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Abstract

Soils are the second largest carbon pool after the oceans. Therefore, they play a crucial role
in the global climate system. Yet, terrestrial C turnover rates represent one of the largest un-
certainties in global climate models. This is mainly caused by the complexity and heteroge-
neity of soil organic matter (SOM). C with long turnover rates (centuries to millennia) is cur-
rently assumed to make up a large portion of SOM. Several hypotheses have been present-
ed to explain the existence of old soil organic carbon (SOC), such as chemical recalcitrance,
physical isolation by interactions with minerals, recycling and the influence of environmental
and ecosystem properties.

Here, links between SOM age and chemistry of were investigated at the molecular level by
applying a sequential chemical extraction technique. The nature of the SOM in the extracts
and the residues is based on its chemical structure and recalcitrance (e.g., types of lignin,
sugars or fatty acids), and its mineral association. Those fractions (extracts and residues)
were analyzed for their C-isotopic composition (**C and '*C) allowing further insights into the
relations between SOM compounds and their age distribution.

The influence of soil parent material on the age and chemistry of SOM was investigated for
two different depths (0—10 cm and 30-60 cm) from six different sites in central Germany.
These sites had the same vegetation (European beech forest: Fagus sylvatica L.) and overall
climate, but distinct bedrock types (limestone and sandstone).

At all sites, the age of the extracts increased with depth. Differences between the two layers
for the A'C values were larger at the limestone sites (TOP: -5.9 %o, BOT: -236.0 %0) com-
pared to the sandstone sites (TOP: 2.4 %o, BOT: -61.2 %0). Those values clearly indicate an
influence of parent material, with consistently older SOM found at the limestone sites com-
pared with sandstone. The oldest C values were found in the microbially-derived fractions at
the limestone sites. It is likely that this C comes from carbonates in the soils. Under climate
change, organic C in the carbonates might get released due to enhanced weathering. If this
is the case, this C would be available for microorganisms as an energy source and become
part of the fast turnover SOC pool.




VI

Abstract

von Fromm (2019)




von Fromm (2019)

List of abbreviations

Vil

List of abbreviations

AHY
a.s.l.
ASTM

BHY
CLRTAP

CuO
CZE
DCM
EA
GC-MS

GHG
GLP
GOT
HAI
HOL
HUM
LLQ
LMW
IAEA

IC
ICP Forest

MAP

MAT

MFM
MICADAS
MTBE

Acid hydrolysis
Above sea level

American Society for Test-
ing and Materials

Basic hydrolysis

Convention on Long-range
Transboundary Air Pollution

Copper oxidation

Critical Zone Exploratory
Dichlormethane
Elemental analyzer

Gas chromatography-mass
spectrometry

Greenhouse gas

Good laboratory practice
Goettingen Forest

Hainich

Holzland

Hummelshain

Lower limit of quantification
Low molecular weight
International Atomic Energy
Agency

Inorganic carbon

International Co-operative
Program on Assessment
and Monitoring of Air Pollu-
tion Effects on Forests

Mean annual precipitation
Mean annual temperature
Muffle-Furnace-Method
Mini Carbon Dating System
Methyl-tert-butylether

Mya
NIST

NOX
ocC
OX-l
PTFE
PE
POS
ROMA

Rpm
RSD
SD

SE
SOC
SOL
SOM
uLQ
UNECE

TC
TCD

TLUG

TLWJF

TN
TSE
WGS
WRB

Million years ago

National Institute of Stand-
ards and Technology

New oxalic acid
Organic carbon
Oxalic acid | standard
Polytetrafluorethylen
Polyethen

Possen

Routine Measurements &
Analysis

Rounds per minute
Relative standard deviation
Standard deviation
Standard error

Soil organic carbon

Solling

Soil organic matter

Upper limit of quantification

United Nations Economic
Commission for Europe

Total carbon

Thermal conductivity detec-
tor

Tharinger Landesanstalt fur
Umwelt und Geologie

Tharinger Landesanstalt fur
Wald, Jagd und Fischerei

Total nitrogen
Total solvent extraction
World Geodetic System

World Reference Base for
Soil



VIl List of abbreviations von Fromm (2019)




von Fromm (2019) List of tables IX
List of tables
Table 1:  Site characteristics of the three beech-forest locations on limestone

(HAI_, POS,, GOT\) bedrock in Thuringia and Lower Saxony, Germany .......... 11
Table 2:  Site characteristics of the three beech-forest locations on sandstone

(HUMs, HOLs, SOLs) bedrock in Thuringia and Lower Saxony, Germany .......... 13
Table 3:  Sampling depths at the different locations .........ccccoooviiiiiicii 15
Table 4: Chemical components and their abundance in the four different fractions

of the sequential chemical extraction method based on results from Otto

and SIMPSON (2007) .ceeeeeiieiiiiiiiei e 20
Table 5:  Quality control of pH determination ... 21
Table 6:  Physical (pH) and chemical (CN, 5"°C A'C) characteristics of TOP (0

10 cm) and BOT (30-60 cm) bulk soil samples for limestone (HAIL,

POS,, GOT\.) and sandstone (HUMs, HOLs, SOLs) Sites ....ccvvvveciiiiiienereiiiiinnnnn, 27
Table 7:  Inorganic carbon (IC), soil organic carbon (SOC), and total nitrogen (TN)

[wt-%] of TOP (0—10 cm) and BOT (30-60 cm) bulk and soil residue

samples for limestone (HAI, POS,, GOT.) and sandstone (HUMs,

HOLs, SOLS) SItES .oiiiiiiiii it 36
Table 8:  8"°C [%o] of TOP (0-10 cm) and BOT (30-60 cm) soil residues and

extracts for limestone (HAI_, POS,, GOT.) and sandstone (HUMs, HOLs,

SOLS) SIES e 42
Table 9: A™C [%0] of TOP (0-10 cm) and BOT (30-60 cm) soil residues and

extracts for limestone (HAI_, POS,, GOT.) and sandstone (HUMs, HOLs,

SOLS) SIES e 44



List of tables von Fromm (2019)




von Fromm (2019) List of figures Xl

List of figures

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Development of northern hemispheric atmosphere A*CO; over the last 60
years due to the production of "*C by atmospheric nuclear weapon testing.
Data before 1959 were obtained from tree ring measurements; data after

1959 from atmospheric measurements (Trumbore et al. 2016). .......cccccceeviiiennnn. 3
Historical (a) and emerging view (b) of soil carbon cycling (Schmidt et al.
1220 1 PRSP 5
The six study sites in Thuringia and Lower Saxony, Germany (QGIS
2.18.14 Las PalMaAS8) ...ciiiiiiiiiiiiiiiiiiiiie ettt 9

Simplified scheme of the sequential chemical extraction; TSE: Total
solvent extraction, BHY: Base hydrolysis, AHY: Acid hydrolysis, CuO:
Copper OXIAAtION ........ueiiiiiie e 16

Left: Total reflux system with soil samples in round-bottom flasks; Right:
Schematic picture of a total reflux system (from Aditha et al. 2016) .................. 18

Teflon-lined “bomb” reactor. Left: Assembled with samples;
Right: CloSed ... 19

pHu20 and IC [wt-%] of TOP (0—10 cm) and BOT (30—60 cm) bulk soils
samples for the limestone (HAI, POS,, GOT.) and the sandstone
(HUMs, HOLs, SOLs) sites. Samples below LLQ were setto 0 for IC. .............. 28

Soil organic carbon (SOC) [wt-%] and clay content [%] of TOP (0-
10 cm) and BOT (30-60 cm) bulk soil samples for limestone (HAIL,
POS,, GOT.) and sandstone (HOLs, SOLs) sites. Clay data from Huss
(2017), Meesenburg et al. (2009), and Thuringen Forst (2007); No data
Available fOr HUMas. ..o 30

Carbon to nitrogen (C/N) ratio and pH-value of TOP (0-10 cm) and BOT
(30—60 cm) bulk soil samples for limestone (HAI, POS,, GOT,) and
sandstone (HUMs, HOLg, SOLs) SIt€S ..ovviviiiuiiiiiieiiieeeicie e 31

5"C [%o] and C/N ratio of TOP (0-10 cm) and BOT (30-60 cm) bulk soil
samples for limestone (HAI, POS,, GOT.) and sandstone (HUMs,

HOLs, SOLS) SItES .oiiiiiiiiiiii et 32
A"™C [%o] of TOP (0-10 cm) and BOT (30-60 cm) bulk soil samples for
limestone (HAI,, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites ......... 34
C/N ratio of TOP (0-10cm) and BOT (30-60 cm) soil residues for
limestone (HAI,, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites ......... 37

Yield [%] of organic carbon (OC) for TOP (0-10 cm) and BOT (30—
60 cm) soil residues and extracts for limestone (HAI., POS,, GOT.) and
sandstone (HUMs, HOLg, POSs) SIt€S .oovviiiiiiiiiiiieeeeeecies e 38

Yield [%] of organic carbon (OC) and pH-value for TOP (0-10 cm) and
BOT (30—60 cm) BHY (‘Ester-bound lipids’) extracts for limestone (HAI,
POS,, GOT\.) and sandstone (HUMs, HOLs, POSs) sites ........vvceevivviiieveciiinnnnnn. 39
5"°C [%0] and OC [wt-%] of TOP (0-10 cm) and BOT (30-60 cm)
extracts for limestone (HAI_, POS,, GOT.) and sandstone (HUMs, HOLs,
SOLS) SIES e 43
A'™C [%o] and IC [wt-%] of TOP (0-10 cm) and BOT (30-60 cm) soil
residues for limestone (HAI, POS,, GOT.) and sandstone (HUMs,



Xl List of figures von Fromm (2019)

HOLs, SOLs) sites. Samples below LLQ were set to 0 for IC. Note

different scales for X-axXiS. .......ccoiiiiiiii i 45
Figure 17: A'™C [%o] of TOP (0-10 cm) and BOT (30—60 cm) extracts for limestone

(HAI,, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites. Note

different scales for y-axiS. ... 46
Figure 18: 5°C and A'™C [%o] of TOP (0-10cm) and BOT (30-60 cm) AHY

(‘Sugars’) extracts for limestone (HAI, POS,, GOT.) and sandstone

(HUMs, HOLs, SOLS) SItES .oiviiiieiiieiieeeeeeeeeeeeee e, 47



von Fromm (2019) Introduction 1

1. Introduction

Researchers have investigated drivers and processes of stabilizing organic matter in soils
(SOM) over the past several decades. We still lack the understanding of SOM dynamics
needed to adequately predict the response of SOM to abrupt environmental change. This
work aims at investigating parent material and depth effects on radiocarbon ages at the mo-
lecular level in chemical fractions of Central Germany soils. Radiocarbon determination is a
powerful tool to better understand SOM stabilization and destabilization processes.

1.1 The climate system and the global carbon cycle

In a globally changing world, especially in terms of anthropogenic climate change, a better
understanding of processes that drive those changes is crucial. Yet, it is even more important
to not only focus on those drivers, but to fully understand the underlying feedback processes
and cycles in our climate system. This is especially true for the global C cycle.

The third IPCC assessment report (Baede et al. 2001) defined the climate system as an in-
teractive system consisting of five major compounds: atmosphere, hydrosphere, cryosphere,
biosphere and pedosphere (plus lithosphere). All of those components are influenced by var-
ious natural and anthropogenic external and internal factors, with the sun being the most im-
portant natural and external one.

The atmosphere is the most unstable and rapidly changing part of the Earth system. Its com-
position has significantly changed various times in Earth history (Baede et al. 2001). Today,
the most important gases in terms of relative concentration are nitrogen (Nz), oxygen (O3)
and argon (Ar), the trace components carbon dioxide (CO,), nitrous oxide (N,O), methane
(CH4), ozone (0O3), and water vapor (H,O). These latter, so-called greenhouse gases
(GHGs), absorb infrared radiation emitted from the Earth surface and keep the energy in the
troposphere. This causes a temperature increase by about 33 K to an average global surface
temperature of 15 °C (Baede et al. 2001). This natural greenhouse effect is increasingly en-
hanced by anthropogenic GHG emissions into the atmosphere (Cubasch et al. 2013). Be-
sides GHGs the troposphere also consists of aerosols and clouds, which interact with incom-
ing and outgoing radiation. The atmosphere contains today about 829 Pg C (1 Pg = 10™° g),
of which almost one third was emitted into the atmosphere by human activities within the last
three decades (Ciais et al. 2013).

The hydrosphere includes all liquid fresh and saline water in rivers, lakes, aquifers, as well as
oceans and seas. The oceans cover approximately 70 % of the Earth’s surface, and store up
to about 40,450 Pg C (Baede et al. 2001; Ciais et al. 2013). About 150 + 30 Pg C were addi-
tionally added to the oceans by human activities during the Industrial Period (1750-2011;
Ciais et al. 2013).

The cryosphere combines the ice sheets of Greenland and Antarctica, continental glaciers
and snow fields, sea ice and permafrost soils. Due to the high reflectivity of ice (albedo), the
cryosphere mainly influences the effect of solar radiation at the Earth’s surface. Due to in-
creasing global surface temperature, the large amount of melt water stored in the cryosphere
contributes to rising sea levels (Ciais et al. 2013).

The marine and terrestrial biosphere mainly has an impact on the uptake and release of
GHGs into the atmosphere (Baede et al. 2001). Plants (mainly terrestrial) store up to 453—
653 Pg C through photosynthesis. That storing capacity will probably decrease by 30—
45 Pg C with ongoing climate change (Ciais et al. 2013).
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The pedosphere consists mostly of soils. They are the second largest C pool (~1,500—
2,400 Pg C) after the oceans and therefore play a crucial role in the global climate system
(Ciais et al. 2013). Biosphere and pedosphere are strongly interlinked. In particular, forest,
including tropical, temperate and boreal forest, is the most important natural land-cover type
which helps to protect and preserve soils. Globally, forest biomass stores up to 504 Pg C,
equivalent to more than 80 % of the total C stored in plants. Temperate forests are, after
tropical ones, the second largest C reservoir of terrestrial biomass and store up to 130 Pg C
(Schlesinger and Bernhardt 2013). However, this is a small amount compared to the storage
capacity of soils. Yet, most of the highly complex processes of the terrestrial C cycle are not
fully understood and cause the highest uncertainties in most Earth System Models
(Friedlingstein et al. 2014). That limits our ability to forecast how soils will react and behave
under climate change — and underlines the importance of better understanding the processes
of gaining and losing C in soils. To investigate the various processes within the soil C cycle,
the different C-isotopes provide powerful tools.

Carbon isotopes. In general, isotopes are forms of the same element that differ in the num-
ber of neutrons in the atomic nucleus. Isotopes of the same element behave chemically simi-
lar. However, different isotopes differ in mass; therefore, their individual bonds are slightly
different. The three most abundant C-isotopes are: "*C, *C, and "*C, with "?C and *C being
stable and '*C radioactive. All C-isotopes have 6 protons and between 6 and 8 neutrons. The
abundance decreases with increasing number, with 98.89 % of the C atoms on Earth being
2C and only 1.11 % '*C. The relative abundance of the two stable C-isotopes has not
changed since their production by nucleosynthesis in stars. Yet, since C atoms are constant-
ly transferred between different forms (organic and inorganic) and among and within the six
major Earth spheres (atmosphere, hydrosphere, cryosphere, biosphere, pedosphere, and
lithosphere), the relative abundance of ">C and ">C can change in any specific reservoir. This
process is called isotope fractionation and can be used to better understand and identify pro-
cesses that occur in the different reservoirs. This also applies for soils (Fry 2006; Trumbore
et al. 2016).

Since 'C is radioactive, its characteristics and application are different from the stable iso-
topes "?C and *C. C is naturally formed in the stratosphere when cosmic rays interact with
the Earth’s atmospheric N,. Between production in the stratosphere and decay, "C is oxi-
dized to "*CO, and mixed in the atmosphere before entering the terrestrial or hydrological C
cycle. For soils, the main input pathways are through plant photosynthesis and decomposi-
tion of biota. In the past, the range of production and decay of "C resulted in an abundance
of about 10™'° % in the pre-industrial atmosphere (Trumbore et al. 2016). Yet, the "C concen-
tration in the atmosphere decreases constantly since the industrial period. This depletion is
caused by the input of ‘old’ C from fossil-fuel burning into the atmosphere. C from fossil fuels
is so old that it has no significant "C signature anymore. This unnatural dilution process, the
so-called Suess effect (Suess 1955; Figure 1), results in general depletion of "*C in the at-
mosphere. Nuclear weapon testing created a new '*C source in the atmosphere in the early
1960s. This accidental global labeling experiment can be used as a precise tracer. Since an-
thropogenic '*C behaves identically to the natural one, it enters the different reservoirs and
can be used to analyze different C pathways and turnover times. Such age determinations
can help identify and conclude different dynamics of soils and of C cycling within those soils.
Due to the pulse of so-called ‘bomb’ '*C, timescales of years to decades can be investigated.
The natural *C abundance allows investigating much longer timescales of centuries to mil-
lennia (Schuur et al. 2016b).
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Figure 1: Development of northern hemispheric atmosphere A™CO, over the last 60 years due to the
production of “c by atmospheric nuclear weapon testing. Data before 1959 were obtained from
tree ring measurements; data after 1959 from atmospheric measurements (Trumbore et al. 2016).

1.2 Soil organic matter (SOM)

Soils can be described as natural bodies of various ages that develop through different soil-
forming processes. Those processes rely on the type of parent material and relief under a
specific climate, and thus specific vegetation and litter with characteristics biotic communities
(Blume et al. 2016). Due to the high variability of those factors, terrestrial reservoirs are the
most heterogeneous components of the Earth’'s system. Compared to atmosphere and
oceans, C transfer between different terrestrial components is relatively slow (Schuur et al.
2016a). This fact makes it difficult to predict how soils will react under climate change — they
could store more or less C (Friedlingstein et al. 2014). To predict such response, the compo-
sition of soils needs to be better understood.

The chemical composition of SOM is heterogeneous because of its different sources (e.g.
plant and animal residues) and the various degradation stages of those compounds. SOM
includes all of the dead plant and animal residues and their organic transformation products
found in soils. Living organisms and roots do not belong to SOM (Blume et al. 2016). SOM in
general can be described as an open system, where new C is constantly added via photo-
synthesis and the death of plant material and organisms, while older C is continuously re-
moved and recycled by microbial decomposition (Schuur et al. 2016a). Some of the soil or-
ganic carbon (SOC) is exposed to stabilization processes, which protect it to some extent
against microbial decay. Different turnover rates for SOC are the result. Under constant envi-
ronmental and vegetation conditions, an equilibrium is reached in the soil between supply
and degradation, resulting in characteristic SOM (Blume et al. 2016). This implies that a ma-
jor pool of SOC is sensitive to climate or local environmental change (Schmidt et al. 2011).
The feedbacks between SOM and climate are not fully understood and global C models pre-
dict contradictory scenarios for e.g. increasing CO; in the atmosphere (Friedlingstein et al.
2014; Schmidt et al. 2011). Those opposing scenarios are mainly caused by uncertainties in
the response of the terrestrial C cycle to climate change (Friedlingstein et al. 2014).
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One large uncertainty in those models is the existence of SOC with different ages and turno-
ver rates that have distinct sensitivity to decomposition (Trumbore 2009). C with long turno-
ver rates (centuries to millennia) is currently assumed to make up a large portion of SOM
(Schmidt et al. 2011). However, it still remains unclear how and under which condition this
old or protected C is formed in soils and how it will respond to environmental change (Leh-
mann and Kleber 2015). To analyze the existence of such C in soils that developed from dif-
ferent parent material is the main focus of this work.

In the past, the molecular structure of SOM was assumed to control long-term decomposition
rates in mineral soil (Figure 2: ® and @). Such chemical recalcitrance was explained with the
creation of new stable compounds during decomposition processes in soils — so-called humic
substances. Therefore, the molecular structure of soil biota and organic materials determines
timescales of persistence (Kogel-Knabner 2000; Schmidt et al. 2011). However, several
studies have shown that organic compounds that were assumed to have long turnover rates
(e.g. lignin or plant lipids) have similar rates compared to bulk SOM (Marschner et al. 2008;
Schmidt et al. 2011). Those studies suggest that the molecular structure of plant inputs and
organic matter is less important for determining protected or old (centuries to millennia) SOC.
New approaches suggest that long C turnover rates mainly depend on the biotic and abiotic
(e.g. temperature sensitivity) environment and is more of an ecosystem property (Kleber et
al. 2011; Schmidt et al. 2011). This would mean that environmental effects on microbial
composition and characteristic determine whether SOM will be decomposed or retained in
the soil.

Besides, additional properties that result in protected C can be physical occlusion (e.g. ag-
gregates), organo-mineral interaction (e.g. clay minerals) and changing of environmental
conditions (e.g. freezing/thawing processes; Figure 2: ®-®). Additionally, it is likely that
deeply-buried C, which is usually characterized by very long turnover times (Schmidt et al.
2011), is vulnerable to decomposition and responds to land-use changes on a larger time
scale than expected (Jobbagy and Jackson 2000). An additional hypothesis suggests that
the persistence of SOC might be caused by its constant recycling through resynthesis of new
molecules (Gleixner et al. 2002; Rethemeyer et al. 2004). However, most approaches did not
consider the influence of different geochemical soil composition resulting from bedrock mate-
rial on composition and stabilization of SOM (Doetterl et al. 2018), especially in subsoils
(Angst et al. 2018).

In the past, total clay content has been used to model SOM stability, predicting a negative
correlation between clay content and SOM stabilization in soils. Recent studies suggest that
this assumption might not apply across diverse soil systems which developed under different
climate conditions and from different bedrock materials. Current understanding suggests
other physiochemical parameters (e.g. pH-value, mineral composition) to be better predictors
of SOM content and stabilization (Rasmussen et al. 2018). Yet, all of those drivers and pro-
cesses are still highly uncertain and difficult to quantify. This is why most of the models do
not take them into account. Until currently, related parameter quantification poses a signifi-
cant challenge (Schmidt et al. 2011).

SOM differentiation. Contradictory results and assumptions of SOM stabilization processes
are currently under discussion (Finke et al. 2019; Rasmussen et al. 2018). Since all organic
molecules are unstable with respect to their decomposition to inorganic forms, it remains un-
clear why organic molecules are present and not immediately decomposed in soils (Gleixner
2013). As a consequence, various methods have been introduced to analyze SOM composi-
tion and cycling (von Lutzow et al. 2007). All related studies and experiments agree that
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SOM is a complex polymer that can only be studied after it has been separated from the in-
organic soil fraction. This results in the necessity to break it down into smaller units. Such
approaches are known and have been tested for several decades (e.g. Forsyth 1947; Goh
and Reid 1975; Sinha 1972; Trumbore et al. 1989). However, all of the methods developed
and applied so far have their shortcomings. So far, no ‘perfectly’ appropriate method could
be developed.
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Figure 2: Historical (a) and emerging view (b) of soil organic carbon cycling (Schmidt et al. 2011)

The two major approaches to separate SOM into different mechanistically-relevant fractions
are i) physical separation, e.g. by density or size and ii) chemical fractionation to obtain dif-
ferent organic compounds (Trumbore and Zheng 1996; von Litzow et al. 2007). Physical
fractionation methods are designed to separate soil organic matter into pools of different
turnover times. They differentiate between free particulate organic materials and organic ma-
terials associated with soil minerals (Kdgel-Knabner 2000). This approach assumes that the
association of soil particles and their spatial distribution play an important role in SOM dy-
namics, because the accessibility of organic material is crucial for decomposition processes.
Physical fractionation involves various methods to separate soil particles: dry and wet siev-
ing, dispersion by ultrasonication in water, density and particle size separation, sedimenta-
tion, and aggregate fractionation. The short-coming of those approaches is that the generat-
ed SOM pools are usually still too heterogeneous to gain meaningful conclusions about SOM
turnover rates (von Litzow et al. 2007).

In contrast, chemical fractionation methods are based on the breakdown of macromolecular
soil structures on the molecular level (Kégel-Knabner 2000). They can be based on the ex-
traction of SOM in aqueous solutions with and without electrolytes, in organic solvents, on
the hydrolysability of SOM with water or acids, or on the resistance of SOM to oxidation.
Other chemical extraction methods are based on destroying different mineral phases. Such
methods provide pure organic fractions that should be free of mineral components, which is
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advantageous for analyzing SOM (von Latzow et al. 2007). Although there is no single frac-
tionation method that can be applied to all soils and delivers a complete separation of SOM
with different turnover times, combinations of physical and chemical separation, and sequen-
tial extraction methods are options (Poeplau et al. 2018; Trumbore and Zheng 1996). The
advantage of compound-specific analysis of soils (e.g. through sequential chemical extrac-
tion) is that it helps to better understand which compounds tend to be more part of the fast or
of the slow C turnover pool. This knowledge can then be used to identify ecosystem proper-
ties (e.g. parent material) that may influence the distribution of different-aged C among those
compounds (von Litzow et al. 2007).

This brief literature overview shows that few methods are unequivocally useful to character-
ize SOM dynamics. Despite numerous approaches to improve and combine fractionation
methods, a major remaining problem is that most of these methods do not result in the ex-
traction of homogenous or functional soil organic matter pools. To better understand stabili-
zation processes in soils, the entire soil profile and its pedogenesis needs to be taken into
account. Furthermore, compound-specific stable isotope and radiocarbon analysis may help
to improve the understanding of SOM dynamics and allow the differentiation of functional
pools within heterogeneous fractions (von Litzow et al. 2007). Although different C sources
may have similar chemical composition, their C-isotope signature may be different due to
dissimilar biochemical synthesis and degradation (Glaser 2005). In consequence, it is im-
portant to understand that "*C age determinations of SOC do not measure the stability of in-
dividual fractions. The measured "“C concentration of SOM presents the time since the C-
atoms in the molecule were separated from equilibrium with the atmospheric C pool. There-
fore, low A'C values (old/protected C) do not necessarily imply chemical recalcitrance. They
might just point at repeated recycling of C-atoms through more labile molecules (Gleixner
2013) or at the input/uptake of old C from different sources (Seifert et al. 2011).

1.3 Aims and objectives

This work presents a new sequential chemical extraction method, which has been adapted
from an existing approach (Otto and Simpson 2007). It aims at separating heterogeneous
SOM into relatively homogenous compounds in order to analyze internal SOM dynamics.
Understanding those dynamics is crucial to better understand which components are in-
volved in the stabilization of SOC and under which condition this protected C may be de-
composed and released from the soil into the atmosphere. The nature of the SOM in extracts
and residues is based on its chemical structure and recalcitrance (e.g., types of lignin, sugars
or fatty acids), and its mineral association (e.g. iron). Soil extraction with organic solvents,
followed by alkaline hydrolysis, likely isolates free- and ester-bound lipids of SOM. Acidic hy-
drolysis is an approved method to extract carbohydrates, amino acids, and peptides. Oxida-
tion of SOM with CuO yields mainly phenolic and aliphatic monomers, which are indicators
for lignin, suberin, and cutin (Kdgel-Knabner 2000; Otto and Simpson 2007). Those com-
pound-specific fractions were analyzed for their stable C-isotopes and radiocarbon (extracts
and soil residues), allowing further insight into the relations between SOM molecular struc-
ture, mineral association and age.

Since SOM is not only influenced by the input of plant residues, but also by the mineralogy of
and the microbial community in the surrounding soil (Figure 2), this work shows the result of
applying the above-mentioned method in soils that developed from different bedrock materi-
al. Parent material is the mineral substrate for soil development and has various influences
on SOM composition and stocks. Bedrock affects soil chemistry and fertility and therefore
plant productivity and texture. The latter determines soil moisture retention and thus produc-
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tivity and decomposition, as well as clay content and mineralogy, which alter SOM stabiliza-
tion (Torn et al. 2009). The influence of soil parent material on SOM age and chemistry was
investigated for two different depths (0—10 cm and 30—60 cm) from six sites in central Ger-
many. These sites had similar vegetation (European beech forest: Fagus sylvatica L.) and
overall climate and surface age, but distinct bedrock types: the sedimentary rocks limestone
and sandstone.

Sedimentary rocks cover about 75 % of the Earth’s surface and are therefore very significant
for soils and their turnover rates (Blume et al. 2016). Those rock types are products of
weathering, transport and deposition processes from pre-existing rocks or organic materials.
Sandstones show more than 50 % of their particle size fraction as (mostly) quartz sand
(0.063—-2 mm). They can be found in all geological periods and derive from rock weathering,
transport and subsequent sedimentation. Limestones contain more than 75 % carbonates.
They are grain-size transitions to claystones (dominant particle fraction < 2 ym) and sand-
stones. Most carbonate rocks were formed biogenically in the ocean, so that they often have
high fossil content (Blume et al. 2016). It has been shown in several studies that microorgan-
isms are capable of taking up this ancient C from soils and sediments (Kuzyakov et al. 2009;
Rethemeyer et al. 2004; Seifert et al. 2011).

The six different sites are characterized in chapter 2, followed by the materials and method
(Chapter 3). That chapter briefly explains the sampling procedure, gives a detailed overview
about the applied sequential chemical extraction method and characterizes the analytical
methods used to analyze the extracts and residues from the extraction method. The analyti-
cal methods are divided into physical (pH-value) and chemical (C and N content, stable C-
isotopes and radiocarbon analysis) characterization. Based on this differentiation, the results
of this work are presented in chapter 4 and discussed in detail. Conclusions (Chapter 5) and
an outlook (Chapter 6) close this work, completed by the references and an annex.

Overall, this work attempts to contribute to better understand internal SOM turnover process-
es. The usage of a sequential chemical extraction method allows the differentiation of func-
tional fractions obtained from the soil which shall then give an idea which compounds may
protect SOC from decomposition. Those mechanisms can be influenced by various soil and
ecosystem properties (e.g. parent material and climate). Three major research questions
have been developed from literature review and open research questions in order to investi-
gate internal SOM dynamics and stabilization processes. Those questions will be answered
in the second last chapter (5) Conclusions. The research questions (Q) are:

Q1: How do the two different bedrock materials influence A'C and &'°C values in the bulk
soil samples?

Q2: How much do the A™C and &"*C values differ in the individual chemical fractions, soil
depths and bedrock materials?

Q3: Do age distribution and differences in A™C among chemical fractions change with
depth?
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2. Study Areas

The study was carried out at six different beech-forest sites in Thuringia and Lower Saxony,
Central Germany (Figure 3), since beech is a representative tree species in this region. Eu-
ropean beech (Fagus sylvatica L.) is the most competitive tree species in Central Europe. It
would be the most abundant one under natural conditions. However, centuries of land culti-
vation have changed tree-species composition and land-cover types dramatically (Ellenberg
1988). Nowadays, only few near-natural beech-forest sites can be found in Central Europe.
For this study, beech-forest sites with a mean age older than 80 years were selected.
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Figure 3: The six study sites in Thuringia and Lower Saxony, Germany (QGIS 2.18.14 Las Palmas)

Half of the sites are located on limestone, the other half on sandstone bedrock material. Both
rock types developed in the Triassic geological period, spanning 47 million years from the
late Permian period 250 million years ago (Mya) to the beginning of the Jurassic period
203 Mya. The investigated sandstone sites developed in the era of the Buntsandstein (250—
240 Mya), whereas the limestone sites are from the era of the Muschelkalk (240-230 Mya).
Soils formed above those two geological formations (Buntsandstein and Muschelkalk) com-
mon in Central Germany (Asch et al. 2003) share distinct properties, such as inorganic and
organic C content, clay content, and mineral composition (Blume et al. 2016). Besides the
described differences, all study sites have relatively young soils (~10°000 years) that have
been influenced by periglacial processes like cryoturbation, solifluction, and erosion (Ash et
al. 2003).

This chapter will characterize the locations in detail. The two different bedrock material loca-
tions will be referred to as limestone and sandstone sites and the individual sites will be la-
belled with subscript ‘L’ or ‘S’, respectively.
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2.1 Limestone bedrock material

This section provides an overview about the site characteristics of Hainich and Possen (Thu-
ringia), and Goettingen Forest (Lower Saxony). All three sites are dominated by wild garlic-
rich beech forest (Hordelymo-Fagetum), developed over limestone parent material. Those
forest communities are unusually rich in spring-flowering geophytes, in particular wild garlic
(Allium ursinum). They require very high soil fertility and are drought sensitive (Ellenberg
1988).

Hainich (HAI). The investigated site is situated on a northeastern slope of the Hainich low
mountain range in north-western Thuringia, Germany (Figure 3), at an elevation of about
365 m a.s.l. (Table 1). The site is part of the Hainich Critical Zone Exploratory (CZE), an ob-
servational transect with different land-use management systems to investigate soil, vegeta-
tion, and groundwater properties (Kusel et al. 2016). The beech-forest has remained unman-
aged since 1997, when the neighboring Hainich National Park was established. The tree
community, with heterogeneous age structure mainly consists of European beech (Fagus
sylvatica L.). Other tree species in the plot are maple (Acer platanoides, Acer pseudoplata-
nus), ash (Fraxinus excelsior), hornbeam (Carpinus betulus), linden (Tilia platyphyllos), and
elm (Ulmus glabra; Metzger et al. 2017). The forest floor is covered by wild garlic (Allium
ursinum), wind-flower (Anemone nemorosa), and dog’s mercury (Mercurialis perennis) in
spring and summer (Knohl et al. 2003). Therefore, the natural vegetation at this site would be
a wild garlic-rich beech forest (Hordelymo-Fagetum; Ellenberg (1988). Biological activity and
bioturbation in soils at the site are high and have initiated a mull type litter layer (Schrumpf et
al. 2014), with a thickness of 2-3 cm. Soils at the HAI_ location can mainly be described as
Cambisols and Luvisols according to the World Reference Base System (Metzger et al.
2017; Schrumpf et al. 2014; WRB 2015). The soils are clay-rich, with a clay content (< 2 uym)
of 20.5 % at 7.5 cm depth and of 28.0 % at 27.5 cm (Huss 2017).

Middle Triassic limestone (Upper Muschelkalk) layers form the bedrock material, overlain by
shallow Pleistocene loess loam (Kusel et al. 2016; Metzger et al. 2017). Mean annual tem-
perature is about 8.0 °C and annual precipitation ranges from 850-900 mm at the site (Klsel
et al. 2016; TLUG 2011c). The plot is within a hunting ground that uses a wild boar wallow to
feed animals.

Possen (POS,). This site is part of the Intensive Forest Monitoring Program (Level Il) of the
International Co-operative Program on Assessment and Monitoring of Air Pollution Effects on
Forests (ICP Forests) under the United Nations Economic Commission for Europe (UNECE)
Convention on Long-range Transboundary Air Pollution (CLRTAP; Thiinen Institute of Forest
Ecosystems 2018). It is located in north-western Thuringia, Germany, 40 km to the north-
west of Erfurt (Figure 3) at an elevation of about 420 m a.s.l. on a plateau (Table 1). The lo-
cation is protected by a fence to keep animals out.

The POS, tree community is similar to the one at Hainich, consisting mainly of European
beech (Fagus sylvatica L.) with a dense ground cover of geophytes. This would lead to a wild
garlic-rich beech forest (Hordelymo-Fagetum) under natural conditions (Ellenberg 1988). The
tree stand was established in 1937, indicating a mean tree age of 81 years in the plot
(TLWJF 2009). Soils at the site are deeper than at the other sites and can be described as
Luvisols (TLWJF 2009; WRB 2015). In contrast, the mull-type litter layer only has a thickness
of 2-3 cm, indicating high bioturbation and bioactivity. The clay content of the mineral soils is
similar to the HAI_ site and ranges between 16.8 % at 0-5 cm depth and 26.4 % between
30-65 cm depth (Thuringen Forst 2007).
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POS, lies within in the ‘Trochitenkalk’ formation, limestone from the upper Muschelkalk
(TLUG 2018b), and has a characteristic loess layer (TLWJF 2009). Mean annual tempera-
ture is about 7.5 °C (TLUG 2011d). Annual average precipitation is about 700 mm at POS,_
(TLUG 2011a).

Table 1: Site characteristics of the three beech-forest locations on limestone (HAI_, POS_, GOT\.) bed-
rock in Thuringia and Lower Saxony, Germany

01_Hainich 02_Possen 03_Goettingen Forest
. N 51°06°30.3"; N 51°20°05.97; N 51°31°40.3";
Coordinates (WGS84) E 010°24'46.5" E 010°51'57.1" E 010°02'40.1"
Elevation [m] a.s.l. 365 420 420
Slope [%] 5 0 0
Exposition NE Plateau Plateau
Tree age [a] (2018) Heterogeneous1 81° 151"

Wild garlic-rich Beech Wild garlic-rich Beech Wild garlic-rich Beech

Natural Vegetation (Hordelymo-Fagel‘um)2 (Hordelymo—Fagel‘um)2 (Hordely-Fagetum)2

Humus type Mull® Mull® Mull™
Soil Type WRB Luvisol, Cambisol"® Luvisol’ Leptosol, Cambisol™
Clay content [%] 24.3" 21.4"° 425"
Bedrock Triassic limestone® Triassic limestone "’ Triassic limestone
MAP [mm] 850° 700" 710"
MAT [°C] 8.0 75" 7.4"
a.s.l.: above sea level; WRB: World Reference Base; MAP: Mean annual precipitation; MAT: Mean annual temperature
' Metzger et al. (2017) " TLUG (2011f) BTLUG (2011d)
2 Ellenberg (1988) & TLWJF (2009) ¥ Meesenburg and Brumme (2009);
% Schrumpf et al. (2014) °TLUG (2018a) tree age recalculated
*Huss (2017) 10Thijringen Forst (2007) 18 Meesenburg et al. (2009)
® Kusel et al. (2016) " TLUG (2018b)
® TLUG (2011c) 2TLUG (2011a)

Goettingen Forest (GOT,) is located 7 km to the east of Goettingen in Lower Saxony, Ger-
many (Figure 3) on a plateau at about 420 m a.s.l. (Table 1). The site is surrounded by a
fence to keep wild animals out. The almost pure European beech (Fagus sylvatica L.) stand
is accompanied by ash (Fraxinus excelsior), maple (Acer platanoides, Acer pseudoplatanus),
oak (Quercus petraea, Quercus robur), and elm (Ulmus glabra) trees with an average tree
age of 151 years. The tree community is quite similar to the one at HAI. and POS,, except for
the oaks. The dense herb layer is dominated by wild garlic (Allium ursinum), wind-flower
(Anemone nemorosa and Anemone ranunculoides) in spring; and wild ginger (Asarum euro-
paeum) and dog’s mercury (Mercurialis perennis) in summer (Meesenburg et al. 2011). Natu-
ral vegetation at this site would be a wild garlic-rich beech forest (Hordelymo-Fagetum;
Ellenberg (1988). Soil conditions at the site are relatively humid, high in nutrient content; the
soil texture of the upper soil layer is loose (Meesenburg and Brumme 2009). This is typical
for wild garlic-rich forest and indicates high soil biological activity (Ellenberg 1988). The thin
mull type litter layer (2—3 cm) at GOT_ supports this hypothesis. In general, soils are shallow
(20-50 cm) and can be characterized as Leptosols and Cambisols according to the WRB
System (Meesenburg and Brumme 2009; WRB 2015). GOT_ has the highest clay content of
38.5 % between 0—10 cm and of 46.5 % between 10-30 cm (Meesenburg et al. 2009).

The location is mainly underlain by rocks from the Middle Triassic and the soils developed from
layers of Upper Muschelkalk. The bedrock material has a calcite content of about 95 %
(Meesenburg et al. 2009). Average precipitation is about 710 mm at GOT,_ with an annual tem-
perature of 7.4 °C (Meesenburg and Brumme 2009). Similar to POS,, GOT_ is part of the ICP
Forest Level Il long-term monitoring program (Thinen Institute of Forest Ecosystems 2018).
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2.2 Sandstone bedrock material

The following section describes the three additional study sites Hummelshain, Holzland (Thu-
ringia), and Solling (Lower Saxony) in detail. All three locations share their development over
Triassic Buntsandstein formations. The dominant forest type is woodrush-beech forest (Luzu-
lo-Fagetum) at all three sites. Those forest communities are usually species-poor and thrive
on silicate rocks that are poor in bases, e.g. sandstone. In Central Germany, this type of
beech forest would be the dominant natural vegetation. In the past, these stands have often
been replaced by conifers (Ellenberg 1988).

Hummelshain (HUMs). The north-east facing site lies 18 km to the south of Jena in southern
Thuringia (Figure 3) at an elevation of about 280 m a.s.l. (Table 2). In contrast to all other
sites, HUMs is located at a slope of circa 10-15 %. Like HAI_, HUMs will become part of the
Critical Zone Exploratory (CZE; pers. comm. Robert Lehmann, University of Jena). Mean an-
nual precipitation is about 700 mm (TLUG 2011b) and mean annual temperature about
8.5 °C (TLUG 2011e).

The tree community is beech-conifer mixed forest, with European beech (Fagus sylvatica L.)
being the dominant species. Spruce (Picea abies) and Pine tree (Pinus sylvestris) are ac-
companying species. Shrub and underground cover were not visible during sampling in early
June. Younger trees are dominated by Fagus sylvatica L. This species would be dominating
within a natural vegetation of woodrush-beech forest (Luzulo-Fagetum; Ellenberg 1988;
Tharingen Forst 2011). Those communities are common on acidic soils that developed from
silicate rocks poor in bases. A typical humus type for forests with almost no herb layer and
nutrient poor soils is moder. This kind of humus usually develops under deciduous and conif-
erous forests, monocultures or cool climate conditions (Blume et al. 2016). The moder cover
is richer in plant nutrients under such conditions and less acid than the mineral soil beneath.
Therefore, plants that grow under such conditions usually have a more shallow root system
and are more vulnerable to drought (Ellenberg 1988). Such litter moder type was also found
at HUMs. The underlying soil can be mainly described a Cambisol and Podzol (Thlringen
Forst 2011; TLUG 2018a). HUMs is located within the natural region Saale-Sandstein-Plate
and lies on the ‘Volpriehausen’-Formation, consisting of middle Buntsandstein sediments,
lower Triassic (TLUG 2018b). The tree stand is 134 years (2018) old on average.

Holzland (HOLgs). This site lies only 7 km to the north-east of HUMs (Figure 3) at an eleva-
tion of about 350 m a.s.l., facing north (Table 2). The Friedrich-Schiller University of Jena
runs a research station at the site, which was established as so-called ‘Griines Auge’ (‘Green
eye’) in the 1930s and 1940s. This explains planting of deciduous trees (e.g. Fagus sylvatica
L.) on a clear-cut area within a conifer forest to increase forest diversity. Within this process,
the organic soil was piled to dams and the area in between was ploughed. Young, circa
0.5 m high European beech (Fagus sylvatica L.) trees were planted within the ploughed area
with a distance of roughly 30 cm. The wavy morphology is still visible and shows disturbance
of the plot. The total area of this site is only 250 m? (GroRherr 2011). Even though the beech
forest site was planted, natural vegetation would be woodrush-beech forest (Luzulo-
Fagetum) on acid soil as described in Ellenberg (1988). This is supported by the develop-
ment of Podzols at this site, which are usually found over sandstone bedrock material (Blume
et al. 2016; TLUG 2018a). The moder type humus layer was thicker, compared to the lime-
stone bedrock material sites; typical for Podzols as well (Blume et al. 2016). Typical for
sandstone sites, the clay content is much lower with 3.5 % in 0-20 cm and 7.1 % in 20—
35 cm depth as compared to the limestone sites (Thiringen Forst 2007). HOLs is underlain
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by the ‘Rothensteiner’-Formation (Buntsandstein sediments, lower Triassic; TLUG 2018a).
Mean annual temperature is about 8.0 °C and mean annual precipitation is circa 700 mm
(TLUG 2011f).

Table 2: Site characteristics of the three beech-forest locations on sandstone (HUMs, HOLg, SOLs)

bedrock in Thuringia and Lower Saxony, Germany

04_Hummelshain 05_Holzland 06_Solling
. N 50°45'50.0"; N 50°47'40.3"; N 51°45'40.3";
Coordinates (WGS84) E 011°34'45.5" E 011°39'42.2" E 009°34'45.7"
Elevation [m] a.s.l. 280 350 504
Slope [%] 10-15 1 0
Exposition NE N Plateau
Tree age [a] (2018) 134" 80-90’ 171°

Natural Vegetation

Woodrush-Beech
(Luzulo-Fagel‘um)2

Woodrush-Beech
(Luzulo-Fagel‘um)2

Woodrush-Beech
(Luzulo-Fagel‘um)2

Humus Type Moder Moder® Moder®

Soil Type WRB Cambisol, Podzol"* Podzol® Cambisol’

Clay content [%] NA 5.3% 17.0"°

Bedrock Triassic Bundsandstein® | Triassic Bundsandstein® | Triassic Bundsandstein®
MAP [mm] 700° 700° 1'190°

MAT [°C] 8.5° 8.0° 6.9°

a.s.l.: above sea level; WRB: World Reference Base; MAP: Mean annual precipitation; MAT: Mean annual tem-
perature; NA: not available

! Thiringen Forst (2011); tree
age recalculated

2Ellenberg (1988)

® TLUG (2018a)

“TLUG (2018b)

o Meesenburg and Brumme
(2009)
10 Meesenburg et al. (2009)

*TLUG (2011b)

®TLUG (2011e)

" GroRherr (2011); tree age
recalculated

8 Thiringen Forst (2007)

Solling (SOLs). The site is located on a plateau at an elevation of about 500 m a.s.l. (Table
2) 30 km to the north-west of Goettingen in Lower Saxony, Germany (Figure 3). Similar to
POS. and GOT,, SOLs is part of the ICP Forest Level Il long-term monitoring program
(Thunen Institute of Forest Ecosystems 2018). The plot is surrounded by a fence to keep wild
animals out. The pure beech (Fagus sylvatica L.) stand is about 171 (2018) years old, repre-
senting the oldest forest within the study. The soil is covered by a spare herb layer, dominat-
ed by wood sorrel (Oxalis acetosella) and woodrush (Luzula luzuloides; Meesenburg and
Brumme 2009). This plant community is typical for woodrush-beech forest (Luzulo-Fagetum),
the natural vegetation in this region. Those communities usually develop on soils with low
pH-values and base content (Ellenberg 1988). Those characteristics were particularly de-
scribed for the SOLs site by Meesenburg and Brumme (2009). In this work they also de-
scribed the underlying geological unit as Triassic Buntsandstein. The common soil type is a
Cambisol, covered by a moder type humus (Meesenburg and Brumme 2009). Cambisols in-
dicate near-natural woodrush-beech forest. Under natural conditions, the small amount of
bases produced by the sandstones suffices to prevent the development of real raw humus.
This precludes soil podzolization which usually accompanies raw humus. Leaching of top
soils in those stands only happens, when natural vegetation has been removed in the past
(Ellenberg 1988). The average clay content is 17.0 % in both depth intervals, 0—10 cm and
10-40 cm (Meesenburg et al. 2009). Due to location and relative high elevation, the site is
characterized by the lowest mean annual temperature of 6.9 °C and the highest annual pre-
cipitation of 1’190 mm (Meesenburg and Brumme 2009) of the study sites.
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The above characterization of the six study sites shows that the two distinctive bedrock ma-
terials result in different site characteristics. Yet, the individual sites also show dissimilar
properties independently of their bedrock materials. Four sites (HAIl, POS,, GOT,, and
SOLs) are influenced by loess deposition. This suppresses the influence of the original bed-
rock material to some extent. The limestone sites show higher average clay contents (21—
42 %) compared to the sandstone sites (5—-17 %). The litter layer at the latter is moder com-
pared to mull at the limestone sites. A mull type litter layer indicates that more nutrients are
available and that the microbial activity is higher compared to moder. The natural vegetation
at all sites would probably be beech forest, yet with different characteristics due to different
bedrock materials. At the limestone sites, wild garlic-rich beech forests would dominate,
which are unusually rich in spring-flowering geophytes and require high soil fertility, whereas
the woodrush-beech forests at the limestone sites are less species-rich. This differences in
species richness could have been observed for the individual study sites. MAP is quite simi-
lar for all sites, except for SOLs. This results in higher variability at the sandstone sites (MAP:
700 to 1’190 mm) compared to the limestone sites (MAP: 700 to 850 mm); the same is true
for the MAT (limestone sites: 7.4—-8.0 °C; sandstone sites: 6.9-8.5 °C), probably related to
the higher elevation (504 m a.s.l.). At the limestone sites, the elevation ranges from 365 to
420 m a.s.l, whereas the other two sandstone sites (HUMs and HOLs) have an elevation of
280 and 350 m a.s.l., respectively. Cambisols are the dominant soil types among all six sites.
Other soil types are Luvisol (POS.) and Podzol (HUMs). The latter one is the only site of the
sandstone sites with a distinct slope of 10-15 % and no domination by beech-forest but by a
beech-conifer mixed forest. At the limestone sites only HAI_ is located on a slope of 5 %. The
tree age is heterogeneous distributed between all sites, ranging from 80 years (POS,_ and
HOLs) to almost 200 years (SOLs).
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3. Materials and Methods

This chapter delivers a detailed description of the sampling campaign and the techniques
applied during laboratory work. It is divided into the sections 3.1 Sampling, 3.2. Sequential
chemical degradation and 3.3. Physical and chemical characterizations; with the latter briefly
explaining determinations done on the samples, including pH-value, C and N, as well as C-
isotopic ("°C and "C) measurements. Section 3.2. about the sequential chemical degradation
describes the related method development, the main focus of this chapter.

The laboratories at the Max-Planck-Institute for Biogeochemistry in Jena, Germany, apply
good laboratory practice (GLP). Lab gloves were worn to avoid sample contamination at all
times, during field sampling and in the labs. Glass equipment was pre-combusted by heating
for 5h at 500 °C (Thermo Scientific Heraeus WU 6100, Germany), and covered with pre-
combusted aluminum foil until usage. Non-glass equipment, e.g. plastic spoons and tips, was
not used in order to prevent samples from contamination through C-containing devices. This
would have led to subsequent errors in radiocarbon analysis.

3.1. Sampling

Two different depths (TOP and BOT) were sampled at each location (n = 6) with a pre-
cleaned manual soil auger (Eijkelkamp, Netherlands). To reduce the direct influence of tree
species on the physical and chemical soil composition, samples were always taken at a dis-
tance of at least 1 m to the next tree. After removing the litter layer carefully with laboratory
gloves, TOP samples were taken from 0—10 cm depth. That hole was overdrilled thereafter to
30 cm. That material was discarded to prevent cross-contamination between the two sam-
ples. BOT samples were taken at the interface between soil and parent material, varying at
the different sites from 30 to 60 cm. The interface was defined at the depth, where larger
bedrock material (> 2 mm) became visible (Table 3). Three samples of 200-300 g were tak-
en at each location and each depth (n = 36) to grant representativity. Those replicates were
combined to one composite sample per location and depth (n = 12) in the lab. Samples were
put into pre-combusted aluminum boxes in the field, covered with pre-combusted aluminum
foil and stored in a cooling box during transport to the lab in Jena, Germany. After finishing
the drilling, holes were closed with left-over soil and litter material to leave the site as undis-
turbed as possible.

Table 3: Sampling depths at the different locations

01_Hainich 02_Possen 03_Goettingen Forest
TOP [cm] 0-10 0-10 0-10
BOT [cm] 30-40 50-60 3040
04_Hummelshain | 05_Holzland 06_Solling
TOP [cm] 0-10 0-10 0-10
BOT [cm] 30-40 30-40 40-50

Following field work, samples were dried in their aluminum boxes at 50 °C for at least 72 h in
a drying oven (Thermo Scientific Heraeus UT6760, Germany). When material could not be
dried on the day of sampling, it was stored at -20 °C in aluminum boxes to avoid chemical or
biological decomposition. After drying, larger root, plant and stone material was removed,
before sieving through a 2 mm sieve. Larger soil aggregates were destroyed with porcelain
mortar and pestle. Each sieved sample was again checked for non-soil material which, if
found, was removed by hand. The sieve was cleaned for 15 min in an ultrasonic bath (Ban-
delin electronic Sonorex Super 10P DK 1028P, Germany) between different samples and
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rinsed with dichloromethane (DCM). The porcelain mortar and other equipment used for siev-
ing were washed with DCM as well and air-dried before preparing the next sample. Dried and
sieved samples were stored at room temperature in glass flasks prior extraction. All meas-
urements of the sieved samples were performed between June 2018 and February 2019.

3.2. Sequential chemical extraction

Four sequential chemical degradation steps were performed to extract different SOM units,
such as lipids, carbohydrates, amino acids, peptides, and phenolic monomers. Figure 4
shows a simplified scheme of the applied method. The detailed lab protocols can be found in
the digital appendix.

Solvent Extraction

| P oy
| - > = q

TSE_Extract 8* y\ TSE_Soil residue
(] 7 MRr=3 / ] — !
(e.g. 'free’ lipids) 9 Base hydrolysis sl

BHY_Extract

(e.g. ester-bound
lipids)

CuO_Extract CuO_Soil residue

(e.g. phenolic and
aliphatic monomers)

Figure 4: Simplified scheme of the sequential chemical extraction; TSE: Total solvent extraction, BHY:
Base hydrolysis, AHY: Acid hydrolysis, CuO: Copper oxidation

The sequential extraction method, adapted from Otto and Simpson (2007), was initially test-
ed with a random soil sample from Hainich National Park with two duplicates. This was done
to ensure that the method works and to calculate the relative error between the two dupli-
cates. Results of this test showed that the adapted method worked satisfactorily: the total
error did not exceed 1 % RSD for the tested sample (Appendix A1). For practical reasons,
minor amendments to the method were done prior to starting the extractions with the soil
samples (e.g. centrifugation instead of filtration). The following section describes the chosen
method in detail; test run results will not be discussed further in this work.
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Total solvent extraction (TSE). From each dried soil sample (< 2 mm), 300 g were weighed
(Mettler Toledo PB3002, Switzerland) into a beaker. The sample was sonicated (Bandelin
electronic Sonorex Super RK103H, Germany) for 20 min at 25 °C with 300 mL of dichloro-
methane (DCM) as organic solvent. The usage of an organic solvent is a common technique
to separate ‘free’ lipids from soil (Kégel-Knabner 2000). The liquid phase on top of the soil
sample after the ultrasonic bath was collected with a filter system through glass microfiber
filters (Whatman GF/F, England) under vacuum at 500 mbar. After removing the solvent
phase, another 200 mL of DCM were added to the soil, sonicated for a second time, and col-
lected with the same filter system. After the second filtration, the filter system was washed
with DCM to remove any remaining soil residues. The collected liquid phase was then con-
centrated by rotary evaporation (BUCHI Rotavapor R-114, Switzerland) at 40 °C and
500 mbar. The extract was thereafter dried under N, gas flow and transferred into pre-
labeled and pre-weighted glass vials. The weight of this extract was determined to calculate
the total yield of extractable (‘free’) lipids and stored in the glass vial at -20 °C until further
analysis. The remaining soil residue from the first extraction step (TSE) was air-dried under
the fume hood for several days and weighed as well, before performing the next (BHY) deg-
radation step.

Base hydrolysis (BHY) was performed with the dry soil residue from the TSE extraction.
The sample was re-wetted with 300 mL of 0.5 M potassium hydroxide (KOH) solution and put
overnight under a total reflux system (Figure 5). Such system is used to heat up a liquid
phase, and to collect and return its condensed vapors back to the system (Aditha et al.
2016). The system is placed on top of a round-bottom flask, which carries the reactant (soil)
and the solvent (KOH). The reflux system is water-cooled to ensure that rising vapor con-
denses at the reflux system and flows back into the round-bottom flask at the bottom. Heat-
ing of the solution is necessary to increase the speed of the reaction time between reactant
and solvent (Self 2005). For heating, a sand bath (PZ26-4, Prazitherm, Germany) was used
at a temperature of 400 °C to gently boil the mixture within the round bottom flask.

After refluxing, 100 mL of 5 % sodium chloride (NaCl) was added to the mixture and trans-
ferred into a 1 L glass bottle. The pH-value was adjusted between 1 and 3 with 4 M HCI.
200 mL of methyl-tert-butylether (MTBE) were added to separate the solution into a watery
and an organic phase. Ideally, the organic phase contains the ester-bound lipids, which have
been extracted from the soil during refluxing. Phase separation usually took more than one
day and was speeded up by stirring the solution from time to time. The upper organic phase
(MTBE) was transferred into a fresh round-bottom flask. Separation of the two phases by
adding MTBE to the soil mixture was repeated twice to increase efficiency of the BHY extrac-
tion. The organic phases of those repeated separation steps were combined and reduced
with a rotary evaporator at 40 °C and 600 mbar. The soil mixture in the 1 L glass flask was
separated from the remaining water phase by centrifugation at 3500 rpm for 15 min (Thermo
Scientific Heraeus Megafuge 3.0R, Germany). The liquid phase was filtered through glass
microfiber filters (Whatman GF/F, England) to remove any remaining soil in this phase. After
centrifugation, leftovers of the organic solvent (MTBE) appeared on top of the solution, which
were added to the combined extracts as well. The reduced and concentrated extract, con-
taining the BHY products, was dried under constant N, flow in a pre-labeled glass vial. The
soil residue was first put under the fume hood for several days to let the remaining solvent
evaporate and put in the drying oven at 50 °C for another couple of days to completely dry
the soil for the next (AHY) extraction step.
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The base hydrolysis is an approved technique to extract ester-bound lipids from SOM that
mainly stems from plant origin, yet an additional microbial-derived contribution is not unlikely
(Naafs and van Bergen 2002). Ester-bound lipids are considered (bio)chemically labile com-
pounds, yet they are commonly found in soils. Their abundance often increases with humifi-
cation (Nierop et al. 2003). To calculate the total amount of ester-bound lipids in the sail,
dried extract and soil residue were weighed.
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Figure 5: Left: Total reflux system with soil samples in round-bottom flasks; Right: Schematic picture of
a total reflux system (from Aditha et al. 2016)

Acid hydrolysis (AHY) was done by hydrolyzing the dried soil residue after the BHY extrac-
tion under a reflux system (Figure 5) with 200 mL of 12 M HCI overnight. The solution was
heated in a sand bath at 155 °C. After cooling, samples were centrifuged at 3500 rpm for
10 min at 24 °C to separate the liquid phase from the solid one. The liquid phase was de-
canted into a filter system and filtered through glass microfiber filters (Whatman GF/F, Eng-
land) under vacuum. The remaining soil was transferred into pre-weighed petri-dishes and
put under the fume-hood. This was done to ensure that most of the HCI evaporates under
the fume-hood and not in a drying oven. After at least 48 hours, the petri-dish with the soill
was completely dried in the oven at 50 °C, before performing the next (CuO) extraction step
(see section below). To speed up the drying process, some of the soil samples were pre-
dried with a rotary evaporator before putting them in the drying oven.

Water in the filtrate from the hydrolyzing step was evaporated with a rotary evaporator at
72 mbar and 50 °C until complete dryness. The dried extract was re-suspended with Milli-Q
water (ultrapure water of Type 1, ASTM International D1193-91). After neutralizing the sus-
pension with 1 M KOH to a pH-value between 6 and 7, the extract was centrifuged again at
3500 rpm for 10 min at 24 °C. This step helps removing any precipitate that may have



von Fromm (2019) Materials and Methods 19

formed during the neutralization step (Otto and Simpson 2007). The liquid phase was then
again evaporated until dryness with a rotary evaporator at 72 mbar at 50 °C. The dry extract
was dissolved with methanol and centrifuged at 3500 rpm for 10 min at 24 °C to remove any
salts, which were produced during the neutralization step (Otto and Simpson 2007). The lig-
uid phase, containing the AHY products, was reduced with a rotary evaporator and dried un-
der N, flow in a glass vial. The glass vial was stored at -20 °C to prevent any reaction and to
keep it dry until further analysis. AHY products in the remaining extract are usually identified
as carbohydrates, amino acids and peptides (Kogel-Knabner 2000; Martens and
Loeffelmann 2003). To break down polymeric amino acid compounds such as peptides or
proteins, a strong acid such as 12 M HCI is needed (Martens and Loeffelmann 2003). To
quantify the total amount of the AHY products, the dried extract and the soil residue were
weighed.

Copper oxidation (CuO) is the last step of the sequential chemical extraction. A PTFE (Tef-
lon)-lined “bomb” reactor (Figure 6) is needed to perform this step. The reactor was self-built
equipment from the former company Hermann Josef Groteklas Maschinen- und Stahlbau,
Jilich, Germany. 200 g of the dried soil residue after AHY extraction was loaded in nine Tef-
lon-lined bombs. Each bomb was first cleaned with acetone, then washed with isopropanol to
minimize sample contamination risks during use (Ingalls et al. 2010). 10 g of pre-combusted
copper oxide (CuO), 1 g of Ammonium—iron—ll-sulfate—hexahydrate [Fe(NH4)2(SO,).6H,0],
and 25 mL of 2 M NaOH were added to each bomb. Before heating the Teflon-lined reactor
for 2.5 h at 170 °C, the bombs were purged with No.

Figure 6: Teflon-lined “bomb” reactor. Left: Assembled with samples; Right: Closed

The CuO oxidation results in the extraction of phenolic and aliphatic monomers that indicate
lignin, cutin, and suberin in soils (Hedges and Ertel 1982). Lignin is difficult to analyze chemi-
cally, because of its complex structure. Therefore, lignin needs to be depolymerized to be
detectable with common chemical analytical instruments. CuO oxidation does not completely
depolymerize lignin, but the method segregates aryl ether bonds and releases phenolic
monomers. Consequently, this method is only a qualitative one. Yet, release and detection of
monomers from the outer part of the lignin during the oxidation with CuO can be used as an
indicator for lignin in the soil (Otto and Simpson 2006).

After heating, the bombs were cooled under running water; and the liquid phase was decant-
ed into centrifuge tubes. The soil remaining in the bombs was transferred into a beaker to let
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it dry in the oven at 50 °C for several days. The tubes were washed with Milli-Q water and
the suspension was added to the centrifuge tubes. Samples in the tubes were centrifuged for
10 min at 3000 rpm (Thermo Scientific Heraeus Megafuge 1.0, Germany), acidified to a pH-
value of 1 by using 6 M HCI, and kept for one hour in the dark at room temperature. This step
is necessary to avoid polymerization of cinnamic acids (Otto and Simpson 2007). After an-
other centrifugation for 20 min at 3000 rpm, the supernatant was transferred into a separa-
tion funnel. Circa 50 mL diethyl ether were added, and the solution then shaken gently to mix
the watery phase (CuO extract) with the organic phase (diethyl ether) and to let it separate
again. The lower, aqueous phase was discarded and the upper organic phase with the CuO
products was collected in a round-bottom flask. After liquid-liquid extraction, the amount of
the collected phase was reduced using a rotary evaporator. To remove any remaining water
in the organic phase, the solution was filtered using a Na,SO,4 column. The water-free ether
phase, containing the CuO products, was completely dried under N, flow in a glass vial and
weighed, just as the dried soil residue.

In conclusion, the described method results in four different fractions that can be differentiat-
ed by their chemical composition (Table 4), using, e.g. gas chromatography coupled with
mass spectrometry (GC-MS). Due to time constraints, no GC-MS analyses were done in this
work. As a consequence, the chemical composition of the individual fractions will be based
on results from Otto and Simpson (2007).

Less than 20 % of the total extracted compounds were detectable by GC-MS in their work.
The majority of the extraction products are likely high in molecular weight and/or too polar to
be detectable by the selected GC column. Therefore, it should be noted that the detected
components may be selective to the low molecular weight (LMW) and apolar or medium po-
larity compounds. Nevertheless, the authors showed that the method can be used to extract
biomarkers from SOM to study biogeochemical cycles in soils (Otto and Simpson 2007).
However, extraction methods can only be used to qualify certain compounds and not to
quantify them, since the method is operationally-defined and empirical.

Table 4: Chemical components and their abundance in the four different fractions of the sequential
chemical extraction method based on results from Otto and Simpson (2007)

Chemical components Fractions
TSE BHY AHY CuO

Aliphatic lipids XXX XXX - X
Steroids, terpenoids XX X - -
Benzyls, phenols - XX - XX
Carbohydrates - - X -
LMW hydroxy acids, polyalcohols - - XXX X
Amino acids - - XX -
Amino sugars and amides - - X -

LMW: low molecular weight; TSE: Total solvent extraction; BHY: Base hydrolysis; AHY: Acid hydrolysis; CuO:
Copper Oxidation; x—xxx: relative abundance; —: no or very low abundance

The total solvent extraction (TSE) fraction contains various aliphatic lipids, steroids, and ter-
penoids. Those compounds indicate that a major input of lipids derived from higher plants
and only minor amounts of microbial lipids. Yet, Otto and Simpson (2007) could only identify
30 % of the total compounds by GC-MS in the TSE fraction. Since this fraction mainly con-
tains lipids that were extractable with an organic solvent, this fraction will be called ‘free-
lipids’ from now on. The base hydrolysis (BHY) fraction also contains a series of aliphatic li-
pids. Additionally, benzyls, phenols, and small amounts of steroids and terpenoids were iden-
tified (Otto and Simpson 2007). The aliphatic lipids identified in this fraction are mainly de-
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rived from vascular plants and contain only minor amounts of microbial organic matter, simi-
lar to the TSE fraction. Most of the compounds (96 %) in the BHY fraction were detectable
with GC-MS. For practical reason, the samples derived from this fraction will be named ‘es-
ter-bound lipids’. The third fraction (AHY: acid hydrolysis) contains mostly LMW hydroxy ac-
ids and polyalcohols, amino acids, amino sugars, amides and carbohydrates. Amino sugars
are specific for certain groups of microorganisms and are suggested as suitable biomarkers
to estimate bacterial vs. fungal OM in soils (Otto and Simpson 2007; Zhang and Amelung
1996). However, only 5 % of the total AHY fraction could be identified by GC-MS (Otto and
Simpson 2007). This fraction will be summarized as ‘sugars’. Copper oxidation (CuO), the
last fraction of the sequential extraction, consist mainly of phenols and benzyls. Minor abun-
dance of aliphatic lipids and LMW acids were also detected. The CuO method is an estab-
lished approach to analyze phenols derived from lignin. The detected benzyls are not derived
from lignin but from proteins. In this fraction, Otto and Simpson (2007) were able to detect
19 % of the total CuO fraction. The samples of this extraction step will be called ‘lignin’. For
more detailed information about the composition of the individual fractions, the reader may
be referred to Otto and Simpson (2007).

3.3. Physical and chemical characterization

Small sub-samples (20 g) of the soils were powdered with a mixer mill (Retsch MM 400,
Germany) for 5 min at a frequency of 30 sec” for chemical (C and N content, C-isotope)
characterization. This was done to ensure that the samples are homogenous and that no arti-
facts will be measured or analyzed.

Soil acidity/alkalinity was determined for all untreated bulk soil samples (n = 12). Small
sub-samples (10 g) of the sieved (<2 mm) soil material were transferred into 250 mL PE-
bottles and 25 mL of deionized water was added. Samples were shaken overhead (Heidolph
Reax 20, Germany) for 1 h and let rest for another 1 h afterwards. The pH-value was meas-
ured at room temperature with a single rod electrode (WTW SenTix 61, Germany) attached
to a pH-Meter (WTW pH 538, Germany). Before the measurement, the pH-Meter was cali-
brated with two buffer solutions of pH = 4.006 and 6.865 (WTW Buffer Puffer, Germany).

For quality control, duplicates (n = 3) were measured simultaneously (Table 5). The precision
of those samples was equal to, or better than 0.02. For further analysis, the mean value of
each duplicate was used.

Table 5: Quality control of pH determination

Sample Site Depth Bedrock Duplicate pH-value
HAI_A Hainich TOP Limestone 1 5.83
HAI_A Hainich TOP Limestone 2 5.82
GOT B Goettingen TOP Limestone 1 7.19
GOT B Goettingen TOP Limestone 2 717
HOL_B Holzland BOT Sandstone 1 4.34
HOL_B Holzland BOT Sandstone 2 4.36

Elemental carbon and nitrogen (CN) were determined by the Routine Measurements &
Analysis (RoMA) lab, a scientific service group at the Max-Planck-Institute for Biogeochemis-
try, by using a Vario MAX CN instrument (Elementar Analysensysteme GmbH, Germany).
250 mg of fine soil from each sample (n = 60) was weighed (Mettler Toledo AT261 Delta-
Range, Switzerland) into reusable ceramic cups. 400-500 mg of tungsten trioxide (WOQO3) was
added as a catalyst. Additionally, two reference samples, Soil 1 (IVA Analysetechnik, Ger-
many) and Soil 1.1 (HEKAtech Analysetechnik, Germany), were prepared and measured
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simultaneously. Both are certified reference materials with a mean total carbon (TC) content
of 3.50 £ 0.07 wt-% and 3.43 + 0.06 wt-% respectively. The N content is 0.22 + 0.01 wt-% for
Soil 1 and 0.23 £ 0.01 wt-% for Soil 1.1. The values of the two reference materials are rela-
tively close to each other, because Soil 1 will be replaced by Soil 1.1 in the future. The
standard Soil 1 has an OC content of 2.28 + 0.20 wt-%, resulting in an inorganic carbon con-
tent of 1.22 + 0.27 wt-%. For the other standard no certificated values are available for the
organic and inorganic C content. The lower limit of quantification (LLQ) was 0.03 wt-% for C
and 0.01 wt-% for N, whereas the upper limit of quantification (ULQ) was 0.15 wt-% for C and
0.04 wt-% for N.

Samples were transferred into the combustion tube filled with WO3; and heated to a tempera-
ture of 1100 °C to be measured. After introduction of a sample, the carrier gas helium was
temporarily mixed with pure oxygen; flash combustion takes place. Quantitative oxidation is
achieved by passing the gases over the catalyst. A second combustion tube, filled with a
blend of copper oxide and platinum, was heated to 900 °C. Once sample combustion had
been accomplished, the gas mixture moved into a reduction tube filled with tungsten trioxide
and was heated to 830 °C. Excess oxygen was eliminated, and nitrogen oxide (NO;) reduced
to nitrogen (N2). A small packing of silver wool adsorbed any halogens. The gases (N, and
CO,) were separated by absorbing CO, on heatable columns. Therefore, N, passed through
these columns first, and was measured by thermal conductivity detector (TCD). After integra-
tion of the N, signal, CO, was released from the adsorption column, passed to the TCD, and
measured. For the two measured elements (CN) two different peaks were recorded. The
concentration of each element was determined using the area under the peak and the sam-
ple weight (Elementar Analysensysteme n.d.).

To measure the inorganic C content of the samples, 250 mg of each sample was combusted
at 450 °C for 16 h in a muffle furnace (Heraeus Instruments M110, Germany). This method is
the so-called Muffle-Furnace-Method (MFM) resulting in the combustion of any organic C in
the sample. After combustion, 400-500 mg of WO; were added to the remaining soil and
measured with the same Vario MAX CN instrument and method as described before.

To calculate the organic C (OC) content of the sample, the following equation (1) was used.
Where TC is the total amount of C in the sample, and IC the inorganic C content.

oC=TC-IC (1)

For quality control, a daily factor for the Vario Max CN is determined by regular re-analysis of
pure organic reagents. The factor is re-calculated after measuring about 20 samples to cor-
rect for possible drift. As mentioned before, to test accuracy and reliability of the results, ref-
erence materials are analyzed on a regular basis. The TC content of the two standards was
always in the range of the reported error. The IC content of the Soil 1 standard was always at
the lower range of the reported IC value, yet still within the error. Additionally, every five
samples (n = 12), a replicate was measured for total and inorganic C. The precision of the
measured duplicates was equal to, or better than 0.01 wt-% for C and N, except for the sam-
ples HUM-A_TSE and POS-B where the precision for C was 0.03 wt-% and 0.05 wt-% re-
spectively (Appendix A2). For further analysis, the mean value of each duplicate was used.

The C content of the extracts (n = 48) was quantified with an elemental analyzer which is
coupled to an isotope-ratio mass spectrometer. The method will be described in the following
section.
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Carbon stable isotopic composition ('*C) of the samples (n = 108) were determined using
a DeltaPlus isotope ratio mass spectrometer (Thermo Fisher, Germany) coupled via a Con-
Flow Ill open-split to an elemental analyzer (Thermo Fisher Scientific Carlo Erba 1100 CE
analyzer, Italy). Analysis was performed by the Stable Isotopes Laboratory (IsoLab), a scien-
tific service group at the Max-Planck-Institute for Biogeochemistry, Jena.

Samples, reference material aliquots, and blanks are weighed into small tin capsules. The
elemental analyzer is needed to combust the sample into gases such as CO,, N,O, SO, and
H,O. For isotope ratio determination the product gases have to be purified or separated from
each other before being introduced into the mass spectrometer (Werner et al. 1999). For
separation, a coupling interface is used. The ConFlow lll includes two open splits, one for the
coupling, the other one for reference gas introduction. The coupling split can be varied over a
wide range from zero to 64-fold dilution of the effluent stream without causing detectable iso-
topic fractionation. The ConFlow Il directs one of the gases to the ion source of the isotope
mass spectrometer, while the other gas flows to a waste vacuum line, and the other way
around. The ion currents are measured separately from each other and compared a number
of times. The measured relative difference in ion current ratios is then calculated relative to
an internationally agreed isotope ratio scale (Werner and Brand 2001). The 5'°C values are
given on the 5"°C IAEA-603 — LSVEC scale by analyzing the samples against a calibrated in-
house-standard (Acetanilide: -30.06 £ 0.05 %o.). A quality control standard (Caffeine: -40.46 +
0.11 %o) was interspersed between samples. Additionally, duplicates of the soil extracts
(n = 12) and residues (n = 15) were measured. The precision of the standards and duplicates
was equal to, or better than 0.4 %o. This is not true for the duplicates of the soil residue sam-
ple POS-A_BHY which had a precision of 0.7 %o (Appendix A3). For further analysis, the
mean value of each duplicate was used.

Soil samples (n = 5) with an IC content above the upper limit of quantification (Table 6 and 7;
Chapter 4) needed to be decalcified before measuring the 8'°C value. For each sample, du-
plicates were treated with 160 uL of sulfurous acid (H,SO3) and dried at 50 °C. The meas-
urement itself was done the same way as described above.

5'°C values are calculated using equation (2), where 13Rsample is the ">C/'?C ratio of the
sample, and 13Rstandard denotes the ">C/'C ratio of the standard. Values are expressed in
per mil (%o0) by multiplying the & value with the factor 1000 (Brand and Coplen 2012; Coplen
2011).

13Rsample—13Rstandard
13Rstandard

5"C = ( 1) 1000 (2)

Isotope ratio measurements are often disturbed by interfering ion currents from other species
hitting the same Faraday cup detectors. When using CO, gas, 8'°C cannot be measured in-
dependent of the oxygen isotope ratio. Therefore, and because of the abundance of different
C-isotope ratios, CO, contains a number of species with different masses. Those masses
occur at the mass-to-charge-ratios m/z = 44, 45, and 46 for CO,. All combinations of stable
isotopes are present after combusting the sample to CO,. However, some of the abundances
are smaller and can be neglected when determining 5'°C, others need to be taken into ac-
count and corrected (Werner and Brand 2001). Such corrections have been done to all of the
samples by the IsoLab service group.

Carbon radioactive isotopic composition (*C). Accelerator mass spectrometry (AMS) is a
technique to determine isotope ratios by combining mass spectrometry with an accelerator.
Such a combination is needed, since the ratio of radioactive isotopes (e.g. '*C) is below the
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detection limit of conventional mass spectrometry (Steinhof 2016). "*C measurements of all
soil samples (n = 60) and extracts (n = 48) were done at the "*C Laboratory in Jena, Germa-
ny. The "C-Analytik service group uses a 200 kV accelerator (MICADAS: Mini carbon dating
system) with simultaneous injection of all three C-isotopes ('°C, ®C, 'C; Steinhof et al.
2017).

Samples (n = 44) that contained no significant IC were directly combusted in the elemental
analyzer (NC2500, Carlo Erba, Italy). The combustion is done in a pre-baked sealed quartz
tube which is filled with pre-baked copper oxide (CuQ) and silver (Ag) wire. CuO is added to
provide oxygen for the oxidation, and Ag is needed to remove sulfur and chlorine that might
be in the sample and would interfere with C oxidation. The quartz tube with the sample and
chemicals is evacuated and flame-sealed with a small torch. Afterwards, the sample is trans-
ferred into a muffle furnace and combusted at 900 °C (Trumbore et al. 2016). Samples
(n = 23) that contained IC require chemical pretreatment (decalcification) before combustion
to avoid contamination of old carbonates with SOM. 500 yL of H,O are added to wet the
sample, followed by 500 uL of 8 M HCI. The samples were shaken for 1 h, before controlling
the pH-value to be < 2. Before transferring samples into the elemental analyzer (EA), they
need to be dried again (Steinhof et al. 2017).

The dry extracts from the sequestration were solubilized with the last solvent respective be-
fore transferring the samples with a Hamilton syringe into pre-combusted silver capsules.
The solution was dried again in a drying oven before combustion with the EA. Sample weight
depends on the C content of each sample or extract. To precisely measure *C, a sample
should at least contain 0.5 mg C/g (Steinhof et al. 2017).

After production of CO, from a sample in the EA, 5-10 % of the gas is measured with an iso-
tope ratio mass spectrometer (Delta Plus, ThermoQuest, Germany) to obtain the *C value of
the sample. The rest of the produced CO, are separated from other gases (e.g. N,, O,, and
H,0) by using a chemical trap, before graphitization and analysis for "C. Graphitization is
performed with hydrogen (H.) as reducing reagent and iron as catalyst (Steinhof et al. 2017).
After sample injection, it is split into atoms in the ion source by adding or removing electrons.
For 'C, the ionization results in negative ions to suppress N, which has the same mass as
4C, yet cannot form negative ions. The negative C ions are further accelerated away from
the ion source. After acceleration, the ions are filtered by a high-energy beam-line and
counted by the detector (Steinhof 2016).

The modern "C isotopic ratio (**C/'°C) is defined as 95 % of the NIST (National Institute of
Standards and Technology) Oxalic Acid | (OX-l) standard, measured in 1950. Both meas-
urements are corrected for isotopic fractionation. Similar to the stable isotope *C, "C con-
centrations in the environment are affected by mass-dependent-fractionations. To gain
meaningful radiocarbon results, this effect needs to be removed. '*C fractionation is roughly
twice as big as that of 3C, since the mass difference between 12 and 14 is twice than be-
tween 12 and 13. Correction is done by normalizing the ">C value to -25 %o (Steinhof 2013;
Stuiver and Polach 1977; Trumbore et al. 2016).

As all radioactive materials, the OX-l standard undergoes radioactive decay over time.
Therefore, the "C/"C ratio will change depending on the year of the measurement. To de-
tect the absolute amount of *C in a sample, radioactive decay of the OX-l standard from
1950 needs to be corrected for the year of measurement, using the half-life of 5730 years
(mean lifetime = 8267 years). In the literature, the absolute amount of radiocarbon is ex-
pressed as A'C in %o (Trumbore et al. 2016). Expressed this way, A'C values larger than
zero indicate the presence of bomb-produced radiocarbon, and those below zero indicate on
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average that the sample has been isolated from exchange with atmospheric '*CO, for at
least the last hundreds of years (Gaudinski et al. 2000). It is calculated by using equation 3
(Trumbore et al. 2016) and used to report A™C values in this work.

14C

A™C = = m]sample'-zs — 1| %1000 (3)

095~ ~1950
126] (6% )/8267)

ox1,—19exP(

The corrected A'C values for all samples were provided by the *C-Analytik service group in
Jena. Samples made from the C1, C5, C6, and C7 IAEA (International Atomic Energy Agen-
cy) reference material were used as standards, as well as from the OX-l and NOX (New Ox-
alic Acid) materials from NIST. NOX was used as a reference standard based on the well-
measured ratio NOX to OX-I (Steinhof 2013). For detailed information about the IAEA stand-
ards, see Le Clercq et al. (1998).

The uncertainties of each sample are based on statistical uncertainty of the number of "C
counts and the scattering of the single measurements of the respective sample plus a contri-
bution from the calibration (Steinhof 2013). For the soil samples (n = 53) and the extracts
(n = 48) the error did not exceed 4.9 %o (median: 1.9 %o) and 2.0 %0 (median: 1.8 %) respec-
tively (Appendix A4), which is in the range of the analytical error of this method (Steinhof
2016).

Soil samples (n = 7) that had C contents below 0.5 % require a different sample preparation
to gain meaningful results. Instead of graphitizing the samples, CO, is used as ion source.
Yet, the disadvantage of this method is a lower ion current and a higher background as com-
pared to the conventional method (Steinhof 2016). To reduce the error for each sample, indi-
vidual samples were measured in duplicate or triplicate. The values (A'C) and the errors of
each sample and each measurement were averaged using equation 4 (Roos et al. 1982).

%+ 6% = (ZWiXi/Z Wi) N (Z Wi)‘l/z

w; = (1/(6w)?) (4)

With ¥ and 6x being the value and its error, respectively. The letter j indicates the number of
n experiments. After calculating the weighted averaged for each of the seven samples the
error ranged between 2.8 and 4.9 %0 and is within the acceptable range and comparable with
the graphitization method (Appendix A4).
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4, Results and Discussion

This chapter presents and discusses the results of the untreated bulk soil samples (4.1) and
of the individual fractions of the sequential chemical extraction (4.2). A detailed table with all
chemical and physical results for each single sample can be found in the appendix (A5 and
AB). All statistical analyses and graphs were performed with the program R (3.4.3) using the
package tidyverse, including ggplot2.

4.1 Bulk soil samples

Results of the bulk soil samples from the three limestone (HAI, POS,, GOT,) and the three
sandstone sites (HUMs, HOLs, SOLs) are presented and discussed. Samples from all sites
represent the TOP (0—10 cm) and BOT (30—60 cm) layers.

Soil acidity/alkalinity can be used as an indicator for species composition and the function
of plants and soil organisms (Blume et al. 2016), as well as for SOM stabilization (Nierop et
al. 2003; Rasmussen et al. 2018). However, the relationship between pH and SOM stabiliza-
tion is only indirect and very complex. The SOM stabilization mechanisms vary with increas-
ing soil pH from predominantly organomineral complexation, to calcium complexation and
cation bridging (Rasmussen et al. 2018).

The three limestone sites show significantly higher pH-values (median: 6.6) than the sand-
stone sites (median: 4.2; Table 6). TOP sample pH-values (median: 4.1) from all sites are
significantly lower than those from BOT samples (median: 5.9). The pH-value range at the
sandstone sites (4.0-4.6) is small compared to the limestone sites (4.2-7.5), especially at
the TOP layers. This indicates that the limestone sites show higher variance than the sand-
stone sites. At the limestone sites, differences between TOP (median: 5.8) and BOT (medi-
an: 7.2) are larger than those at the sandstone sites (TOP: 4.0, BOT: 4.4). Yet, the pH-values
of all six sites are within the preferred and common range of plants, microorganisms and soil
animals in temperate regions (Blume et al. 2016).

Table 6: Physical (pH) and chemical (CN, 5'°C A™C) characteristics of TOP (0-10 cm) and BOT (30—
60 cm) bulk soil samples for limestone (HAI_, POS,, GOT.) and sandstone (HUMs, HOLs, SOLs)

sites
Limestone Sandstone
HAIL POS, GOT, HUMs HOLs SOLs
TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT
bH | 58 | 71 | 42 | 75 | 62 | 72 | 40 | 43 | 40 | 44 | 40 | 46
[wltc"/] LLQ | 005 | LLQ | 139 | 008 | 063 | LLQ | LLQ | LLQ |LLQ | 0.04 | LLQ
=/0
socC
wtoyg| 302 | 165 | 202 | 047 | 602 | 204 | 254 | 071| 234 | 064 | 442 | 161
™
]| 026 | 015 | 042 | 0.05 | 0.53 | 027 | 043 | 0.04 | 0.10 | 003 | 0.26 | 0.11
cN | 12 | 12 | 17 9 11 11 | 20 | 18 | 23 | 21 17 | 15
13
?o/c]: -26.90| -25.90| -27.42| -25.66| -25.98| -25.75| -27.80| -27.7 | -27.53| -27.11| -27.19| -27.44
00
14
A[o/? 135 | -448| 2.8 |-4958| -89.9 | -177.3| 184 | -199| 475 | -379 | -11.9 | 2310
00

IC: Inorganic carbon; SOC: Soil organic carbon; TN: Total nitrogen; LLQ: below lower limit of quantification
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All three limestone sites show slightly acidic to acidic pH-values in the TOP layer. HAI_ and
GOT_, have less acidic soil conditions with pH-values of 5.8 and 6.2, respectively. The POS,
soil shows a much lower pH-value (4.2), resembling soils from the sandstone sites. That low
pH value can be explained by a distinct carbonate-free loess cover. This applies to all lime-
stone sites with pH-values below 7 (Section 2.1). Yet, POS_ has the thickest loess layer (up
to 60 cm) of all three sites, resulting in the lowest pH-value (pers. comm. Riudiger Suf3, Thur-
ingen Forst Gotha). The loess layer does not influence the lower layers (BOT) much, which
show neutral to slightly alkaline soil conditions. All three limestone sites become slightly alka-
line in the BOT layer due to the carbonate containing bedrock material (Figure 7), with POS,
having the highest pH-value (7.5) and HAI_ the lowest (7.1). Such pH-values (TOP and BOT)
are an indicator that those sites will be dominated by bacteria, which prefer a pH range of 5—
7. In contrast, fungi-dominated soils usually show a pH value below 5 (Blume et al. 2016).
The measured pH-values at the three sites correspond well with Meesenburg et al. (2009),
Schrumpf et al. 2013 and Thuringen Forst (2016).
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Figure 7: pHy20 and IC [wt-%] of TOP (0—10 cm) and BOT (30—60 cm) bulk soils samples for the lime-
stone (HAI., POS,, GOT.) and the sandstone (HUMs, HOLs, SOLs) sites. Samples below LLQ
were set to 0 for IC.

All sandstone sites show acidic soil conditions at both depths. In the TOP layer (0—10 cm),
all three sites have pH-values of 4.0. In the BOT layer (30-60 cm), HUMs has the lowest pH-
value (4.3) and SOLs the highest (4.6). It can be assumed that the soils at those three sites
developed under similar conditions. pH-values below 5 suggest the dominance of fungi that
prefer acidic soil conditions in contrast to bacteria (Blume et al. 2016). The measured pH-
values at SOLs and HOLg correspond well with Meesenburg et al. (2009) and Thuringen
Forst (2016). No references were found for HUMs because no soil observation studies have
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been conducted at that site yet. Higher pH-values in BOT samples compared to TOP sam-
ples likely results from interactions with alkaline weathering products that consume protons
(Blume et al. 2016; Figure 7).

Elemental carbon and nitrogen quantification showed that two samples from the BOT layer
(POS. and GOT_; Table 6) contained significant amounts of inorganic carbon (IC). Significant
is defined here as values above the upper limit of quantification (ULQ = 0.15 wt-%): POS,
1.39 wt-%, GOT_ 0.63 wt-% IC. The total carbon (TC) of those two samples is 1.86 wt-% and
3.57 wt-%, respectively. By extracting IC from TC, this results in an organic carbon (OC) con-
tent of 0.47 wt-% for POS_ and of 2.94 wt-% for GOT,. For the other samples (n = 10) TC
equals OC (Table 6). The C,¢/N ratio is calculated from the OC content and will be ex-
pressed as C/N from now. Since only the BOT layer of the limestone sites contain significant
IC, the observations made by the pH-value determination (only alkaline soils in the BOT lay-
er) are confirmed (Figure 7). Yet, HAl_ does not contain any significant IC. This phenomenon
might be caused by unintentionally sampling the loess layer only. The soil profiles at HAI_ are
relatively shallow, with a median depth of only 37 cm (Metzger et al. 2017). Sampling depth
was deepest at POS, (up to 60 cm), which might explain the relative high IC content of
1.39 wt-% compared to the other carbonate containing samples.

Soil organic carbon (SOC) has, in interaction with N, an important influence on all soil func-
tions and on the global C cycle (Blume et al. 2016). Median SOC values of the limestone
sites are higher at both layers (TOP: 3.02 wt-%, BOT: 1.65 wt-%) than those of the sand-
stone sites (TOP: 2.54 wt-%, BOT: 0.71 wt-%; Table 6). Since SOM is the main source of N
in soils, the behavior of N resembles the one of SOC at all sites. Limestone sites have higher
N content (TOP: 0.26 wt-% and BOT: 0.15 wt-%) than sandstone sites (TOP: 0.13 wt-%,
BOT: 0.04 wt-%). The distribution of the sites with the lowest and highest N is the same as
for SOC for all sites (Table 6).

SOC values vary less between the sandstone sites; similar to their pH-value behavior. Yet,
differences between the TOP and BOT layers (A = 1.83 wt-%) are larger compared to the
limestone sites (A = 1.37 wt-%), which is contradictory to the pH-values. It is likely that the
root system at the sandstone sites is shallower compared to the limestone sites (Section
2.2), resulting in less C input from roots into deeper soil layers. However, SOLs shows SOC
concentrations that are comparable with the one from the limestone sites. SOLg receives rel-
atively high mean annual precipitation (MAP: 1’190 mm). The elevated precipitation may in-
crease bioactivity, resulting in a higher decomposed SOC content, and trigger the transport
of dissolved organic matter into deeper layers. Several studies have been investigating the
effect of climate on the SOC content of soils. Yet, the results are inconclusive (Blume et al.
2016), and direction and magnitude of C response to climate change remains unclear (Doet-
terl et al. 2015). The authors of this study suggest that soil C storage is more dominated by
an interaction between climate and soil geochemistry on the larger scale. They found a posi-
tive relation between MAP and SOC.

On average, the higher SOC content over limestone corresponds with its higher clay content
of 17-47 % as compared to that of the sandstone sites (clay content: 5-17 %; Figure 8). Un-
der similar climatic conditions and with the same C supply, soils developing from limestone
(clay-rich) usually have a finer texture than soils from sandstone (sandy or silty soils), result-
ing in a higher content of OC and N (Welte 1969; Wlotzka 1972). The higher C content at the
limestone sites and the positive relationship between clay content and C at these sites can
be explained by i) Higher sorption capacity of clay minerals, aluminum and iron oxides to
sorb organic substances and thus inhibit microbial decomposition, ii) Higher content of ag-
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gregates, where C compounds are protected from decomposition by microorganisms, and iii)
More frequent occurrence of anoxic conditions (Blume et al. 2016). However, the clay con-
tent at all sites increased or remained the same with depth, whereas the SOC content de-
creased (Figure 8). This supports the hypothesis, which has been pointed out by several
other studies (Rasmussen et al. 2018; Schmidt et al. 2011) that the clay content alone can-
not predict SOC content and that depth is a better predictor for SOC independent of bedrock
material.
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Figure 8: Soil organic carbon (SOC) [wt-%] and clay content [%] of TOP (0-10 cm) and BOT (30—
60 cm) bulk soil samples for limestone (HAI_, POS_, GOT,.) and sandstone (HOLg, SOLs) sites.

Clay data from Huss (2017), Meesenburg et al. (2009), and Thiringen Forst (2007); No data avail-
able for HUMs.

The lower SOC content at the sandstone sites results in significant higher C/N (median: 19)
compared to the limestone sites (median: 11; Table 6). Lower C/N ratios (7—15) are typical
for soils with higher clay content and for a mull-type litter layer (Blume et al. 2016). Both
characteristics apply to the limestone sites (Section 2.1). C/N ratios of 10—12 generally indi-
cate that SOM is intensively processed (Rumpel and Kégel-Knabner 2011). The larger C/N
ratios of the sandstone sites is common for moder type litter with typical C/N ratios of about
20 (Blume et al. 2016). Apparently, the limestone SOM seem to be more processed than that
of sandstone and more N is available per unit C. Both types (limestone and sandstone) show
slightly decreasing C/N ratios with depth (limestone: TOP: 12, BOT: 11; sandstone: TOP: 20,
BOT: 18). This indicates that the BOT layers are more processed than the TOP layers. It is
also likely that the SOM at lower depths contains more organic material from microorganisms
than from plants. Microorganisms usually have a C/N ratio between 5 and 12, whereas for
higher plant materials this ratio is between 15 and 300 (Gleixner 2013).
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The variation of the C/N ratios is quite narrow at the limestone sites, except for POS,.
There, the highest C/N value (17) occurs in the TOP layer and the lowest (9) in the BOT lay-
er, whereas the ratios of HAI_. and GOT_ range between 11 and 12. The large difference be-
tween TOP and BOT layers at POS, corresponds with the high increase of the pH-value (A =
3.3; Figure 9) and relative high increase of the clay content (A = 10 %; Figure 8) between the
two layers. The low pH-value in the TOP layer may reduce the microbial activity, resulting in
less processed organic material. In contrast, GOT_ shows no difference between the TOP
and BOT layers, resulting in an overall C/N ratio of 11. Reported C, N, and/or C/N ratios, cor-
respond well with Huss (2017), Meesenburg et al. (2009), Schrumpf et al. (2013) and Thr-
ingen Forst (2016).
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Figure 9: Carbon to nitrogen (C/N) ratio and pH-value of TOP (0—-10 cm) and BOT (30-60 cm) bulk soil
samples for limestone (HAI_, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites

At the sandstone sites, HOLs has the highest C/N ratio at both depths (TOP: 23, BOT: 21)
and SOLg the lowest (TOP: 17, BOT: 15); Table 6. This might be caused by the higher pre-
cipitation at SOLs, resulting in higher microbial activity. The ratio decreases by two with depth
at all three sites, supporting the hypothesis of similar behavior between the sandstone sites.
A general decrease of C/N ratios with depth is quite common (Rumpel and Kbégel-Knabner
2011). Due to the lower variability of the pH-values between the sandstone sites, the correla-
tion between pH-values and C/N ratios is less (R?> = 0.27) compared to the limestone sites
(R? = 0.88). However, a positive trend is still visible (Figure 9). The values of C, N and the
C/N ratio at the sandstone sites HOLs and SOLs agree well with those found in Meesenburg
et al. (2009) and Thiringen Forst (2016).
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The stable isotopic carbon (**C) composition shows distinct differences between limestone
(HAI_, POS,, GOT,) and sandstone sites (HUMs, HOLs, SOLs; Table 6). The median 5"C
value of all limestone sites is by 1.54 %o larger than that of the sandstone sites (-27.46 %o).
Soils enriched in "*C (higher &"°C values) are usually more processed (Balesdent et al.
1993), correlating with the C/N ratio observations (Figure 10). Similar to the pH-values
(Figure 7) and the C and N contents (Table 6), the variation of the entire soil profile at the
limestone sites is much larger (-27.80 %o to -25.66 %) than that at the sandstone sites, which
show a variation below 1 %e..

The limestone sites range between -27.42 %o, and -25.98 %o in the TOP layer (0—10 cm),
with POS, showing the smallest value and GOT_ the highest. BOT (30-60 cm) samples are
more enriched in °C, with 3'°C values ranging between -25.90 %o and -25.75 %o.. BOT sam-
ple variations are smaller than that of the TOP samples, with HAI_ having the lowest value
and POS, the highest one. Similar 3'°C values for HAI, were given by Schrumpf et al. (2013).
Therefore, POS, shows the largest difference between TOP and BOT, analogous to pH val-
ues (Figure 7) and C/N ratios (Figure 10). A general larger enrichment of >C with depth is
common for sites without vegetation change (Balesdent et al. 1993). The higher nutrient
availability (e.g., N, Table 6) in deeper soil layers may enhance root growth and foster micro-
bial abundance, resulting in "*C enrichment (Angst et al. 2018). This agrees with the strong
correlation between the 5'°C values and C/N ratios (R? = 0.81) for those sites (Figure 10).
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Figure 10: 3"%c [%0] and C/N ratio of TOP (0—10 cm) and BOT (30—60 cm) bulk soil samples for lime-
stone (HAI, POS,, GOT.) and sandstone (HUMs, HOLs, SOLs) sites

At the sandstone sites there is no clear difference between TOP (median: -27.53 %.) and
BOT (median: -27.44 %o0) samples (Table 6). The median value differs by less than 0.1 %o at
both depths, which is smaller than the analytical error. Rumpel and Kdgel-Knabner (2011)
discussed two explanations for no change in 8'°C values with depth: i) Stabilization of "*C
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enriched components, such as polysaccharides and amino acids or/and ii) Decomposition of
3C depleted compounds, such as lipids and lignin. No change of the 5'C values with depth
might also result from parent material characteristics, such as lower amounts of clay and nu-
trients at sandstone sites as compared to limestone sites. Such traits of bedrock material
might at least partly control organic matter input and soil organic matter stabilization in the
subsoils, and control the contribution of microbial-derived compounds (Angst et al. 2018).
This assumption is supported by the low correlation between 5'°C values and C/N ratios
(R? = 0.01) at the sandstone sites (Figure 10).

Radioactive isotopic carbon ('*C) results show significant differences between the lime-
stone (HAI., POS,, GOT,) and the sandstone sites (HUMs, HOLs, SOLs; Table 6). All six
sites yield negative median values (limestone: -67.4 %o, sandstone: -15.9 %¢). The different
A'C values between the limestone and the sandstone sites might be related to the higher
clay and C content (von Litzow et al. 2006) and more processed SOM (smaller C/N ratio and
higher 3'°C values; Jenkinson et al. 2008) at the limestone sites. Clay minerals have very
active chemical surfaces, which might be responsible for stabilizing organic compounds
(Welte 1969). Other factors of SOM stabilization might be different aggregate protection and
organo-mineral associations of soils with different bedrock materials (Mikutta et al. 2006;
Rasmussen et al. 2005), and geomorphic controls (Doetterl et al. 2012). Additionally, the like-
ly lower amount of exchangeable bases at the sandstone sites may result in less stabilization
of SOM (Blume et al. 2016; Rasmussen et al. 2018).

A™C decreases with depth at all sites (limestone: TOP: 2.8 %o; BOT: -177.0; sandstone:
TOP: 18.4 %o; BOT: -37.9 %o; Figure 11). The drivers and their contribution controlling in-
creasing radiocarbon ages with depths are still uncertain (Trumbore 2009) because a sub-
stantial input of younger C can also be found in deeper soils and vice versa (Balesdent et al.
2018; Rasse et al. 2005). The input of younger C into older soil horizons can be caused by
the input of young roots, leaching of mobile organic compounds through the soil profile, bio-
turbation, and deposition of allochthonous OM (Trumbore 2009). Therefore, a more differen-
tiated look at individual sites and fractions of more homogenous SOM pools is needed (Sec-
tion 4.2).

The limestone sites spread by more than 100 %, of A™C in the TOP layer (median: 2.8 %).
This large span is mainly driven by the low value of -89.90 %o at GOT,. Such small A'C val-
ue (below 0 %o) at a surface mineral layer is quite unique (He et al. 2016; Trumbore 2009).
Fresh plant residues, which usually have a positive AC value (Gaudinski et al. 2000) are
constantly added to the surface mineral layer, resulting in a similar A'C value. A source of
old C is necessary to explain those low A'C value in topsoil sample. One hypothesis would
be that fossil C from airborne dust without significant "C enters the soil system at that site.
Those emissions could come from the Ruhr coal mining area, which is only about 100 km to
the west of GOT,. Therefore, dominating westerly winds could easily transport fossil C-
containing dust there. This assumption is supported by the negative A™C value measured in
the TOP layer at SOLgs. That site lies only a few kilometers to the west from GOT_ (Figure 3).
Lemke (2006) also reported negative soil surface A'C values from a Solling site, as well as
Angst et al. (2016) from a study site 140 km north of Goettingen. Additionally, charred mate-
rial, e.g., from fires can lower soil radiocarbon ages. Charcoal tends to resist decomposition
and can be very old (Kuzyakov et al. 2009). One approach to test this hypothesis is to apply
physical density fractionation. Such fractionation divides soil material by flotation or sedimenta-
tion in different solutions according to particle density. In the presence of charcoal, the light
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fraction (< 1.6—1.8 g cm™) would contain the charred material, resulting in a much older radio-
carbon than usually expected (Crow et al. 2007). Time did not allow to test for this hypothesis.
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Figure 11: A™C [%0] of TOP (0—10 cm) and BOT (30—60 cm) bulk soil samples for limestone (HAI,
POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites

In the BOT layer, differences between the three sites HAl, POS_ and GOT_ were even larg-
er, ranging between -44.8 %o (HAI,) and -495.8 %o (POS,; Figure 11). The low A™C POS,
value might be due to the fact that the sampling depth (~ 60 cm) was the lowest of all sites
and/or that charred material was sampled. Additionally, this sample was pretreated with HCI
to remove carbonates which would influence the A™C value (Steinhof et al. 2017) but proba-
bly not to such large extend. The BOT sample at POS, contains the highest IC content
(1.39 wt-%) followed by GOT_ (0.63 wt-%), which also shows a small A™C value
(-177.3 %o). Yet, no reliable evidence for this correlation could be found in the literature.

The distribution of the A'C values cannot be correlated with the clay or C content of those
sites (Appendix A5). HAI,, ranging between POS_ and GOT_ in clay and C content, shows
the highest A'C value, whereas GOT, with the highest clay and C content has a A™C value
between HAI_ and POS,. This indicates that other factors control the A'C distribution in
those soils. Yet, a correlation based on only three samples is difficult to make anyway. How-
ever, the A'C values for HAI_, are comparable with values found in Schrumpf et al. (2013).

Differences at the sandstone sites, especially in the TOP layer, were much smaller than at
the limestone sites, with SOLs showing the lowest A™C value (-11.9 %o) and HOLs the high-
est one (47.5 %o; Figure 11). This indicates that HOLs and HUMg (A™C: 18.4 %) contain
substantial amounts of modern C, whereas SOLs does not. The differences between the
sites increase with depth, ranging from -231.0 %o (SOLsg) to -11.9 %0 (HUMs). The relatively
small A™C values at SOLs (TOP and BOT), compared to the other two sites, might be related
to its high mean annual precipitation (= 1’190 mm). Similar correlations have been reported
by van der Voort et al. (in review, 2018). Doetterl et al. (2015) found a positive correlation
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between MAP and SOC stabilization, too, yet they propose that this relation is on the long-
term only an indirect one via its influence on soil geochemistry. The low A'C value at SOLg
can be an additional result of charred material. However, the comparatively high A'*C value
in deeper soil at HUMs (-11.9 %) might result from erosion processes, since it is the only site
that was sampled on a distinct slope (10-15 %; Section 2.2). There, C is constantly trans-
ported away and is less stabilized due to erosion, resulting in younger C mean ages (Doetterl
etal. 2012; 2018).

In conclusion, the physical and chemical soil characterizations at the six different sites show
substantial differences between the two depth intervals and between the two parent materi-
als. TOP samples received higher C and N input than BOT material (30—60 cm) and are less
processed (higher C/N ratios). The lower decomposition in the TOP layers is supported by
generally smaller 3'°C values in those samples. A'*C increases with depth, caused by great-
er contribution of older C to total C. The origin of this protected C cannot be assessed with
the analytical methods used here.

The three limestone (HAI_, POS,, GOT),) sites usually show neutral to slightly acidic pH val-
ues since they developed from carbonate-containing limestone. In contrast, the sandstone
(HUMs, HOLs, SOLs) sites show acidic soil conditions. The latter ones also have lower C and
N concentrations compared to the limestone sites. The higher yield of those elements at the
limestone sites correlates with higher clay contents; yet the clay content alone does not pre-
dict the SOC content. On average, the limestone sites contain more protected C (lower
A'C), which could not be explained by the soil properties analyzed (e.g. clay content, SOC).
The higher contribution of old C to the total C content at the limestone sites is probably
caused by other geochemical parameters that have not been analyzed (e.g. iron and alumi-
num content. The variation between the limestone sites is quite large for all soil characteris-
tics, except for C/N ratios. Sandstone sites seem to be less processed, visible in larger C/N
ratios and smaller 3'°C values. To derive meaningful conclusions about the difference of the
limestone and the sandstone sites it is necessary to separate the heterogeneous SOM into
its different and relatively more homogenous fractions. Such approach helps identifying driv-
ers that control the radiocarbon age at different depth and in different soils.

4.2 Sequential chemical extraction

Results of the extraction method (soil residues and extracts) from all limestone (HAI_, POS,,
GOT.) and sandstone (HUMs, HOLs, SOLs) sites are presented and discussed, including C
and N content, and their C-isotopic composition. A mass balance of the applied method will
be presented as well. Samples represent the TOP (0-10 cm) and BOT (30-60 cm) layers,
and the four (TSE, BHY, AHY, and CuO) fractionation steps.

Elemental carbon and nitrogen quantification showed that three soil residue samples from
the BOT layer (POS.-TSE, POS,-BHY and GOT_-TSE) contained significant amounts of in-
organic C (IC > 0.15 wt-%; Table 7). Those are from the two bulk samples that originally con-
tained IC (Table 6). The first extraction step (TSE) does not mobilize any IC, because di-
chloromethane (DCM) was used as solvent. Potassium hydroxide (KOH) served as solvent at
the beginning of the second extraction step (BHY), which also does not dissolve IC. In the
same extraction step, HCI lowered the pH-value of the soil solution to between pH 1 and 3
(Section 3.2). This strong mineral acid is known to dissolve IC. This was not true, however,
for the POS. -BHY BOT sample (IC: 0.79 %;). It is likely that the pH value was not correctly
controlled for this sample. For the other samples (soil residues: n = 45; extracts: n= 48) total
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C equals organic C. N could only be determined for the soil residues of the sequential chem-
ical extraction. The total weight of the extracts was for most of the extracts too low to quantify
N in addition to 8"°C (including OC) and A™C.

Table 7: Inorganic carbon (IC), soil organic carbon (SOC), and total nitrogen (TN) [wt-%] of TOP (0-
10 cm) and BOT (30—-60 cm) bulk and soil residue samples for limestone (HAI_, POS,, GOT,) and
sandstone (HUMs, HOLs, SOLs) sites

Limestone Sandstone
HAIL POS, GOT, HUMS HOLs SOLs
TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT
[w'tc_;% p|LLa | 005 | Lia | 146 | 0.08 | 063 | LLQ | LLQ | LLQ | LLQ | 004 | LLQ
TSE [vs\lﬁf/i] 307 | 1.75 | 1.80 | 0.42 | 6.03 | 324 | 256 | 0.83 | 1.50 | 0.38 | 4.38 | 1.57
™ 1026|016 |0.11| 005 | 052 | 0.29 | 0.14 | 0.05 | 0.07 | 0.02 | 0.27 | 0.12
[wt-%]
i | 003 | 0.04 | LLQ | 079 | 0.04 | 0.05 [ LLa |LLQ |LLQ | Ll | LLQ | LLQ
BHY [vsvf’f/:] 223|135 | 119 | 035 | 543 | 2.86 | 1.40 | 029 | 0.77 | 0.21 | 3.17 | 135
=/0
™ 1020|014 | 007|004 | 050 | 0.24 | 0.07 | 0.02 | 0.04 | 0.02 | 0.21 | 0.09
[wt-%]
i | 004 | 0.04 | LLQ | 005 | 0.04 |0.06 [ LLQ |LLQ |LLQ | LLQ | LLQ | LLQ
AHY [vs\lgf/i] 203|097 | 094 023 | 397 | 206|112 | 026 | 059 | 022 | 3.17 | 1.05
™ 1018|009 |005/| 003|033 |0.18|004]|001]|002]|001]|018] 008
[wt-%]
i | LLQ | LLQ | LLa | Lo | Lo | Lia [ Lia | 0.04 | 0.04 | 005 | LLQ | LLQ
Cuo [vsvf’f/:] 129 | 062 | 070 | 0.14 | 258 | 1.71 | 1.41 | 020 | 052 | 0.27 | 250 | 0.75
=/0
™ 1027|022 004|017 | 036 | 0.39 | 0.08 | 0.01 | 0.02 | 0.01 | 0.18 | 0.15
[wt-%]

TSE: Total solvent extraction; BHY: Base hydrolysis; AHY: Acid hydrolysis; CuO: Copper oxidation; IC: Inorganic
carbon; SOC: Soil organic matter; TN: Total nitrogen; LLQ: below lower limit of quantification

Like the bulk sample distributions (Table 6) the soil residues of all limestone sites (HAIL,
POS,, GOT.) show higher SOC concentrations compared to the sandstone sites (HUMsg,
HOLs, SOLs). This distribution is probably caused by the same parameters as for the bulk
samples: mainly the higher clay content at the limestone sites. SOC decreased with depth at
all sites and for all fractions, like the N content of all samples (Table 7), which correlate with
the bulk samples.

The SOC concentration of the individual soil residues at the limestone sites decreased with
each extraction step (TSE > BHY > AHY > CuO), since each extraction step removes C from
the soil residue. At the sandstone sites, HOLs and SOLs show the same SOC distribution.
HUMs showed by 0.29 wt-% higher SOC concentration in the CuO fraction compared to the
AHY fraction in the TOP layer and by 0.03 wt-% in the BOT layer. The latter one is within the
analytical error of this method. The reason for the higher SOC content in the CuO soil resi-
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due compared to the AHY one of the HUMgs TOP sample cannot be explained based on the
encountered evidence.

N concentration of the individual soil residues followed a similar trend as compared to SOC.
However, at the limestone sites N content of the CuO fraction was usually higher than that of
the untreated bulk soil sample (Table 6). This leads to the assumption that those samples
were contaminated with N during the last extraction step. Yet, if this would be true, then the
soil residues from the sandstone sites should behave the same. This only applies for SOLs in
the BOT layer. The higher N and low SOC concentration in most of the CuO fractions results
in a smaller C/N ratio (Figure 12), indicating a more processed sample compared to the oth-
ers. The high N content of the CuO fractions might be related to the presence of mineral N
absorbed to clay minerals (Rumpel and Kdgel-Knabner 2011). This might explain why the
CuO extract from POS, contained the lowest N content. This site has the lowest clay content
of all three limestone sites. Additionally, the low C/N ratio of some of the CuO soil residues
likely indicates that microbial-derived C is the main component left after the sequential chem-
ical extraction procedure. If this was true, then the CuO soil residues should also have a high
5'°C value.
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Figure 12: C/N ratio of TOP (0—10 cm) and BOT (30-60 cm) soil residues for limestone (HAI_, POS,,
GOT\.) and sandstone (HUMs, HOLg, SOLs) sites

Since the chemical composition of the individual soil residue fractions is unknown, it is diffi-
cult to interpret them in terms of SOC and N. Chemical extraction methods may also affect
soil mineral content and can cause changes in SOM chemistry and structure (Trumbore and
Zheng 1996). Additional analyses of the chemical composition of the soil residue fractions
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would be needed for verification. Further information on SOM composition and turnover may
be obtained with compound-specific C-isotope data.

The dissimilar distribution of SOC and N between the fractions and the two bedrock materials
indicates that the sequential chemical extractions method leads to different results for soils
with divergent geochemical matrix composition. Trumbore and Zheng (1996) proposed that
chemical fractionation is most effective in coarse-textured soils, partly because more of the
total C is removed in the hydrolysis procedure. Therefore, it is necessary to calculate the
mass balance of the sequential chemical extraction to elucidate differences between the effi-
ciency of the method between the fractions and the different bedrock types. A mass balance
helps to test if the obtained data is reliable. This is especially important for empirical opera-
tional methods such as the one applied.

A mass balance was calculated for the organic C content of the individual fractions for each
extracted bulk sample (n = 12). The calculations were based on the absolute weight and OC
content of each sample (Appendix A7). The OC content of the untreated bulk sample
equaled 100 % of the available C in the extraction procedure (Figure 13). Ideally, the relative
portion of OC content in the soil residue and extract from the same chemical treatment (e.g.
BHY) should equal the again 100 %. Lower values indicate that OC was lost during the ex-
traction. The large standard deviation (SD) of the individual fractions suggests that the meth-
od used always depends on the composition of the sample to be extracted. Yet, different pat-
terns emerge for TOP and BOT, as well as for limestone and sandstone samples.

! Limestone Sandstone
TSE [
sHY
AHY S
coo I
TSE
sHy I
AHY - Eg— |
Cuo l

|
0 25 50 75 100 1250 25 50 75
Yield organic carbon (OC) [%]

| B Soil residue = Extract]

Fraction: M 'Free lipids' (TSE) M 'Ester-bound lipids' (BHY) M 'Sugars' (AHY) M 'Lignin' (CuO)I

TOP

"

BOT

d

—

0 125

Figure 13: Yield [%] of organic carbon (OC) for TOP (0-10 cm) and BOT (30-60 cm) soil residues and
extracts for limestone (HAI_, POS,, GOT,) and sandstone (HUMs, HOLs, POS5) sites

For all sites, the relative OC content in the individual extracts was relatively small (0.1-12 %)
compared to the soil residues (Figure 13). Efficiency might be enhanced by repeating the in-
dividual extraction steps on the same sample before performing the next extraction step. The
obtained yields are difficult to compare with those of other studies. Not only do the individual
samples influence the extractable C, but also the method applied (Angst et al. 2017; Otto and
Simpson 2007). It seems to be more appropriate to compare and discuss general trends (in-
creasing/decreasing) of the extracted fractions than the absolute amount of the yield.
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After the first extraction step (TSE) all of the OC of the bulk sample was usually found in the
soil residue at all sites (Figure 13). Less than 1 % of the original C was detectable in the ex-
tracts in both depths of the three limestone sites. Similar values (ca. 0.4 % of OC) were re-
ported by Angst et al. (2016) for the same fraction in topsoil samples from a central German
beech forest. At the sandstone sites, more C was found in the extracts (TOP: 1+ 0.2 %;
BOT: 4 + 2 %). The extracts at all sites are likely be dominated by free lipids from higher
plants (Otto and Simpson 2007). In subsoils, those compound classes are probably derived
from roots (Nierop 1998). This leads to the assumption that the sandstone sites receive
higher root inputs than the limestone sites. This contradicts the assumption made earlier that
the sandstone sites have a shallower root system and less root C input in the BOT layer as
compared to the limestone sites (section 4.1). A chemical analysis of the roots from the same
sites would help to see if the chemical composition is comparable to that of the extract. On
the other hand, the reduced pH value at the sandstone sites might result in reduced microbial
activity and in a higher amount of undecomposed free plant-derived lipids (Stevenson 1994).
However, the correlation between OC yield and pH-value was not significant for the TSE ex-
tracts.

Base hydrolysis (BHY) yields were highest in the sequence, suggesting that the extraction
method is better for ester-bound lipids than those for the other compound classes. Again,
recovery was larger in those from the sandstone sites (11 £ 8 %) compared to their limestone
site counterparts (3 £ 7 %), even though this difference was not statistically significant due to
large uncertainties. The abundance of ester-bound lipids increased with decreasing pH-value
(Nierop et al. 2003). Based on the calculated yields, the ester-bound lipids seem to be stabi-
lized by acidic pH-values (Figure 14).
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Figure 14: Yield [%] of organic carbon (OC) and pH-value for TOP (0—10 cm) and BOT (30-60 cm)
BHY (‘Ester-bound lipids’) extracts for limestone (HAI_, POS,, GOT_) and sandstone (HUMs, HOLs,
POSs) sites
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The recovery of OC in the soil residues of the BHY was less efficient compared to the previ-
ous TSE extraction step (Figure 13). At the limestone sites, up to 67 + 11 % of the OC from
the previous TSE soil residue were extracted in the TOP layer and 82 + 5 % in the BOT lay-
er. The differences to the previous fraction in the TOP layer are within the standard deviation
(SD). At the sandstone sites, the differences between the BHY fractions (extracts and soil
residue) and the TSE soil residue are 44 % and 74 % in the TOP and BOT layer, respective-
ly. Those differences were much higher than the SD (TOP: 37 %; BOT: 58 %) and cannot be
explained based on the encountered evidence. Von Litzow et al. (2007) concluded that alka-
line extraction procedures simultaneously affect several stabilization mechanisms that are of
different relevance in various soils and soil horizons. This might explain the large variance in
BHY extract yields among the individual sites.

Acid hydrolysis (AHY) extracted on average about 2 % of the relative C content in the ex-
tracts of the previous BHY soil residue (Figure 13). This did not apply for the limestone sites
at lower depth, were the yield was 8 + 27 %. This high SD was caused by POS,, in which
60 % of the OC from the BHY soil residue was detected in the extract and only about 40 % in
the corresponding soil residue. This was the only sample with an extract yield larger than that
of the soil residue (Appendix A7). During extraction, it was impossible to dry this extract un-
der N, flow; probably caused by the extract’s chemical composition. Even after drying for
several days, the extract was still jelly-like. A chemical analysis of this sample would help to
interpret the much higher yield of this extract. Yet, the high yield of the AHY extract (60 %)
from POS, is in the range of previously reported values (30—-90 % of OC; Stevenson 1994).
In this study they calculated those values just based on the yield of the AHY soil residue and
did not measure the yield in the extracts. Compared to studies that actually measured OC of
the AHY extract (5-24 % of OC; Angst et al. 2018; Otto and Simpson 2007), most of the
yields of the presented data set were in the same order of magnitude, albeit slightly lower.
Again, this shows that extract yields vary a lot depending on sample material and methods
(von Lutzow et al. 2007). A chemical analysis of those fractions could help to answer those
questions and to test if different compounds or compound compositions were extracted for
the two different bedrock types.

Yields in AHY extracts increased with depth, therefore microbially-derived products contrib-
ute more to OC at depth than in surface soil. This corresponds with observations based on
decreasing C/N ratios and increasing 8'°C values for the untreated bulk soils samples. Addi-
tionally, the higher yield in the BOT samples at the limestone sites compared to the sand-
stone sites correlates with higher pH-values and SOC of the bulk samples. This probably al-
so results in higher microbial activity. However, results about the correlation of the yield of
the AHY extracts with depth can be found in literature. Angst et al. (2018) showed a de-
crease of the yield, whereas Paul et al. (1997) found an increase with depth.

The strong solvent of the AHY extraction (12N HCI) might mobilize additional C that was
bound in the soil matrix by organomineral interactions. This C is assumed to be very old
since it was protected from destabilization (von Lutzow et al. 2006). This additional C might
be kerogen-type OC which is known to be part of the solid and insoluble organic matter of
sedimentary rocks. Such C will be released when destroying the carbonates in the soil, which
is of relevance for the limestone sites. Yet, this would not explain why HAI_ had a higher yield
(9.2 %) in the BOT layer compared to GOT_ (1.9 %), which contained significant IC amounts
as opposed to HAI,.

The yield of the soil residues of the AHY extraction from the BHY soil residue was larger at
the sandstone sites. It decreased with depth at the sandstone sites, while it increased at the
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limestone sites (Figure 14). As mentioned before, Paul et al. (1997) reported a general de-
crease of SOC that is not hydrolysable with HCI (= AHY soil residue) with depth. The sum of
the yield of the extract and the soil residues was always smaller than the yield of the previous
BHY soil residue. This hampers interpretation of the obtained data for the soil residues. One
explanation for the loss could be that the liquid extracts were filtered during the extraction
step. The soil material collected on the filter was dried and weighed. Yet, it was not combined
with the soil residue, resulting in C loss. On average, 6.7 g of soil material were collected on
the filter. Assuming that this material contains 50 % OC (Blume et al. 2016), the missing C in
the mass balance could easily be explained (Appendix A7). Yet, this does not explain why
the mass balance for the TSE fractions compared to the bulk samples works. During the TSE
extraction step, the liquid extracts were filtered as well, and the collected soil material on the
filter discarded. This indicates that the high C loss (at least for the limestone sites) during
AHY extraction had a different reason which cannot be identified based on the encountered
evidence. The difference to the previous extraction step is usually within the error of the
AHY.

Copper Oxidation (CuO) resulted in the lowest extraction efficiency of all extracts, less than
1 % was found (Figure 14). The low amount of lignin in the samples suggests that only a
small soil fraction correlates with lignin-derived products at the studied sites. This contradicts
that lignin is one of the most abundant aromatic plant components (Kégel-Knabner 2000).
However, if only a low amount of lignin was extractable, this might be an indicator that lignin
is decomposed in the soils. If this was true, the radiocarbon age of those extracts should be
relatively young.

Koégel-Knabner (2000) reported that the relative contribution of lignin-derived CuO oxidation
products increases with increasing SOC and with depth in forest soils. This cannot be con-
firmed by the presented data, where the lowest yield was obtained for samples with the high-
est SOC (TOP limestone sites). However, the distribution of lignin in mineral horizons seems
to vary a lot between different sites and the processes involved in the abundance of lignin
are not clear (Thevenot et al. 2010).

The CuO soil residues of the sandstone sites contained more C from the previous soil resi-
due (AHY) compared to the limestone sites. Therefore, the C loss between the AHY and the
CuO extraction was larger at the limestone sites than at the sandstone sites. An explanation
for this could not be found based on the encountered evidence. The sum of the CuO extract
and soil residue should equal 100 % — which is not true for any sample. It has to be noted
that copper oxide (CuO; ca. 90 g) was added to the soil sample during the extraction proce-
dure. CuO persists during extraction and could not be separated from the soil sample after-
wards. To counter the increase of sample weight from CuO addition, 90 g were subtracted
from each soil residue of the CuO extraction before calculating the mass balance. This as-
sumption probably increases the error of this extraction step.

Stable isotopic carbon ('°C) of the soil residues did not differ much between the different
fractions. The variation of the extracts between the different fractions was much larger (Table
8). This is probably due to the fact that only a small portion of the OC was extracted from the
soil residues (Figure 13). Only some of the CuO soil residues show significant higher "*C val-
ues compared to the other fractions for sandstone and limestone sites and for TOP and BOT
layer. The higher "°C values of this fraction indicate that the CuO soil residues were more
processed compared to the other soil residues, which was corroborated for the C/N ratio in
this fraction (Figure 12).
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Table 8: 5°C [%0] of TOP (0—10 cm) and BOT (30-60 cm) soil residues and extracts for limestone
(HAI, POS,, GOT.) and sandstone (HUMs, HOLs, SOLs) sites

Limestone Sandstone
HAI, POS, GOT, HUMg HOLg SOLsg

TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT
-(I-ESXE) -30.87| -30.94| -31.11| -31.48| -30.83| -30.80] -31.17| -31.62| -29.68| -30.48| -31.04| -31.27
(;25) -26.67| -25.74| -27.31| -25.31| -26.26| -25.71] -27.99| -27.64| -27.56| -26.82| -27.26| -26.82
(BEF:J -29.18| -29.90| -29.54| -29.78| -28.54| -29.14] -29.67| -29.50| -28.65| -28.52| -29.44| -29.66
(BRZ:) -27.54| -25.72| -26.94| -25.57| -26.06| -23.35] -27.63| -28.51| -27.51| -26.64| -27.20| -26.67
?EF:J -24.18| -26.27| -23.99| -27.94| -22.46| -25.51] -24.16| -25.25| -24.64| -22.24| -22.95| -23.82
(QZ:) -26.90| -26.58| -27.28| -25.23| -26.42| -26.08] -28.37| -28.14| -28.08| -27.08| -27.48| -27.06
?;)8 -28.57| -26.92| -28.38| -25.43| -25.70| -26.59] -28.85| -28.94| -27.96| -27.75| -28.50| -28.06
(%:g) -26.65| -26.15| -24.43| -23.49| -26.53| -25.91] -28.11| -18.21| -23.31| -20.26| -27.29| -26.84

Ex: Extract; Res: Soil residue

The extracts clearly allow differentiating between the fractions from the individual extraction
steps and their OC content independent of depth and parent material (Figure 15). For all
samples, the 5'°C values increase in the following sequence: TSE > BHY > CuO > AHY. The
AHY extracts are 4 to 7 %o enriched in '*C compared to the other three extracts (except for
the limestone BOT samples). This agrees with the first three extracts of this sequence being
derived mainly from plants, which usually have a smaller 8'°C value compared to the AHY
extracts which is dominated by sugars (Gleixner et al. 1993). It has also been reported that
lignin-containing fractions are usually less depleted in *C than the fractions with lipids
(Ehleringer and Rundel 1989). This is likewise true for this work. Differences between the
individual fraction in the TOP layer of limestone and sandstone sites equals or is smaller than
0.2 %o. There seems to be no substantial difference between limestone and sandstone sites
in the TOP layer. The 8'°C signature in topsoils seems to be mainly influenced by vegetation
and climatic conditions, resulting in similar 8'°C composition for the same fractions from dif-
ferent sites.

A different picture arose for the BOT layers. 5'°C values of the TSE fractions did not change
with depth (TOP and BOT: -30.9 %o) at the limestone sites, whereas the other fractions show
differences (Table 8). The BHY and AHY extracts decreased by 0.6 %o, and 2.3 %o, respec-
tively. The depletion of ">C with depth in those two fractions suggests that less processed C
contributes to the stable C-isotopic composition. This C could derive from the sedimentary
rocks which might consist of ancient algae rich in carbohydrates and amino acids with lower
5"C values. The CuO extracts were the only fraction that was more enriched in "°C in the BOT
layer (median: -26.6 %.) compared to the TOP layer (median: -28.4 %o; Figure 15).
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Figure 15: 5"%C [%0] and OC [wt-%] of TOP (0-10 cm) and BOT (30-60 cm) extracts for limestone
(HAI, POS,, GOT\.) and sandstone (HUMs, HOLs, SOLs) sites

At the sandstone sites, the average 3'°C value did not change with depth (A < 0.4 %o; Table 8),
indicating that all extracts were processed to the same degree in both depth intervals. This is not
true for the individual extracts from the AHY fractions. The AHY &'°C value at HOLs increased by
2.4 %o with depth, whereas at HUMs and SOLg 8"3C values decreased by 1.1 and 0.9 %o, respec-
tively (Figure 15). This contradictory behavior was probably caused by site-specific soil and envi-
ronmental conditions and cannot be explained based on the encountered evidence. Differences
between the sandstone and limestone sites in the subsoil were negligible for the TSE and BHY
fractions (A < 0.4 %o). On average, the AHY fractions were by 2.5 %o enriched in "*C and by 1.5 %o
depleted in the CuO fractions at the sandstone sites compared to the limestone sites. Indicating
that lignin (CuQ) was at least in the BOT layer more processed and sugar-like products (AHY)
less processed in soils with sandstone as bedrock material compared to soils that developed from
limestone. However, the differences between TOP and BOT were larger at the limestone sites
compared to the sandstone sites, indicating that the carbonates and their chemical composition in
the subsoils influence the 8'°C values, whereas the sandstone material did not influence the dis-
tribution of °C in the fractions much with depth.

Radioactive isotopic composition (**C) of the soil residues and extracts differed between frac-
tions, bedrock materials, and depth (Table 9). Von Litzow et al. (2007) demonstrated in her re-
view that extracts from chemical degradation methods usually have younger radiocarbon ages
(higher A™C value) compared to the associated soil residue. This is only true for four samples of
the presented data set. Two belong to the BHY fraction and were from the TOP and BOT layers of
HAI_ and HUMs, respectively. The other two samples were from the TSE and CuO fraction in the
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TOP layer from HUMs. Since there is no visible trend, it is difficult to explain this behavior. One
hypothesis would be that the lower AC values of the extract were caused by contamination with
the corresponding solvent because the solvents contain very old radiocarbon. Yet, if this was the
case then all of the extracts should be contaminated with old radiocarbon age; which is not true.

Table 9: A™C [%0] of TOP (0—10 cm) and BOT (30-60 cm) soil residues and extracts for limestone
(HAI, POS,, GOT\.) and sandstone (HUMs, HOLs, SOLs) sites

Limestone Sandstone
HAI, POS, GOT, HUM, HOLs SOLs

TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT | TOP | BOT
(TES)S 98 | 410 | 297 |-5872| 114 | 683 | 183 | 42 | -41 | 718 | -31.4 | -994
(TRz':) 255 | 34.0 | 04 |-4701| 132 | 433 | 132 | 201 | 147 | 59 | 142 |-1176
'(3;:)( 58.0 | 109 | 104 | -46.7 | 31.4 | 140 | 271 | 25.4 | 148 | -124 | -72.4 | -986
(BRQ:) 147 | 664 | 88 | NA | 44 |-1509| 6.2 | 515 | 153 | -36.3 | -13.5 |-113.4
f‘;:)( -483.7|-765.1|-599.4 | -985.3 | -567.7 | -845.3|-179.6 | -7442| 132 | 12 | 89 |-127.0
(‘;2:) 89.9 |-594.3| -21.8 |-400.4| -40.7 | 515 | -21.4 | -65.2 | -19.9 | -38.1 | -72.8 |-145.6
?;)8 331 | -82.8 | 286 |-3064| 114 | 683 | 145 | -45.7 | 116 | -50.7 | -23.6 |-142.6
(%‘;g) 155 | 615 | -31.0 |-412.1| 132 | -433 | 59 | 642 | -16.3 | -69.4 | -27.4 |-120.3

NA: not available; Ex: Extract; Res: Soil residue

The individual soil residues from the TOP layers were on average more depleted in "C at
the sandstone sites (median: -13.9 %) as compared to the limestone sites (median: 1.7 %o;
Table 9). This contrasts the behavior of the bulk soil samples (Figure 11) and the assumption
that the higher clay content at the limestone sites mainly drives lower A'*C values, which was
already questioned previously and by others (Rasmussen et al. 2018). Yet, the higher A™C
values at the limestone sites are not true for all individual fractions. The TSE soil residues at
both sites have a median A'C value of 13.2 %.. The BHY soil residues have a positive A'*C
(4.4 %o) value at the limestone sites, whereas at the sandstone sites it is negative (-6.2 %o).
The same is true for the CuO soil residues (limestone: 2.9 %o; sandstone: -16.3 %o). Both
sites show negative median values for the AHY residues. Yet, the limestone sites are almost
twice as depleted in C (-40.7 %o0) as compared to the sandstone sites (-21.4 %o).

All soil residues from the BOT layer were more depleted in *C compared to those from the
TOP layer (Figure 16). This indicates an enrichment of stable organic compounds in all frac-
tions with depth and agrees with the bulk soil samples and results from e.g., Paul et al.
(1997) and Rethemeyer et al. (2005). The limestone sites show on average slightly lower
A'C values (median: -66.4 %0) compared to the sandstone sites (median: -64.7 %o). This is
contrary to the TOP samples. Similar to the 3'°C values, the differences between TOP and
BOT layers were larger at the limestone sites compared to the sandstone sites. Especially
the AHY soil residues became much older with depth at the limestone sites (TOP: -40.7 %o;
BOT: -409.0 %0). The median A™C value at the sandstone sites of the same fraction de-
creased by 43.8 %o (TOP: -21.4 %0; BOT: -65.2 %0). Paul et al. (1997) reported similar or even
smaller values (A™C: -200 to -600 %) for AHY soil residues from various grassland sites in
North America. Except for the AHY fraction, fractions from POS_ were always much older
than the fractions from the other two limestone sites. This might be caused by the highest IC
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content at POS, (note: IC was removed before measuring A'*C). Carbonate containing soils
are usually rich in exchangeable calcium (Blume et al. 2016), which might enhance SOM
stabilization (Rasmussen et al. 2018). Yet, this does not explain the AHY fraction from HAI_
is much older compared to the other two sites that contained IC in the untreated bulk sample.
The BHY fraction A'C data from POS, is missing because its C content was wrong. There-
fore, the A'C concentration of this sample needs to be re-analyzed. That result was not yet
available when submitting this thesis.
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Figure 16: A™C [%0] and IC [wt-%] TOP (0—10 cm) and BOT (30-60 cm) soil residues for limestone
(HAI, POS,, GOT.) and sandstone (HUMg, HOLs, SOLs) sites. Samples below LLQ were set to 0
for IC. Note different scales for x-axis.

A more dynamic picture arises for the extracts between different fractions, bedrock materials
and depth layers (Figure 17). Again, the AHY extracts yielded the oldest radiocarbon com-
pared to the extracts of the other fractions. The AHY extracts at the limestone sites are on
average by more than 600 %o depleted in *C compared to the other three (TSE, BHY, CuO)
extracts and at the sandstone sites by about 50 %o (Table 9).

The relative high values of A™C of the plant-derived products (TSE, BHY, and CuO extracts)
lead to the assumption that those compounds do not or only on a small scale contribute to
the existence of very old C in SOM at the study sites and were not stabilized against decom-
position. This agrees with other studies, e.g. by Gleixner (2013) concluding that plant-derived
compounds do not form an important fraction of mineral soil organic matter. He further postu-
lates (based on other studies) that those compounds are rapidly decomposed. If found in
soils, they are not stabilized, only not yet decomposed; probably due to the separation of de-
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composers from their substrates. Mikutta et al. (2006) found this correlation also for lignin
(CuO extracts).

In the past, plant-derived lignin has been considered comparably resistant against microbial
decomposition since only a limited group of fungi (white rot fungi) is able to completely de-
compose lignin (Kégel-Knabner 2002). The influence of fungi on lignin decomposition can be
seen when comparing the sandstone sites with the limestone ones. The first one, likely dom-
inated by fungi due to the relatively low pH-value, showed higher AC values, leading to the
assumption that at those sites lignin was less stabilized due to higher fungal decomposition
rates. However, those values did not show a significant contribution of lignin to older radio-
carbon ages. Contradictory to that several studies consider microbial biomass to be a major
part of the active labile pool as well (von Lutzow et al. 2007). Acid hydrolysis (AHY) for ex-
ample has been proposed to result in the extraction of young, potentially biodegradable
compounds (e.g. proteins, nucleic acids, and polysaccharides), leaving an old cC fraction in
the corresponding soil residue behind (Paul et al. 1997). This is not true for the data present-
ed here (Figure 17), where the AHY extracts (sugar-like products) shows very old radiocar-
bon ages at all sites. Similar results have been reported by Gleixner et al. (2002), supporting
the hypothesis that the age of different fractions is mainly caused by individual soil sites
characteristics (e.g. microbial activity, organo-mineral associations) and not on the chemical
recalcitrance of the individual compounds (Marschner et al. 2008). Yet, some studies argue
that microorganisms are capable of taking up ancient C from soils and sediments under cer-
tain conditions (Kuzyakov et al. 2009; Rethemeyer et al. 2004; Seifert et al. 2011).
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Such uptake by microorganisms would explain the depletion of "C and C of those extracts
— especially at the limestone sites (R? = 0.88), yet probably more important and visible at
lower depth (Figure 18). However, under natural condition the detected old C in the AHY ex-
tracts is probably protected from decomposition in the carbonates and was only dissolved
due to the strong solvent (HCI) used during that extraction step. Yet, enhanced weathering
due to climate change could lead to dissolution of carbonates, resulting in the release of pro-
tected C which would then become available for microorganisms.
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Figure 18: 8'°C and A™C [%o] of TOP (0—10 cm) and BOT (30-60 cm) AHY (‘Sugars’) extracts for
limestone (HAI_, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites

Similar to the soil residue fractions, the A'C value of each extract decreases with depth
(Figure 17). This has been observed in several other studies (e.g. Angst et al. 2018;
Rethemeyer et al. 2005). The trend is again larger for the limestone sites than for the sand-
stone sites, indicating that the influence of limestone bedrock material on the A'C values of
the extracts was larger compared to sandstone sites. The increase in the radiocarbon age of
the plant-derived fractions (TSE, BHY, and CuO) can have different reasons. One hypothesis
would be that fresh plant input (e.g. litter from aboveground and roots) was decomposed to
some degree and then transported via bioturbation and dissolved organic matter into deeper
soil layers. This is only possible if the compounds are stabilized against decomposition
through protection e.g. their mineral association, aggregates, or spatial isolation (Trumbore
2009).

Another hypothesis would be that the root input (including dead roots and organic materials
released from living roots as rhizodeposition), which is probably an important C input in lower
soil horizons (Jobbagy and Jackson 2000; Jones et al. 2009), contributes to older radiocar-
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bon ages of plant-derived products. Gaudinski et al. (2001) reported an increase of the age
of fine roots (< 2 mm) with depth. Sampled live roots from the B horizon had a mean age of
11-18 years compared to a mean age of 3-8 years in the organic horizons. Yet, this alone
does not explain the relatively low A™C values for plant-derived products. A combination of
both hypotheses is probably more likely. The decomposition of older root products by micro-
organisms could also contribute to their older radiocarbon age with depth. Again, this would
also be only one of several other drivers contributing to older radiocarbon ages and stabiliza-
tion of SOM. The SOLs samples were always the ones with the smallest A™C value com-
pared to the other sandstone sites, similar to the bulk soil samples (Figure 11). This might be
caused by SOLg being the only sandstone site influenced by loess deposition and receiving
MAP above 1’190 mm.

At the limestone sites the AHY fraction at the BOT layer (median: -845.3%0) was by far the
oldest fraction as well. This supports the hypothesis that the A™C values of microbial-derived
products was influenced by bedrock material, e.g. different geochemistry and the contribution
of ancient C from the sedimentary rocks (Figure 18). The CuO fraction is the second oldest
fraction with a median value of -236.4 %., followed by the TSE fraction (median: -68.3 %.) and
the BHY fraction (median: -1.55 %o). The small A™C value of the CuO extracts indicate that
with increasing depth (at least at the limestone sites) lignin contributed on a larger scale to
old SOM. This contradicts results for the TOP samples and from Mikutta et al. (2006), who
could not find an important contribution of lignin to mineral-protected and recalcitrant OM. On
the other hand, since the limestone sites are likely dominated by bacteria, the CuO products
(lignin) might not be decomposed much, resulting in lower A'C values. POS, has, similar to
the soil residues, the lowest A'*C values within each fraction. The site seems to have distinct
soil characteristics (e.g. microbial activity, mineralogy) compared to the other sites, resulting
in significantly different isotopic signatures. Additional analyses would be needed to corrobo-
rate this.

In conclusion, the sequential chemical extraction method is suitable to separate SOM of dif-
ferent soils into distinct chemical pools. This becomes clear when comparing the 5'°C and
organic carbon (OC) values of the obtained extracts. Three out of four extraction steps (TSE,
BHY, and CuO) result in the isolation of mainly plant-derived products; independent of depth
and bedrock material. Yet, to clearly identify the extracted chemical components, more anal-
yses are needed, e.g. GC-MS. The same is true for soil residues where the 5'°C values do
not give an idea about the SOM origin. This is probably caused by the methods’ low extrac-
tion efficiency: only 0.1-12 % of SOC was detectable in the extracts and the OC content of
the correlating soil residue did not sum up to 100 % of the original SOC. Yet, the loss of C
was usually within the error of the extraction step. The high error relates to operationally-
defined and empirical character of the applied method.

Independent of bedrock material, the fractions obtained from the TOP layer (0—10 cm) usual-
ly were less depleted in *C (soil residues and extracts) compared to the BOT layer (30—
60 cm); indicating a larger contribution of older C in the subsoils. On average, the AHY frac-
tions (soil residue and extract) always yielded the lowest A'C value. Thus, microbial-derived
products either take up ancient C from the soil or they recycle C over a long period of time. In
terms of 5'°C, the soil residues did not show any significant trend between the two layers,
whereas some of the extracts showed changes. Those changes seem to be driven more by
the bedrock material, resulting in different microorganism metabolisms and mineral protection
of the SOM, and differ for the individual extracts.
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Distinct differences also occurred between the two bedrock materials (limestone and sand-
stone). The extraction method resulted in different yields for the two bedrock types. Yields of
plant-derived products were usually higher at the sandstone sites, possibly correlated with
the lower pH-values. The microbially-derived products contained similar amounts of SOC, yet
the content was higher in the limestone site BOT layers than in the same layer of the sand-
stone sites. The soil residues of the latter were less enriched in "*C compared to the lime-
stone sites. The same is true for the extracts in the TOP layer. In the BOT layer, the TSE and
BHY extracts showed similar 8"°C values (-31.3 to -29.5 %), whereas the CuO extracts were
more depleted in °C (limestone: -26.6 %o, sandstone: -28.1 %.) and the AHY extracts more
enriched (limestone: -26.3 %o, sandstone: -23.8 %o) in the sandstone sites. The increase of
differences between the two bedrock materials with depth indicates that the parent material
drives those alterations.

The A™C values of the soil residues in the TOP layer show differences between limestone
and sandstone sites. The soil residues have higher A'*C values (median: 1.7 %) at the lime-
stone sites compared to the sandstone sites (median: -13.9 %o.). That difference decreased
with depth, although the limestone soil age was older (limestone: -66.4 %o, sand-
stone: -64.7 %o). Differences between the extracts are clearer in comparison. Median extract
values had more similar age distribution at the sandstone sites, ranging from -13.2 to 14.8 %o
at the TOP layer and from -127 to -25.4 %0 at the BOT layer. The AHY extracts were always
the lowest and the BHY on the highest. This is also true for the limestone sites, albeit with
higher variation (TOP: -568.0 to 31.4 %o, BOT: -845.0 to -1.6 %o.). This behavior leads to the
assumption that the AHY extracts were mainly influenced by the different parent materials.
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5. Conclusions

This study investigated the influence of parent material and depth effects on radiocarbon ag-
es in different chemical fractions of Central Germany soils. Samples from six sites were tak-
en at two different depth intervals (TOP: 0-10 cm; BOT: 30-60 cm). Three of those soils de-
veloped over limestone bedrock material (HAI, POS,, GOT,), and the other three over sand-
stone (HUMs, HOLs, SOLs). All sites are characterized by similar vegetation (European
beech forest: Fagus sylvatica L.) and climate. Soil characteristics (pH, SOC, TN) of the bulk
soil samples show distinct differences between the two bedrock materials and between the
depth intervals, yet individual sites also differ independent of bedrock material.

TOP samples received higher C and N input from aboveground litter and from roots as com-
pared to BOT samples. This results in higher amounts of processed SOM in the BOT layers
(smaller C/N ratios). The three limestone sites show higher SOC and N content in both
depths and are more processed with more narrow C/N ratios compared to the sandstone
sites. Limestone sites usually showed neutral to slightly acidic pH values. Yet, all those sites
were overprinted by loess deposition, which likely suppresses influence of carbonate-
containing parent material. In contrast, the sandstone sites showed acidic soil conditions
throughout. SOLs is the only sandstone site influenced by loess deposition, which makes the
direct comparison of the two bedrock materials slightly more challenging. Nevertheless, the
three limestone sites show higher variance between each other than the sandstone sites.

In the following, the initially formulated research questions will be answered and discussed in
detail:

Q1: How do the two different bedrock materials influence A'C and &'°C values in the bulk
soil samples?

Influence of parent material should be more prominent in the lower soil layers (BOT).
Yet, differences already occur in the TOP layers. The sandstone sites are more depleted in
BC (TOP: -27.5 %0, BOT: -27.4 %o) in both layers as compared to the limestone sites
(TOP: -26.9 %0, BOT: -25.8 %o). This agrees with their larger C/N, suggesting lower soil pro-
cessing. Differences between the TOP and BOT layers are larger at the limestone sites, indi-
cating that the influence of bedrock material on the 3'°C value is larger than at the sandstone
sites. The same is true for larger differences between the individual sites among the lime-
stone sites.

The limestones sites are more depleted in "C (TOP: 2.8 %o, BOT: -177.0 %) in both depths
as compared to the sandstone sites (TOP: 18.4 %o, BOT: -37.9 %o). In the past, higher clay
content was usually used to explain lower AC values due to the high sorption capacity of
clay minerals. This does not apply for all sites studied here, other minerals (e.g. iron and
aluminum) may also influence SOM stabilization. Carbonate-containing soils usually have
higher amounts of exchangeable calcium (in the clay fraction), which may explain lower A™*C
values. Additionally, the different pH-values result in modified soil properties (e.g. cation
composition) which in turn influence SOC dynamics. All soil properties mentioned influence
the soil biota, which make up a large portion of SOM and can therefore control stabilization
processes. The limestone sites are likely be more dominated by bacteria, whereas fungi may
dominate at the sandstone sites. This is mainly caused by the different pH-values, since bac-
teria prefer higher pH-values compared to fungi. The influence of different microbial commu-
nities on SOC stabilization needs to be investigated deeper, it could not be empirically veri-
fied in this study.
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As mentioned above, considerable differences emerged between sites with the same bed-
rock material. Those differences must be caused by parameters other than parent material.
Climatic conditions can influence soil properties on a large scale. Yet, all sites are exposed to
similar climate. is the only site with significantly higher MAP (1’190 mm), while the other five
sites receive between 700-850 mm/a. SOLs has the second lowest A'*C values of all sites in
the TOP and BOT layer. The low A'C value of GOT_ in the TOP layer is probably related to
atmospheric input from older C (e.g. fossil fuel-related dust). The low A™C value at POS,
BOT is probably more related to specific soil geochemistry at the site. Sampling depth was
deepest (~60 cm) at POS, and so was the inorganic C content. Yet, the POS, clay content is
the lowest of all three sites, suggesting that clay content seems not to be the controlling soil
property of low A'C values. All parameters mentioned and discussed are hypothesis’ based
on observations. The individual role and distribution of those parameters remain unclear.

In conclusion, various drivers occur in different magnitude and distribution in such complex
and heterogeneous system as SOM. No meaningful conclusion can be drawn about the
origin and contribution of old C based on single bulk soil samples. It is likely that all of the
processes named occur — and even more. Yet, bedrock material seems to influence those
drivers.

Q2: How much do the A™C and &*C values differ in the individual chemical fractions, soil
depths and bedrock materials?

The differences between the fractions (TSE, BHY, AHY, CuO) in terms of A'*C and 5'°C
are more visible for the extracts than for the soil residues of the sequential chemical extrac-
tion. This might be due to the low efficiency of the method. Differences between the soil res-
idues increased with depth, indicating an influence of bedrock material on the SOC content
in those fractions. The differences were larger at the limestone sites and for A'C values,
suggesting that site-specific properties play a significant role. Without chemical analysis on
the molecular level of those soil residues it is impossible to identify controlling factors.

The &'C values show that the four different extracts contain different organic compounds.
Independent of depth and bedrock material, the AHY extracts show the highest 3'°C value
(median: -24.2 %o), whereas the other extracts show much lower values and are more similar
between each other (TSE: -31.0 %o, BHY: -29.5 %0, CuO: -28.0 %0). Those values indicate
that microbial components mainly dominated the AHY extracts and that plant-derived prod-
ucts dominated the other three extracts. This general pattern remains unchanged for the dif-
ferent depth layers and bedrock materials. Independent of depth and parent material, the
TSE and BHY extracts always showed similar isotopic composition, ranging between -32 and
-29 %o0. The other two extracts (CuO and AHY) were more dynamic and seemed to be influ-
enced by depth and bedrock material. Differences between the two parent materials was
negligible in the TOP layers; both extracts vary by less than 0.2 %o (AHY: limestone: -24.0 %.,
sandstone: -24.2 %o; CuO: limestone: -28.4 %o, sandstone: -28.5 %o). Differences became
larger with increasing depth (and influence of the bedrock material). The median 5'°C value
of the AHY extract decreased by 2.3 %o at the limestone sites, whereas it slightly increased
by 0.4 %o at the sandstone sites. The relatively large ">C depletion of this fraction with depth
at the limestone sites indicates that the C source changed. This may be caused by the re-
lease of sedimentary C during that extraction step or by microbes metabolizing less enriched
C in the deeper layer. The same was true for the CuO fraction, where the median 5"3C value
increased in the same magnitude (limestone: A = 2.0 %o, sandstone: A = 0.4 %o). Those pat-
terns indicate that extracts of the limestone bedrock sites were more influenced by the under-
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lying parent material than those of the sandstone sites. Further analyses of extracts, soils
and parent materials is needed to elucidate the reason for those differences.

The A'™C values of the different extracts also support the hypothesis that they contain dis-
tinct organic components that are influenced by depth and bedrock material. Similar to the
5"3C values, the AHY fraction showed the largest difference compared to the other extracts
independent of depth and bedrock material (AHY: -526.0 %o, TSE: -21.4 %0, BHY: 10.4 %.,
CuO: -39.4 %.). Except for the BHY fraction, all other extracts were on average mainly influ-
enced by C that had been separated from the atmosphere for several hundred years. This
contradicts the assumption that the TSE, BHY, and CuO fractions are mainly composed of
plant-derived products which should contain mostly younger C. The low A™C value of the
AHY fraction indicates that the main source of the microbial biomass is ancient C. Such C
can have different origins: it can come partly from the sedimentary rocks, it can be protected
from decomposition due to physical and or chemical protection, it can be part of continuous
recycling processes, or other parameters might play a role that have not been identified yet,
based on the encountered soil, bedrock, and environmental characteristics. The applied
method might also play a role. However, all fractions show, independent of the bedrock ma-
terial, a decrease of the A'C value with depth.

At the TOP layer the BHY and CuO extracts yielded positive A'C values (BHY: 21.0 %o,
CuO: 4.85 %), reflecting the influence of fresh plant-derived products. The TSE and AHY ex-
tracts showed negative values of -7.0 %0 and -332.0 %o, respectively. The largest difference
between the two layers occurred for the AHY extracts (A = 423.0 %o), followed by the CuO
extracts (A = 117.9 %o), the TSE extracts (A = 63.1 %o), and the BHY extracts (35.0 %o0). The
first two are those fractions that showed the largest difference for 5'°C, supporting the hy-
pothesis that their C compositions largely depend on parameters controlled by depth (e.g.
bedrock material). This might also explain, why their A'*C values are always lower at the
limestone sites than as the sandstone sites, which seem to be less controlled by bedrock
material properties. Therefore, the composition of those extracts should be analyzed in more
detail.

The variation of the individual extracts is much larger at the limestone sites (especially in the
BOT layer) compared to the sandstone sites. Therefore, soil from the same parent material
can still have distinctive soil properties resulting in different A™C values. This is especially
true for the limestone sites, where loess deposition suppresses the signal of the bedrock ma-
terial. This is also true for the SOLg site from the sandstone sites. More care needs to be
taken when identifying adequate sites to compare the distribution of factors controlling SOC
dynamics.

Q3: Do age distribution and differences in A™C among chemical fractions change with
depth?

The differences between the four extracts increase with depth. This is especially true for
the limestone sites. This trend is visible for the soil residues, too, albeit weaker. The larger
differences at the limestone sites indicate that the geochemical composition of this bedrock
material might have a significant influence on the A'C signals (e.g. carbonates). Especially
the AHY fractions show high variability, which may be caused by the release of sedimentary
C from the soil matrix during that extraction step. Another hypothesis would be that microbes
themselves metabolize older C from the soil matrix and/or the rock material. Both hypotheses
can be easily distinguished from each other by analyzing the chemical composition. The lat-
ter one will consist mainly of low molecular weight biomarkers (Otto and Simpson 2007),
whereas the release of sedimentary C due to the extraction will result in higher molecular
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weights (Wiedemeier et al. 2016). Yet, it is likely that both processes play an important role
at the same time and that a combination of both might explain the low A'C values for the
AHY fractions. The CuO fractions also seem to be influenced by the limestone bedrock mate-
rial. This might be caused by its microbial community, which is either capable of degrading
lignin (fungi) or not (bacteria). The role and behavior of lignin has been investigated and dis-
cussed in the community for several decades. Until now the question has not been resolved.
The presented data set suggest that more detailed analyses of the CuO fractions might help
to explain and understand the SOC stabilization, which contradicts some other studies (e.g.
Mikutta et al. 2006). Again, this might depend on the bedrock material and cannot be gener-
alized for soils.

When comparing all individual fractions with each other it becomes clear that the AHY frac-
tions seem to play the most crucial role for the SOM dynamics at the studied sites. Recently,
more and more studies proposed that the understanding of microbial processes and compo-
sitions is crucial to understand and explain SOM stabilization processes. The presented data
support those assumptions. The other two fractions (TSE and BHY) might also contribute to
the SOC stabilization, yet their relatively high A'C values and low response to depth chang-
es indicates that their role is limited.

The main objective of this work was to better understand SOM stabilization processes on the
molecular scale. Obviously, this work could not find definitive answers to questions that have
been discussed in the science community for several decades. Yet, it can contribute to un-
derstand SOC dynamics and address hypotheses based on the results obtained.

It is likely that the bedrock material contributes to the stabilization of SOM. Such contribution
depends on the type of parent material — yet only certain compounds in SOM seem to re-
spond. In this study, limestone material resulted in higher radiocarbon ages in the microbial-
ly-derived fraction (AHY). That fraction mostly consists of carbohydrates and amino acids.
The low A™C values are probably caused by the dissolution of soil carbonates during extrac-
tion, resulting in the release of protected OC. Under natural conditions, this OC would be pro-
tected in the carbonates and not available for microorganisms. However, environmental
changes (e.g. increasing average temperature) may enhance carbonate weathering. This, in
turn, would result in old OC release. Thus, formerly protected OC would become vulnerable
to decomposition by microorganisms. If OC gets taken up by microbes it becomes part of the
fast soil C pool. If this case, old C does no longer “automatically” imply that it is protected
from decomposition, but that it is vulnerable to atmosphere release — enhancing climate
change. This additional response should be taken into account when modelling the potential
behavior of soils under climate change.
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6. Outlook

Up to the present day, the understanding of SOC dynamics is largely based on processes
that occur in surface-near soil (20—30 cm). This focus probably leads to misinterpret certain
drivers because many processes occur below 30 cm soil depth and may behave differently at
the surface. Especially the influence of bedrock material cannot be investigated close to the
surface. A literally a deeper look into the soil profile is paramount to better understand SOC
dynamics and to predict how SOC will behave with abrupt environmental change (e.g. tem-
perature increase, land-use change). The role of parent materials on SOC dynamics has
gained little attention despite its influencing role on soil (bio)geochemistry in addition to cli-
mate. Bedrock geochemistry exerts an influence on composition and behavior of microorgan-
isms. Thus, microbial communities need to be investigated in more detail in order to fully un-
derstand the dynamics of stabilization and destabilization of SOC.

Based on the performed literature review and the results of this work, it is clear that more
work should focus on the contribution of bedrock material on SOM stabilization and the role
of microorganisms therein. More studies should analyze deeper soil material and samples
from the underlying bedrocks, as well as composition and degradation of microbially-derived
organic components. Ideally, such studies will not only focus on single points in the land-
scape but investigate transects through e.g. different bedrock materials to better compare
different drivers on larger scales.
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A1: Results of the test samples of the sequential chemical extraction

Archived soil (sampling year 2017; sampling depth: 40—60 cm) from a grassland at the Hain-
ich National park was used as test sample (TS). Two sub-samples (1 and 2) were extracted
in parallel to test the applied sequential chemical extraction method. No data available for the
CuO residue since the samples were discarded before measurements were done. Sample
was extracted again, 5'°C and A'™C of this sample were not available when this thesis was

submitted.
13 14 14
Sample Treatment Fraction | Duplicate [?/OC] 6[%:]: A[%o(]: A ([f%:]rror
TS 1 Bulk Residue 1 1.51 -25.81 | -124.3 2.6
TS 2 Bulk Residue 2 1.49 -25.91 | -120.5 1.4
TS 1 Total solvent extraction | Residue 1 1.45 -25.77 | -273.5 1.2
TS 2 Total solvent extraction | Residue 2 1.44 -26.06 | -279.8 1.2
TS 1 Total solvent extraction Extract 1 62.93 | -29.85 -45.4 2.5
TS 2 Total solvent extraction Extract 2 62.94 | -29.77 -41.0 24
TS 1 Base hydrolysis Residue 1 1.11 -25.78 | -120.5 1.3
TS 2 Base hydrolysis Residue 2 1.10 -25.80 | -121.1 1.3
TS 1 Base hydrolysis Extract 1 52.25 | -29.18 -29.4 2.5
TS 2 Base hydrolysis Extract 2 50.21 -29.19 -22.6 2.8
TS 1 Acid hydrolysis Residue 1 0.73 -26.22 | 1404 1.3
TS 2 Acid hydrolysis Residue 2 0.73 -26.23 | -128.7 1.3
TS 1 Acid hydrolysis Extract 1 1.42 -24.00 | -90.55 2.3
TS 2 Acid hydrolysis Extract 2 1.14 -24.45 | -85.75 24
TS 1 Copper Oxidation Residue 1 0.44 NA NA NA
TS 2 Copper Oxidation Residue 2 0.43 NA NA NA
TS 1 Copper Oxidation Extract 1 40.21 -26.64 | -117.0 2.1
TS 2 Copper Oxidation Extract 2 53.88 | -26.27 | -244.6 1.3

OC: Organic carbon; NA: not available
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A2: Quality control — C and N determination

Carbon (TC and IC) and nitrogen (TN) duplicate measurements of TOP (0—10 cm) and BOT (30-60 cm) of bulk and soil residues samples from
limestone (HAI_, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites. Lower limit of quantification (LLQ) was 0.03 wt-% and 0.01 wt-% for car-

bon and nitrogen, respectively.

Sample Site Depth Bedrock Treatment Duplicate [W-I;SA) ] [wlt(-:% ] [w-ll“l% ]
HAI-A_TSE Hainich TOP Limestone Total solvent extraction 1 3.07 LLQ 0.26
HAI-A_TSE Hainich TOP Limestone Total solvent extraction 2 3.06 LLQ 0.26
HAI-A_AHY Hainich TOP Limestone Acid hydrolysis 1 2.00 0.04 0.17
HAI-A_AHY Hainich TOP Limestone Acid hydrolysis 2 2.03 0.04 0.18
HAI-B_CuO Hainich BOT Limestone Copper Oxidation 1 0.62 LLQ 0.22
HAI-B_CuO Hainich BOT Limestone Copper Oxidation 2 0.61 LLQ 0.22
POS-A_CuO Possen TOP Limestone Copper Oxidation 1 0.70 LLQ 0.04
POS-A_CuO Possen TOP Limestone Copper Oxidation 2 0.70 LLQ 0.04

POS B Possen BOT Limestone Bulk 1 1.83 1.38 0.04

POS B Possen BOT Limestone Bulk 2 1.88 1.39 0.05

GOT-B_BHY Goettingen BOT Limestone Base hydrolysis 1 2.86 0.05 0.24
GOT-B_BHY Goettingen BOT Limestone Base hydrolysis 2 2.86 0.05 0.24
HUM-A_TSE Hummelshain TOP Sandstone Total solvent extraction 1 2.57 LLQ 0.14
HUM-A _TSE Hummelshain TOP Sandstone Total solvent extraction 2 2.54 LLQ 0.13
HUM-B_BHY Hummelshain BOT Sandstone Base hydrolysis 1 0.28 LLQ LLQ
HUM-B_BHY Hummelshain BOT Sandstone Base hydrolysis 2 0.29 LLQ 0.02
HOL-A_AHY Holzland TOP Sandstone Acid hydrolysis 1 0.59 LLQ 0.02
HOL-A_AHY Holzland TOP Sandstone Acid hydrolysis 2 0.58 LLQ 0.02
HOL-A _CuO Holzland TOP Sandstone Copper Oxidation 1 0.52 0.04 0.02
HOL-A _CuO Holzland TOP Sandstone Copper Oxidation 2 0.51 0.04 0.02
HOL-B_AHY Holzland BOT Sandstone Acid hydrolysis 1 0.22 LLQ 0.01
HOL-B_AHY Holzland BOT Sandstone Acid hydrolysis 2 0.22 LLQ 0.01
SOL-A_TSE Solling TOP Sandstone Total solvent extraction 1 4.38 0.04 0.27
SOL-A_TSE Solling TOP Sandstone Total solvent extraction 2 4.38 0.04 0.26

LLQ: below lower limit of quantification
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A3: Quality control — 5'*C determination

5"3C and organic carbon (OC) duplicate measurements of TOP (0-10 cm) and BOT (30—60 cm) of bulk, soil residue and extract samples from
limestone (HAI, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites.

Sample Site Depth Bedrock Treatment Fraction | Duplicate 5"°C oc
[%o] [wt-%]
HAI-A Hainich TOP Limestone Bulk Residue 1 -26.86 3.20
HAI-A Hainich TOP Limestone Bulk Residue 2 -26.93 3.33
HAI-A_AHY Hainich TOP Limestone Acid hydrolysis Extract 1 -24.16 11.80
HAI-A_AHY Hainich TOP Limestone Acid hydrolysis Extract 2 -24.19 7.64
HAI-B_BHY Hainich BOT Limestone Base hydrolysis Extract 1 -29.91 70.67
HAI-B_BHY Hainich BOT Limestone Base hydrolysis Extract 2 -29.88 70.91
POS-A_BHY Possen TOP Limestone Base hydrolysis Residue 1 -27.05 1.29
POS-A_BHY Possen TOP Limestone Base hydrolysis Residue 2 -26.83 0.98
POS-B Possen BOT Limestone Bulk Residue 1 -25.45 0.44
POS-B Possen BOT Limestone Bulk Residue 2 -25.87 0.45
POS-B_TSE Possen BOT Limestone Total solvent extraction Residue 1 -25.13 0.43
POS-B_TSE Possen BOT Limestone Total solvent extraction Residue 2 -25.48 0.39
POS-B_TSE Possen BOT Limestone Total solvent extraction Extract 1 -31.57 79.95
POS-B_TSE Possen BOT Limestone Total solvent extraction Extract 2 -31.39 77.12
POS-B_BHY Possen BOT Limestone Base hydrolysis Residue 1 -25.68 0.35
POS-B_BHY Possen BOT Limestone Base hydrolysis Residue 2 -25.46 0.35
POS-B_BHY Possen BOT Limestone Base hydrolysis Extract 1 -29.92 69.55
POS-B_BHY Possen BOT Limestone Base hydrolysis Extract 2 -29.64 69.15
POS-B_CuO Possen BOT Limestone Copper Oxidation Residue 1 -23.44 0.17
POS-B_CuO Possen BOT Limestone Copper Oxidation Residue 2 -23.54 0.16
GOT-A Goettingen TOP Limestone Bulk Residue 1 -25.98 6.05
GOT-A Goettingen TOP Limestone Bulk Residue 2 -25.97 6.12
GOT-A _CuO Goettingen TOP Limestone Copper Oxidation Residue 1 -26.52 3.23
GOT-A_CuO Goettingen TOP Limestone Copper Oxidation Residue 2 -26.53 2.72
GOT-B Goettingen BOT Limestone Bulk Residue 1 -25.68 3.19
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GOT-B Goettingen BOT Limestone Bulk Residue 2 -25.82 2.80
GOT-B_TSE Goettingen BOT Limestone Total solvent extraction Residue 1 -25.48 3.46
GOT-B_TSE Goettingen BOT Limestone Total solvent extraction Residue 2 -25.94 2.22
GOT-B_TSE Goettingen BOT Limestone Total solvent extraction Extract 1 -30.80 82.84
GOT-B_TSE Goettingen BOT Limestone Total solvent extraction Extract 2 -30.79 78.89
GOT-B_BHY Goettingen BOT Limestone Base hydrolysis Extract 1 -29.14 65.52
GOT-B_BHY Goettingen BOT Limestone Base hydrolysis Extract 2 -29.14 65.71
HUM-A_AHY Hummelshain TOP Sandstone Acid hydrolysis Extract 1 -24.09 11.63
HUM-A_AHY Hummelshain TOP Sandstone Acid hydrolysis Extract 2 -24.23 10.00
HUM-B Hummelshain BOT Sandstone Bulk Residue 1 -26.81 0.68
HUM-B Hummelshain BOT Sandstone Bulk Residue 2 -27.47 0.86
HUM-B_AHY Hummelshain BOT Sandstone Acid hydrolysis Extract 1 -25.60 3.22
HUM-B_AHY Hummelshain BOT Sandstone Acid hydrolysis Extract 2 -25.37 3.23
HUM-B_CuO Hummelshain BOT Sandstone Copper Oxidation Extract 1 -28.94 63.77
HUM-B_CuO Hummelshain BOT Sandstone Copper Oxidation Extract 2 -28.94 58.08
HOL-A _CuO Holzland TOP Sandstone Copper Oxidation Extract 1 -27.92 58.38
HOL-A _CuO Holzland TOP Sandstone Copper Oxidation Extract 2 -29.99 58.02
HOL-B_TSE Holzland BOT Sandstone Total solvent extraction Residue 1 -26.75 0.39
HOL-B_TSE Holzland BOT Sandstone Total solvent extraction Residue 2 -26.89 0.41
HOL-B_BHY Holzland BOT Sandstone Base hydrolysis Residue 1 -26.67 0.21
HOL-B_BHY Holzland BOT Sandstone Base hydrolysis Residue 2 -26.61 0.21
SOL-A_BHY Solling TOP Sandstone Base hydrolysis Residue 1 -27.30 3.32
SOL-A_BHY Solling TOP Sandstone Base hydrolysis Residue 2 -27.12 3.06
SOL-A_AHY Solling TOP Sandstone Acid hydrolysis Extract 1 -23.42 7.19
SOL-A_AHY Solling TOP Sandstone Acid hydrolysis Extract 2 -23.62 6.19
SOL-B_BHY Solling BOT Sandstone Base hydrolysis Extract 1 -29.69 69.62
SOL-B_BHY Solling BOT Sandstone Base hydrolysis Extract 2 -29.63 69.92
SOL-B_AHY Solling BOT Sandstone Acid hydrolysis Residue 1 -27.08 1.04
SOL-B_AHY Solling BOT Sandstone Acid hydrolysis Residue 2 -27.04 0.99
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A4: Quality control — A'*C determination

A™C and the analytical error duplicate measurements of TOP (0—10 cm) and BOT (30—60 cm) of bulk, soil residue and extract samples from lime-
stone (HAI_, POS,, GOT,) and sandstone (HUMs, HOLs, SOLs) sites.

T 13

Sample Site Depth Bedrock Treatment A E,;/;Ii'(es Errc[>o;;:]R es A [E/io—]Ex Err[;;TEx
HAI-A Hainich TOP Limestone Bulk 13.5 3.2 NA NA
HAI-A_TSE Hainich TOP Limestone Total solvent extraction 255 1.9 -9.8 1.8
HAI-A_BHY Hainich TOP Limestone Base hydrolysis 14.7 1.5 58.0 1.6
HAI-A_AHY Hainich TOP Limestone Acid hydrolysis -89.9 1.5 -483.7 1.2
HAI-A_CuO Hainich TOP Limestone Copper Oxidation 15.5 1.6 -33.1 1.7
HAI-B Hainich BOT Limestone Bulk -44.8 1.4 NA NA
HAI-B_TSE Hainich BOT Limestone Total solvent extraction -34.0 1.5 -41.0 1.8
HAI-B_BHY Hainich BOT Limestone Base hydrolysis -66.4 1.6 10.9 1.6
HAI-B_AHY Hainich BOT Limestone Acid hydrolysis -594.3 1.0 -765.1 0.8
HAI-B_CuO Hainich BOT Limestone Copper Oxidation -61.5 14 -82.8 1.4
POS-A Possen TOP Limestone Bulk 2.8 3.4 NA NA
POS-A_TSE Possen TOP Limestone Total solvent extraction 0.4 3.2 29.7 1.9
POS-A_BHY Possen TOP Limestone Base hydrolysis -8.8 1.8 10.4 1.6
POS-A_AHY Possen TOP Limestone Acid hydrolysis -21.8 1.9 -599.4 1.0
POS-A_CuO Possen TOP Limestone Copper Oxidation -31.0 1.7 28.6 1.9
POS-B Possen BOT Limestone Bulk -495.8 2.2 NA NA
POS-B_TSE Possen BOT Limestone Total solvent extraction -470.1 2.1 -587.2 1.1
POS-B_BHY Possen BOT Limestone Base hydrolysis NA NA -46.7 2.0
POS-B_AHY Possen BOT Limestone Acid hydrolysis -409.4 2.8 -985.3 0.2
POS-B_CuO Possen BOT Limestone Copper Oxidation -412.1 3.3 -306.4 1.4
GOT-A Goettingen TOP Limestone Bulk -89.9 3.1 NA NA
GOT-A_TSE Goettingen TOP Limestone Total solvent extraction 13.2 1.8 -11.4 2.0
GOT-A_BHY Goettingen TOP Limestone Base hydrolysis 4.4 1.9 31.4 1.9
GOT-A_AHY Goettingen TOP Limestone Acid hydrolysis -40.7 1.6 -567.7 1.0
GOT-A_CuO Goettingen TOP Limestone Copper Oxidation 2.9 1.6 -1.9 1.6
GOT-B Goettingen BOT Limestone Bulk -177.3 2.8 NA NA
GOT-B_TSE Goettingen BOT Limestone Total solvent extraction -43.3 1.7 -68.3 1.8
GOT-B_BHY Goettingen BOT Limestone Base hydrolysis -150.9 1.5 -14.0 1.8
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GOT-B_AHY Goettingen BOT Limestone Acid hydrolysis -51.5 1.5 -845.3 0.6
GOT-B_CuO Goettingen BOT Limestone Copper Oxidation -55.3 1.6 -236.4 1.4

HUM-A Hummelshain TOP Sandstone Bulk 18.4 3.4 NA NA
HUM-A_TSE Hummelshain TOP Sandstone Total solvent extraction 13.2 3.7 18.3 1.8
HUM-A_BHY Hummelshain TOP Sandstone Base hydrolysis -6.2 3.4 271 1.9
HUM-A_AHY Hummelshain TOP Sandstone Acid hydrolysis -21.4 3.4 -179.6 1.8
HUM-A_CuO Hummelshain TOP Sandstone Copper Oxidation -5.9 1.7 14.5 1.8

HUM-B Hummelshain BOT Sandstone Bulk -19.9 3.2 NA NA
HUM-B_TSE Hummelshain BOT Sandstone Total solvent extraction -201 3.3 4.2 1.9
HUM-B_BHY Hummelshain BOT Sandstone Base hydrolysis -51.5 3.0 -25.4 1.8
HUM-B_AHY Hummelshain BOT Sandstone Acid hydrolysis -65.2 3.2 -744.2 0.8
HUM-B_CuO Hummelshain BOT Sandstone Copper Oxidation -64.2 2.8 457 1.8

HOL-A Holzland TOP Sandstone Bulk 47.5 3.6 NA NA
HOL-A_TSE Holzland TOP Sandstone Total solvent extraction 14.7 3.7 -4.1 1.8
HOL-A_BHY Holzland TOP Sandstone Base hydrolysis 15.3 1.8 14.8 1.8
HOL-A_AHY Holzland TOP Sandstone Acid hydrolysis -19.9 3.6 -13.2 1.9
HOL-A_CuO Holzland TOP Sandstone Copper Oxidation -16.3 4.1 11.6 1.8

HOL-B Holzland BOT Sandstone Bulk -37.9 3.5 NA NA
HOL-B_TSE Holzland BOT Sandstone Total solvent extraction -5.9 3.1 -71.8 1.7
HOL-B_BHY Holzland BOT Sandstone Base hydrolysis -36.3 3.4 -12.4 1.8
HOL-B_AHY Holzland BOT Sandstone Acid hydrolysis -38.1 4.9 -1.2 2.0
HOL-B_CuO Holzland BOT Sandstone Copper Oxidation -69.4 3.0 -50.7 1.8

SOL-A Solling TOP Sandstone Bulk -11.9 15 NA NA
SOL-A_TSE Solling TOP Sandstone Total solvent extraction -14.2 1.6 -31.4 1.6
SOL-A_BHY Solling TOP Sandstone Base hydrolysis -13.5 1.5 -72.4 1.5
SOL-A_AHY Solling TOP Sandstone Acid hydrolysis -72.8 1.5 8.9 1.8
SOL-A_CuO Solling TOP Sandstone Copper Oxidation -27.4 14 -23.6 1.6

SOL-B Solling BOT Sandstone Bulk -231.0 1.3 NA NA
SOL-B_TSE Solling BOT Sandstone Total solvent extraction -117.6 1.4 -994 1.5
SOL-B_BHY Solling BOT Sandstone Base hydrolysis -113.4 14 -98.6 1.7
SOL-B_AHY Solling BOT Sandstone Acid hydrolysis -145.6 1.3 -127.0 1.7
SOL-B_CuO Solling BOT Sandstone Copper Oxidation -120.3 1.6 -142.6 1.4

NA: not available
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AS5: Chemical and physical characterization of bulk soil samples

Total carbon (TC), inorganic carbon (IC), total nitrogen (TN), pH, A™C, and & "*C measurements of TOP (0-10 cm) and BOT (30-60 cm) of bulk
soil samples from limestone (HAI_, POS,, GOT.) and sandstone (HUMs, HOLg, SOLs) sites. SOC was calculated by subtracting TC from IC, if IC
was larger than 0.15 wt-% (= upper limit of quantification. C/N was calculated by dividing SOC with TN.

. TC IC soc TN AYC 5"c

Sample Site Depth Bedrock [Wt-%] [Wt-%] [Wt-%] [Wt-%] C/N pH [%o] [%o]
HAI-A Hainich TOP Limestone 3.02 LLQ 3.02 0.26 12 5.83 13.5 -26.90
HAI-B Hainich BOT Limestone 1.65 0.05 1.65 0.26 11 7.1 -44.8 -25.90
POS-A Possen TOP Limestone 2.02 LLQ 2.02 0.12 17 4.22 2.8 -27.42
POS-B Possen BOT Limestone 1.86 1.39 0.47 0.05 9 7.46 -495.8 -25.66
GOT-A Goettingen TOP Limestone 6.02 0.08 6.02 0.53 11 6.15 -89.9 -25.98
GOT-B Goettingen BOT Limestone 3.57 0.63 2.94 0.27 11 7.18 -177.3 -25.75
HUM-A Hummelshain TOP Sandstone 2.54 LLQ 2.54 0.13 20 4.02 18.4 -27.80
HUM-B Hummelshain BOT Sandstone 0.71 LLQ 0.71 0.04 18 4.30 -19.9 -27.70
HOL-A Holzland TOP Sandstone 2.34 LLQ 2.34 0.10 23 4.00 47.5 -27.53
HOL-B Holzland BOT Sandstone 0.64 LLQ 0.64 0.03 21 4.35 -37.9 -27.11
SOL-A Solling TOP Sandstone 4.42 0.04 442 0.26 17 3.97 -11.9 -27.19
SOL-B Solling BOT Sandstone 1.61 LLQ 1.61 0.11 15 4.58 -231.0 -27.44

LLQ: below lower limit of quantification
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A6: Chemical and physical characterization of soil residue and extract samples

See Table A12 in digital annex.

AT7: Mass balance calculation

See Table A12 in digital annex.





