.13 0.21 2.99
34-39 3Auh 4.60 0.12 - 10-15 Auh 6.57 0.18 2.45
39-44 4Bwb 1.92 0.07 -
44-49 4Bwb 1.34 0.07 - 74-1 0-5 Auh 13.48 0.36 3.85
49-54 4Bwb 0.78 0.04 - 5-10 Auh 7.27 0.21 2.86

10-15 Auh 6.04 0.17 2.30
71-3 0-5 Auh 8.05 0.24 3.24 15-20 Auh 6.63 0.18 2.87

5-10 Auh 3.02 0.11 1.69 20-25 Auh 6.75 0.18 2.95
10-15 2Cu 1.76 0.07 0.75
15-20 2Cu 2.00 0.08 0.95 74-2 0-5 Auh 8.72 0.30 3.15
20-25 2Cu 2.56 0.08 1.14 5-10 Auh 7.52 0.24 3.29
25-30 2Cu 3.07 0.10 1.17 10-15 Auh 8.00 0.25 3.41
35-40 3Auh 7.34 0.17 2.72 15-20 Auh 6.48 0.21 2.10
40-45 3Auh 3.95 0.14 1.11 27-32 2Ahb 2.46 0.13 -
46-51 4Ahb 3.92 0.15 - 32-37 2Ahb 2.52 0.14 -
51-56 4Bwb 2.54 0.14 - 37-42 2Ahb 2.37 0.12 -
80-85 4Cb 0.29 0.02 -

74-3 0-5 Auh 9.82 0.38 2.66
72-1 0-5 Auh 17.36 0.46 6.81 5-10 Auh 3.48 0.18 0.92

5-10 Auh 8.88 0.27 3.97 10-15 Auh 3.31 0.19 0.52
10-15 Auh 6.06 0.20 2.56 15-20 Auh 3.03 0.18 0.55
15-20 Auh 4.63 0.14 1.89 20-25 Auh 2.88 0.18 0.65
20-25 Auh 4.45 0.12 1.61
30-35 2Bwb 1.03 0.05 - 75-1 0-5 Auh 20.46 0.43 6.70

5-10 Auh 12.10 0.37 3.70
72-2 0-5 Auh 11.66 0.36 3.74 20-25 2Ahb 1.51 0.20 -

5-10 Auh 7.57 0.24 2.74
10-15 Auh 6.26 0.18 3.00 75-2 0-5 Auh 14.30 1.68 4.22
15-20 Auh 4.84 0.14 2.58 5-10 Auh 14.49 3.10 4.78
20-25 Auh 4.99 0.15 2.24 10-15 Auh 15.06 4.14 5.89
25-30 Auh 6.28 0.19 2.78 16-21 2Cu 3.94 7.11 2.23
32-37 Auh 6.55 0.17 3.01 21-26 2Cu 6.17 13.43 2.62
37-42 Auh 5.68 0.75 2.51

75-3 0-5 Auh 5.72 0.25 2.14
72-3 0-5 Auh 9.24 7.39 3.06 12-17 Auh 3.95 0.17 0.88

5-10 Auh 7.43 15.72 3.50 25-30 3Auh 5.82 0.20 2.34
10-15 Auh 6.47 0.18 2.80 30-35 3Auh 9.55 0.26 4.33
15-20 Auh 4.63 0.15 1.81 35-40 3Auh 10.26 0.28 4.43
20-25 2Cu 5.07 0.15 2.08 40-45 3Auh 10.92 0.25 4.49
25-30 2Cu 4.18 0.14 1.71 45-50 3Auh 9.90 0.23 4.29
34-39 3Auh 8.00 0.20 3.37 52-57 4Ahb 3.53 0.13 -
39-44 3Auh 7.26 0.17 3.26
44-49 3Auh 7.55 0.18 3.15 76-1 0-5 Auh 20.69 0.45 5.75
54-59 4Bwb 2.70 0.11 - 5-10 Auh 13.11 0.32 2.92
59-64 4Bwb 1.00 0.05 - 10-15 Auh 12.39 0.29 3.85

20-25 2Bwb 0.99 0.06 -
73-2 0-5 Auh 9.38 0.24 3.23

5-10 Auh 9.10 0.21 2.81 76-2 0-5 Auh 14.82 0.35 5.86
10-15 Auh 7.31 0.19 2.12 5-10 Auh 11.83 0.24 3.88
15-20 Auh 6.36 0.16 2.43 10-15 Auh 8.81 0.17 1.96
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15-20 Auh 8.49 0.15 2.16 35-40 3Bwb 1.08 0.05 -
20-25 Auh 10.29 0.15 3.50 40-45 3Bwb 0.53 0.04 -
25-30 Auh 9.03 0.15 3.29 45-50 3Bwb 0.42 0.03 -
30-35 Auh 5.77 0.26 1.98
35-40 Auh 6.27 3.14 2.43 78-2 0-5 Auh 7.91 0.26 1.95
40-45 Auh 4.79 0.92 1.78 5-10 Auh 6.94 0.19 1.56
47-52 2Bwb 2.97 3.13 - 10-15 Auh 5.82 0.17 1.61

20-25 3Auh 6.04 0.12 1.15
76-3 0-5 Auh 7.92 4.74 2.08 25-30 3Auh 5.82 0.11 1.35

5-10 2Cu 3.01 8.67 0.68 30-35 3Auh 5.33 0.10 1.32
10-15 2Cu 3.01 13.64 0.82 35-40 3Auh 3.95 0.11 0.70
15-20 2Cu 2.40 21.03 0.26 45-50 4Ahb 2.17 0.09 -
25-30 2Cu 2.37 0.10 0.52 50-55 4Bwb 0.82 0.05 -
30-35 2Cu 2.11 0.09 0.65
35-40 2Cu 2.40 0.09 0.17 78-3 0-5 Auh 8.44 0.26 1.38
41-46 3Auh 7.69 0.18 3.05 5-10 Auh 4.94 0.16 1.33
46-51 3Auh 7.55 0.15 2.96 10-15 2Cu 2.96 0.11 0.43
51-56 3Auh 5.00 0.11 2.06 15-20 2Cu 2.07 0.11 0.32
57-62 3Cu 2.25 0.08 0.63 20-25 3Auh 2.96 0.12 0.30
62-67 3Cu 2.24 0.08 1.02 20-

25b
3Auh 3.59 0.15 0.48

80-85 4Bwb 0.46 0.03 - 26-31 4Bwb 2.01 0.10 -
31-36 4Bwb 0.74 0.04 -

77-1 0-5 Auh 26.09 0.55 11.42 36-41 4Bwb 0.60 0.04 -
5-10 Auh 11.66 0.27 3.87 41-44 4Bwb 0.49 0.03 -
10-15 Auh 6.88 0.18 1.97 46-51 4Bwb 0.45 0.03 -
18-23 2Bwb 1.45 0.12 -
23-28 2Bwb 0.88 0.29 - 79-1 0-5 Auh 6.41 0.23 1.90
28-33 2Bwb 0.75 0.05 - 5-10 Auh 6.25 0.21 1.50

10-15 Auh 5.06 0.18 1.12
77-2 0-5 Auh 10.55 0.34 2.38 15-20 Auh 4.30 0.16 0.85

5-10 Auh 6.67 0.20 1.90 20-25 Auh 3.44 0.12 1.16
10-15 Auh 4.80 0.14 1.04 26-31 2Ahb 1.82 0.09 0.30
17-22 Auh 5.43 0.15 1.33 34-39 2Bwb 1.29 0.07 -
22-27 Auh 6.91 0.18 2.41 39-44 2Bwb 0.75 0.04 -
27-32 2Bwb 2.57 0.10 -
32-37 2Bwb 0.90 0.05 - 79-2 0-5 Auh 7.77 0.29 1.69

5-10 Auh 7.39 0.25 1.90
77-3 0-5 Auh 6.71 0.26 1.41 10-15 Auh 6.16 0.17 2.01

5-10 Auh 5.82 0.18 1.67 15-20 Auh 5.76 0.15 1.94
10-15 2Bwb 3.11 0.11 - 20-25 Auh 6.90 0.14 2.86
15-20 2Bwb 1.22 0.07 - 25-30 Auh 9.14 0.14 4.49
20-25 2Bwb 0.65 0.05 - 33-38 2Ahb 2.43 0.10 0.49
30-35 2Bwb 0.56 0.04 - 38-43 2Ahb 1.66 0.08 0.49
35-40 2Bwb 0.49 0.03 - 43-48 2Bwb 0.73 0.04 -
40-
45a

2Bwb 0.49 0.03 - 48-52 2Bwb 0.45 0.03 -

40-
45b

2Bwb 0.43 0.03 -

45-50 2Bwb 0.23 0.02 - 79-3a 0-5 Auh 7.78 0.31 2.04
80-85 2Cb 0.20 0.02 - 5-10 Auh 7.46 0.23 2.03

10-15 Auh 5.32 0.16 1.27
78-1 0-5 Auh 9.71 0.36 1.71 15-20 Auh 4.49 0.13 1.76

5-10 Auh 5.60 0.27 1.30 20-25 Auh 4.86 0.14 1.77
10-15 2Auh 5.38 0.29 1.05 25-30 Auh 3.81 0.13 1.01
20-25 2Auh 4.56 0.13 1.03 37-42 Ahb 2.41 0.10 1.03
25-30 3Ahb 3.62 0.11 42-47 Ahb 1.90 0.08 0.48
28-33 3Ahb 3.31 0.11 55-60 2Bwb 0.83 0.05 -
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60-65 2Bwb 0.62 0.04 -
70-75 2Cb 0.43 0.03 -

79-3b 0-5 Auh 6.91 0.31 -
5-10 Auh 3.01 0.17 -
10-15 2Cu 2.24 0.16 -

A1 0-5 Ah 6.43 0.23 -
5-10 Bw 3.13 0.13 -
10-15 Bw 1.92 0.09 -
15-20 Bw 0.87 0.05 -
20-25 Bw 0.67 0.04 -
25-30 Bw 0.79 0.04 -
33-38 Bw 0.57 0.04 -
38-43 C 0.64 0.04 -
43-48 C 0.46 0.03 -

A3 0-5 Ah 2.21 0.13 -
5-10 Ah 1.35 0.08 -
10-15 Ah 1.09 0.06 -
15-20 Ah 0.80 0.04 -
20-25 Ah 0.54 0.03 -
33-38 Bw 0.35 0.02 -

172
GeoRS Geopedology and Landscape Development Research Series | Vol. 13



Tabelle A6. Calibration dataset of measured BPCA-C values for the chemometric BPCA-C prediction.
RCH
no.

Depth
[cm]

Hori-
zon

BPCA
%

RCH
no.

Depth
[cm]

Hori-
zon

BPCA
%

RCH
no.

Depth
[cm]

Hori-
zon

BPCA
%

28-1 0-5 Auh 9.7 5-10 Auh 0.4 25-30 C 0.1
5-10 Auh 3.1 15-20 Auh 3.1 32-37 C 0.2

28-2 0-5 Auh 4.8 32-37 2Cu 0.6 30-4 0-5 Ah 0.2
5-10 Auh 2.7 37-42 2Cu 0.4 5-10 Ah 0.1

28-3 0-5 Auh 2.5 42-47 2Cu 0.2 10-15 Bw 0.2
5-10 Auh 4.2 47-52 2Cu 0.3 15-20 Bw 0.1

29-1 0-5 Auh 5.0 59-64 2Cu 2.5 21-26 C 0.1
5-10 Auh 3.6 64-69 3Auh 2.2 26-31 C 0.0
10-15 Auh 4.1 72-77 3Auh 2.2 33-38 C 0.1

29-2 0-5 Auh 3.6 45-1 0-5 Auh 2.8 38-43 C 0.1
5-10 Auh 3.2 5-10 Auh 3.2 32-4 0-5 Ah 0.1
10-15 Auh 3.0 10-15 Auh - 5-10 Ah 0.1
15-20 Auh 2.9 15-20 2Cu 2.4 20-25 Bw 1.5

29-3 0-5 Auh 3.3 45-2 0-5 Auh 3.1 25-30 Bw 0.4
5-10 Auh 3.7 5-10 Auh 2.2 39-4 0-5 Ah 0.3
10-15 Auh 3.7 10-15 Auh 2.3 5-10 Ah 0.3
15-20 Auh 2.1 20-25 2Cu 1.3 10-15 Bw 0.3
20-25 Auh 2.5 25-30 2Cu 1.4 39-3 77-82 Ahb 0.2
25-30 Auh 2.9 45-3 23-28 2Cu 1.5 82-87 Ahb 0.4

39-1 0-5 Auh 10.7 28-33 2Cu 2.1 87-92 Bwb 0.2
5-10 Auh 8.5 28-4 9-14 Bw 0.1 45-3 54-59 Ahb 0.9
10-15 Auh 4.5 14-19 Bw 0.1 60-65 Ahb 0.4
15-20 Auh 1.9 19-24 Bw 0.1 46-3 32-37 Ahb 0.3
25-30 Bwb 4.6 25-30 Bw 0.1 46-4 0-5 Ah 1.2

39-2 0-5 Auh 6.2 30-35 Bw 0.3 5-10 Ah 0.5
5-10 Auh 5.9 29-4 0-5 Ah 0.2 25-30 Bw 0.3
10-15 Auh 3.8 5-10 Bw 0.4 59-

4O
0-5 Ah 0.1

15-20 Auh 0 10-15 Bw 0.3 5-10 Ah 0.1
25-30 Auh 0.1 15-20 Bw 0.1 12-17 Bw 0.1

39-3 0-5 Auh 1.8 20-25 C 0.1 23-28 Bw 0.9
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28-33 Bw 0.2

59-4W 0-5 Ah 0.1
5-10 Ah 0.1
10-15 Bw 0.1
15-20 Bw 0.0
20-25 Bw 0.0
30-35 Bw 0.0
35-40 Bw 0.2
40-45 Bw 0.1

29-1 17-22 Bwb 0.2
22-27 Bwb 0.3

29-2 22-27 Bwb 0.3
27-32 Bwb 0.2
32-37 Bwb 0.2

29-3 30-45 Bwb 0.2
35-40 Bwb 0.2

45-2 33-38 Bwb 0.6
46-1 26-32 Bwb 0.3
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Tabelle A7. Soil acidity (pH in CaCl2) for studied soil samples.
RCH
no.

Depth
[cm]

Hori-
zon

pH RCH
no.

Depth
[cm]

Hori-
zon

pH RCH
no.

Depth
[cm]

Hori-
zon

pH

28-1 0-5 Auh 3.9 5-10 Auh 4.4 25-30 C 4.9
5-10 Auh 3.9 15-20 Auh 3.9 32-37 C -

28-2 0-5 Auh 3.9 32-37 2Cu 4.8 30-4 0-5 Ah 4.3
5-10 Auh 3.9 37-42 2Cu 4.8 5-10 Ah 4.6
10-15 Auh 4.2

28-3 0-5 Auh 4.1 42-47 2Cu 4.9 10-15 Bw 4.6
5-10 Auh 4.1 47-52 2Cu 4.9 15-20 Bw 4.8

29-1 0-5 Auh 4.1 59-64 2Cu 4.7 21-26 C -
5-10 Auh 4.1 64-69 3Auh 4.9 26-31 C -
10-15 Auh 4.1 72-77 3Auh 4.5 33-38 C -

29-2 0-5 Auh 4.1 45-1 0-5 Auh 4.3 38-43 C -
5-10 Auh 4.1 5-10 Auh 4.3 32-4 0-5 Ah 4.5
10-15 Auh 4.2 10-15 Auh 4.3 5-10 Ah 4.7
15-20 Auh 4.2 15-20 2Cu - 20-25 Bw 4.7

29-3 0-5 Auh 4.2 45-2 0-5 Auh 4.3 25-30 Bw 4.7
5-10 Auh 4.2 5-10 Auh 4.3 39-4 0-5 Ah 4.3
10-15 Auh 4.4 10-15 Auh 4.7 5-10 Ah 4.3
15-20 Auh 4.4 20-25 2Cu 4.9 10-15 Bw 4.5
20-25 Auh 4.7 25-30 2Cu 5.0 39-3 77-82 Ahb 4.8
25-30 Auh 4.7 45-3 23-28 2Cu 4.4 82-87 Ahb 4.8

39-1 0-5 Auh 3.5 28-33 2Cu 4.4 87-92 Bwb 4.4
5-10 Auh 3.5 28-4 9-14 Bw - 45-3 54-59 Ahb 4.6
10-15 Auh 4.3 14-19 Bw 4.8 60-65 Ahb 4.6
15-20 Auh 4.3 19-24 Bw 4.8 46-3 32-37 Ahb 4.6
25-30 Bwb 4.5 25-30 Bw 4.9 46-4 0-5 Ah 3.8

39-2 0-5 Auh 4.7 30-35 Bw 4.9 5-10 Ah 3.8
5-10 Auh 4.7 29-4 0-5 Ah 4.2 25-30 Bw 4.3
10-15 Auh 4.7 5-10 Bw 4.8 59-

4O
0-5 Ah 3.9

15-20 Auh 4.8 10-15 Bw 4.8 5-10 Ah 3.9
25-30 Auh 4.8 15-20 Bw 4.8 12-17 Bw 4.4

39-3 0-5 Auh 4.4 20-25 C 4.9 23-28 Bw 4.4
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RCH no. Depth [cm] Horizon pH
28-33 Bw 4.4

59-4W 0-5 Ah 3.6
5-10 Ah 3.6
10-15 Bw 4.3
15-20 Bw 4.3
20-25 Bw 4.2
30-35 Bw 4.5
35-40 Bw 4.5
40-45 Bw 4.4

29-1 17-22 Bwb 5.0
22-27 Bwb 5.0

29-2 22-27 Bwb 5.0
27-32 Bwb 5.0
32-37 Bwb 5.1

29-3 30-45 Bwb 5.0
35-40 Bwb 4.6

45-2 33-38 Bwb 5.0
46-1 26-32 Bwb 4.3
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Chapter 8

Tabelle A8. Average element concentrations by sequential extraction in RCH and reference soils. T - total, P –
pyrophosphate extractable, Ox – oxalate extractable, D – Dithionite extractable

Auh Cu Ahb Bwb Ah Bw C

Fe

T

mg kg−1

25619 27606 27448 30809 33866 36249 33594
Py 1960 1676 900 475 3244 571 238
Ox 3436 3355 3181 3107 4600 2464 1437
Di 6705c 7117 7151 9487 5954 7825 5383

Al

T

mg kg−1

22538 24379 23626 27905 24198 25766 25422
Py 2757 2558 1631 1083 3904 1605 1014
Ox 2421 2154 2242 2719 2012 2259 1764
Di 2460 2589 2737 4244 2539 3015 1533

Mn

T

mg kg−1

715 662 557 435 711 614 454
Py 99 93 53 85 57 24 36
Ox 221 206 196 80 124 37 27
Di 33 56 9 70 30 63 68

Ca T

mg kg−1

4772 3578 2949 2977 4759 4337 5093
Na T 889 827 812 910 977 948 916
K T 3495 3839 3635 4120 2735 3363 4972
Mg T 4132 4832 4729 5421 5005 6185 7991
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Tabelle A9. Effective cation exchange capacity (CEC) and exchangeable cations for RCH soils
RCH no. Depth [cm] Horizon Fe Mg Al Ca Na K Mn CEC

cmolc kg−1

39-1 0-10 Auh 0.03 1.53 7.40 5.49 1.38 0.34 0.35 16.52
39-1 10-21 Auh 0 0.84 2.07 3.78 1.04 0.11 0.18 8.02
39-1 21-31 Bwb 0 0.59 0.73 2.73 0.99 0.06 0.05 5.16
39-2 0-15 Auh 0.00 4.10 2.87 1.32 1.10 0.20 0.52 10.10
39-2 15-25 Auh 0.00 5.63 3.00 2.40 1.15 0.15 0.43 12.76
39-2 25-30 Auh 0.00 0.79 0.27 3.27 0.91 0.06 0.05 5.35
39-2 30-40 Bwb 0.00 0.89 0.00 3.06 0.81 0.03 0.02 4.81
39-2 40-50 Bwb 0.00 0.74 0.00 3.18 0.81 0.05 0.02 4.79
39-3 0-9 Auh 0.00 0.79 4.87 3.27 1.17 0.20 0.13 10.43
39-3 9-14 Cu 0.00 0.54 1.40 2.34 0.84 0.12 0.12 5.36
39-3 14-22 2Auh 0.01 1.73 1.93 7.44 0.97 0.14 0.20 12.42
39-3 22-32 2Cu 0.00 1.23 0.87 5.79 0.99 0.14 0.08 9.10
39-3 32-41 2Cu 0.01 0.69 0.13 2.40 0.68 0.08 0.04 4.04
39-3 41-51 2Cu 0.00 1.19 0.20 3.36 1.02 0.11 0.08 5.95
39-3 51-61 2Cu 0.00 0.69 0.13 2.58 0.81 0.09 0.05 4.36
39-3 61-71 3Auh 0.00 2.42 1.13 2.10 1.46 0.17 0.13 7.41
39-3 71-77 3Auh 0.00 1.88 1.33 9.81 1.02 0.14 0.18 14.36
39-3 77-81 Ahb 0.01 0.79 0.27 3.30 0.81 0.09 0.09 5.36
39-3 81-87 Ahb 0.00 0.54 0.20 1.89 0.76 0.08 0.07 3.54
39-3 87-100 Bwb 0.00 0.64 0.20 1.80 1.15 0.09 0.02 3.90
39-3 100-120 Bwb 0.00 0.30 0.60 1.38 0.84 0.09 0.02 3.23
41-1 0-8 Auh 0.01 0.35 2.99 1.24 0.82 0.14 0.15 5.69
41-1 10-18 Auh 0.00 0.51 2.25 1.70 0.82 0.10 0.23 5.61
41-1 18-35 Bwb 0.00 0.42 0.35 2.21 0.95 0.09 0.03 4.05
41-2 0-13 Auh 0.00 1.81 3.11 5.87 0.98 0.17 0.79 12.73
41-2 13-19 Cu 0.00 1.42 0.97 8.96 0.77 0.09 0.22 12.43
41-2 19-31 2Auh 0.00 2.10 0.78 18.78 0.88 0.09 0.24 22.88
41-2 31-40 Bwb 0.00 0.28 0.33 1.36 0.76 0.07 0.02 2.81
41-2 40-50 Bwb 0.02 0.71 0.19 2.10 0.92 0.06 0.03 4.03
41-3 0-10 Auh 0.02 0.33 1.13 1.29 0.90 0.11 0.04 3.81
41-3 10-20 Cu 0.02 0.39 0.96 1.12 0.89 0.09 0.04 3.50
41-3 20-28 Cu 0.02 0.46 0.97 1.40 0.96 0.08 0.02 3.91
41-3 28-42 2Auh 0.02 0.44 1.41 1.49 1.05 0.10 0.09 4.60
41-3 42-50 Bwb 0.01 0.40 0.46 1.58 1.08 0.09 0.03 3.66
41-3 50-60 Bwb 0.01 0.41 0.59 1.56 0.90 0.08 0.02 3.57
45-1 0-15 Auh 0.01 0.73 1.80 2.42 1.04 0.14 0.13 6.28
45-1 15-20 Auh 0.01 1.46 1.73 5.78 2.15 0.14 0.10 11.36
45-1 25-35 Bwb 0.06 0.67 0.37 1.93 1.16 0.10 0.01 4.30
45-2 0-10 Auh 0.05 0.80 1.61 2.51 1.47 0.18 0.09 6.72
45-2 10-20 Auh 0.02 2.06 2.08 9.34 1.47 0.19 0.10 15.27
45-2 20-26 Cu 0.02 2.09 1.24 10.15 1.28 0.14 0.09 15.01
45-2 26-33 2Auh 0.02 1.77 0.67 12.78 1.06 0.10 0.06 16.47
45-2 33-40 Bwb 0.01 0.97 0.11 3.69 0.90 0.08 0.03 5.79
45-2 40-50 Bwb 0.02 0.92 0.18 2.43 0.97 0.08 0.02 4.61
45-2 50-60 Bwb 0.01 0.91 0.07 2.37 1.05 0.08 0.01 4.50
45-3 0-13 Auh 0.02 0.54 1.80 1.33 0.94 0.12 0.09 4.85
45-3 13-23 Auh 0.01 0.76 1.48 2.55 1.01 0.10 0.10 6.02
45-3 23-33 Cu 0.02 1.18 1.93 4.61 1.13 0.12 0.12 9.09
45-3 34-44 2Auh 0.02 0.78 0.84 2.90 0.80 0.08 0.05 5.46
45-3 44-54 2Auh 0.01 0.72 0.94 2.20 0.79 0.08 0.06 4.79
45-3 54-66 Ahb 0.01 1.31 1.33 4.66 1.30 0.14 0.08 8.83
45-3 66-76 Bwb 0.03 0.79 0.66 2.60 1.23 0.11 0.09 5.52
45-3 76-86 Bwb 0.02 0.55 0.58 2.32 0.94 0.08 0.03 4.53
45-3 86-96 Bwb 0.00 0.55 0.43 2.01 0.86 0.08 0.01 3.94
46-1 0-8 Auh 0.06 0.95 3.92 3.62 1.64 0.26 0.13 10.59
46-1 8-16 Auh 0.01 0.71 1.52 3.20 0.49 0.10 0.08 6.11
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RCH no. Depth [cm] Horizon Fe Mg Al Ca Na K Mn CEC
cmolc kg−1

46-1 16-26 Auh 0.01 0.72 1.15 4.35 0.92 0.10 0.04 7.29
46-1 26-36 Bwb 0.01 0.50 0.43 2.72 0.77 0.08 0.01 4.52
46-2 0-8 Auh 0.01 1.35 2.67 13.09 0.94 0.25 0.58 18.88
46-2 8-16 Auh 0.00 1.99 0.24 28.56 0.80 0.08 0.13 31.79
46-2 16-26 Auh 0.00 2.74 0.09 38.16 0.83 0.08 0.08 41.98
46-2 26-36 Auh 0.00 2.74 0.39 25.69 0.93 0.09 0.09 29.92
46-2 36-43 Bwb 0.01 0.88 0.21 4.71 0.97 0.08 0.01 6.87
46-3 0-12 Auh 0.04 0.68 2.68 2.71 1.17 0.22 0.08 7.58
46-3 12-22 Auh 0.00 0.58 1.21 2.13 1.07 0.12 0.07 5.18
46-3 22-32 Auh 0.00 1.02 1.68 5.51 1.29 0.22 0.09 9.82
46-3 32-40 Ahb 0.02 0.49 0.24 2.82 0.90 0.07 0.01 4.55
46-3 40-50 Bwb 0.02 0.30 0.27 1.47 0.89 0.07 0.00 3.02
46-3 50-60 Bwb 0.03 0.51 0.07 2.30 0.86 0.06 0.01 3.83
56-1 0-10 Auh 0.01 0.45 1.36 1.55 0.91 0.16 0.05 4.48
56-1 10-20 Bwb 0.03 0.34 0.52 1.77 0.86 0.08 0.01 3.62
56-2 0-9 Auh 0.01 0.52 2.00 1.75 0.98 0.23 0.09 5.59
56-2 9-18 Auh 0.01 0.49 1.51 1.77 1.05 0.17 0.08 5.09
56-2 18-27 Auh 0.03 0.55 0.92 2.32 1.09 0.20 0.04 5.15
56-2 27-40 Bwb 0.03 0.34 0.03 1.30 1.05 0.10 0.00 2.85
56-3 0-10 Auh 0.06 0.71 2.34 2.32 1.41 0.25 0.05 7.14
56-3 10-18 Cu 0.04 0.69 1.56 3.13 1.38 0.16 0.04 7.00
56-3 18-27 2Auh 0.05 0.88 2.68 3.10 1.28 0.17 0.03 8.19
56-3 27-32 2Cu 0.03 0.48 0.73 2.04 1.09 0.11 0.02 4.49
56-3 32-42 2Cu 0.03 0.90 0.80 3.92 0.94 0.09 0.02 6.71
56-3 42-52 2Cu 0.02 0.51 0.59 1.92 0.90 0.09 0.01 4.03
56-3 52-62 2Cu 0.04 0.67 0.45 2.41 1.16 0.11 0.00 4.85
56-3 62-65 2Cu 0.04 0.47 0.23 1.68 1.04 0.08 0.03 3.56
56-3 65-72 Ahb 0.05 0.38 0.21 1.47 1.09 0.08 0.00 3.27
56-3 72-85 Bwb 0.04 0.35 0.08 1.24 0.93 0.06 0.00 2.70
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Tabelle A10. Effective cation exchange capacity (CEC) and exchangeable cations for Reference soils
RCH no. Depth

[cm]
Horizon Fe Mg Al Ca Na K Mn CEC

cmolc kg−1

28-4 0-9 Ah 0.07 0.50 1.67 2.15 1.67 0.24 0.41 6.71
28-4 17-25 Ah 0.05 0.34 0.25 1.63 1.24 0.11 0.11 3.73
28-4 25-37 Bw 0.07 0.50 0.08 1.90 1.44 0.11 0.11 4.21
28-4 37-49 Bw 0.05 0.34 0.09 1.79 1.36 0.09 0.02 3.75
29-4 0-5 Ah 0.05 0.42 3.43 1.81 1.69 0.28 0.12 7.79
29-4 5-15 Bw 0.05 0.41 0.42 2.07 1.64 0.14 0.01 4.76
29-4 15-22 Bw 0.05 0.43 0.30 1.88 1.48 0.12 0.01 4.28
29-4 22-32 Bw 0.05 0.32 0.33 1.59 1.35 0.12 0.01 3.77
29-4 32-42 C 0.05 0.36 0.16 1.68 1.45 0.12 0.01 3.82
30-4 0-4 Ah 0.06 0.59 2.55 2.14 1.46 0.32 0.12 7.26
30-4 4-14 Bw 0.04 0.45 0.73 1.92 1.33 0.17 0.03 4.68
30-4 14-21 Bw 0.05 0.39 0.40 1.68 1.26 0.14 0.02 3.94
32-4 0-3 Ah 0.06 0.54 0.75 2.17 1.49 0.25 0.06 5.32
32-4 3-11 Ah 0.06 0.46 1.80 1.93 1.41 0.21 0.06 5.93
32-4 11-20 Ah 0.04 0.49 0.11 2.29 1.49 0.12 0.02 4.57
32-4 20-34 Bw 0.05 0.42 0.34 1.92 1.60 0.13 0.03 4.49
33-4 0-5 Ah 0.05 0.45 0.83 2.14 1.41 0.16 0.06 5.10
33-4 5-10 Ah 0.06 0.55 2.06 2.67 1.65 0.30 0.11 7.40
33-4 10-15 Bw 0.04 0.45 0.04 2.06 1.30 0.09 0.00 4.00
33-4 15-20 Bw 0.06 0.38 0.08 1.90 1.67 0.13 0.01 4.22
33-4 20-25 Bw 0.06 0.34 0.07 1.83 1.78 0.14 0.01 4.23
33-4 25-30 Bw 0.08 0.55 0.24 3.18 2.54 0.23 0.02 6.84
33-4 30-35 Bw 0.06 0.45 0.37 2.19 1.88 0.18 0.01 5.15
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RCH no. Depth
[cm]

Horizon Fe Mg Al Ca Na K Mn CEC

cmolc kg−1

33-4 35-40 Bw 0.06 0.37 0.41 1.86 1.81 0.16 0.04 4.71
39-4 0-12 Ah 0.05 0.33 2.79 0.95 0.78 0.22 0.09 5.22
39-4 12-20 Bw 0.00 0.25 0.53 1.01 0.78 0.08 0.03 2.66
39-4 20-35 Bw 0.00 0.33 0.31 0.83 0.69 0.06 0.02 2.25
39-4 35-50 Bw 0.00 0.29 0.25 1.32 0.64 0.05 0.01 2.56
39-4 50-65 C 0.00 0.36 0.10 1.50 0.65 0.04 0.02 2.66
39-4 65-80 C 0.00 0.36 0.09 1.49 0.63 0.04 0.01 2.61
41-4 0-10 Ah 0.03 0.48 2.82 1.83 1.20 0.19 0.06 6.61
41-4 10-20 Bw 0.01 0.47 0.72 1.82 1.12 0.11 0.02 4.29
41-4 20-30 Bw 0.01 0.30 0.67 1.27 1.24 0.09 0.02 3.60
41-4 30-40 Bw 0.03 0.52 0.60 1.73 1.12 0.10 0.02 4.11
45-4 0-10 Ah 0.12 0.55 4.29 2.33 1.05 0.21 0.02 8.57
45-4 10-20 Ah 0.05 0.42 1.66 1.74 1.31 0.12 0.01 5.31
45-4 20-30 Bw 0.01 0.36 0.95 1.40 0.91 0.10 0.00 3.72
45-4 30-40 Bw 0.00 0.30 0.50 1.12 0.80 0.07 0.00 2.80
45-4 40-50 C 0.01 0.41 0.32 1.75 0.78 0.06 0.01 3.34
45-4 50-60 C 0.00 0.39 0.36 1.39 0.93 0.06 0.01 3.15
46-4 0-10 Ah 0.06 0.52 3.70 1.49 0.99 0.25 0.01 7.01
46-4 10-20 Bw 0.01 0.30 0.68 0.98 0.75 0.12 0.00 2.83
46-4 20-30 Bw 0.00 0.51 0.70 2.20 1.05 0.10 0.00 4.57
46-4 30-38 Bw 0.00 0.31 0.24 1.38 0.76 0.06 0.00 2.75
46-4 38-50 C 0.01 0.41 0.08 1.32 0.67 0.05 0.01 2.55
59-4Ost 0-12 Ah 0.08 0.43 3.18 1.50 1.03 0.17 0.00 6.40
59-4Ost 12-20 Bw 0.07 0.50 0.78 2.05 1.29 0.13 0.00 4.81
59-4Ost 20-30 Bw 0.10 0.43 3.03 1.88 1.16 0.10 0.02 6.72
59-4Ost 30-40 Bw 0.04 0.24 1.34 1.18 1.00 0.20 0.00 4.00
59-4Ost 40-50 C 0.03 0.31 1.72 1.27 0.75 0.05 0.00 4.12
59-4Ost 50-70 C 0.04 0.38 0.33 1.56 0.96 0.08 0.00 3.35
59-4Ost 70-75 C 0.05 0.42 0.40 2.07 1.62 0.58 0.00 5.14
59-4W 0-10 Ah 0.13 0.55 4.00 1.57 1.20 0.31 0.00 7.26
59-4W 10-20 Bw 0.05 0.28 0.83 1.17 0.88 0.08 0.00 3.29
59-4W 20-30 Bw 0.04 0.27 0.42 1.22 0.90 0.08 0.00 2.94
59-4W 30-40 Bw 0.03 0.34 0.32 1.38 0.88 0.10 0.00 3.04
59-4W 40-50 Bw 0.03 0.38 0.83 1.73 0.96 0.06 0.00 4.00
59-4W 50-60 C 0.02 0.28 0.18 1.15 0.72 0.04 0.00 2.40
59-4W 60-70 C 0.03 0.36 0.22 1.50 1.07 0.24 0.00 3.42
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Tabelle A11. Total element concentrations for RCH soils
RCH
no.

Depth
[cm]

Hori-
zon

Fe Mg Al Ca Na K Mn

mg kg−1

39-1 0-10 Auh 19296.46 2873.87 17616.68 3845.69 981.94 3036.62 576.78
39-1 10-21 Auh 26221.14 5019.44 30785.83 4544.76 1624.34 6954.57 928.61
39-1 21-31 Bwb 30978.13 6267.90 27326.07 2189.77 1034.13 4493.63 542.73
39-2 0-15 Auh 22473.43 4393.34 22449.43 5864.32 968.59 4392.78 1372.63
39-2 15-25 Auh 22658.16 4362.57 21489.72 6565.91 932.28 3916.67 1172.47
39-2 25-30 Auh 28246.68 4575.51 30071.05 2458.07 1000.07 4062.72 608.43
39-2 30-40 Bwb 29144.00 5358.19 28311.14 2268.62 1000.70 4010.79 453.53
39-2 40-50 Bwb 28250.49 5580.01 26918.94 2126.67 971.65 4142.36 469.30
39-3 0-9 Auh 22981.35 4147.95 21214.10 2544.10 932.19 3159.20 468.19
39-3 9-14 Cu 25116.37 5245.25 23354.46 2318.61 958.05 4040.93 748.40
39-3 14-22 2Auh 23913.10 4762.07 23873.38 4446.44 1043.11 4283.87 998.94
39-3 22-32 2Cu 26742.91 5337.45 26224.28 3546.92 1087.01 4756.22 844.75
39-3 32-41 2Cu 30714.10 5471.91 26916.09 2147.72 923.60 3761.75 564.57
39-3 41-51 2Cu 29459.20 5039.77 26532.73 2173.48 936.94 3749.16 856.74
39-3 51-61 2Cu 29669.16 5396.25 25998.28 2037.83 869.28 3717.14 659.84
39-3 61-71 3Auh 27816.19 5510.00 23968.52 4768.96 965.58 4659.68 861.06
39-3 71-77 3Auh 26989.09 5418.93 22894.97 4746.29 937.69 4261.92 762.99
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RCH
no.

Depth
[cm]

Hori-
zon

Fe Mg Al Ca Na K Mn

mg kg−1

39-1 0-10 Auh 19296.46 2873.87 17616.68 3845.69 981.94 3036.62 576.78
39-1 10-21 Auh 26221.14 5019.44 30785.83 4544.76 1624.34 6954.57 928.61
39-1 21-31 Bwb 30978.13 6267.90 27326.07 2189.77 1034.13 4493.63 542.73
39-2 0-15 Auh 22473.43 4393.34 22449.43 5864.32 968.59 4392.78 1372.63
39-2 15-25 Auh 22658.16 4362.57 21489.72 6565.91 932.28 3916.67 1172.47
39-2 25-30 Auh 28246.68 4575.51 30071.05 2458.07 1000.07 4062.72 608.43
39-2 30-40 Bwb 29144.00 5358.19 28311.14 2268.62 1000.70 4010.79 453.53
39-2 40-50 Bwb 28250.49 5580.01 26918.94 2126.67 971.65 4142.36 469.30
39-3 0-9 Auh 22981.35 4147.95 21214.10 2544.10 932.19 3159.20 468.19
39-3 9-14 Cu 25116.37 5245.25 23354.46 2318.61 958.05 4040.93 748.40
39-3 14-22 2Auh 23913.10 4762.07 23873.38 4446.44 1043.11 4283.87 998.94
39-3 22-32 2Cu 26742.91 5337.45 26224.28 3546.92 1087.01 4756.22 844.75
39-3 32-41 2Cu 30714.10 5471.91 26916.09 2147.72 923.60 3761.75 564.57
39-3 41-51 2Cu 29459.20 5039.77 26532.73 2173.48 936.94 3749.16 856.74
39-3 51-61 2Cu 29669.16 5396.25 25998.28 2037.83 869.28 3717.14 659.84
39-3 61-71 3Auh 27816.19 5510.00 23968.52 4768.96 965.58 4659.68 861.06
39-3 71-77 3Auh 26989.09 5418.93 22894.97 4746.29 937.69 4261.92 762.99
39-3 77-81 Ahb 28529.10 5688.28 24470.31 2369.81 892.58 4155.34 727.25
39-3 81-87 Ahb 29182.00 4995.55 26792.12 2326.70 904.10 3860.51 712.22
39-3 87-100 Bwb 29938.99 5955.40 25497.96 2018.36 895.61 3925.98 379.37
39-3 100-120 Bwb 30857.22 6658.66 25308.40 2173.09 893.17 4477.50 394.11
41-1 0-8 Auh 22173.90 3801.43 21276.85 3269.68 868.59 3982.39 656.29
41-1 10-18 Auh 26086.01 4838.95 24622.09 2638.14 897.28 4470.36 852.85
41-1 18-35 Bwb 32673.34 5881.54 31378.35 3187.97 897.04 5077.93 443.64
41-2 0-13 Auh 26705.08 4733.27 25361.51 4654.13 832.52 4698.42 2251.03
41-2 13-19 Cu 29093.49 5279.32 26084.20 5464.08 840.51 4261.38 935.02
41-2 19-31 2Auh 28099.51 5187.91 24962.94 6162.09 792.94 4221.84 1157.62
41-2 31-40 Bwb 33164.79 4748.02 35907.35 2578.98 823.02 4323.98 499.74
41-2 40-50 Bwb 35447.22 6204.97 37213.81 2047.89 903.90 5040.22 584.31
41-3 0-10 Auh 33962.00 6037.16 27938.29 3330.34 788.12 3875.11 613.57
41-3 10-20 Cu 32978.12 5811.43 27433.67 3129.04 760.11 3867.92 621.04
41-3 20-28 Cu 29268.16 4853.19 25611.15 2487.13 769.02 4052.99 518.48
41-3 28-42 2Auh 34791.00 6198.63 27908.49 4574.03 815.69 4016.62 824.10
41-3 42-50 Bwb 34772.63 5206.67 34412.13 2157.49 865.03 4333.92 583.39
41-3 50-60 Bwb 36694.08 6967.26 34943.51 2392.54 963.72 4750.07 514.60
45-1 0-15 Auh 27338.56 3828.65 26126.01 2851.12 806.13 3761.77 707.44
45-1 15-20 Auh 29101.69 4316.74 27427.78 3752.95 863.64 3474.83 638.64
45-1 25-35 Bwb 31815.50 5884.20 31401.21 2868.23 1107.59 5036.09 397.95
45-2 0-10 Auh 27357.12 4148.85 25856.44 3111.36 862.63 3924.91 693.76
45-2 10-20 Auh 27803.78 4547.04 25311.10 6449.37 1309.73 3950.04 680.56
45-2 20-26 Cu 27559.12 4028.41 25223.48 4245.07 921.86 3671.28 680.41
45-2 26-33 2Auh 25994.22 3662.30 25045.79 5525.70 909.43 3895.03 688.23
45-2 33-40 Bwb 29912.01 5155.94 27900.13 3452.50 941.07 3951.46 465.08
45-2 40-50 Bwb 29831.44 5168.48 27386.66 2653.96 857.44 3602.09 407.64
45-2 50-60 Bwb 30707.03 5651.31 27158.25 1937.80 701.23 3488.62 362.65
45-3 0-13 Auh 25191.43 3535.83 23711.12 4729.23 1169.30 3519.11 618.28
45-3 13-23 Auh 25392.34 3469.07 22997.81 3203.20 794.26 3237.54 761.39
45-3 23-33 Cu 25853.88 3789.81 23337.65 3818.50 814.21 3462.19 627.84
45-3 34-44 2Auh 25649.83 3470.07 23205.16 3744.91 850.23 3383.86 599.30
45-3 44-54 2Auh 24815.40 3257.99 21567.27 3522.91 742.51 3049.23 622.67
45-3 54-66 Ahb 26144.83 3985.65 23594.19 3324.91 815.82 3758.30 605.09
45-3 66-76 Bwb 27675.38 4255.83 25203.12 4268.87 1126.40 3832.22 664.86
45-3 76-86 Bwb 30529.50 4231.76 27973.30 2310.48 802.05 3737.86 382.15
45-3 86-96 Bwb 30544.56 6370.97 28180.65 3036.50 1015.10 5381.04 411.92
46-1 0-8 Auh 26348.55 3496.63 18364.01 5219.74 920.13 2264.59 420.15
46-1 8-16 Auh 27537.72 4044.77 21340.01 5500.02 801.15 2716.61 492.51
46-1 16-26 Auh 28569.39 4068.84 21311.43 5153.36 752.90 2415.95 433.59
46-1 26-36 Bwb 38537.75 5069.60 28923.46 5394.08 1106.28 3089.02 395.59
46-2 0-8 Auh 26002.69 3617.36 20573.24 7245.82 824.23 2853.15 1045.68
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RCH
no.

Depth
[cm]

Hori-
zon

Fe Mg Al Ca Na K Mn

mg kg−1

46-2 8-16 Auh 25997.51 3967.77 21142.00 9968.22 763.72 3234.76 740.54
46-2 16-26 Auh 24177.78 3863.46 18653.23 10260.69 701.76 2505.79 689.17
46-2 26-36 Auh 26987.05 4313.55 20900.73 9758.99 887.02 3186.03 624.28
46-2 36-43 Bwb 28770.31 4134.50 24865.89 4221.91 886.57 3234.34 283.65
46-3 0-12 Auh 25416.28 3414.15 19354.30 4684.19 797.30 2524.23 486.08
46-3 12-22 Auh 26174.59 3780.16 20098.36 4877.14 791.00 2611.62 521.21
46-3 22-32 Auh 28906.88 3917.95 20704.54 5402.63 816.96 2709.47 518.61
46-3 32-40 Ahb 29950.04 4545.27 21695.17 3774.09 692.80 3117.47 279.14
46-3 40-50 Bwb 29873.20 5083.07 21745.39 4210.86 720.72 3545.37 299.04
46-3 50-60 Bwb 30000.21 5634.28 19636.99 4837.20 717.57 3883.56 323.24
56-1 0-10 Auh 23854.85 4477.98 21731.85 3113.78 865.08 3687.08 433.23
56-1 10-20 Bwb 27038.40 4962.68 23631.11 2557.01 803.17 3777.01 397.75
56-2 0-9 Auh 22273.44 3805.80 19668.78 3032.77 745.66 3241.44 551.12
56-2 9-18 Auh 23773.46 4481.15 21045.33 3393.65 799.27 3620.47 558.71
56-2 18-27 Auh 23740.26 4380.81 20817.07 3407.90 758.90 3344.86 575.20
56-2 27-40 Bwb 26751.09 5440.98 23178.42 3206.92 831.50 3811.55 388.63
56-3 0-10 Auh 21458.16 3834.55 18734.59 3122.39 724.71 3015.31 499.14
56-3 10-18 Cu 23374.98 4822.79 19612.74 3589.11 731.42 3520.91 505.76
56-3 18-27 2Auh 21330.71 3980.94 18629.67 3481.90 732.55 2979.76 435.12
56-3 27-32 2Cu 23142.02 4456.60 21087.19 3584.49 743.46 3408.84 572.33
56-3 32-42 2Cu 23373.40 4493.79 21425.86 4400.43 828.47 3627.14 537.73
56-3 42-52 2Cu 23779.47 5004.95 21505.97 4585.22 921.13 4190.79 482.19
56-3 52-62 2Cu 24051.36 5392.06 20930.89 4094.87 809.45 3825.32 469.33
56-3 62-65 2Cu 25092.63 5124.53 23251.19 4156.51 951.40 4214.70 862.80
56-3 65-72 Ahb 23434.77 4433.08 21579.45 2952.26 757.13 3285.20 465.28
56-3 72-85 Bwb 25513.57 4236.12 25326.40 3356.50 977.83 3946.32 404.73
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Tabelle A12. Total element concentrations for reference soils
RCH no. Depth

[cm]
Horizon Fe Mg Al Ca Na K Mn

mg kg−1

28-4 0-9 Ah 42595,74 6583,31 26262,40 4607,25 1054,65 2035,70 1204,04
28-4 17-25 Ah 39988,56 6329,38 24780,66 3858,96 871,56 1870,00 653,07
28-4 25-37 Bw 43343,45 8473,09 24200,99 4247,53 938,10 2468,56 541,37
28-4 37-49 Bw 42057,90 8148,78 25651,91 7529,84 1053,03 3425,97 714,41
29-4 0-5 Ah 28962,50 4570,64 23616,35 3845,54 1076,71 2201,11 1041,73
29-4 5-15 Bw 41199,59 6354,95 27169,96 4338,15 1288,30 2952,56 586,99
29-4 15-22 Bw 37804,49 7349,38 29337,15 4168,30 1332,74 2747,26 568,57
29-4 22-32 Bw 44214,26 7845,93 26830,81 4494,98 1362,79 3198,16 581,16
29-4 32-42 C 44477,00 9337,77 27867,24 4855,25 1408,18 3437,43 653,00
30-4 0-4 Ah 41559,98 6885,97 24509,36 5498,46 1157,97 2885,31 667,37
30-4 4-14 Bw 46121,17 7764,45 27338,59 6688,36 1405,10 3140,92 1034,32
30-4 14-21 Bw 44987,03 8148,98 29009,41 6618,64 1455,81 3273,26 1041,19
32-4 0-3 Ah 32630,31 6955,07 22653,52 7502,54 1151,60 2691,77 1036,58
32-4 3-11 Ah 40756,20 8776,70 29774,51 10468,66 1569,79 3869,67 1073,53
32-4 11-20 Ah 41783,65 8848,09 29982,43 10284,93 1594,88 3601,55 856,13
32-4 20-34 Bw 37623,16 8312,27 27664,30 9929,25 1525,09 3428,02 738,40
33-4 0-5 Ah 39077,27 4348,04 19959,11 3998,98 633,99 2036,76 651,11
33-4 5-10 Ah 42583,76 4404,95 20146,28 4253,90 745,87 1975,00 1092,11
33-4 10-15 Bw 41739,29 5021,82 22268,39 4918,26 902,49 2363,02 785,53
33-4 15-20 Bw 42651,77 6471,19 23647,66 4879,75 835,14 2734,36 562,22
33-4 20-25 Bw 49480,60 6122,80 24055,17 5068,94 736,40 2557,28 665,01
33-4 25-30 Bw 44823,33 6219,03 22369,10 5357,88 903,16 2829,25 558,35
33-4 30-35 Bw 42776,09 5874,02 20699,32 4866,46 870,75 2703,97 524,23
33-4 35-40 Bw 41775,91 6116,97 22282,09 5168,14 925,55 2963,03 521,15
39-4 0-12 Ah 31291,30 4194,86 26079,91 3614,04 1147,21 4523,33 769,37
39-4 12-20 Bw 33625,79 5167,39 26879,92 3354,26 1023,15 4188,33 509,13
39-4 20-35 Bw 32570,75 6359,05 25831,86 3113,46 991,29 4832,45 484,90
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RCH no. Depth
[cm]

Horizon Fe Mg Al Ca Na K Mn

mg kg−1

39-4 35-50 Bw 30389,33 8287,61 25853,25 4015,85 1044,94 6255,31 530,64
39-4 50-65 C 43537,55 10855,91 30616,27 12338,60 1301,74 9444,72 617,83
39-4 65-80 C 29665,57 7012,92 23818,14 3632,10 915,21 4402,98 466,72
41-4 0-10 Ah 29675,98 3202,26 28837,45 2751,24 774,90 2647,83 854,18
41-4 10-20 Bw 33824,90 5051,62 32824,30 3058,12 904,67 3724,19 568,17
41-4 20-30 Bw 33882,00 5731,52 31513,53 3127,38 900,78 3684,37 498,66
41-4 30-40 Bw 33523,31 5430,17 29636,22 3503,33 889,74 3509,45 486,31
45-4 0-10 Ah 26759,56 2639,12 22036,23 2919,89 793,18 2898,36 273,29
45-4 10-20 Ah 30368,59 3449,02 29524,01 2810,92 866,05 3224,04 335,47
45-4 20-30 Bw 31690,91 5270,35 27898,40 2007,38 722,30 3345,99 349,84
45-4 30-40 Bw 31008,66 6413,57 26545,03 2996,01 857,36 3927,82 401,99
45-4 40-50 C 31870,47 8180,31 25598,49 3760,43 855,99 3852,62 443,42
45-4 50-60 C 32463,65 7997,84 26318,12 3450,74 871,32 4181,82 444,51
46-4 0-10 Ah 21354,15 1314,66 17895,69 2094,71 642,62 2005,03 155,16
46-4 10-20 Bw 24573,08 2163,48 23006,66 1747,38 638,11 2093,43 184,80
46-4 20-30 Bw 30448,05 3776,37 26558,92 1591,95 629,59 2613,46 234,10
46-4 30-38 Bw 29306,40 4895,13 21718,43 2284,34 686,39 3048,95 288,58
46-4 38-50 C 28870,12 5739,01 20377,65 1829,00 664,80 3538,31 316,68
59-4O 0-12 Ah 27152,02 4150,21 22581,13 3548,45 704,45 2534,81 325,86
59-4O 12-20 Bw 31054,37 5443,82 26204,78 4149,71 756,17 2927,03 395,89
59-4O 20-30 Bw 32499,99 6060,98 26861,88 4260,03 741,71 3247,01 393,75
59-4O 30-40 Bw 34350,81 7355,79 28063,38 4967,71 802,84 3824,70 375,36
59-4O 40-50 C 36259,52 8617,14 29537,24 5959,14 813,51 5371,35 402,86
59-4O 50-70 C 40629,31 9742,98 30632,49 8037,28 869,06 6790,62 457,34
59-4O 70-75 C 28839,35 7527,45 22669,42 2578,19 677,67 4579,74 449,80
59-4W 0-10 Ah 25321,30 3435,46 18539,70 4093,80 860,92 2772,47 396,66
59-4W 10-20 Bw 29241,22 4363,01 25559,63 3952,88 993,90 3515,55 3515,55
59-4W 20-30 Bw 29980,48 5282,03 23604,68 3512,11 780,34 3595,82 329,84
59-4W 30-40 Bw 29641,11 6277,20 22924,81 4289,92 734,72 4226,48 347,20
59-4W 40-50 Bw 27777,94 6374,81 20526,38 4607,19 729,26 4299,96 357,41
59-4W 50-60 C 28317,10 6509,21 21109,85 4902,69 933,49 4748,22 374,03
59-4W 60-70 C 28564,56 6387,63 21099,31 4680,96 772,47 4350,61 368,93
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Tabelle A13. Pedogenic (hydr)oxide concentrations in RCH soils
RCH
no.

Depth
[cm]

Ho-
rizon

Fep Feo Fed Alp Alo Ald Mnp Mno Mnd

mg kg−1

39-1 10-
21

Auh 1545,75 2845,33 6568,51 3839,29 2288,90 2087,32 0,00 309,06 41,71

39-1 21-
31

Bwb 448,52 1702,38 7501,36 1269,29 1696,02 2252,59 253,40 159,43 24,97

39-3 9-14 Cu 2025,76 2517,94 5924,56 3137,07 1908,00 1809,57 0,00 136,06 0,00
39-3 14-

22
2Auh 1500,41 2712,74 6083,06 4221,29 2151,87 1861,77 0,00 357,49 0,00

39-3 22-
32

2Cu 937,21 2746,02 7552,95 2018,74 2462,04 2565,14 0,00 268,51 74,79

39-3 41-
51

2Cu 750,45 3369,50 8205,75 1547,12 2719,51 3136,43 0,00 380,65 58,27

39-3 61-
71

3Auh 1356,73 2608,65 5355,77 3235,58 2066,35 1984,62 0,00 382,12 0,00

39-3 77-
81

Ahb 664,38 2570,78 6814,31 1605,02 2034,25 2648,40 0,00 309,44 37,52

41-1 0-8 Auh 1808,59 2953,89 5417,07 2425,70 2024,75 2199,08 170,84 270,20 151,66
41-1 18-

35
Bwb 392,77 3087,77 9463,40 1554,49 3095,15 3799,56 127,24 49,79 263,69

41-2 31-
40

Bwb 702,43 3909,69 10714,01 1940,37 6456,97 4307,22 66,58 59,82 140,87

41-3 0-10 Auh 1196,06 2976,17 8893,30 2083,41 1864,05 3037,55 129,08 86,66 99,30
41-3 10-

20
Cu 880,76 3678,01 9079,44 2143,46 2374,66 3178,35 80,45 134,65 181,23

41-3 42-
50

Bwb 525,27 3826,56 12199,21 1379,58 2915,76 5229,93 100,10 108,03 234,89

45-1 0-15 Auh 1940,14 3451,94 6447,28 3254,94 2854,09 2793,77 145,83 308,47 0,00
45-1 15-

20
Auh 1464,70 3404,71 8267,65 2983,85 3041,07 3217,35 0,00 305,49 0,00

45-1 25-
35

Bwb 354,93 1904,76 9743,32 654,10 1661,36 6592,32 163,75 92,05 0,00

45-2 10-
20

Auh 1999,43 3845,56 7337,61 2811,84 2869,32 2790,76 187,78 341,06 0,00

45-2 20-
26

Cu 1465,37 3724,84 7750,69 2360,11 2767,31 2944,60 186,52 368,42 0,00

45-2 33-
40

Bwb 533,36 2610,77 11060,86 685,50 1909,38 6789,83 0,00 116,20 0,00
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RCH
no.

Depth
[cm]

Ho-
rizon

Fep Feo Fed Alp Alo Ald Mnp Mno Mnd

mg kg−1

45-3 0-13 Auh 2291,04 3615,93 7367,65 3345,26 2715,85 3674,65 201,85 342,23 0,00
45-3 23-

33
Cu 2011,05 3671,03 7408,89 2529,63 2200,84 3090,08 113,16 237,90 0,00

45-3 34-
44

2Auh 1969,68 4259,81 6999,90 2964,60 2560,68 2914,71 143,91 292,62 0,00

45-3 54-
66

Ahb 1598,68 3819,24 8185,36 2322,54 2696,46 2196,56 121,98 267,95 0,00

45-3 66-
76

Bwb 1037,27 3976,53 9931,97 1059,95 2080,46 4391,64 0,00 282,98 0,00

46-1 8-16 Auh 1911,11 3553,82 8210,72 2300,37 2222,33 3018,94 0,00 132,29 0,00
46-1 26-

36
Bwb 539,79 3431,24 14314,35 1002,18 2975,79 5401,87 0,00 0,00 0,00

46-2 0-8 Auh 2344,15 4008,17 5750,85 2938,66 3096,00 1707,83 128,46 381,40 0,00
46-2 16-

26
Auh 1202,32 2780,11 6465,95 1429,00 2507,49 2121,03 107,85 282,60 0,00

46-3 0-12 Auh 2379,86 3668,29 6545,62 2612,68 2105,26 2237,59 0,00 100,49 0,00
46-3 32-

40
Ahb 507,05 2288,57 7988,45 881,95 2065,39 3484,73 0,00 85,16 0,00

46-3 40-
50

Bwb 247,93 1513,60 5574,96 677,21 1444,14 2265,10 0,00 0,00 0,00

56-1 0-10 Auh 1678,06 3837,27 5997,41 2500,92 1807,35 2173,07 0,00 0,00 65,57
56-1 10-

20
Bwb 397,51 2518,81 9395,37 624,13 1570,54 3711,34 0,00 0,00 76,16

56-2 0-9 Auh 2429,67 3583,82 5212,91 2532,76 1953,76 1491,33 170,52 109,83 58,77
56-2 27-

40
Bwb 247,57 2803,15 8117,42 601,25 1808,81 3750,00 156,63 0,00 0,00

56-3 0-10 Auh 3259,90 3580,27 5393,66 3547,79 2552,44 1892,39 156,24 132,54 56,17
56-3 10-

18
Cu 1988,34 3186,05 5421,91 2623,50 1520,92 1926,97 84,89 154,44 102,28

56-3 18-
27

2Auh 3537,69 3629,21 4867,15 3900,81 1984,85 1798,86 132,85 73,80 0,00

56-3 27-
32

2Cu 1956,03 3691,30 4997,19 2972,87 1962,58 1739,01 91,67 166,51 121,61

56-3 65-
72

Ahb 831,26 4045,84 5619,07 1715,00 2173,43 2621,74 90,21 124,28 0,00

56-3 72-
85

Bwb 282,34 6007,24 5833,57 1553,82 5015,32 2448,22 158,82 94,73 104,02
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Tabelle A14. Pedogenic (hydr)oxide concentrations in reference soils
RCH
no.

Depth
[cm]

Ho-
rizon

Fep Feo Fed Alp Alo Ald Mnp Mno Mnd

mg kg−1

39-4 0-12 Ah 2830,72 4837,37 4450,79 4212,82 1969,24 1392,50 0,00 240,15 37,62
39-4 12-

20
Bw 568,34 2345,70 7215,59 2157,82 2493,19 2342,88 0,00 0,00 17,66

39-4 35-
50

Bw 0,00 1362,62 4946,44 1367,24 1552,22 1264,74 0,00 0,00 38,00

39-4 50-
65

C 353,19 1050,88 5810,68 860,46 966,34 990,83 0,00 0,00 63,05

41-4 0-10 Ah 2229,46 5918,37 7024,52 4764,19 3304,75 3603,16 204,94 258,96 14,58
41-4 10-

20
Bw 805,31 4005,59 8477,20 2296,18 3277,12 4257,06 196,59 0,00 102,78

45-4 0-10 Ah 3120,98 4689,51 9318,73 3766,08 2299,04 4886,45 137,66 17,08 12,06
45-4 20-

30
Bw 383,22 1938,76 10401,34 1050,92 1600,83 4371,26 0,00 0,00 60,70

45-4 40-
50

C 281,48 1968,54 6499,86 1475,49 2861,74 2737,56 181,22 23,00 32,20

46-4 0-10 Ah 3530,17 3320,47 6050,45 3505,44 1205,74 2084,08 0,00 0,00 0,00
46-4 10-

20
Bw 910,07 1271,95 10877,82 1404,51 1699,21 4541,38 0,00 0,00 146,01

46-4 38-
50

C 0,00 1106,44 5336,33 336,33 969,81 1578,44 0,00 0,00 43,00

59-
4O

0-12 Ah 3416,22 4721,39 4563,61 3900,54 1945,28 1850,41 0,00 71,90 57,92

59-
4O

12-
20

Bw 911,96 4197,31 6758,77 2047,70 3208,66 2905,02 0,00 80,90 78,80

59-
4O

40-
50

C 320,12 1747,97 4815,04 1378,05 2439,02 1673,78 0,00 73,17 65,04

59-
4W

0-10 Ah 4338,56 4118,25 4316,02 3275,95 1348,50 1422,28 0,00 158,83 59,43

59-
4W

10-
20

Bw 635,88 2966,20 8994,51 1416,07 2326,60 2984,82 0,00 129,41 43,76

59-
4W

30-
40

Bw 360,90 1628,00 4932,58 1100,54 1920,48 1453,50 0,00 93,20 17,85

59-
4W

50-
60

C 237,04 1314,06 4455,59 1023,90 1587,49 684,57 0,00 43,28 141,63
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