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Abstract

The subject of the thesis presented is the variability of stable isotopes (deuterium
and oxygen-18) in hydrological catchments. It was applied a various isotope profile
(VIP) approach to study the isotope variability. The potential of the VIP approach
for the identification of hydrological hillslope processes was secondary explored.

The study was conducted on a hillslope of a circa 1 km? humid catchment. Soil
profiles were drilled along two hillslope catenas from near the water divide to the
stream in august 2009. The soil cores were divided in soil samples. The isotope
signature of the soil water of the samples was determined by water (liquid) - water
(vapor) equilibration laser spectroscopy. Boxplots of the isotope data were prepared
and the standard deviation was calculated in order to estimate the variability of
the stable isotope profiles. Pedological soil properties were defined. The catchment
area of the profile points along the hillslope and the flowpath distances within the
profile catchments were derived from a digital elevation model. There are different
geomorphologic situations at the two study transects. One hillslope catena is slight
convex, the other slight concave. This difference is also apparent in the sampled sta-
ble isotope profiles. The variability of the profiles along the convex hillslope catena
is very similar. A diversity of profile variability was observed along the concave
hillslope catena. The profiles in an upslope position had comparable variabilities to
the convex hillslope catena profiles. The profiles at the base of the hillslope had the
lowest variability. The isotope profiles close to the stream had a higher variability
again. The variability in upslope positions and along the convex catena could be
explained by a conservation of the isotopic precipitation signal. These profiles have
more enriched isotope values near the surface and a winter peak with isotopically de-
pleted soil water beneath. The variability of the profiles in a hillslope foot position,
could be explained by an increasing advection and dispersion due to an increase of
the flowpath distances. These mechanisms would damp the input signal and thus
decrease the profile variability. The increase of the variability close to the stream
could be explained by the influence of streamwater.

The point with the lowest variability at the study hillslope could represent a charac-
teristic length scale for the stable isotope variations in the upper vadose zone. There
is evidence for a characteristic length scale at the study hillslope with a distance of
200 m from the water divide. The results suggest that the variability of the stable
isotope profiles could depend on the flowpath distances to the profile position. Con-
sequently, the variability of stable isotope profiles could be a proxy for the flowpath
distance distribution at this point in the catchment.
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Zusammenfassung

Die vorliegende Diplomarbeit beschéaftigt sich mit der Variabilitdt von stabilen iso-
topen (Deuterium und Sauerstoff-18) im hydrologischen Einzugsgebiet. Um die Vari-
abilitdt zu untersuchen, wurde ein Multi Isotopenprofil Ansatz gewéhlt. Zuséatzlich
wurde das Potential dieser Methode zur Identifikation von hydrologischen Hang-
prozessen betrachtet.

An einem Hang in einem knapp 1 km? Einzugsgebiet wurde im August 2009 entlang
von zwei Hangcatenen mehrere Bodenprofile von unterhalb der Wasserscheide bis
zum Bach gebohrt. Die Bohrkerne wurden in Bodenproben unterteil. Von diesen
Bodenproben wurde die Isotopensignatur des Bodenwassers iiber eine laserspek-
troskopische Messung der Bodenluft bestimmt. Zur Abschitzung der Variabilitit
der Isotopenprofile wurden Boxplots der Isotopendaten erstellt und die Standardab-
weichungen bestimmt. Zusédtzlich wurden pedologische Bodenmerkmale bestimmt,
sowie die Einzugsgebietsgrofe der Profilpunkte und die Fliekwegdistanzen bis zu
diesem Punkt aus einem digitalen Hohenmodel bestimmt. Die eine Hangkatena hat
eine leicht konvexe Form, die andere ist leicht konkav. Dieser Unterschied spiegelt
sich auch in den Isotopenprofilen wieder. Entlang der konvexen Hangkatena sind
nur sehr geringe Unterschiede in der Profil-Variabilitit zu erkennen. Beim konkaven
Hangtransekt wurden jedoch sehr unterschiedliche Variabilitdten festgestellt. Die
Variabilitidt der Profile am Oberhang ist vergleichbar mit der Variabilitidt der Profile
am konvexen Hang. Bei den Profilen am Hangfuf wurde eine sehr geringe Variabil-
itdt festgestellt. Die Profile in Bachndhe haben wieder eine hohere Variabilitit. Die
hohere Variabilitdt der Profile am Oberhang der konkaven Hangkatena, und ent-
lang der gesamten konvexen Hangkatena, kann auf eine Erhaltung des isotopischen
Niederschlagssignals, mit isotopisch angereichertem Bodenwasser nahe der Ober-
flache und einem in groferer Bodentiefe folgenden Winterpeak mit isotopisch abgere-
ichtertem Wasser, zuriickgefiihrt werden. Die geringere Variabilitdt der hangabwirt-
sliegenden Profile konnte mit einer zunehmenden Advektion und Dispersion durch
Zunahme von langeren Fliefswegen verursacht sein, die eine Dampfung des Inputsig-
nals bewirken. Der erneute Anstieg der Variabilitdt konnte mit einem Einfluss von
Bachwasser erklart werden.

Bei der Hanglage mit der geringsten Variabilitdt konnte es sich um eine reprisenta-
tive Lénge fiir die Isotopenvariabilitdt in der oberen vadosen Zone handeln. Diese
hétte, gemessen von der Wasserscheide, eine Linge von 200 m. Die Ergebnisse
weisen darauf hin, dass es eine negative Korrelation zwischen der Variabilitdt der
Isotopenprofile und der statistischen Verteilung der Fliefswegldngen zum jeweiligen
Profil gibt. Somit kénnte die Variabilitdt von Isotopenprofilen ein Indikator fiir die
Fliekwegdistanzenverteilung bis zu diesem Punkt im Einzugsgebiet sein.






1. Introduction

1.1. General Introduction

The stable isotopes of the water molecule, deuterium and oxygen-18, have been used
as tracers in several studies to explore hydrological processes and catchment behav-
ior (VITVAR ET AL., 2005). The isotopic input of precipitation has a well known
characteristic scale of spatial and temporal variability that determines atmospheric
boundary conditions (DANSGAARD, 1964). The precipitation input signal underlies
processes of selection and fractionation within the catchment. An isotopic variability
of catchment water components can regularly be observed in humid environments.
This variability can clearly be demonstrated by stable isotope time series of soil
water, streamwater and groundwater or by hydrograph separation techniques.

Meteorological processes are modifying the isotopic water signature. There are pro-
cesses affecting stable isotope signature of the water within the hydrological catch-
ment. Pedological properties are influencing the evolution of the signal in the vadose
zone. Mixing of water from different storage systems in the catchment has an in-
fluence on the isotope signal of streamwater. However, very little is known about
the mechanisms and the length scale of the impacts of the catchment itself on the
isotopic signature of catchment water.

1.2. Goals of the Study

The subject of this diploma thesis is the investigation of the spatial variability of
stable isotopes in hydrological catchments. Since the spatial variation of the meteoric
input is well known, it is very interesting to explore the spatial distribution and
variability of the isotopic signature of water within the catchment. The idea is
to sample soil water profiles at different positions along a study hillslope and to
determine the stable isotope signature of the soil water. One precondition should
be, that the study hillslope is a representative part of the catchment that covers the
whole space from the water divide to the draining stream. This is a scale on which
the whole extent of isotope processing should be covered.

Another precondition should be, that there is as little vegetation as possible on
the study hillslope. Since interception of precipitation on vegetation covers has a
fractionating impact through evaporation on the isotopic input signal reaching the
soil surface. Any impact of the vegetation on the stable isotope signal will be ignored.
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The aim of this study is to explore the spatial stable isotope variability by drilling
soil profiles at various positions along a hillslope from the water divide to the stream.
The idea is to analyze the soil samples from the profiles in a high spatial resolution
for stable isotopes using laser spectrometry. The following research questions could
be investigated with this approach:

— Is there a characteristic length or any other representative unit for the stable
isotope variability in catchments?

— Can the variability of the soil water stable isotope profiles be used to define catch-
ment characteristics?

— How powerfull is the approach using various isotope profiles to explore catchment
properties and behavior, runoff generation processes and stable isotope variability?

The information of a characteristic length scale would be very auxiliary for design-
ing adequate measurement campaigns. These measurement campaigns could be a
powerful tool, to improve the knowledge about runoff generation processes or the
quantification of catchment isotope transfer functions.



2. Basic Principles

2.1. Stable Isotopes in Hydrology

The stable isotopes deuterium and oxygen-18 are part of the water molecule. They
do not undergo degradation and chemical or physical retardation within the hydro-
sphere. Because of this attribute, they exhibit an absolute conservative behaviour.
The most important natural tracers in hydrology are the stable isotopes of oxygen
(0 and '®0) and hydrogen ('H and >H). The stable isotope species have differ-
ent molecular masses. For example, deuterium (*H) is heavier than protium (*H)
because of one more electron in the nucleus. CLARK and FRITZ (1997) report that
the lighter isotope species of water (! H and '60) are more frequent in nature than
180 and 2H. O and 2H have a frequency of 0.204% and 0.015%, respectively.

The differences in the molecular masses determine temperature dependent fractiona-
tion effects at phase changes (Raleigh fractionation). This can be explained because
of different vapor pressures of the stable isotope species. The different vapor pres-
sures induce an enrichment of heavy isotopes in the phase with lower energy. For
example: at the phase change from water to vapor (evaporation) happens an en-
richment of heavier isotopes in the liquid phase because the lighter isotopes have
a stronger affinity to change the phase. Comprehensive reviews about the basic
principles in stable isotope hydrology and hydrogeology can be found in MOSER
and RAUERT (1980), CLARK and FRriTz (1997) and KENDALL and MCDONNELL
(1998).

Usually, values of stable isotopes are not reported in absolute concentrations. Stable
isotope values are usually reported in ratios. The stable isotope ratio R, is the ratio
of the infrequent to the frequent isotope. Stable isotope values can be presented
in the ¢ notation. The § notation (equation 2.1.1) represents a stable isotope ratio
relative to a standard in per mill (%o). An international established standard is
the Vienna Standard Mean Ocean Water (VSMOW). The stable isotope ratios R of
VSMOW are well known and represent (155.75 + 0.05) * 1075 for deuterium and
(2005 4 0.45) * 107 for oxygen-18, respectively (CLARK and FRITZ, 1997).

5Sample = RSample — RStandard x 1000 (211)
RStanda'rd

The fractionation factor « is a theoretical factor and is valid for isotopic equilibrium
conditions at a certain temperature. a can be calculated from following equation:



4 Chapter 2. Basic Principles

106 103

Whereas Tk is the temperature in kelvin. MAJOUBE (1971) published coefficients for
the water-vapor system at temperatures between 0 °C' and 100 °C'. The coefficients
are a = 24.844, b = -76.248, ¢ = 52.612 for deuterium and a = 1.137, b = -0.4156,
¢ = -2.0667 for oxygen-18, respectively. When the stable isotope ratios of a water-
vapor system are known, it is also possible to calculate the fractionation factor « as
follows:

o RReactant (2 1. 3)

RProduct

The isotopic signature of precipitation has a well known characteristic scale of spatial
and temporal variability because of fractionation effects (DANSGAARD, 1964). The
major fractionation effects are:

— Temperature effect: The stable isotope fractionation increases with decreasing
temperature. Thus, the precipitation is isotopically lighter at high latitudes and
in winter than during the summer months or at low latitudes. Furthermore, the
temperature during the condensation of vapor in an airmass (warm front or cold
front) determines the isotopic composition of the precipitation.

— Altitude effect: Mountain ranges cause an orographic uplifting and conden-
sation of airmasses due to lower temperatures with increasing altitude. Heavy
isotopes condense preferred, because of a lower vapor pressure. Moreover hap-
pens an enrichment of heavy isotopes in the liquid phase during rain. Thus, the
precipitation is getting in average lighter with increasing altitude.

— Continental effect: The isotopic composition of the precipitation from oceanic
airmasses moving over continents is getting continuously lighter with increasing
distance from the ocean, because heavy isotopes are raining out first.

— Intra storm variability: The precipitation is getting isotopical lighter with
increasing duration and intensity of a precipitation event, because of the preferred
depletion of heavy isotopes.

A comprehensive review about isotopic variations in precipitation is given by IN-
GRAHAM (1998).

Because of the mentioned fractionation processes, the stable isotope input vary in
space and time. The variations of the stable isotopes in precipitation show a strong
linear correlation. CRAIG (1961) published an equation for this linear correlation,
that is called Global Meteoric Water Line (GMWL) with the equation:

62H =860 + 10 (2.1.4)

Altitude and seasonal effects as well as intrastorm and interstorm variability are the
important effects to study plot scale or meso scale hydrological processes. Thus, the
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meteoric input has a well known characteristic with lighter (depleted) stable isotope
values in winter and heavier (enriched) stable isotope values in summer. This input
signal will be modified within the catchment. Catchment characteristics and the
internal flow processes provide a space-time filtering by damping out the spatial and
temporal variability of the stable isotope input signal (SIVAPALAN ET AL., 2001).

The damping of the seasonal meteoric stable isotope variation can be observed in
the unsaturated zone with the stable isotopes of the soil water. Regularly there
is observed an increased damping of the isotopic input signal with increasing soil
depth. This cumulative attenuation of the input signal in the unsaturated zone can
be used to calculate mean residence times of the soil water (MALOSZEWSKI ET AL.
(1983), STEWART and MCDONNELL (1991), DEWALLE ET AL. (1997), WENNINGER
(2007)). The approach is called sine-wave analysis or isotope damping analysis. The
idea is to fit a sine-wave to the time series of stable isotopes in precipitation as well as
to the isotope data of soil water time series as shown in figures 2.1.1 and 2.1.2 below.
Other approaches are based on residence time distribution models (MALOSZEWSKI
ET AL. (2002), ASANO ET AL. (2002)). A comprehensive review about transit time
modeling was published by MCGUIRE and MCDONNELL (2006).

il Summer .

Time [y]

Figure 2.1.1.: Fitted sine-wave to the isotopic precipitation signal with isotopical enriched
water in summer and depleted water in winter.

@ Soildepth 1

- A ® Soildepth 2

* " ; : ® Soildepth 3
>

Time [y]

Figure 2.1.2.: Sine-waves fitted to the isotope time series in different soil depths.

The residence time can be calculated after MALOSZEWSKI ET AL. (1983) by using
the amplitudes of the isotope sine-wave function in different soil depths:
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T = % [(Zj)2_1rﬁ (2.1.5)

Where T is the mean residence time, a,; and a5 are the amplitudes of the sine-wave
function in soil depth 1 and soil depth 2, respectively. 27 of the sine-wave function
is according to one year in the stable isotope time series.

T = (2.1.6)

v
d
Where v is the mean flow velocity of the water and d is the mean flow distance of
the water. Under the conceptual assumption that the flow velocity is constant, T
is proportional to the mean flow distance d. Thus, the mean residence time T can
also be an indicator for flow distances within catchments.



2.2. Variability and Scales in Hydrology 7

2.2. Variability and Scales in Hydrology

The term scale describes a characteristic time or a characteristic length (BLOSCHL,
1996). Hydrologic processes usually have a characteristic spatial scale and a char-
acteristic temporal scale as shown in figure 2.2.1 (BLOSCHL and SIVAPALAN, 1995).

g length (m)
10° 10’ 10° 10° 10* 10° 10° ———=
100 yrs T T r T
L 4=
1 @
11 E
annual rainfall,
- snowmelt, avaporation 10%
1yr 4
107
diumnal rainfall,
1 mon snowmelt, evaparation
10°
1d 10°
10*
1h
10°
10°
1 min
1 L 1

" i i il 10
1 1 1
im 10m 100m 1 km 10 km 100 km 1000 km 10000 km

Figure 2.2.1.: Hydrological processes at a range of characteristic space scales and timescales
(BLOSCHL and SIVAPALAN, 1995).

This schematic concept of characteristic space scales and timescale of hydrologi-
cal processes may help to design experimental measurement campaigns. The basic
consideration is that a measurement should approximately match the process of
interest. On a theoretical basis the spatial as well as the temporal dimensions of
measurements can be characterized by a) a spatial (temporal) extent of a data set,
b) the spacing between the samples and ¢) the support (integration volume/time)
of a sample. These three scales are called the scale triplet and are shown in figure
2.2.2 (BLOSCHL and SIVAPALAN, 1995).

The spacing of a measurement campaign refers to the distance between the sampling
points or the time interval between the samples (sampling interval). The extent refers
to the total plot that has been sampled or the total sampling time (length of record).
The term support refers to the volume or timestep of a sample (averaging interval).
The measurement of a process should be conducted on an adequate scale to gain
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Figure 2.2.2.: Scale triplet: a) Spatial/temporal extent, b) Spacing (=resolution), c) Support
(=integration volume/time) (BLOSCHL and SIVAPALAN, 1995).

information about the variability of the considered process. In reality this is not
always possible, respectively the process scale is not known. Thus, measurements
will not reflect the whole variability (WooDs, 2005). If the spacing of the data is
too large, there will be a discontinuity in the data and the small-scale variability
will not be captured. If the extent of the data is too small, there will appear a trend
in the data because the large-scale variability will not be captured. There can be
observed a smoothing out of the variability, if the support is too large (BLOSCHL
and SIVAPALAN, 1995).

In space, typical modeling or working scales are: the local (plot) scale, the hillslope
scale, the catchment scale and the regional scale (BLOSCHL and SIVAPALAN, 1995).
BECKER (1992) distinguished between different scales: the microscale (< 1 km?),
the mesoscale (< 1000 km?), and the macroscale (> 1000 km?) for a simplification.
In time, there can be distinguished between the event scale (1 day), the seasonal
scale (1 year), and the long-term scale (100 years) on the modeling or working scale
(BLOSCHL and SIVAPALAN, 1995).

pref. flowpaths soils

hillslope catchment regional

100m 10km 1000km
"
Oh 12h 24h Jan Juna Cec 1800 1950 2000
event seasanal long term
b) 1d tyr 100yrs

Figure 2.2.3.: Typical a) spatial and b) temporal scales in hydrology (BLOSCHL and SIVA-
PALAN, 1995).
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A common approach in hydrological sciences is to upscale or to downscale data
or process knowledge. That means that a process which was investigated, or data
that was collected on the plot scale will be upscaled to a broader scale. The other
way around, it is possible to downscale from larger scales. BLOSCHL (2005) gives a
comprehensive review about statistical scaling in hydrology.

In natural catchments one can observe heterogeneity and variability in space and
time. Whereas heterogeneity describes media proberties (e.g. hydraulic conduc-
tivity) that vary in space. Variability is used to describe fluxes (e.g. runoff) or
state variables (e.g. soil moisture) that vary in space and/or time. BLOSCHL and
STVAPALAN (1995) defined typical scales of spacial heterogeneity (local scale, hills-
lope scale, catchment scale and regional scale) as well as typical scales of temporal
variability (event scale, seasonal scale and long-term scale). Figure 2.2.3 shows that
heterogeneity at the catchment scale may relate to different soil types and their
properties. Similarly, variability in time is also present at a range of scales. Varia-
tions in time and space in hydrologic systems are typically driven by variations of
physiographic factors such as climate, soils, vegetation, topography, geology and by
human and animal activity. A big challenge and scientific aim is to combine tempo-
ral and spatial variability to describe space-time variability of hydrological systems
(WooDs, 2005).

2.3. Concepts of Dealing with Variability

Variability complicates the investigation, the theoretical analysis, the measurement,
as well as the modeling and conceptualization of hydrological processes. Character-
istic scales are a concept to deal with variability and heterogeneity over many orders
of magnitude (e.g. SKOIEN ET AL. (2003), WoODs (2005)). Instead of dealing with
a spectrum of lengths and times a characteristic scale is a length or time that is
representative for a process. A characteristic spatial scale is the scale over which a
parameter or a process can be averaged. The idea is that the details of finer-scale
heterogeneity can be neglected without losing important information about a pro-
cess. SKOIEN ET AL. (2003) investigated characteristic space scales and timescales of
precipitation, runoff and groundwater levels in Austria using variogramm analysis.
This is a geostatistical approach to determine characteristic scales.

The representative elementary volume (REV) is a model used in fluid dynamics, soil
sciences and hydrogeology. The REV is the minimum volume of a porous medium
(e.g. soil sample) required from which a given soil parameter measurement becomes
independent of the size of the sample. The REV is the volume over which a param-
eter can be statistical averaged. For homogeneous soil material the REV is smaller
than for heterogeneous soil. Below a REV the parameter is not defined and the ma-
terial can not be treated as a continuum (BEAR, 1972). BEAR and BACHMAT (1984)
(in VANDENBYGAART and PROTZ, 1999) concluded, that in an isotropic medium
a REV is well represented by a representative elementary area (REA). That means
that in two dimensions the REV can be replaced by a REA. Figure 2.3.1 shows a
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schematic representation of the REV/REA concept.
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Figure 2.3.1.: Schematic illustration of the REV/REA concept (after VANDENBYGAART and
ProTZ (1999)).

The REA concept has been applied to spatial heterogeneity and scale problems in
catchment hydrology by WooD ET AL. (1988). They plotted normalized subcatch-
ment discharge versus the subcatchment area. Up to an area of approximately 1
km? one can observe variation in the data. The observed 1 km? are the minimum
area of the catchment at which the average hydrological response varied minimal
with increasing drainage catchment size. Thus, they concluded that this area is a
REA for the investigated catchment.

The REA is strongly influenced by the subcatchment topography. The REA idea
was further investigated and its utility for distributed rainfall-runoff modeling was
studied (e.g. WOODS ET AL. (1995) BLOSCHL ET AL. (1995)). WOODS ET AL.
(1995) concluded that the existence and size of the REA will be specific for a par-
ticular catchment and a particular application. BLOSCHL ET AL. (1995) suggested
that the size of the REA depends on specific catchment properties and climatic
conditions. DIDSZUN (2004) argues that the REA concept is a simplification of the
processes within a catchment.

The idea of a representative elementary watershed (REW) for catchment modeling
was presented by REGGIANI ET AL. (1998). The idea is to divide the whole watershed
into smaller discrete units (REWs). The averaging of the conservation equations is
carried out over the REW. The system contains a large amount of spatial variability
at scales smaller than the REW. REWs are assumed to be fundamental units of
discretization in space and small-scale variability can be neglected. Variability is
examined only between various REWs.
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3. Review

The isotopic composition of precipitation is the input signal for terrestrial stable
isotope studies. The formation of precipitation determines the isotopic composition
of the precipitation water. A knowledge of the temporal and spatial variations in
stable isotope ratios of precipitation is important for isotope studies in hydrology
(INGRAHAM, 1998). The basic principles and processes (section 2.1) that induce
these variations are well known and provide boundary conditions for stable isotope
studies.

Stable isotope profiles of soil water can be used to investigate and to determine
pedohydrological processes, including infiltration, mean transit (residence) times,
recharge and evaporation. The infiltration of precipitation through the unsatu-
rated zone is an isotopical non-fractionating process. A certain enrichment of heavy
isotopes of the infiltration water may occur due to evaporation. Evaporation hap-
pens during interception of precipitation on plant covers and in shallow soil depths.
Evaporation has also a fractionating effect to ponding water. The extent of soil
evaporation is dependend on atmospheric boundary conditions and soil character-
istics (GONFIANTINI ET AL., 1998). Transpiration is described in ZIMMERMANN
ET AL. (1967a) and ALLISON ET AL. (1984) (in GEHRELS ET AL., 1998) as a non-
fractionating process.

In humid and semi-arid environments the prevailing or net movement in the vadose
zone is to the water table. Piston flow is an insufficient way to describe water
movement in the vadose zone. In a uniform piston flow system the percolating water
would preserve its isotopic signature, because dispersion and mixing is neglected.
The downward velocity is usually distributed around a mean value. The distribution
of the velocity depends on various factors:

— The heterogeneous grain-size distribution of soil material. This distribution con-
trolls the tortuosity of the flowpaths.

— The vertical and horizontal permeability variation. Whereas the vertical perme-
ability variation is more pronounced.

— Preferential flow paths and the water holding capacity of the soil

Because of these and other processes, the stratification of meteoric water input
with its characteristic seasonal isotope signature can usually not be preserved in the
unsaturated zone for more than one year (GONFIANTINI ET AL., 1998).

ZIMMERMANN ET AL. (1967b) showed under steady-state conditions (saturated soil
column) in a sprinkling experiment with isotopical labeled water, that isotopic vari-
ations in the precipitation are damped in soil water by hydrodynamic dispersion
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when moving through the soil profile. They showed that the meteoric variations
are traceable up to a certain soil depth. ZIMMERMANN ET AL. (1967a) could also
show, that the enrichment of deuterium in the soil water of the saturated soil column
decreased exponentially with depth.

Stable isotope variations in soil moisture of the vadose zone are established in both,
liquid and gaseous phases along vertical profiles. This is a consequence of the isotopic
fractionation that happens during phase changes and the different diffusion rates of
isotopic molecules (GONFIANTINI ET AL., 1998).

BARNES and TURNER (1998) explain the development of oxygen-18 and deuterium
profiles. The processing of liquid phase stable isotopes moving in the unsaturated
zone can be explained by convection, hydrodynamic dispersion and molecular diffu-
sion. Water and stable isotope fluxes in the vapor phase can be described by Fick’s
law of diffusion for ideal gases. Fractionation of stable isotopes happens due to dif-
fusivity differences and differences in the saturated vapor pressure between diverse
stable isotope species. In arid environments or catchments with a high proportion of
saturated or near-saturated areas, evaporation can have a big impact on the isotopic
signature of runoff and groundwater. In humid environments the impact of evapora-
tion on the isotopic output signal is usually small. Mixing and dispersion alter the
meteoric input signal in humid environments (BARNES and TURNER, 1998). These
processes lead to an attenuation of the meteoric input signal with increasing soil
depth in humid environments. MCCONVILLE ET AL. (2001) note that different flow
mechanisms have an impact on the formation of stable isotope profiles. GEHRELS
ET AL. (1998) showed that the seasonal cycle of isotopic composition in precipita-
tion, characterized by lighter values in winter (winter peak) and heavier values in
summer (summer peak), can be traced back in the soil to a depth of a few me-
ters. The seasonal fluctuation moves around the mean annual isotope content of
precipitation, tending closer to the average as soil depth increases. Recharge waters
from successive seasons can be identified in a soil system were piston flow in vertical
direction is the dominant flow mechanism. Usually there are preferential flow mech-
anisms and other processes in natural soils that alter the isotope signal. GEHRELS
ET AL. (1998) suggest that diffusive attenuation and dispersion of the isotope signal
through preferential flow mechanisms has to be expected.

Models can simulate the behaviour of soil water isotope profiles (BRAUD ET AL.,
2005). It is possible to describe and simulate the processes that generate a soil water
stable isotope profile at the plot scale (BARNES and TURNER, 1998). Several studies
used stable isotope soil water profiles to study infiltration and recharge processes
(e.g. SAXENA (1984), DARLING and BATH (1988), MCCONVILLE ET AL. (2001)).

Gazis and FENG (2004) showed that soil water stable isotope profiles vary on a
small scale. They published data from isotope profiles at various positions on the
same hillslope and showed significant isotope variations depending on local soil char-
acteristics (variations in soil textures, variations in soil moisture etc.).

The major aspects of isotopic exchange in soil water are well understood on the
laboratory scale (BARNES and TURNER, 1998). The next step is to transfer this
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knowledge to broader scales. Thus, to understand how these processes are integrated
at the hillslope and catchment scale.

There has been several studies to explore isotopic variations at the plot scale. The
situation is less clear at the hillslope scale. There are a lot of additional processes
leading to a modification of the stable isotope input signal. There can be observed
various mechanisms of water movement in vertical and lateral direction (e.g. unsatu-
rated matrix flow, preferential flow, or transmissivity feedback mechanisms). BEVEN
(2006) provide a benchmark paper collection of streamflow generation processes.

MCDONNELL ET AL. (1991) showed by means of suction lysimeter soil water stable
isotope data from various topographic positions along the Maimai M8 catchment
(North Westland, New Zealand) that the age of subsurface water increases con-
siderably in downslope direction. This lateral aging of soil water happens due to
a constant movement of soil water in the soil matrix between storms. The water
movement in the Maimai catchment is controlled by almost unpermeable bedrock
and shallow soil that induce a lateral movement of water along the hillslopes. In a
small japanese catchment with weathered bedrock material, ASANO ET AL. (2002)
identified a vertical aging of water. Modeling results from STEWART and MCDON-
NELL (1991) suggest an age of more than 100 days for soil water in near stream
zones and 14 days for soil water in upslope zones. The increase in soil water mean
residence time in downslope direction can be explained by a continual mixing and
progressive displacement of subsurface water. That was also shown by HORTON and
HAWKINS (1965) and ZIMMERMANN ET AL. (1966) with tritiated water. STEWART
and MCDONNELL (1991) showed that deuterium variations in soil water samples
were considerably delayed and damped compared to the local precipitation signal.
This indicates significant storage time and mixing with soil water. Soil matrix water
at shallow soil levels in unsaturated soils was relatively responsive to fresh rainfall
input, but deeper soil water and water near the stream showed much less variation.

It seems that bedrock permeability and soil depth have an effect on the aging direc-
tion of unsaturated zone water (STEWART and MCDONNELL (1991), ASANO ET AL.
(2002), UCHIDA ET AL. (2006)). MCGUIRE ET AL. (2005) could show that land-
scape organisation (i.e. topography) of a catchment has a greater effect on residence
time than the catchment area has.

KENDALL ET AL. (2001) explored the spatial and temporal variability of the amount
and isotopic composition of soil water, groundwater and subsurface flow along the
Hydrohill catchment in China. The Hydrohill catchment is an artificial catchment
with extensive instrumentalization, that propose the possibility to study internal
catchment processes. The study showed, that downslope transport of infiltration
water through macropores, displacement of pre-event unsaturated zone water by
matrix flow, and mixing of these two components cause a temporal and spatial
variability in the isotopic compositions of interflow, saturated flow, groundwater,
and post storm unsaturated soil water along the Hydrohill catchment.
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4. Study Area

4.1. Catchment

Figure 4.1.1.: The Waldbrunnertal valley.

The study area is located about 5 km north of Freiburg im Breisgau on the foothills
of the middle Black Forest, in a valley called Wildtal. The Schobbach is draining
the 9.25 km? (WABoA, 2007) Wildtal valley. The study was conducted in a 0.94
km? subcatchment of the Schobbach catchment, called Waldbrunnertal. The highest
point in the Waldbrunnertal catchment is called Uhlberg (617.8 ma.s.l.) and marks
the southern water divide. The lowest point of the catchment is near the farmhouse
Schiimperlehof at 271.3 m a.s.l.. Thus, there is a maximum vertical height of 357.8
m in the catchment. The highest point on the western divide is a castle ruin called
Zahringerburg (480 m a.s.l.). The recent land use within the study catchment is
62.7% of mixed forest with mainly beech (Fargus silvatica), fir trees (Abies ssp.)
and spruce (Picea ssp.), 35.5% grassland and meadows, 1.5% vine and about 0.3%
is sealed (farmhouses of Waldbrunnerhof and Schiimperlehof and street).

Contrary to most of the Black Forest area, the Wildtal valley, as well as the Wald-
brunnertal valley was not formed by glacial processes. The v-shape of the valley was
formed by fluvial processes at the end of the Wiirm glaciation (METZ, 1997).

The first settlement and agricultural use in the Wildtal area happened in the 10th or
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11th century (MULLER, 2008). The development of the land use between 1774 and
1998 is well documented by ABEL (1998) in form of land use maps from 1774, 1888
and 1998. People startet to cultivate fruit orchards mainly with apple trees and pear
trees during the 18th century. Under the trees people also practiced tillage and used
the orchards as grassland. To cultivate the orchards people constructed terraces
(Stufenraine) parallel to the contour lines. Nowadays some of these structures are
still part of the landscape but some of them are vanished because of landscape fillings
or levelling tasks. The clear structure of the terraces is also trampled down from
beef and cow at some places (ABEL, 1998).

Legend
A Streamsamples #  Soilprofiles J
B Groundwater samples I:l Catchrnent N

Figure 4.1.2.: Waldbrunnertal catchment with the sampling locations.
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4.1.1. Climate

The study area is characterized by a temperate climate. The area is in the scope
of the cyclonal westwind drift. The climate is affected by a frequent exchange of
subtropical airmasses comming from west and subpolar airmasses. An increase of
mean annual precipitation with altitude can be observed in the whole Black Forest
area. Precipitation patterns can also be affected by local topographic effects as luv-
lee effects (UHLENBROOK, 1999). The summer months are dominated by convective
storms, whereas climate of the winter months is usually more affected by passing
fronts.

There is a meteorological gauge in the lower Glottertal (400 m a.s.l.). A valley that
is also aligned in east-west direction and about 6 km northeast from the study area.
TRENKLE (1988) published meteorological data from the Glottertal for the period
1931-1960. The mean annual precipitation for this period was 1069 mm with a
maximum of precipitation in the months june to august. The valleys that open out
into the Rhine river plaine generally have a mild climate. Because the cold air from
the higher ranges can flow out of the valleys. Thus, the mean annual temperature
for the Glottertal (1931-1960) is 9 °C. The difference between the warmest and the
coolest month is 17.5 °C. The sunshine duration for the region ranges between 1750
and 1800 hours per year (TRENKLE, 1988). Another meteorological station is located
southwest about 5 km away (Freiburg-Herdern, 255 m a.s.l.) The mean annual
precipitation for the period 1961-1990 is 1001 mm with a maximum of precipitation
during the summer months (MUHR, 2009). Mean annual temperature for Freiburg-
Herdern (1961-1990) is 10.3 °C'. The relatively high precipitation in the study area
can be explained by accumulation effects of airmasses at the mountain ranges.

It is very difficult to give a distinct information about evaporation in the study area.
After WABOA (2007) the mean annual evaporation for the area is 600 mm. The
mean annual potential evapotranspiration was calculated from MEHLHORN (1998)
for the Brugga catchment. The yielded value is 660 mm. KRAUSE (1995) (in
UHLENBROOK, 1999) calculated with the Penman equation a maximum evaporation
rate of 8 7" for south facing terrain in the Black Forest area. This rate is probably
the absolute maximum because of the energy budget.

4.1.2. Geology

The Black Forest mountain range emerged during the Terciary. The Oberrhein
rift valley was formed by depression, whereas the Black Forest was uplifted. The
depression and the uplift caused several dislocations. The fault that divide the Black
Forest bedrock and the mesozoic material of the Oberrhein rift valley runs close to
the Wildtal embouchure (GROSCHOPF and SCHREINER, 1980).

The bedrock geology of the study area mainly consists of paragneiss. Rock forming
geological material has been several gneiss species. The metamorphic paragneiss has
been formed during the caledonian orogenesis in the Ordovician (circa 450 million
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years ago) by fusion of marine sediments (GEYER and GWINNER, 1991). There are
also some granits and amphibolits in the catchment as well as sphalerit and iron ore
in the area around the Zihringerburg (GROSCHOPF and SCHREINER, 1980). The
iron ore was exhausted in the Waldbrunnertal from the 16th century through 1804
(MULLER, 2008).

The hydrogeology of the bedrock is determined by a system of connected fissures.
These fissures are preferred flowpaths. Immobile matrix water reaches only by dif-
fusion the mobile fissure system (STOBER, 1995). After STOBER (1995) the gneiss
bedrock volumetric porosity is between 0.1% and 2.1%. The hydraulic conductivity
range from 107'° 2 to 107 2. Baseflow components originate from the fractured
bedrock and the deeper parts of the weathering zone, whereas the weathering zone
and the periglazial drift covers generate fast as well as slower runoff components
(UHLENBROOK, 1999).

Run-of-hill scree at the foot of steep hillslopes is not mapped for the study catchment.
The valley floor is filled with alluvial clay that can have a depth of more than one
meter (GROSCHOPF and SCHREINER, 1980).

4.1.3. Pedology

Typical soils in the catchment are cambisols, leptosols and alluvial soils.

Periglacial layers of debris have been formed in the Pleistocene by mechanical weath-
ering under freezing temperatures. These layers occur at gentle to moderate sloping
hillslopes in the catchment and are the basic material for soil development in this
zone (HADRICH ET AL., 1988). The layers of debris have a thickness of 1-2 m at
the hillslopes. The debris layers in the study area can be divided into three zones.
Over the bedrock is a zone with grain sizes from grit to boulder, depending on the
degree of physical and chemical weathering. Overlaying is a zone produced by a
conclomerate of ice and soil that slid downslope in the Pleistocene. The topmost
layer in the study area is an achievement of shallow melting permafrost soils whose
melting water could not percolate vertically. This layer usually has a depth of 40
cm to a maximum of 150 em. The content of bedrock material is between 10% and
40%. The remaining material is fine sand, coarse silt and Aeolian loess (HADRICH
and STAHR, 1997).

Basic bedrock can be found at very steep, mainly south sloping hillslopes (HADRICH
and STAHR, 1997). At these locations one can expect leptosols or leptosol-campisols.

The gentle to moderate sloping hillslopes capture the main part of the Waldbrunner-
tal catchment. HADRICH ET AL. (1988) describe the soils of this unit as cambisol-
luvisols and luvisol-cambisols. These soils developed from bedrock or solifluction
debris without clay or loess content or solifluction debris with a clay-loess content.
This material was blown in by western winds during cool eras in the Pleistocene. In
the course of the soil development the Aeolian material was decalcified and mixed
with debris (HADRICH and STAHR, 1997). After the decalcification, the dislocation
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of clay took place. Nowadays these soils are acidic and they alter to cambisols.
Currently they are called cambisol-luvisol with a Ah-A1-Bvt-Cv profile. The bulk
density is moderate with a good budget for soil water and soil air. The nutri-
ent budget is limited. At locations were loess is still obtained, the soils are called
luvisol-cambisol with an Ah-B1v-Btv-Cv profile (HADRICH ET AL., 1988).

At the lower parts and the hillslope foots happened a compaction of soil material by
settling and dislocation of clay. Especially during the winter and spring time precip-
itation and hillslope water can not infiltrate completely. Because of the deficiency
of air, soils with impounded water have developed. The major soil units are pseu-
dogleys (stagnosol with a Ah-Sw-Sd profile) and stagnosol-luvisols (Ah-SwA-SdBt-C
profile). The water supply in summer is very deficient and soils become dry. The
floodplain sediments in the valley floors have a sandy-loamy or sandy-loamy-gritty
texture. Under phreatic conditions they evolve into oxigleys and gleys (HADRICH
ET AL., 1988).

4.1.4. Hydrology

There exist no hydrological data for the Wildtal catchment because there is no
stream gauge in the valley. ENGELBRECHT (2008) describe that heavy rain in the
Wildtal valley can lead to floods in the Schobbbach from time to time that cause
slight damages in the upper parts of the small village Wildtal. Personal observations
and conversations with local farmers indicate that the Schobbach, as well as the
Waldbrunnertal stream show a fast reaction to precipitation, especially when the
catchment is in a condition of high antecedent moisture. The stream runs partially
in an artificial pipe. This task was conducted around 1960 to obtain additional
pasture land.

4.2. Study Hillslope

The study was conducted on a hillslope (figure 4.2.1) in the Waldbrunnertal catch-
ment. The hillslope is located right hand side of the little stream in the lower part
of the catchment. The hillslope is used as meadow and rangeland. There are only
some trees on the divide. The remaining area of the hillslope up to the stream is
grassland, except one single apple tree in the middle of the hillslope and some trees
around the stream at the northern base of the hillslope. The study hillslope span
from about 290 ma.s.l. at the stream to about 360 ma.s.l. at the water divide. That
makes a difference in altitude of 70 m. The hillslope has an extent of about 250
m from the divide to the stream with a north-west aspect. The already mentioned
artificial pipe in the Waldbrunnertal valley ends above the hillslope and the stream
runs naturally along the study hillslope downstream.

The upper part of the study hillslope (from the trees on the water divide to the alti-
tude of the single apple tree) is denoted in the landuse map from 1774 as rangeland
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Figure 4.2.1.: Study hillslope in the Waldbrunnertal catchment.

and grassland. Between 1774 and 1888 the land use changed to tillage, because this
land use form is mapped in the 1888 map. The fields were traditionally tilled paral-
lel to the hillslope. Another land use change to rangeland and grassland happened
50 years ago. The lower part of the study hillslope was always used as rangeland
or grassland. In this part, however, happened an anthropogenetic filling and level-
ling around 1960 (personal conversation with the Schiimperlehof farmer Christoph
Blattmann).

The bedrock at the study hillslope is described by GROSCHOPF and SCHREINER
(1980) as bulky bright paragneiss with a fine-grained to small-grained configura-
tion. The schistosity is often very fuzzy, but can sometimes be identified by tiny
biotite aggregates. Alluvial clay is mapped around the stream at the valley floor
(GROSCHOPF and SCHREINER, 1980).
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5. Soil Properties

5.1. Material and Methods

5.1.1. Soil Sampling

The field work was conducted in august 2009. It was warm and sunny with no sig-
nificant precipitation events during this time. There was some rain at the beginning
of august and a very small thunderstorm in the night prior to the last sampling day.

Soil cores had been sampled along two hillslope transects, labeled as Wild/P1 and
Wild /P2, at the study hillslope from near the water divide to the stream with a
spacing of circa 40 m as shown in figure 5.1.1 below.
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Figure 5.1.1.: Sampling points along the study hillslope.
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Figures 5.1.2 and 5.1.3 show the two cross sections along the study hillslope. The
two hillslope cross sections are comparable in lenght, height and mean slope. The
transects differ in their geomorphology. Cross section (catena) Wild/P1 has a slight
convex shape, whereas cross section (catena) Wild /P2 exhibit a concave morphology.
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Figure 5.1.2.: Cross section Wild/P1 with distance and relative height to the stream.
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Figure 5.1.3.: Cross section Wild/P2 with distance and relative height to the stream.

The extent of the sampling campaign (distance from the stream to the water divide)
was nearly 250 m for hillslope transect Wild /P1 and 280 m for Wild /P2, respectively.
The profile positions on the hillslope were mapped with a GPS device. Distances
from the stream to each soil profile and profile depths are shown in table A.1 added
to the appendix A.

The sampled soil cores had a diameter (support) of 4.5 em (figure 5.1.4) and were
extracted using a cobra percussion drill (Typ 148, Atlas). The compaction of soil
cores because of the drilling procedure was neglected.

The soil cores were partitioned in soil samples (soil sample lengths shown in table
A.1). Tt was tried to divide the soil cores as accurately as possible to get identical
soil sample volumes. Soil samples were subsequently packed in labeled double zipper
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Figure 5.1.4.: Cobra percussion drill and soil core at profile Wild/P1/H2/A.

Ziploc bags. This procedure was done as efficient as possible to avoid evaporation.
Soil characteristics of the soil cores were notedin the field book. These observations
are important to identify soil types and pedophysical properties. The Ziploc bags
were closed after extruding interior air. Soil cores were stored in a standard cool
box for the transport to the IHF (Institute of Hydrology Freiburg) laboratory.

5.1.2. Soil Moisture

In the THF laboratory soil samples were immediately weighted to get their moist mass
(Msamplewet+zipoc)- After the stable isotope analysis (section 7), the soil samples
were dried in a drying stove at a temperature of 60 °C'. The drying time of the soil
samples in the stove was between 4 and 11 days. The soil samples were dried at
60 °C, instead of 105 °C', because the soil samples were dried in opened Ziplocs. A
temperature of 105 °C' is too high for the Ziplock plastic bags. After drying the soil
samples were weighted again (Mgample,dry+ziploc). Additionally, the weight of some
empty Ziplocs was measured (mzipi0c) in order to specify net weights:

Msample,wet = Msample,wet+Ziploc — MM Ziploc (511)

msample,dTy - msample,dry—l—Ziploc — MZiploc (512)

The moisture of the soil samples was determined as gravimetric soil moisture. Gravi-
metric soil moisture can be indicated in weight percent (weight %) relative to the dry
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soil sample (HARTGE and HORN, 2009). Gravimetric soil moisture was calculated
with following equation:

. m le,wet — TN le,d
weight% = —2C MPETY %100 (5.1.3)
Msample,dry

The volumetric soil moisture (#) and the bulk density of a soil sample can be deter-
mined for a soil sample with a known volume. Even though, it was tried to sample
equal soil volumes, the soil sample volumes vary significant. That makes an accurate
identification of 6 and the bulk density of the soil samples very incorrect.

5.1.3. Soil Texture

A grain size analysis is fundamental in soil sciences. The grain size distribution is a
good indicator for approximate values of the water budget as well as the air budget
within a soil (HARTGE and HORN, 2009). The soil texture of the soil samples was
determined for some samples along each soil profile.

A grain size distribution analysis is usually done with soil material having a di-
ameter smaller than 2 mm. Thus, it was tried to seperate this material from the
samples. A corrosion of organic matter with sodium-pyrophosphate (NayP>O7) was
not arranged. Soil material smaller than 2 mm can be divided in following fractions:
Sand (2-0.63 mm), Silt (0.63-0.002 mm) and Clay (0.002-63 nm). Soil textures usu-
ally are indicated in letters: T=clay, t=clayey, U=silt, u=silty, S=sand, s=sandy,
L=loam, I=loamy. The soil texture can finally be determined by considering the
grain size distribution. This can be done with a cumulative curve of the grains or
with triangle diagrams of the grain sizes (SCHEFFER and SCHACHTSCHABEL, 2002).
The contingent of a soil fraction can be determined by filtering with different mesh
sizes or sedimentation techniques. Another technique is called the finger-technique.
With this technique one can determine the soil texture from criteria like plasticity,
the ability to roll the sample and the coarseness of a moistened soil sample.

The grain size analysis was conducted using the finger-technique with a special
triangle diagram for this technique. The analysis was performed as follows: soil
material coarser than 2 mm was removed from the soil material. Thereafter, the soil
material and the including soil aggregates were pestled in a mortar. This procedure
can exhibit a source for errors. Because weathered bedrock material that looks like a
soil aggregate can be degraded to smaller grains (HARTGE and HORN, 2009). After
pestling, the soil material was wetted and the soil texture was identified with the
finger-technique. It has to be considered, that this is a very subjective technique
providing a realistic dimension for the soil texture of a sample (SCHEFFER and
SCHACHTSCHABEL, 2002).

The characterisation of the soil, in regard to soil hydraulic properties was conducted
by means of published values from RAwLS and BRAKENSIEK (1989) and AG-BODEN
(1994) (in SCHERRER, 2006) for saturated hydraulic conductivity.
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5.2. Results

The following section provides the results of the the soil moisture and soil texture
analysis. A comprehensive description of soil characteristics noted during the field
work is added to the appendix A. The designation of soil types is based on the
observations in the field, the soil texture analysis and descriptions of HADRICH
ET AL. (1988) and ABEL (1998).

5.2.1. Soil Moisture

Soil moisture data is denoted in weight percent relative to the dry soil samples and
is shown in figures 5.2.1 and 5.2.2 below.

gravimetric soil moisture [weight %] gravimetric soil moisture [weight %]
0 20 40 60 20 100 0 20 40 80 80 100
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Figure 5.2.1.: Soil moisture profiles along Figure 5.2.2.: Soil moisture profiles along

hillslope line Wild/P1. hillslope line Wild/P2.

The gravimetric soil moisture shows similar values between 10% and 20% for most
of the soil profiles. Soil profiles Wild/P2/H7/A and Wild/P2/H8/A at hillslope
transect Wild/P2 have a higher gravimetric soil moisture. Figure 5.2.3 below shows
the mean gravimetric soil moisture of the soil samples of each profile along the study
transects.

It should be pointed out that the soil profiles along hillslope transect Wild/P1 have
a depth of up to 90 em below the surface, whereas the soil profiles at Wild/P2 range
from 0 to 249 em. The lower profile depths at transect Wild/P1 cause from an
incomplete percussion drill instrument set on the first sampling day. Thus, the drill
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Figure 5.2.3.: Mean gravimetric soil moisture of the profiles along the study transects.

could not be extended and just a soil profile depth of 90 ¢m was possible. Because
of this difference, the results of the Wild/P2 profiles are shown up to 90 c¢m and
below separately, for a direct comparison of transect Wild /P1 and transect Wild /P2.
Figure 5.2.3 indicate an increase of soil moisture in downslope direction at hillslope
transect Wild/P2 for the mean gravimetric soil moisture of the soil profiles up to
90 ¢m and below 90 ¢m. This trend is not apparent at the Wild/P1 profiles. The
Wild/P1 profiles exhibit a uniform mean gravimetric soil moisture along the whole
transect.
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5.2.2. Soil Texture

The results of the soil texture analysis for some soil samples at the hillslope transects
are shown in figure 5.2.4 below.
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Figure 5.2.4.: Soil texture of the analyzed soil samples with the associated matrix permeability
(after SCHERRER (2006)).

The soil texture of the analyzed samples are distributed over a few textures. Most
of the analyzed soil samples exhibit a good matrix permeability for water due to the
high content of sand.

5.2.3. Soil Types

The soil along Wild/P1 looks very similar at the first 7 soil profile locations. It was
identified as a cambisol with an Ah-Bv-Cv profile. The Cv horizon is well weathered
bedrock material. The soil material over the profiles at Wild/P1 is characterized by
a loamy-sand or silty-sand texture. According to SCHERRER (2006) this material is
well permeable for water. The last profile Wild/P1/H7/A looks slightly different,
because of finer soil material in the topsoil as well as in the subsoil.

At hillslope transect Wild/P2 can be distinguished between several types of soil.
The soil along the upper part of the hillslope was identified as a cambisol with an
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Ah-Bv-Cv profile. The topsoil and subsoil material have a texture of loamy-sand or
silty-sand that exhibit a good permeability for water. Soil profile Wild/P2/H4/A
looks a little bit different from the others along the steep part of the hillslope. The
topsoil is more loamy and there was a clayey-loam layer around 1 m below the
surface. Below this layer the material was more sandy again. The soil material
around 1 m had contingents of humous and tiny pieces of coal were found. The soil
was very wet in this part of the profile. The soil material at Wild/P2/H5/A was
also more loamy. The soil was wet at 50 ¢m and almost saturated between 70 and
160 cm. Below the soil was very dry again with a silty-loam texture that is not very
well permeable. Coal pieces were found between 97 and 178 c¢m and the soil was
reddish there. Soil profile Wild/P2/H6/A was very clayey and wet in the subsoil.
Soil profiles Wild /P2/H7/A and Wild/P2/H8/A have a alluvial soil character with
a silty texture, some gravel in-between and redoximorph attributes. The findings
are conform to observations of HADRICH ET AL. (1988) who described the soil in
this part of the catchment as alluvial soil. The estimated permeabilities in these two
soil profiles near the stream are well permeable in the topsoil and worse permeable
in the subsoil.

5.3. Discussion

There is a strong topographic control on soil moisture during wet conditions and
a weak control during dry conditions (GRAYSON ET AL., 1997). There was barely
precipitation in the weeks prior to the measurement campaign. The observed soil
moisture pattern must be more distinct during wet conditions. Nevertheless, the in-
crease in soil moisture in downslope direction at transect Wild /P2 could be explained
by a greater increase of upslope accumulating area due to the concave morphology,
compared to the convex situation along transect Wild/P1. The higher soil moisture
values near the surface might be due to thaw that was observed at the soil sampling
days in the morning. The almost saturated layer at Wild/P2/H5/A with the weak
permeable layer below could be an indicator for lateral flow in this part of the study
hillslope.

The texture of the soil material is well permeable for water actually. There could
be made a clear distinction between hillslope soil with an Ah-Bv-Cv-profile and
riparian zone soil with redoximorph features. Soil material along the hillslope was
very sandy. The finer soil texture and the coal pieces found in the soil samples at the
hillslope feet at transect Wild/P2 could be an indicator for the levelling activities
50 years ago.

A question that could not be answered is: How does it looks below the sampled
profiles? Is there the same material than in the deeper parts of the soil profiles
for another few decimeters? Or is there some unpermeable bedrock shortly below?
This would be an important information, because the permeability of the bedrock
material controls the direction of water aging (UCHIDA ET AL., 2006) and runoff
generation processes (MCDONNELL, 1990).
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6. Catchment Areas and Flowpath
Analysis

6.1. Material and Methods

The calculation of the catchment area for the profile points at the hillslope and a
flowpath analysis for every point was performed with the geographic information
system SAGA (SAGA USER GROUP, 2009) using a digital elevation model (DEM).
The original 1 m DEM was resampled to a DEM with a spatial resolution of 5 m. A
5 m DEM, or even a 10 m, appears more susceptible to micro topographic influences
and yield more realistic results for hydrological landscape analysis (JENCSO ET AL.,
2009).

The surface catchment area for the grid cell of every profile point of the sampling
transects (Wild/P1 and Wild/P2) at the hillslope was calculated with the multiple
flow direction (MFD) algorithm (QUINN ET AL., 1991) and the D-infinity (Doo)
algorithm (TARBOTON, 1997). A surface flowpath analysis was performed using
the MFD algorithm. It was calculated the flow distance from every grid cell of the
profile upslope areas to the profile location grid cell. These distances were used for
flowpath length distributions for every profile location.

The D8 algorithm determines the drainage from one point on the DEM grid to one
of its eight neighbor cells depending on the steepest gradient (O‘CALLAGHAN and
MARK, 1984). The Doo algorithm as well as the MFD algorithm is an advancement
of the D8 algorithm and allows flow partitioning between one or two neighbor cells
depending on the gradients, thus considering a bidimensional flow.

12 11 9 DS§ MFD / Dinf
9 10 8 10 «— 10 —> 10

TN IN

Figure 6.1.1.: Schematic illustration of the flow routing performed by the D8, MFD and Doo
algorithms based on an exemplary DEM (after ENDRENY and WoOD (2003)).
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6.2. Results

Table 6.2.1 presents the catchment areas of the isotope profile locations calculated
with different algorithms. Figure 6.2.1 the catchment areas along the transects.

Table 6.2.1.: Catchment area in m? of the profile points calculated with the MFD algorithm
and the Doo algorithm from the 5 m DEM.

Profile Catchment area Catchment area with Doo
with MFD
Wild/P1/H1/A+B 315.3 268.9
Wild/P1/H2/A 405.8 328.7
Wild/P1/H3/A 425.0 436.6
Wild/P1/H4/A 441.6 454.9
Wild/P1/H5/A 501.9 485.5
Wild/P1/H6/A 495.1 490.5
Wild/P1/H7/A 506.3 648.4
Wild/P2/H1/A 381.5 203.7
Wild/P2/H2/A 506.3 310.3
Wild/P2/H3/A 929.2 649.6
Wild/P2/H4/A 1605.4 1250.2
Wild/P2/H5/A 2075.1 1413.5
Wild/P2/H6/A 1665.1 1511.6
Wild/P2/H7/A 9696.5 1255.7
Wild/P2/H8/A 101441.9 927.6
3000
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Figure 6.2.1.: Catchment area calculated with the MFD and the Doo algorithm along the
study hillslope.
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The results show that the catchment area of the profile locations is increasing in
downslope direction at both transects. The catchment areas at Wild /P2 are in-
creasing much more compared to a similar position of the Wild/P1 catchments on
the hillslope (figure 6.2.1). The catchment area of profile Wild/P2/H8/A calculated
with the MFD algorithm had an area of 101441.9 m? and was not plotted on figure
6.2.1 for the benefit of clearness.
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Figure 6.2.2.: Flowpath length distribution for the catchment of profile location
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The flowpath distribution is scattering over a wide range for all catchments. A
relatively homogenous frequency of the flowpaths can be observed in figure 6.2.2.
There are flowpaths with a length of up to 600 m. The Wild/P1/H5/A catch-
ment has a maximum flowpath length of 700 m, whereas the Wild/P1/H6/A and
Wild/P1/H7/A upslope areas have flowpaths with a length of up to 1000 m. The
distributions exhibit two small peaks with a slightly higher frequency around a flow-
path length of 200 m and 600 m. Nevertheless, there can be observed an relatively
homogeneous distribution of flowpath lengths at study transect Wild /P1.
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Figure 6.2.4.: Flowpath length distribution for the profile catchments Wild/P2/H1/A,
Wild/P2/H2/A, Wild/P2/H3/A and Wild/P2/H4/A at the Wild/P2 transcet.

140
. s Wild/P2H5/A
120 4 i *  Wild/P2H6/A
o, oo *  Wild/P2HTIA
ofog = Wild/P2/H8/A
100 i o IR B )
o “. L)
g_ 80 2 L)
@ -
= * .
Y
5 60
5 .
2 ¢ "
40 ¢ *
N bl
Mo en, O3 X0
20 + “:‘ “"*.' » go s e ‘ee
- ‘\' ' .,‘, bR
Jl - .p.. pﬁﬁf ool an
02 . %f, ¢
0 200 400 600 800 1000 1200 1400 1600

Flowpath length [m]

Figure 6.2.5.: Flowpath length distribution for the profile catchments Wild/P2/H5/A,
Wild/P2/H6/A, Wild/P2/H7,A and Wild/P2/H8/A at study transect Wild/P2.
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There can be observed a scattering of the flowpath lengths at transect Wild /P2. The
longest flowpaths within the upslope areas of the first three profiles have a length
between circa 600 m and 750 m. The flowpath distributions of Wild/P2/H3/A
and Wild/P2/H4/A have frequency peaks at a length around 150 m and 400 m.
Wild/P2/H5/A and Wild/P2/H6/A exhibit a frequency maximum around 200 m
and a smaller peak around 600 m. The catchment areas of profile Wild/P2/H7/A
and Wild/P2/H8/A have the highest absolute frequencies of flowpath lengths. Prob-
ably due to their catchment size. The distributions have a maximum at a flowpath
length of 600 m and a smaller peak at 300 m. There can be observed longer flow-
paths, especially at more downslope positions at hillslope transect Wild/P2 with
higher frequencies compared to study transect Wild /P1.

Flowpath distributions for every profile position along the study transects are added
to the appendix A (figure A.11 and figure A.12). The empirical distributions of the
flowpath analysis for the profile catchments are dispayed on figure A.9 for Wild/P1
and figure A.10 Wild/P2 attached to the appendix A. The 90%-quantiles derived
from the empirical distributions are listed in table 6.2.2 below.

Table 6.2.2.: Hillslope length and 90%-quantile of the empirical flowpath length distribution in
m. Flowpath distances were calculated with the MFD algorithm for the empirical
distributions.

Profile Hillslope length 90%-quantile with MFD
Wild/P1/H1/A+B 225 479.1
Wild/P1/H2/A 185 531.6
Wild/P1/H3/A 150 570.0
Wild/P1/H4/A 120 607.5
Wild/P1/H5/A 80 753.6
Wild/P1/H6/A 45 808.4
Wild/P1/H7/A 15 883.9
Wild/P2/H1/A 236 458.0
Wild/P2/H2/A 196 503.6
Wild/P2/H3/A 156 570.9
Wild/P2/H4/A 116 628.5
Wild/P2/H5/A 76 756.5
Wild/P2/H6/A 46 770.7
Wild/P2/H7/A 6 866.9
Wild/P2/H8/A 1 852.2

The 90%-quantiles of the flowpath disributions, calculated with the MFD algorithm,
are increasing in downslope direction at both study transects. There is a positive
correlation between the catchment area of the sampled profiles and the 90%-quantile
of the empirical flowpath length disribution (figure 6.2.6). In simply a qualitative
quantification this denote an increase of the catchment size with incresing 90%-
quantile of the flowpath length distribution for the catchment areas.
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Figure 6.2.6.: 90%-quantile of the flowpath length distribution plotted against the catchment
areas calculated with the Doo algorithm.

6.3. Discussion

The increase of the profile catchment areas was more distinct at transect Wild /P2.
This effect could be explained with the different geomorphologic situations at the
two study transects. The morphology of the hillslope at transect Wild/P1 is convex,
whereas the morphology at transect Wild /P2 has a concave shape. The largest catch-
ment area has a distance of 1 m to the stream. This profile point (Wild/P2/H8/A)
was obviously associated with a larger contributing area because of its near stream
position.

The flowpath analysis was performed with the 5 m DEM, thus overland flowpaths
were calculated. Subsurface flowpaths are not always determined by surface to-
pography, but rather controlled by subsurface structures like bedrock topografy
(MCDONNELL ET AL., 1996). In this study it has to be made the assumption,
that surface flowpaths determined from the DEM are an indicator for subsurface
flowpaths. This assumption could be supported by the soil moisture results. The
soil moisture results show an increase in downslope direction, especially at transect
Wild /P2. This could be associated with an increase of subsurface flowpaths, due to
an increase of accumulating area.

The empirical distributions of the flowpath lengths show that there are longer flow-
paths at study transect Wild/P2, especially at more downslope positions. The
flowpath length distributions of the profile catchments at Wild/P2 along the upper
part of the hillslope catena have a comparable distribution of flowpath lengths to
study transect Wild /P1.
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7. Stable Isotopes

7.1. Material and Methods

7.1.1. Soil Sampling

In order to investigate stable isotope variations along the study hillslope, soil cores
had been extracted at different hillslope positions from near the divide to the stream
as shown on figure 5.1.1 (section 5.1.1).

7.1.2. Stable Isotope Analysis

Soil water extraction techniques are usually applied to extract soil water from the soil
material for the stable isotope analysis. There are basically four techniques for this
purpose: vacuum distillaton, azeotropic distillation with parafin oil, microdistillation
with zinc and centrifugation (BARNES and TURNER, 1998). WALKER and WOODS
(1991) (in BARNES and TURNER, 1998) report that the extraction techniques causes
errors in the range of 30%o for deuterium and 3.5%c for oxygen-18, respectivelly.
Another technique is the extraction of soil water with suction lysimeters. Suction
lysimeters had been used in several studies to sample soil water (e.g. ASANO ET AL.
(2002) and STEWART and MCDONNELL (1991)). In this study the approach of
WASSENAAR ET AL. (2008) was followed to determine the stable isotopes of soil
water, by analyzing the stable isotopes of the soil vapor that is in isotopic equilibrium
with the soil water. The technique was already successful applied by GRALHER
(2009) at the THF.

The preparation of the soil samples and the stable isotope analysis was performed
in the THF stable isotope laboratory. Compressed air was transmitted through
anhydrite (CaSO,) to detract any moisture. The Ziplocs with the soil material
inside were filled up with the dry air, closed and heat-sealed in another plastic bag.
Thereafter, the samples were stored in a temperate room for at least 15 hours in
order to achieve an isotopic equilibrium between the air inside the Ziplocs and the
soil water of the soil material. The temperature was recorded every 5 minutes with
a high precision digital thermometer (GMH 3750, Greisinger Electronic) during the
equilibration period.

The vapor within the Ziplock bags was measured with Wavelength-Scanned Cavity
Ring Down Spectroscopy (WS-CRDS). This technique was developed for continuous
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measuring of polyatomic gases. It was used the G1102-i laser based absorption
spectrometer from Picarro. The WS-CRDS technique uses the effect that nearly
every small gas phase molecule has a unique near-infrared absorption spectrum.
At subatmospheric pressure, the spectrum consists of a series of well resolved sharp
lines, each at a characteristic wavelength. Because the wavelength of the gases is well
known, the concentration of any molecular species can be determined by measuring
the strength of the absorption signal (PICARRO, 2009).

Figure 7.1.1.: Soil vapor stable isotope analysis with the Picarro analyzer in the IHF laboratory.

The vapor inside the Ziplocks was measured by sticking a needle, that is connected
via a plastic tube to the measuring chamber of the stable isotope analyzer, into the
plastic bags. A measured value was noted manually, when there had been 12 to
15 data points with a standard deviation lower than the measurement accuracy of
the analyzer. This accuracy is 0.16%o for O and 0.6%o for 2H, respectively. The
Picarro analyzer measures additionally the water vapor content of the air within the
Ziplock bag. This value, as well as the temperature was noted. The temperature
was measured with the high precision digital thermometer next to the sample.

During the field campaign it was also sampled groundwater and streamwater in the
catchment. The streamwater (SW) was sampled downstream of the study hillslope
near the farm Schiimperlehof. Groundwater (GW) from two drinking water wells
(Farm Schiimperlehof and Farm Flammhof) in the catchment was sampled. The
water samples were analyzed in the IHF laboratory with the Picarro WS-CRDS
analyzer.

7.1.3. Soil Water Stable Isotope Composition

The stable isotope data of the measured vapor had to be converted in stable isotope
values of the sample soil water. Under the assumption of isotopic equilibrium, the
phase change in the vapor-water system can be calculated via the fractionation factor
a (section 2.1).

The results of the stable isotope analysis are d-values relative to the interior Picarro
standard. Since the isotope ratios R for 2H and 80 are not known for this intern
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standard, it is necessary to calibrate to the VSMOW standard whose ratios are well

known. Thus, the Picarro vapor d-values were calibrated to d-values in per mill (%o)
relative to VSMOW.

Since the Picarro analyzer measures very stable and linear, it is only necessary to
use three calibration standards. Ideally, two of these calibration standards define the
calibration line. Whereas a third, intermediate, point can be used for verification.
The calibration points should span a representative range of values (PICARRO, 2009).

The idea in this study was to produce vapor samples as standards for the calibration.
For this purpose, 100 g of dry soil from different soil depths of randomly chosen
locations at the study hillslope was used. The 100 g of dry soil was watered with
20 ml of water whose d-values in per mill relative to VSMOW are well known. Two
different VSMOW standard waters had been used. One standard water had d-values
of -13.93% for 180 and -97.5%0 for 2 H, respectively. This water is a laboratory intern
standard water sampled at a swiss glacier with the code G2005. The second standard
was drinking water (DW) from the Zartener Becken with ¢ values of -9.3%¢ ('*0)
and -60.79%0 (*H). Additionally, there had been also filled some Ziplock bags with
20 ml standard water and no soil. For calibration it was used:

— 100 g soil from profile Wild/P2/H3/A + 20 ml standard water DW

— 100 g soil from profile Wild/P2/H3/A + 20 ml standard water DW

— 100 g soil from profile Wild/P2/H3/A + 20 ml standard water G2005
— 100 g loess soil from another study + 20 ml standard water G2005

— 20 ml standard water DW

— 20 ml standard water DW

— 20 ml standard water DW

— 20 ml standard water G2005

The calibration samples were treated in the same way as the other soil samples for
the stable isotope analysis. They were filled up with dry air and stored for about 15
hours for equilibration. During this time the equilibration temperature was recorded.
After equilibration, the vapor within the Ziplocks was analyzed for stable isotopes
with the Picarro analyzer.

The theoretical d-value relative to VSMOW of the vapor of the used standard wa-
ters was calculated by using equation 2.1.2 (section 2.1) considering the equilibration
temperature and the coefficients a, b and ¢ of MAJOUBE (1971). The theoretical val-
ues of the vapor were plotted against the measured values with the Picarro analyzer.
Two separate plots were made, one for oxygen-18 and one for deuterium. Calibration
lines were fitted for the two plots as shown in figures A.3 and A.4 attached to the
appendix A. It should be mentioned that a slope of 1 for the regression equations
was manually forced to have an offset as small as possible for an accurate calibration
(personal communication with Dr. Kiills, September 2009). The calibration lines
yield an equation in the form: y = x % a + b, whereas a is the slope and b is the
intercept of the calibration line. The yielded regression equations for *O and 2H
have the form:
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518Ocalib7‘ated = 518Omeasured —1.375 (711)

and

6Dcalib7‘ated = 5Dmeasured +1.29 (712)

With the equation 7.1.1 for ¥O and 7.1.2 for 2H it was possible to convert the
o-vapor values measured with the Picarro analyzer into d-vapor values relative to
VSMOW. Based on these converted d-vapor values it was possible to calculate with
equation 2.1.1 the isotope ratio R of the vapor sample. With the fractionation
factor a (equation 2.1.2) for the equilibration temperature (mean temperature of
the equilibration period) it was possible to calculate via equation 2.1.3 the isotope
ratio R for the soil water. This R was finally applied to equation 2.1.1 to yield the
d-values for 180 and 2H of the soil water in per mill relative to VSMOW.

7.1.4. Data Analysis

Second moment statistics are useful to characterize the variability of hydrological
time series, space processes and time-space processes GOTTSCHALK (2005). The
standard deviation (SD) of the deuterium profile data was calculated and boxplots
were prepared as statistical measurements for the variability.

A . autliers

upper whisker

upper guartile

median

lower quartile

loweer whiskear

. autliers

Figure 7.1.2.: Boxplot with whiskers and outliers.
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The boxplot is a grafical image of the distribution of statistical data. Boxplots
efficiently show the range and the frequency distribution of a dataset. The boxplot
presents the median, the upper quartile, the lower quartile as well as extreme values.
Outliers can be shown additionally.

The box represents 50% of the observed data. The boundaries of the box are the
upper quartile (boundary farthest from zero) and the lower quartile (boundary clos-
est to zero). The upper quartile is another notation for the 75th percentile, whereas
the lower quartile is equal to the 25th percentile. Percentiles split the distribution
of the data into 100 equal parts. Thus, the distribution is divided in 1 percent seg-
ments. For example, beneath the 75th percentile are 75% of the data of an observed
distribution. The range between the 25th an the 75th percentile, the box, is called
interquartile range (IQR) and is a mass for the diffusion of the values. The IQR can
be calculated by subtraction of the lower quartile from the upper quartile. The vari-
ability of the data is characterized by the extent of the IQR. The median is the line
within the box and divides the box into two parts. The position of the median within
the box indicates the skewness of the distribution. For example: the distribution is
right skewed if the median is in the left part of the box and inversely. Whiskers (er-
ror bars) above and below represent the data outside of the box. Whiskers indicate
the 90th and the 10th percentiles. Thus, the range between the whiskers indicate
80% of the treated data (SCHLITTGEN, 2003).

In this study the boxplots were generated with the software SigmaPlot (SYSTAT,
2004). SigmaPlot needs a minimum number of data points to compute each set of
percentiles. At least three data points are required, to compute the 25th and 75th
percentiles. At least nine points are required to compute the 5th, 10th, 90th and
95th percentiles. The 5th and 95th percentiles were generated as points. These
points outside the whiskers can be regarded as outliers.

7.2. Results

7.2.1. Stable Isotope Data

The results of the stable Isotope analysis of the liquid water samples are shown in
table 7.2.1 below.

Table 7.2.1.: Stable isotope data of the water samples.

Sample location Sample date §180(%eV SMOW] 82 H[%0VSMOW]
Streamwater 08,/20,/2009 -8.69 -58.15
Streamwater 09/18/2009 -8.45 -56.31
GW Schiimperlehof 08/20/2009 -8.84 -59.47

GW Flammhof 08,/20,/2009 -8.69 -57.81
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Figure 7.2.1 shows the §'80-52H plot of the stable isotope soil water data with the
Global Meteoric Water Line (GMWL) added.

— GMWL
G & Wild/P1/H1A
Wild/P1/H1/B
Wild/P1/H2/A
Wild/P1/H3/A
Wild/P1/H4/A
Wild/P1/H5/A
Wild/P1/HE/A
Wild/P1/H7/A
Wild/P2/H1/A
Wild/P2/H2/A
Wild/P2/H3/A
Wild/P2/H4/A
Wild/P2/H5/A
Wild/P2/HE/A
Wild/P2/HT/A
Wild/P2/H8/A

-20 -
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-40 A

5 2H [%o VSMOW]

-60 4

-80 4

5 '°0 [%o VSMOW]
Figure 7.2.1.: §'80-0%2H plot of the soil water data and the GMWL.

The stable isotope data of the Wild/P1 profiles are depicted in triangles, whereas
the Wild/P2 data is shown in scores. The samples plot very close to the GMWL
and the total profile data is distributed over a wide range of values.

7.2.2. Deuterium Profiles

Figures 7.2.2 and 7.2.3 provide the stable isotope data of the soil water illustrated
as deuterium profiles along the study hillslope transects. The reference on the right-
hand indicate the x-axis (0°H values in per mill relative to VSMOW from -90 to
0) and y-axis (soil depth in em from 0 at the surface to a maximum of 250) of
the profiles. The dashed line at each profile represents the deuterium value of the
groundwater. This reference line was added that relative differences of the profiles
can be percieved easily.

The profiles at transect Wild /P1 have a maximum depth of 90 em. They exhibit the
same characteristic. The first values of the deuterium profiles near the surface range
between -12%0 and -32%¢. Below the profiles are getting continuously lighter with
increasing soil depth. Deuterium profiles Wild/P1/H3/A through Wild/P1/H7/A
have the lightest deuterium values (between -50%o and -80%¢) in a soil depth of 30
cm to 70 ¢cm. After the peaks there can be observed a tendence to heavier values
again.
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Figure 7.2.3 presents the deuterium profiles along hillslope transect Wild/P2. In con-
trast to hillslope catena Wild/P1, the profiles at Wild /P2 exhibit different character-
istics. The first samples of the deuterium profiles Wild/P2/H1/A, Wild/P2/H2/A,
Wild/P2/H3/A and Wild/P2/H4 /A have values between -26%0 and -33%o. The val-
ues are getting continuously lighter with increasing soil depth. The lightest values
are between 62 cm and 87 cm below the surface. After the peaks the values are get-
ting heavier again. The peak is eminently pronounced at the profile Wild/P2/H3/A
and Wild/P2/H4/A. Deuterium profile Wild/P2/H5/A exhibit a slight decline of
the deuterium values with increasing soil depth. This decline with soil depth is even
more weaker at soil profile Wild/P2/H6/A. Soil profile Wild/P2/H7/A is the deep-
est profile and is characterized by a very erratic behavior of the deuterium values.
One can see many small peaks along the profile. The deuterium profile closest to
the stream (Wild/P2/H8/A) is characterized by decreasing deuterium values with
increasing soil depth.

Individual deuterium profiles as well as oxygen-18 profiles for transect Wild/P1 and
transect Wild /P2 can be found in the appendix A.

7.2.3. Deuterium Variability along the Study Hillslope

Figure 7.2.4 shows the boxplots of the deuterium data for each profile along the
study hillslope transect Wild/P1 and Wild/P2.

1 wild/P1
[ Wild/P2 < 90cm
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Figure 7.2.4.: Boxplots with whiskers and outliers of the deuterium profile data up to 90 cm
below the surface for sampling transects Wild/P1 and Wild/P2.

The profiles at transect Wild/P1 were drilled to a maximum soil depth of 90 cm,
whereas the soil profiles at Wild/P2 have a depth of up to 249 em. To allow a
direct comparison of the deuterium profile data from both sampling transects, only



44 Chapter 7. Stable Isotopes

the first 90 ¢m of the Wild/P2 deuterium profile data was used to create the box
plots in this figure. Figure A.15 in the appendix A shows the box plots for the
Wild /P2 deuterium data below the soil depth of 90 cm. Figure 7.2.4 allows a direct
comparison of the two sampling transects. The boxplots show very similar ranges
from the water divide at about 250 m to a hillslope length of approximately 120 m.
At this hillslope length the boxplots at Wild/P2 are getting smaller. Thus, the IQR
is decreasing. At a hillslope length of circa 50 m (200 m from the divide) the IQR
of the deuterium profile at Wild/P2 is minimal. The IQR of the Wild/P1 profile at
a comparable hillslope position is also a little bit smaller. The next profiles closer to
the stream show a bigger IQR again. This effect is even more pronounced on figure
A.15 added to the appendix A, where the deuterium data of the Wild /P2 profiles
below a soil depth of 90 e¢m is shown. A plot (A.14) showing the IQR value along
the hillslope transects is added to the appendix A.

The scatter plot 7.2.5 shows the variability of the deuterium profiles by means of
the standard deviation (SD) plotted against the hillslope length. To allow a direct
comparison of the transects, the Wild /P2 profiles are divided at a depth of 90 cm.

25

—h—  Wild/P1
—&—— Wid/PZ <80cm
— & —  Wid/PZ >80cm

Standard deviation “H

T T T T
0 50 100 150 200 250

Hillslope [m]
Figure 7.2.5.: Standard deviation of the deuterium profile data along the study hillslope.

Apparently there are different deuterium profile SD along the study transects. There
are profiles with a higher SD and such with a lower SD. The 90 e¢m profiles of Wild /P1
and Wild/P2 have a SD between 12 and 20 along the hillslope to a length of circa
120 m (circa 130 m from the water divide). At transect Wild/P1 the profiles show
a similar variability along the whole transect. The sixth profile exhibit a slight
decrease in the variability and the last profile at this transect again shows a higher
SD. The SD of the Wild /P2 profiles is rapidly decreasing after the hillslope length of
120 m. A minimum of 3.1 is evident at a distance of 46 m to the stream. After this
distance the variability is increasing again. The deuterium profiles near the stream
have a SD around 10. The development of the Wild /P2 profiles in a soil depth below
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90 c¢m follows a wave line. With small SD followed by a peak around 8. Then the
SD is decreasing again up to a hillslope length of 46 m. Where the lowest SD is
apparent. The two profiles close to the stream have a standard deviation of circa 6
and 2.6 for the profile part below 90 cm.

7.2.4. Deuterium Variability and Flowpath Length
Distribution

This section provides the results of the variability analysis combined with the results
of the terrain analysis (section 6). Scatter plot 7.2.6 shows the SD of the deuterium
profiles against the 90%-quantile of the empirical flowpath length distribution.
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Figure 7.2.6.: Standard deviation of the deuterium profiles plotted against the 90%-quantile
of the empirical flowpath length distributions.

Figure 7.2.6 illustrates a negative correlation between the SD of the deuterium data
and the 90%-quantile of the empirical flowpath length distribution. This means that
the SD of the deuterium profiles is lowest, when the 90%-quantile of the empirical
flowpath length distribution has the highest value and vice versa.
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7.3. Discussion

7.3.1. Characteristic Length Scale of Stable Isotope Variation

Soil profiles were sampled from near the water divide to the stream in order to
investigate the stable isotope variability along the hillslope. The various isotope
profile (VIP) approach was accomplished in order to cover the whole extent of stable
isotope processing of soil water in the catchment. The spatial scale triplet for the
VIP setting was about 40 m spacing, 250 m extent and 4.5 ¢cm support.

At the hillslope scale fractionation effects of the meteoric input signal due to altitude
and the temperature should be minimal. Thus, a very similar input signal can be
expected along the whole hillslope. In a flat environment with identical soil proper-
ties and only vertical water movement, all deuterium profiles should be equal. This
behavior was not observed on the study hillslope. This implies that the variations
observed among the isotope profiles at different positions must derive from processes
on the hillslope. Influences on the isotope signature of the profiles could be: lateral
components, geomorphology or soil properties.

The deuterium and oxygen-18 data of the streamwater samples (table 7.2.1 and figure
A.13) indicate that the catchment was in baseflow condition, because streamwater
and groundwater had very similar stable isotope values. This would imply that no
fast runoff components were contributing to the streamflow during the soil sampling
activities.

Looking on the deuterium profiles (figures 7.2.2 and figures 7.2.3 or A.5 and A.6 in
the appendix A), profiles with a seasonal shape (Wild/P2/H1/A, Wild/P2/H2/A,
Wild/P2/H3/A and Wild/P2/H4/A), characterized by isotopical enriched summer
water at the soil surface and a winter peak (lightest value) with isotopical depleted
water below, could be identified. For transect Wild/P1 it is difficult to make a final
statement, because of the slight profile depths. The shape of these profiles suggests a
conservation of the seasonal isotope variation in precipitation, with light (depleted in
2H or 0) values in winter and heavy (enriched in 2H or ®*O) values in summer. The
soil samples were extracted in summer. The stable isotope values near the soil surface
indicate summer water. Then the stable isotope values are getting more depleted
with increasing soil depth. After the peak with the lightest values, the stable isotope
signature is getting isotopical enriched again. It seems that the deuterium profiles
at transect Wild/P1 exhibit this seasonal shape. A direct comparison of the two
study transects is possible to a soil depth of 90 ¢m. The variability of the Wild/P1
profiles is very similar along the whole hillslope. At study transect Wild /P2 the
seasonal shape of the deuterium profiles is apparent to a certain hillslope length.
Profile Wild/P2/H5/A and, in particular, profile Wild/P2/H6/A does not show a
seasonal shape. Especially at profile Wild/P2/H6/A it seems that the seasonality
of the input signal is strongly damped over the entire profile depth. This damping
is indicated by a low IQR (figures 7.2.4 and A.15) and the decreased SD (7.2.5) of
this profile. Profile Wild/P2/H7/A shows an erratic distribution of the deuterium
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values and no clear seasonal characteristic. When ignoring the erratic behavior, the
profile could also show the averaged shape of profile Wild/P2/H6/A. But in fact,
the variability of the profile has increased again. The last profile close to the stream
has no seasonal shape and again a higher variability.

The deuterium profile variability is decreasing after a hillslope length of circa 120
m distance from the water divide. This effect is particularly pronounced at transect
Wild/P2. Profile Wild/P2/H6/A has the lowest variability with a distance of 200 m
from the water divide. Taking in to account the considerations above, this minimum
of variability could be an evidence for a characteristic length scale of the stable
isotope variations along the study hillslope in the Waldbrunnertal catchment. On
the plot scale a vertical characteristic length scale could be assumed at the depth
were the input signal variations are averaged. At the hillslope and catchment scale
vertical and lateral components have to be assumed and the identified distance could
be an evidence for a characteristic length scale at the hillslope or even catchment
scale.

7.3.2. Isotope Profile Variability as an Indicator for Flowpath
Lengths

Why is the decrease of the deuterium profile variability more distinct at study tran-
sect Wild/P2? The morphology of the hillslope and /or the predominat flow direction
and flowpath length in the vadose zone could be an explanation. This was explored
by accomplishing a terrain anlysis. The upslope (catchment) area of every profile
point (table 6.2.1) and the flowpath length distribution within this areas (figures
A.11 and A.12) was calculated. There is a much greater catchment area increase in
downslope direction at the concave transect (figure 6.2.1). The empirical flowpath
distribution suggests that the flowpaths of the concave Wild /P2 transect are longer
than at the convex (Wild/P1) transect.

TETZLAFF ET AL. (2009) used the ratio of the standard deviation of oxygen-18 in
streamwater to the ratio of standard deviation of oxygen-18 in precipitation as a
proxy for the mean residence time of the water in catchments. The idea here is, that
the variability (SD or IQR) of the deuterium profiles could be used as a proxy for
the flowpath lengths, and therefore transit times in catchments.

The soil along the hillslope exhibits a good permeability for water. Profiles at po-
sitions along the hillslope where flowpaths seems to be short, vertical movement
is propably the dominant direction of water flow. These profiles exhibit a higher
variability than deuterium profiles which can be associated with a bigger upslope
area and thus longer flowpaths. Short flowpaths imply little dispersion of the stable
isotope tracer input, whereas longer flowpaths imply a higher dispersion. The vari-
ability of the deuterium profiles could be determined by the degree of seasonality
apparent in the profile (see equation 2.1.5 and 2.1.6 in section 2.1). A high variability
would imply little dispersion due to a shorter travel distance to the profile point and
a small variabilty higher dispersion due to a longer flow distance to the profile point.



48 Chapter 7. Stable Isotopes

The stable isotope signal at every profile point would be the integral of the isotope
signal contributions from each point in the catchment area of this point (KIRCHNER
ET AL., 2001). It seems that the seasonal signal is damped at hillslope positions
where the flowpath distances are longer and the lateral component could be more
pronounced due to a higher flow accumulation. The almost saturated soil layer with
a weak permeable layer below observed at the profile at the base of the hillslope
(Wild/P2/H5/A) could be an indicator for a lateral flow component. The damping
could be supported by a mixing of waters with different transit times within the
catchment. The interpretation of profile Wild/P2/H7/A and Wild/P2/H8/A in the
manner outlined above fails. The profiles have a higher variability, longer flowpaths
and a bigger upslope area, compared to profile Wild/P2/H6/A upslope. The in-
creased variability of Wild/P2/H8/A could be explained with the distance to the
stream. The isotope signature of this profile could be influenced by streamwater.
The same could be relevant for profile Wild/P2/H7/A. The erratic form of this pro-
file could also originate from preferential flowpaths, return flow and/or systematic
or analytical measurement errors. Under the assuption that the peaks would not
be present, the shape would be comparable to profile Wild/P2/H6/A. If so, profile
Wild/P2/H7/A would sustain the considerations above.

The variability of isotope profiles could be an indicator for flowpath lengths within
catchments according to the accomplished considerations.

7.3.3. Various Isotope Profile Approach to Explore Hillslope
Processes

Figure A.17 in the appendix A is an attempt to use the VIP approach as a tool to
specify dominant processes at the hillslope scale. The deuterium profiles at tran-
sect Wild/P2 were used for this purpose. They provide more information than the
Wild /P1 profiles due to their depth. The first four profiles exhibit a seasonal shape
as discussed above. The seasonality of these profiles could indicate a vertical move-
ment as the major flow direction of soil water (signified with blue dashed arrows
in figure A.17). The winter peaks were identified in an average depth of 80 cm.
Because the soil profiles were drilled in summer, this would imply an unsaturated
vertical percolation of 160 c¢m per year. This corresponds to a velocity of 3 x 1073
mm/s for the unsaturated vertical percolation.

Profile Wild/P2/H4/A seems to have the seasonal shape of the upslope profiles in
the upper profile part and the damped characteristic of profile Wild/P2/H5/A and
Wild/P2/H6/A below a profile depth of circa 1 m (marked with a red oval). This
characteristic could be an indicator for temporary lateral hillslope flow (signified
with blue errors). Profile Wild/P2/H7/A shows a very erratic isotope signature.
The sharp peaks in the upper part could be caused by return flow. Return flow
could be a realistic process at this hillslope position. The following peaks could mark
measurement errors. Influences of streamwater or groundwater, indicated by redox-
imorph attributes observed at this profile, could be another option. Wild/P2/H8/A
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was sampled 1 m close to the stream. The position near the stream and the re-
doximorph properties of this profile likely indicate an influence of streamwater or
groundwater.

The sharp and tiny peaks signified with small orange cycles could be recognized as
indicators for flow mechanisms like preferential flow and return flow or as measure-
ment errors due to the applied preparation and equilibration technique. Another
explanation could be a systematic error emerging from the soil sampling with the
drill pipe. A systematic error seems to be the most realistic reason. A contamination
of soil material from shallower soil layers falling into the bore hole when extending
the drill could be the answer. This soil material would be associated with a deeper
soil layer and thus present a systematic error. An evidence for this possibility is the
sampling drill length of 90 ¢m and the small peaks appearing at this depth.

7.3.4. ldeas to Improve the Various Isotope Profile Approach

The data show that the accomplished method is working and provides usefull results.
Nevertheless, there are some ideas for an improvement of the approach. First: the
sampling procedure could be improved. The sampled soil should be stored from the
sampling moment, during the preparation for the isotope analysis, the equilibration
period and the stable isotope analysis under the temperature prevailing in the soil.
This would avoid a condensation as observed in the Ziplock plastic bags due to
temperature differences. The soil samples could be vacuum heat-sealed with an
adequate instrument immediately in the field to avoid a contamination of the sample
with atmospheric air. This improvement would also include the use of preferably
diffusion free bags. Second: a perfect calibration procedure. Instead of the presented
approach (section 7.1.3), a standard conversion identity as presented by CRAIG
(1957) (in Criss, 1999) could be used. This convention can be applied, when it
is necessary to convert the d-value of a sample measured relative to one isotopic
standard, to the d-value which would be measured relative to a second standard.

The soil profiles were drilled along two transects. Alternatively to the conducted
sampling strategy, the profiles could be drilled randomly distributed over the whole
study hillslope. In a following study, one could think about reducing the number
of soil profiles. Deeper soil profiles would yield even more information. The study
hillslope was rather dry since there was marginal precipitation in the weeks prior to
the sampling camgaign. The approach should be applied under different hydrolog-
ical conditions. Additionally after intense rainfall or during a snowmelt event, for
example.

Soil water extracted from different soil depths over a certain period has been used as
stable isotope time series (e.g. ASANO ET AL. (2002) and STEWART and MCDON-
NELL (1991)). It seems that stable isotope profiles presented in this study provide a
time series information in a point measurement conducted at one certain moment.
This would alleviate the investigation of hillslope processes and catchment behavior.
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8. Conclusions

The subject of this thesis was the investigation of stable isotope variations along a
hillslope from the water divide to the stream in a 1 km? Black Forest catchment.
There are various aspects and questions related to this subject. How powerful is the
applied approach? Is there a characteristic length scale or any other representative
unit for the stable isotope variability in the upper vadose zone? Is the variability
of stable isotopes an adequate appliance to explore catchment characteristics and
process behavior?

The approach could be accomplished succesfully and usefull results could be ob-
tained. The results demonstrate a variability of the soil water deuterium profiles
along the study hillslope. It seems that different hillslope positions as well as the
geomorphological landscape situation (concave, convex) and the related hydrological
behaviour have an impact on the variability of the stable isotope signature of soil
water. A characteristic length scale for the stable isotope variability at the concave
hillslope catena could be in the dimension of 200 m distance from the water divide.
The variability of the stable isotope profiles of soil water could be used as an indica-
tor for flowpath distances to this point in the catchment. Indicated by a low stable
isotope profile variability at hillslope positions with a dominance of long flowpaths,
and a high stable isotope profile variability at hillslope positions associated with
short flowpaths prevailing. The VIP approach has potential for the investigation of
hydrological hillslope and catchment processes.

This study was a first attempt to investigate stable isotope variations by means of
soil profiles along a hillslope in a high spatial resolution. A couple of ideas to improve
the approach could be identified. The improvements are related to an improved sam-
pling procedure and preparation technique. In order to establish general principles
concerning a characteristic length scale of stable isotope variation in catchments or
the use of stable isotope profile variability as a proxy for flowpath distances, the
approach should be applied at other hillslopes.
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A. Appendix

Table A.1.: Distances between soil profiles and stream, profile depths and soil sample lengths

at transects Wild/P1 and Wild/P2.

Soil profile Distance to Profile Soil sample
the stream depth length
Wild/P1/H1/A 225.1m 55 ¢cm 7.5 cm
Wild/P1/H1/B 225 m 90 cm 7.5 cm
Wild/P1/H2/A 185 m 90 cm 7.5 cm
Wild/P1/H3/A 150 m 90 cm 7.5 cm
Wild/P1/H4/A 120 m 76 cm 7.5 cm
Wild/P1/H5/A 80 m 82 cm 7.5 cm
Wild/P1/H6/A 45 m 85 cm 8.0 cm
Wild/P1/H7/A 15m 88 cm 8.0 cm
Wild/P2/H1/A 236 m 127 em 8.0 cm
Wild/P2/H2/A 196 m 158 cm 8.0 cm
Wild/P2/H3/A 156 m 172 em 8.0 cm
Wild/P2/H4/A 116 m 180 e¢m 8.0 cm
Wild/P2/H5/A 6 m 177 em 8.0 cm
Wild/P2/H6/A 46 m 180 em 8.0 cm
Wild/P2/H7/A 6 m 249 cm 8.0 cm
Wild/P2/H8/A 1 m 145 cm 8.0 cm

The geographic coordinates of the soil profile positions were located with an GPS
device in the field. The distances between the soil profiles were measured with
a measuring tape. These distances were verified with the geographic information

system ArcGIS and the distances to the stream were calculated.
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Table A.2.: Soil properties observed at the soil cores in the field.

Soil profile

Observations

Wild/P1/H1/A

Wild/P1/H1/B
Wild/P1/H2/A
Wild/P1/H3/A

Wild/P1/H4/A

Wild/P1/H5/A

Wild/P1/H6/A

Wild/P1/H7/A

Ah horizon was identified for the first 15 ¢m. Bv horizon was
found between 15 and 50 c¢m. Below 50 ¢m weathered bedrock
with loam material in-betweeen.

The humous topsoil was identified for the first 25 cm.

Fine roots and humous was found up to 23 c¢m soil depth.

First signs of colluvium. More clay content in the subsoil and
thus more soil moisture. Below 90 ¢m reddish coloration.

The topsoil was for the first 16 ¢m rich in humous (Ah horizon).
Fine roots were observed up to 24 ¢m. The subsoil was rather
sandy and not really wet. At the lower edge of the profile was
colluvium with claycutans on it. Claycutans are a sign that
water is flowing in this soil depth. The colluvium showed signs
of solifluction (rounded edges of the stones).

Fine roots and humous topsoil was found in the first 22 ¢m fol-
lowed by a Bv and a Cv horizon.

Topsoil with humous and fine roots were observed up to 21 ¢m
(Ah horizon). Between 21 and 80 ¢m is Bv and below that depth
Cv.

This soil profile shows a 30 ¢m Ah horizon. Below this layer no
distict horizons. The material was finer than in the overlying
soil profiles.

Wild/P2/H1/A
Wild/P2/H2/A
Wild/P2/H3/A
Wild/P2/H4/A

Wild/P2/H5/A

Wild/P2/H6/A

Wild/P2/H7/A

Wild/P2/H8/A

Ah horizon of about 15 ¢m, Bv horizon of approximately 35 cm
depth and a Cv horizon below.

Ah horizon of about 15 ¢m, Bv horizon of approximately 35 cm
depth and a Cv horizon below.

Ah horizon of about 15 ¢m, Bv horizon of approximately 35 cm
depth and a Cv horizon below.

Ah horizon of about 15 ¢m, Bv horizon of approximately 35 cm
depth and a Cv horizon below.

The soil material in the profiles above was very dry. This profile
was for the first 60 cm also very dry. Between 60 and 150 cm
the soil was almost saturated. Below 150 c¢m the soil material
was rather dry than wet.

Fine roots were found up to 20 em depth. The subsoil was very
clayey and wet. No gravel material or grit was found along the
profile. Little coal pieces were found distributed over the whole
profile.

The humous topsoil was identified up to 18 em. The soil material
had a reddish-greyish coloration between 92 and 174 cm. Below
220 c¢m the soil material was just reddish. The red color (iron
and manganese) is an evidence for redoximorph processes under
sporadic saturation.

Topsoil with humous up to 20 em. Redoximorph attributes.
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Table A.3.: Soil sample textures and associated matrix permeability.

Soil profile | Sample depth [em] | Seoil texture | Matrix permeability (Scherrer,2006) Ks [m/s] (AG Boden, 1994) Ks [m/s] (Rawls and Brakensiek, 1989)

P1/H1/B 10 Su4 well permeable 47106 7.2°10%6
47.5 Sk well permeable/transition zone 5*10"6 7.2°10%6

85 Si4 well permeable/transition zone 5*10%8 7.2*10%-8

P1HZ/A 15 Sud well permeable 47106 7.2°10%6
525 sS4 well permeable/transition zone 5*10"8 7.2°10%6

90 Sk well permeable/transition zone 5*10"8 7.2°10"6

P1/HI/A 15 Sud well permeable 47106 7.2°10%6
52,5 Si4 well permeable/transition zone 5106 7.2°10%6

a0 Sk well permeable/transition zone 5*10"8 7.2*10%-8

P1H4/A 16 Su4 well permeable 47106 7.2°10%6
38.5 Su3 well permeablz 877106 7.2°10%6

76 Si4 well permeable 5*10"6 727106

P1/H5/A 22 Su4 well permeable 47106 7.2°10%6
44.5 Ls4 transition zone 2,3°10*-6 7.2°10"6

82 S well permeable/transition zone 5*10%8 7.2*10%-8

P1/HB/A 21 Su4 well permeable 47106 727106
53 Slu well permeable/transition zone 4, 7106 1,8*10%-6

85 Su2 very well permeable/well permeable 1,8*10"6 1.7*10"-5

P1/HT/A 16 Us transition zone 2,5°10%6 3.6°10%-6
48 Li2 barely permeable 1.,6*10"-6 6.3°10%-7

88 Ts3 barely permeable 157106 3.3"10%-7

P2/H1/A 14 Slu well permeabletransition zone 477106 1.8*10"6
14 - 147 St3/514/Ls4 well permeable/transition zone *“10~6—2,3"10"6 1.8°10"-6

P2IHZ/A 24 SI3 well permeable 547105 7.2°10%6
48 Su4 well permeable 477106 7.2°10%6

48 — 158 Sta/Si4/Ls4 well permeable/transition zone *10°-6 —2,3"10"-6 1.8*10*-6

P2/HI/A 20 sI3 well permeable 5.4*10%5 7.2*10"6
50 Su4 well permeable 47106 7.2°10%6

50—150 St3/514/Ls4 well permeable/transition zone 5*10%~6 —2.3"10"6 1.8*10"-6

P2/H4/A 18 Ts4 transition zone/barely permeable e 1.2°10%-6
52 Ls4 transition zone 2,3*10%6 1.8°10%6

82 Ls3 transition zone 157106 1.8°10*-6

100 Lt2 barely permeable 1.5*10"6 6.3°10°-7

140 Su3 well permeable 8,7°10%6 7.2°10%6

180 Su3 well permeable 877106 7.2°10%6

P2/H5/A 18 Ts4 barely permeable 87106 1.2°10%6
42 Ls4 transition zone 2,3°10%6 1.2°10%-6

50 Lts barely permeable 1.4°10%-6 1.2°10%-6

a7 Lts barely permeable 1.4*10"-6 1.2*10"6

145 Lts barely permeable 1.4710"-6 1.2°10%6

178 Tud transition zone/barely permeable 31-10~8 4,1°104-7

P2/HE/A 18 Slu well permeable/transition zone 4, 7106 1.8°10%-6
50 Slu well permeabletransition zone 4,77 10"-6 1.8"10%-6

a2 Lu transition zone 3*10"-6 3.6*10%-6

140 Tu3d barely permeable 3.1*10"-6 41107

180 Su3 well permeable 87106 727106

P2/HT/A 18 Sk well permeable/transition zone 5*10°-6 7.2°10%-6
50 Su2 very well permeable 1.8710%6 1.7°10%5

102 Ls4 transition zone 2,3"10"-6 1.8*10%6

150 ut4 transition zone 3.6*10"-6 3.6"10%-8

201 Us transition zone 4*10"-6 3.6710%-6

249 ut3 transition zone 447106 3.6°10%6

P2/HEB/A 18 Lt2 barely permeable 1.6"10"6 6,3°10%-7
58 Su2 well permeable 1.8710"6 1.7°10%-5

113 Us transition zone 2,5°10"-6 3.6710%-6

145 Ule transition zone 41106 3.6*10%-8
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Figure A.3.: Measured 2H vapor data versus standard 2H vapor data.

0
_5 -
Q
3
= -10
=
© 15 A
(=]
=
ol
6 o~
_20 .
-25 T T T T
-25 -20 -15 -10 -5 0

<18
3°0

0
Vapor measured [ Aw]

Figure A.4.: Measured 80 vapor data versus standard 80 vapor data.



Appendix A. Appendix

58
57H [%e VSMOW] 57H [% VSMOW] 57H [% VSMOW]
E 100 4 E 100 4 E 100 4
£ £ £
; i i
(a) Wild/P1/H1/A (b) Wild/P1/H1/B (c) Wild/P1/H2/A
57H [%e VSMOW] 57H [% VSMOW] 57H [% VSMOW]
E 100 4 E 100 4 E 100
£ £ £
; i i
(d) Wild/P1/H3/A (e) Wild/P1/Ha/A (F) Wild/P1/H5/A
57H [%e VSMOW] 57H [% VSMOW]
E 100 4 E 100 -
£ £
: ;
(g) Wild/P1/H6/A (h) Wild/P1/H7/A

Figure A.5.: 52H profiles at hillslope transect Wild/P1.
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Figure A.7.: 5'80 profiles at hillslope transect Wild/P1.



61

Soildepth [cm]

Soildepth [cm]

Soildepth [cm]

& "0 % VSMOW] & "0 [% VSMOW] & "0 % VSMOW]
16 <14 12 -0 -8 6 -4 -2 0 16 14 12 -1 -8 6 -4 -2 0 16 -4 12 -0 -8 6 -4 -2 0
o i 4 4 i - 4 L o i 4 4 i 4 A L o i 4 4 i 4 4 L
50 4 50 50
100 4 T 100 T 100 4
5 5
£ £
& &
2 2
150 & 1504 @ 1504
200 200 200
250 250 250
(a) Wild/P2/H1/A (b) Wild/P2/H2/A (c) Wild/P2/H3/A
& "0 % VSMOW] & "0 [% VSMOW] & "0 % VSMOW]
16 <14 12 -0 -8 6 -4 -2 0 16 14 12 -1 -8 6 -4 -2 0 16 -4 12 -0 -8 6 -4 -2 0
o i 4 4 i 4 A L o i 4 4 i 4 4. L o i 4 4 i 4 4 L
50 4 50 50
100 4 T 100 T 100 4
5 5
£ £
& &
2 2
150 & 1504 @ 1504
200 200 200
250 250 250

(d) Wild/P2/Ha/A (e) Wild/P2/H5/A (F) Wild/P2/H6/A

& "0 % VSMOW] & "0 [% VSMOW]
16 <14 12 -0 -8 6 -4 -2 0 16 14 12 -1 -8 6 -4 -2 0
50 50 o
100 4 'E' 100 4
5
£
a
O
2
150 & 150 4
200 200
250 250

(g) Wild/P2/HT7/A (h) Wild/P2/H8/A
Figure A.8.: §'80 profiles at hillslope transect Wild/P2.
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Figure A.11.: Flowpath length distributions of the profile catchments at study transect Wild/1.
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Figure A.12.: Flowpath length distributions of the profile catchments at study transect Wild/2.
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Figure A.14.: Interquartile range (IQR) of the deuterium profile data along the study hillslope.
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Figure A.15.: Boxplot with whiskers and outliers of the deuterium profile data sampled deeper
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