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Summary

Evaporation from bare soil surfaces is a highly dynamic process and one major component of the global
water cycle. Due to the nature of soils as complex porous materials, the process of water loss to the at-
mospheric boundary layer causes a considerably moisture variation in space and time on larger scales
driven by the interplay between internal flow processes and the atmosphere. Particularly the top few cen-
timeters of a soil constitute the source for vaporized water to be dissipated by the atmospheric boundary
layer. Prediction of soil moisture changes on large scales is of various interests with regard to water re-
sources management (e.g. in agriculture). To be able to describe the processes driven by evaporation on
large scales, small scale measurements with high spatial resolution of moisture in the topmost soil layer
are mandatory. Within this PhD work, different Magnetic Resonance (MR) concepts/apparatus and se-
quences were applied and assessed to monitor changes in the moisture content of evaporating soils on
various scales in high resolution non-invasively while focusing on their field applicability. Particularly
focus was spent on the origin of the dry surface layer as it is predicted by theory. Since the concept of
single sided MR is of great potential for direct field applications a unilateral single sided sensor and a
three magnet array were employed and the results were compared to measurements performed on station-
ary MR magnets of different concepts.

During the first phase, the moisture development of pure sand exposed to evaporation was studied. A
column consisting of medium sand was evaporated and monitored using different echo based and single
point imaging methods employed at a 200 MHz stationary MR magnet. The obtained vertical moisture
profiles were compared to the results of a 13.4 MHz mobile unilateral single sided MR sensor (NMR-
MOUSE) and the pros and cons of each concept were evaluated. As a next step, by proving the conven-
ience of the unilateral sensor, a mini lysimeter consisting of a silt loam was exposed to evaporation under
defined irradiative conditions and soil moisture was monitored using the NMR-MOUSE.

The results validate the predictions of a coupled heat, water and vapor flow model. Since soils naturally
possess paramagnetic impurities and the clay content can vary considerably, MR measurements become
challenging in terms of a decreasing signal to noise ratio (SNR) together with significantly accelerated
signal decay what gets particularly tricky with progressing desaturation. These aforementioned inherent
soil properties justify the need for feasible MR pulse sequences which ideally reduce signal decrease by
relaxation acceleration due to internal and external magnetic field gradients and short detection times to
reduce signal loss.

Therefore, as the second step, two echo based and two single point imaging methods were employed on a
8.5 MHz vertical magnet in order to evaluate the feasibility of this two fundamentally different methods

for soil moisture monitoring using a natural silt loam exposed to evaporation in an environmen-



tal chamber under isothermal conditions and under a constant vapor pressure deficit. In addition to the 8.5
MHz magnet the sample was monitored by means of a 2.2 MHz unilateral three magnet array in order to
assess the different concepts of mobile MR sensors for drying studies with focus on field applications.
After this methodological progress the moisture development over time of two sandy loam columns of
different extend and a silt loam column exposed to evaporation using a climate chamber were monitored
by means of the SPRITE and an echo based single point imaging technique employed on both, the 8.5
MHz and 2.2 MHz apparatus. The relevance of the classical Richards approach considering only capillary
water flow and a coupled water, vapor and heat flow model were assed and cross validated using the
measured evaporation rates and the MR monitored moisture profiles as a function of time. The MR data
was further used to evaluate the coupled model approach since this model is favorable over the classical
Richards approach when focusing on the origin and development of a dry surface layer at S2 evaporation
over time.

Concluding on the basis of the conducted experiments , "H MR as a huge potential for non-invasive moni-
toring of water content and water environment (pores) of opaque porous systems such as soils from the
mm to the cm scale in high spatial resolution. The fact that robust and fast MR methods need to be em-
ployed when investigating moisture changes in the top layer of desaturated soils in the field entails the
need for MR apparatuses particularly designed for field measurements. A less heavy setup is required
where fast methods can be applied which does not considerably compact the soil, does not suffer from
low SNR and is immune to parasitic frequencies.

Next to measurements, there is a constant need to improve the estimation of soil water fluxes what in-
volves the improvement of soil water flow models. This inevitable step will help us to gain a better under-

standing of water depletion in and from topmost soil layers at progressing desaturation.
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Zusammenfassung

Die Wasserverdunstung von unbewachsenen terrestrischen Bodenoberflichen ist eine der wesentlichen
und zeitgleich hochkomplexen Komponenten des globalen Wasserkreislaufs. Die bei mikroskaliger
Betrachtung iiber einzelne Poren an der Bodenoberfliche erfolgende Verdunstung ist im feldskaligen
Betrachtungsbereich ursichlich fiir erhebliche rdumliche sowie zeitliche Wassergehaltsvariationen. Als
Antriebskréfte fungieren hierbei Flussprozesse, welche durch die in mit der atmosphérischen
Grenzschicht in stetiger Wechselwirkung stehenden oberen Bodenschicht hervorgerufen werden. Dabei
entscheiden die ersten Zentimeter des A- Horizontes eines Bodens iiber die Effektivitit der Wasserabgabe
an die Atmosphére. Sind die Nachleitwiderstdinde im Boden geringer als die atmosphérischen Kréfte
erfolgt die Verdunstung des Wasser unmittelbar an der Bodenoberflache. Sinkt in Folge stetiger
Verdunstung der Bodenwassergehalt und kann keine Nachleitung aus z.B. Grundwasserleitern erfolgen,
evaporiert das Wasser im Boden und wird in Form von Wasserdampf iiber Diffusionsprozesse sowie
thermische Gradienten zur Oberfldche transportiert und iiber die atmosphérische Grenzschicht abgefiihrt.
Sowohl langfristige als auch  mittelbare  Abschitzungen und Kalkulationen  dieser
Wassergehaltsdnderungen und damit einhergenden Wasserverfiigbarkeiten im Oberboden sind von
mannigfaltigem Interesse im landwirtschaftlichen Bereich, was die Verfiigbarkeit von hochaufgeldsten
Wassergehaltsmessungen zur Vailidierung dieser Modelle nach sich zieht. Im Rahmen dieser
Doktorarbeit wurde das Austrockungsverhalten verschiedener Bodenarten im LabormafBstab mittels
nicht- invasiver Messverfahren untersucht. In drei ineinander iibergreifenden Versuchsphasen wurde
dabei die zeitliche Anderung der Bodenfeuchte unter verschiedenen Umweltbedingungen mittels
verschiedener Methoden der nicht-invasiven 'H - Magnetresonanz (MR) rdumlich aufgelést. MR
ermdglicht zum einen die Quantifizierung der Bodenfeuchte im Millimeterbereich, zum anderen liefert sie
Informationen {iber den Sittigungsgrad der Poren und erlaubt somit Riickschliisse {iber
Wasserbewegungen innerhalb des Porensystems. Durch diese Eigenschaften wird die Methode der MR
besonders interessant fiir den direkten Feldeinsatz, weshalb in dieser Arbeit primér auf die Feldeignung
diverser MR Konzepte sowie Methoden eingegangen wurde.

Fiir alle Bodentypen konnte das in der Literatur beschrieben Austrockungsverhalten festgestellt und
mittels MR beobachtet werden, wobei eine charakteristische Verschiebung gemessen an der
Porengrofenverteilung hin zu kleineren geséttigten oder teils mit Wasser gefiillten Poren mit Auspragung
der trockenen Oberschicht gefunden wurde. Erwiesen sich fiir einen reinen mittelkérnigen Sand noch alle
MR Methoden als geeignet, &nderte sich dies deutlich mit erhohten Lehmgehalten sowie
ferromagnetischen Anteilen im Boden. Das Konzept der transportablen unilateralen MR MOUSE

ermoglichte eine vertikale Auflosung der Bodenfeuchte eines Schlufflehms von 140 pum, zeigte sich
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jedoch anfillig gegeniiber umweltbedingten Storfrequenzen und lies dariiber hinaus fiir diese Auflésung
keine Riickschliisse auf die Porenwasserverteilung zu. Fiir die Messung derartiger lehmhaltiger Béden
zeigte sich deutlich, dass nur bestimmte, schnelle MR Methoden nutzbar sind um ein umfassendes Bild
iber der Sattigungszustand des Bodens und die Auspridgung der trockenen Bodenoberschicht zu
gewinnen. Mittels speziell auf derartige Anwendungen zugeschnittener MR Methoden war es
schlussendlich moglich, das Austrockungsverhalten verschiedener lehmhaltiger Bodenarten auf
unterschiedlichen Léngenskalen hochaufgeldst zu beobachten. Die dabei erhaltenen Daten wurden flir die
Validierung eines gekoppelten Wasser-, Warme- und Dampftransportmodelles genutzt und dessen
Notwendigkeit in der Anwendung gegeniiber dem gingigen Richardsmodell demonstriert.

Die Ergebnisse der Arbeit zeigen deutlich, dass mittels MR rdumlich hochaufgeldste Bodenfeuchtedaten
auf verschiedenen Skalen gewonnen werden kdnnen, welche in Zusammenhang mit Relaxationsdaten ein
umfassendes Bild sowohl des absoluten Feuchtegehaltes als auch dessen Verteilung liefern. Die mittels
dieser Methode erhaltenen Daten zeigen weiterhin, dass, unabhéngig von der Bodenart, die Auspragung
einer trockenen Oberbodenschicht die Wasserabgabe des Bodens deutlich einschrinkt. Ferner wurde die
Validierung eines gekoppelten Flussmodells mittels der MR Daten demonstriert. Insgesamt zeigte sich,
dass die Ausprigung der trockenen Oberbodenschicht mittels MR im Labormafistab anhand
verschiedener Bodenarten und Skalen beobachtet und mittels Modellierung validiert werden konnte. Ist
eine direkte Ubertragung der meisten MR Methoden fiir Feldmessungen noch nicht méglich, sollte dies in
naher Zukunft mit vertretbarem technischen Aufwand realisierbar werden, was weitere Perspektiven, wie

z.B. feldskalige Bodenfeuchtemessungen erdffnet.
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General introduction

General Introduction

Soil is one of the essential factors crucial for human life and with respect to the global water cycle, the
major key component determining the water transport between the atmosphere and the phreatic water
through the unsaturated or vadose zone [Nimmo, 2009]. Depletion of moisture can be specified with re-
spect to the evaporating surface, where two regimes are distinguished: i) Transpiration, the water loss
through plant tissues and ii) Evaporation, where water is withdrawn from bare surfaces such as soils and
plants (intercepted water). If 1 and ii occur simultaneously the process is termed evapotranspiration. 60%
of terrestrial precipitation is returned by plant transpiration (40%) and evaporation (20%) [Oki and
Kanae, 2006] whereby the evaporation process consumes approximately 25% of the incoming solar ener-
gy what amounts to =~ 4.5x10° Terawatts [ Trenberth et al., 2009]. Thus, soil moisture loss due to evapora-
tion plays a key role in the portioning of incoming solar energy into sensible and latent heat and affects
air temperature, relative humidity and the origin of clouds which in turn have an impact on the global
energy cycle as well as influence the precipitation amount [Dai et al., 1999; Seneviratne et al., 2010]. Soil
thermal and hydraulic properties are strongly linked and coupled to the atmospheric conditions but pro-
cesses and mechanisms within the soil control to a large extend not only the dynamics of evaporation but
can determine a priori how much water is lost to the atmosphere. The strong coupling between these pro-
cesses leads to highly dynamic interactions and variability in the porous medium and gives rise to nonlin-
ear behavior. The gist about evaporation lays in its nature as a two stages process for the majority of po-
rous materials (Figure 1). If a porous medium initially saturated with water is exposed to evaporation, the
depletion of water occurs in two distinct stages if: i) a continual supply of heat exists that meets the latent
heat requirement ii) a vapor pressure deficit (The difference between the theoretical pressure exerted by
vapor saturated air at a given temperature and vapor that is currently held in the air.) prevails at the soil
surface and iii) a continual supply of water to the evaporation site is sustained. During the first initial
stage the proceeding evaporation process gives rise to an increasing matric suction head at the surface due
to a constantly increasing number of liquid-gas interfaces which are controlled by gravity, capillary and
viscous forces. As long as water menisci are able to balance these forces and sustain a continuous hydrau-
lically connected liquid network (film region), water will flow from the saturated region to the evaporat-
ing surface induced by capillarity and driven by changes in the curvature of the liquid-gas menisci (“ca-
pillary pumping”). This stage, controlled by the evaporativity of the atmosphere, is often referred to as
constant rate period (CRP) since meteorological parameters such as solar radiation, air temperature, air
humidity and wind speed determine the available energy for vaporization and the amount of moisture

which will be purged from the porous medium surface.
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Figure 1. Cross section of a porous medium with: i) an external boundary layer where the vapor is purged ii)
a fully saturated innermost region where the voids are fully occupied by water (saturated region) iii) an inter-
mediate innermost region where voids are occupied by water or air (film region) and at stage I iv) a dry re-
gion only occupied by air (saturated vapor pressure).

Since atmospheric conditions are major driving factors of evaporation during stage I the process is char-
acterized by a constant evaporation rate, close to the rate from a free water surface exposed to the same
conditions. As long as moisture is drawn upward to sustain the evaporative demand and the moisture gra-
dient can compensate for the decreasing hydraulic conductivity S/ will persist. But with progressing dry-
ing more films become detached from the porous medium surface because capillary flow cannot be sus-
tained over larger lengths. Now, an increasing dry region between the surface and the secondary evapora-
tion front inside the porous medium develops and drying is controlled by diffusion through the dry layer.
As a consequence the evaporation rate drops significantly what marks the onset of stage II or falling rate
period (FRP) since the dry layer constitutes an evaporative restraint. The most common methods for esti-
mating evaporation and evapotranspiration by using net radiation, wind speed, air temperature and rela-
tive humidity are the ones introduced by Penman [Penman, 1948] and Monteith [Monteith, 1965], Priest-
ley and Taylor [Priestley and Taylor, 1972] and Penman-Brutsaert [Katul and Parlange, 1992]. Since

over the course of the years the amount of methods to calculate evaporation has increased drastically and
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is therefore behind the scope of the thesis the reader is referred to the standard work of Brutsaert [1982]

and the comprehensive overview given by Abtew and Melesse [2013] and Novak [2012].

Water exchange at the soil surface is a key variable in land-surface models [Desborough et al., 1996;
Maxwell and Kollet, 2008; Sellers et al., 1997] but, since pore scale processes are the major driving force,
modeling the dynamic interactions at the bare soil interface requires very detailed models with a high
vertical resolution in the order of a few millimeters. Even today evaporation data and particularly mois-
ture data of the topsoil in high spatial resolution for model validation are rare due to their complex nature.
Hence, there is a need for non-invasive pore scale monitoring with high spatial resolution over time dur-
ing moisture depletion in evaporating soils. The simplest approach to determine moisture on small scales
are gravimetric techniques but they deliver only a bulk value for a certain volume and are moreover inva-
sive. Other techniques such as tensiometer, microwave methods, electromagnetic applications, neutron
scattering or gamma ray are either strongly affected by soil water content and soil composition or cannot
be applied easily due to their harmful nature [Robinson et al., 2008; Vereecken et al., 2008] . Magnetic
Resonance (MR) methods are advantageous over the aforementioned techniques to bridge the gap be-
tween theoretical models and reality, because they provide: i) noninvasive measurements ii) achievable
resolutions below 1 millimeter iii) a measured signal which is a direct measure of moisture in the probed
volume iv) information not only about the amount of water but also about the environment of the water,

the pore size [ Wolter and Krus, 2005].

The first application of MR on a soil material is reported for 1959 where Pickett and Lemcoe investigated
the shear strength of a clay-water system. One year later in 1960, Andreev and Martens first applied MR
to determine moisture of packed podzolized sandy loam samples of various saturations and proved the
advantages of this technique in terms of measurement time and accuracy over the gravimetric determina-
tion and electrometric methods. Since this time the popularity of this technique in the field of soil science
has steadily increased. In 1978 the concept of permanent magnets and pulsed radio frequency was in-
vented by the petroleum industry in order to determine oil reservoirs in geologic formations [Kleinberg
and Jackson, 2001]. Gummerson et al. [1979] reported the use of Magnetic Resonance Imaging (MRI)
using slice selection with an achievable resolution <2 mm on various porous materials during drying. In
1985 Paetzold et al. first applied the concept of unilateral or single sided MR in the field to monitor mois-
ture but it still took several years until these instruments became more manageable in terms of weight and
size [Casanova, 2011; Marble et al., 2007]. The first images of a porous medium during moisture deple-
tion have been recorded in 1989 by Guillot et al. while studying the water distribution as a function of
time. Hinedi et al. [1993] first employed the concept of pore size distribution on soils using MR

relaxation. In the same year Amin et al. [1993] mapped the spatial and temporal distributuion of water in

3
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model and real soil blocks in order to asses the feasibility of 2D and 3D MRI. MR imaging and
relaxometry methods were constantly enhanced and applied multifarious on porous media and soil
materials over the course of the years [Balcom et al., 2003; Bird et al., 2005; Camaiti et al., 2015; Keita
et al., 2013; Marica et al., 2014; Muir and Balcom, 2012; Pohlmeier et al., 2008; Stingaciu et al., 2009;
Straley et al., 1994; Van der Heijden et al., 2009]. Nevertheless, high resolution monitoring of
evaporating soils as well as using the concept of unilateral MR still remain rare. Despite other direct
visualization techniques like, e.g. dye transport and neutron radiography [Shokri and Or, 2011; Shokri et
al., 2008] the only investigations on drying of a model soil using MR relaxometry and imaging were
reported by Faure and Coussot in 2010. The main objective of this thesis was therefore to improve our
understanding on the formation of dry surface layers in soils as evaporative restraint by using high
resolution MR methods and unilateral portable sensors in order to investigate their ability for direct field
application. Firstly, a model soil was exposed to evaporation and high field MR relaxometry and imaging
were employed in order to achive vertical high resolution moisture profiles. Additionally, these
measurements were compared to a portable mobile unilateral MR sensor. As a step further the portable
unilateral MR sensor was employed on a laboratory lysimeter consisting of 4x10” m’ natural soil
material (silt loam) in order to monitor vertical moisture profiles during water depletion where the surface
and bottom temperature of the soil where additionally recorded in order to determine the evaporation
stages. There are still difficulties and limitations encountered in soil MRI due to the inherent fast relaxa-
tion times in natural soils with higher clay content and paramagnetic impurities where MRI images can be
either distorted or even larger fractions of water are invisible. These issues are exacerbated with decreas-
ing moisture where relaxation processes are accelerated what coincides with a decreasing signal to noise
(SNR) ratio. By this reason, different MR methods with short detection times were assessed on various
evaporating soil material in order to identify the most feasible MR method for monitoring moisture in
soils with significant clay and silt content. In a third step, the methods which were identified most suitable
where employed on a silt loam and a sandy loam using columns of different length in order to quantify
moisture changes while the samples were exposed to evaporation under constant ambient conditions. The
MR relaxation data in combination with high resolution vertical moisture profiles were then compared to
simulation results by using 1) the classical Richards’ approach and ii) a coupled water, vapor and heat

flow model.
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This thesis is organized as follows:

Chapter I deals with the investigation of water content changes and the origin of a dry surface layer un-
der desaturated conditions in a sand exposed to evaporation monitored by a high field 4.7 MR scanner in

comparison to a portable unilateral MR sensor (NMR-MOUSE) [Merz et al., 2014].

Chapter II demonstrates the feasibility of the portable unilateral sensor to monitor water content changes
of a natural silt loam on the dm scale were the results were validated by means of a coupled water, vapor

and heat flow model [Merz et al., 2015a].

Chapter III explores the potential of MR by comparing different stationary MR and unilateral concepts
at low and higher filed strength to monitor moisture in high resolution in desaturated soils with dry top-

most layers which possess high amounts of clay and silt [Merz et al., 2015b]

Chapter IV compares moisture profiles of a silt loam and a sandy loam investigated by MR to a coupled
water, vapor and heat flow model and the classical Richards’ approach. Soil columns of two different
sizes and soils exposed to evaporation under constant ambient conditions were monitored by means of
MR and compared to numerically simulated vertical moisture profiles of a coupled model focusing on the

increasing dry surface layer under desaturation [Merz et al., 2016].

Due to the fact that the results chapters address very different aspects of the main research question, each
chapter consist of objectives, introduction and a material and method section. A general overview on MR

and the model approach are given as two separate chapters prior to the result section.
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I. NMR - Theoretical Aspects

If nuclei with an intrinsic magnetic dipole moment g resulting from the spin angular momentum .S are
placed in a static external magnetic field By pointing in z-direction by definition two physical phenomena
occur: alignment and precession. The spin angular momentum vector exists in a number of different quan-
tum states (/) which take the value of zero, positive integers or half integers (/ =0, 1/2, 1, 3/2,2, ...). In
an external magnetic field g will align in different orientations with respect to B, where the number of
states is determined by 2I+1. For 'H nuclei with spin= % only two states (+ % and — %) are possible,
where the energy difference (A E) between those states is proportional to By. The resonance condition is
given by (A E) = h|y|B and therefore the resonance frequency (=(A E/h) vy = By y/2x, what is known as
the Larmor frequency. In thermal equilibrium the population of + 2 states and — - states is described by

Boltzmann’s law

n.yn ( 01/2”)730)
T2 o (220

T (L1)

where 7 represents the population in the lower (+) and upper (-) energy levels, /4 is the Planck’s constant,
71s the magnetogyric ratio, k the Boltzmann’s constant and 7 the absolute temperature.

As given by Equation 1.1 more components pointing up than down the overall sum is a vector pointing up

M=2ﬂ+z-2ﬂ,z (1.2)

in the direction of By. There is no component observable for the xy plane because the components have

according to

an equal probability of pointing in any direction for both, the -1/2 and +1/2 state and therefore the vector

sum is zero.
In thermal equilibrium the magnetization is denoted as Mzo . If a radiofrequency field B; (rf-pulse) is ap-

plied at Larmor frequency transverse to z, Mg is perturbed from equilibrium and flips towards the trans-

verse (xy) plane. The angle o M is rotated about B; is equal to
o=yB;z, (1.3)

known as the flip angle where for example a 90° pulse causes a complete transfer of the longitudinal

magnetization (z) in the transverse plane (xy). After the rf-pulse the precessing transversal magnetization
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M induces a measurable electromagnetic force in a receiver coil together with the thermal noise. The time
dependence of M in the presence of By in the vector model is described by the Bloch Equations [Bloch,
1946]:

M, M,
> :J/M‘:(Bo-w/)’)-TZ (1.42)
am, M,
I :7MZB1-7Mx(Bo-w/}’)-TZ (1.4b)
M. M.-M,
o M B (1.4c)

After the rf-pulse is switched off the signal starts to decay, what is called Free Induction Decay (FID),
where two types of relaxation occur, causing the signal loss in the xy-plane. The recovery of the longitu-
dinal magnetization in z direction (thermal equilibrium) based on the release of absorbed energy to the
surroundings (lattice) called spin-lattice or longitudinal 7} relaxation. This process is described by Equa-

tion 1.4¢ with the solution

t
Mz(t)=M0(1-exp{-F]}) (1.5)

where M), denotes the initial magnetization at time=0. The transverse magnetization is the sum of magnet-
ization vectors from different part of the excited volume experiencing a homogenous By, These vectors are
called isochromats. After the application of an rf- excitation pulse some isochromats experience a larger
magnetic field and thus precess faster than those experience a smaller field. As a consequence the iso-
chromats get out of phase (dephasing). This is the second type of relaxation called spin-spin or transverse
T, relaxation driven by interactions among individual spins and the local field inhomogeneities which is
described by Equation 1.4a and 1.4b with the solution

M, (=M, exp {Ti} (2.6)
2

The inhomogeneities are driven by instrumental imperfections or susceptibility effects between different

materials (e.g. pore fluid and the solid matrix) and para- or ferromagnetic impurities.
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Relaxation Mechanisms of Liquids in Porous Media

T, and T, relaxation are driven by magnetic interactions between protons, where the 7, relaxation rate is

given by
[/TIZI/TI, bulk+]/Tl, surface (17)

where T} 4, is the bulk fluid relaxation rate and 7' g the relaxation time of the fluid resulting from

pore surface relaxation. The transverse relaxation rate in porous media can be expressed by
*
]/T2:]/T2,app+1/T2, inhomogeneous (1 8)

where 1T} juhomogencous describes dephasing due to static inhomogeneities of the magnetic field. 1/7 , is

the apparent relaxation time which can be divided into three main processes:

1/T2,app:1/T2, bu1k+1/T2, sur_/hce+1/T2, diffusion. (1 9)

1/T5 pui is the relaxation rate in a uniform field for bulk solutions, usually in a range of 0.3333 s for pure
water. The estimation of pore size distributions from 7, measurements assumes a fast diffusion regime
where relaxation at the pore surface is much slower compared to the diffusional transport of spins towards
the surface. Relaxation in the fast diffusion regime occurs when the diffusional motion of the 'H proton
through the entire pore volume is faster compared to the surface relaxation [Keating and Knight, 2012]. T,

of a fluid in a single pore is related to surface relaxation and the surface-to-volume (S/V) ratio:
1/T2, surfaceng(S/V)pore~ (1 1 0)

This term provides the link between pore size and relaxation times by describing the surface relaxation at
the fluid-solid interface, where p, is the 7 surface relaxivity parameter which varies with mineralogy and
describes the capacity of a solid surface to enhance relaxation. /7, is the ratio of pore surface to fluid
volume and can also be expressed as S/r, where r is the pore radius and f is a shape factor for simple pore
geometries (1= planar, 2 = cylindrical, 3 = spherical). The signal loss due to diffusion in gradients in the

short diffusion time regime is described by [Mitchell et al., 2010]:

UT5, dgigusion=D(yGtg)* / 12 (1.11)
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where D is the molecular diffusion coefficient of the liquid, G the magnetic field gradient and ¢ the inter-
echo spacing. Finally, the relaxation rate 1/T5 iuomogencous €an be compensated for by a Hahn echo [Hahn,
1950] or a Carr-Purcell-Meiboom-Gill (CPMG) [Meiboom and Gill, 1958] echo train which is the stand-
ard technique for measuring transverse relaxation. The term “apparent” in Equation 1.9 refers to the fact
that the observable rate depends on the choice of the experimental parameter zz, which controls the diffu-

sion term [Pomerantz et al., 2008].
The Free Induction Decay (FID) and Carr-Purcell-Meiboom-Gill (CPMG) method

As described in the preceding the FID decay is always enhanced due to instrumental imperfections. This
enhanced phase spread due to inhomogeneities can be compensated for what was discovered by Hahn in
1950 [Hahn, 1950]. The Spin Echo (SE) method enables to distinguish between the homogenous decay
and the inhomogeneous decay. The method starts similar to the FID measurements by employing an rf-

excitation pulse of flip-angle o (commonly a = 90°).

90° pulse 180° pulse 180° pulse 180° pulse
time
_ —
/2 —i
\ H

--’—-f_:,_,__,_,___, OXPUU ot | §
\explT)  Jecho e

{

.|

ry

Figure 2. Carr-Purcell-Meiboom-Gill (CPMG) method. After a 90° rf excitation pulse a series auf subsequent n
180° pulses is followed at time n*z yielding an echo decay train of n echoes where the enhanced decay due to

instrumental imperfections and possible susceptibility effects has been removed and thus the decay is only driven
by the fluctuating microscopic magnetic fields (spin-spin interaction). Modified after Behroozmand et al. [2015].

Instead of recording the decaying signal after the receiver dead time a second pulse of typically either
twice the amplitude or the duration of the first pulse (commonly o = 180°) is applied after a time midway
the 90° and the first 180° pulse (¢z/2) (Figure 2). This leads to a refocusing of the phase spread by invert-
ing the sign of the phase acquired previous to the second pulse, where the refocused isochromats generat-
ing a signal at a certain time what is called echo and the corresponding time 7, the echo time. In 1954

Carr and Purcell [Carr and Purcell, 1954] proposed the use of subsequent 180° pulses during one shot.
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One major drawback of this sequence was the fact that pulse imperfections lead to a decay of the echo
train. To overcome this issue Meiboom and Gill [Meiboom and Gill, 1958] introduced a 90° phase shift of
the rf of the 7/2 pulse relative to the phase of the & pulses, what led to the most robust method frequently
used for porous media, the Carr-Purcell-Meiboom-Gill (CPMG) method. As illustrated in Figure 2 CPMG
measurement typically consists of a 90° rf excitation pulse and a series of subsequent 180° pulses where
the amplitude of the echoes are recorded yielding a decay curve where the effect of 7% junomogeneons has been

removed.

Magnetic Resonance Imaging (MRI)

In an MR imaging experiment the MR spectrum maps the density of spins in a certain volume along a
gradient axis. External field gradients G are applied in order to achieve a spatially resolved signal, where

the Larmor frequency becomes depended on the position r:

(@) =y (By+G - r). (1.12)

In the following the process of spatial encoding will be described for of the fundamental techniques in
MRI, Spin Echo Multi Slice (SEMS) (Figure 3) and Single Point Imaging (SPI) (Figure 4) methods. It
should be noted that besides spin echo methods a second type of method exists which generates an echo.
This method makes use of the magnetic field gradients in order to refocus the signal and is therefore
termed gradient echo. Since this method falls out of the scope of this thesis it will not be explained in

detail and the reader is referred to Markl and Leupold [2012] and Hennig [1991].

The slice selective gradient Gy,

If a field gradient G, (Figure 3 first line) is applied in a desired direction in the presence of the rf-pulse
only those spins at the plane whose wy;.. equal the rf-frequency will resonate. This procedure is termed
slice selection, where the slice thickness can be determined either by the bandwidth of the pulse and the
strength of Gy, . Since Gy dephases the magnetization in the applied direction, an inverse slice selec-
tive gradient pulse is applied right after Gg;.,. For the described SEMS method Gy needs to be applied
also during the application of the refocusing pulse after time #;/2. In order to select multiple slices of the
sample under question the center frequency of the rf-pulse can be modified whereat Gy, is kept constant

in strength and a gap is commonly introduced to avoid signal overlap from vicinal slices (“cross talk™).

11
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Figure 3. Basic pulse diagram of a Spin Echo (SE) sequence. The slice selective gradient applied (Gjice)
during the 90° rf-pulse dephases the magnetization along the direction of slice selection. An inverse slice
selective gradient pulse is applied afterwards to compensate this effect. After the 90° pulse a frequency
(G,) and phase encoding (G,) gradient is applied. After time #z/2 a 180° rf- pulse is applied in the pres-
ence of Gy, which refocuses the spin phase spread where a signal (echo) is generated after time ¢z (echo
time) in the presence of G,. The sequence is repeated after a delay time #; (repetition time) where the
strength of Gy is incrementally ramped in equal steps for each cycle (dotted lines).

The frequency Gv and phase G encoding gradients

The spatial localization within the plane of a selected slice is a two-step process where additionally gradi-
ent fields, G, and G are introduced either parallel or perpendicular to B,. These gradients characterize
each spin isochromat by a unique frequency and phase. To achieve information on the location of the
protons in the selected slice a static gradient field G, is applied. Under the influence of G, the frequency
of each spin isochromat differs and is linearly related to certain spatial location along the direction of G,.
This gradient separates the signal according to its location along the first dimension and is commonly
termed frequency encoding or readout gradient. As indicated in Figure 3 the gradient typically consists of
a prephasing gradient lobe and a readout gradient lobe separated by the 180° refocusing pulse. Once G,

has separated the signal according to its location along the first dimension, another gradient will further

12
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separate the signal from each location. To separate the signal components along the second dimension in
the slice a gradient field G, induces a phase shift on the spins. While G, is applied after the 90° rf-pulse
each spin along this direction is subject to a unique magnetic field strength causing an increase in fre-
quency according to Equation 1.13 and thus a persistent phase shift after G, is switched off. G, is applied
at different strength for each subsequent sequence cycle in order to achieve a predefined image resolution.
After the spins are spatial encoded a 180° rf-pulse is employed and an echo forms after time #z in the
presence of Gv. The sequence can be repeated several times (after a delay #; usually 5x 7;) determined by
a predefined image resolution in the direction of by G,. Methods using spin echoes exist in various forms,
e.g. multi echo, fast spin echo and combined gradient and spin echo methods. Because SE methods on
one hand require relatively long scan times due to a long #z and the desired image resolution in the direc-
tion of Gy and on the other hand are open to image distortions due to the applied frequency encoding, fast
scanning methods are desirable. Since one main issue of SE imaging relates to the frequency encoding,
another common MR method is Constant Time Imaging (CTI) or Single Point Imaging (SPI) where all
spatial information is obtained by using G,. A single data point of the FID is collected in the presence of
Gy, y, » at a fixed evolution time ¢, after the excitation pulse. The applied rf- pulse is commonly chosen
with o < 90° (usually <10°) and only G, gradients are applied for spatial encoding. Figure 4 shows the
schematics of a typical 3D SPI method where G; encodes all spatial directions. To achieve a full repre-
sentation of the sample the sequence is repeated several times, depending on the chosen image resolution,
by incrementally ramping the strength of Gy, y, ». Since the flip angle is much smaller compared to SE

methods what leads to a reduction of 7 the measurement time is sufficiently shorter.

rf-pulse
o° FID
‘ B
time
G piuo ¢

Figure 4. Conventional Single Point Imaging (SPI) pulse sequence.
Each gradient step corresponds to one sample excitation.
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The k-space formalism

For all MR methods the acquired time domain signal is digitalized by means of an analog-digital-
converter (ADC) and a virtual reciprocal space, called k-space, is discretized in a particularly fashion

depending on the MR method. For a simple SE measurement the k-space is defined as:

ku(t):% f G, (v)dr (1.13)
0

and
k¢(t)=%rj; Gy(D)dr (1.14)

where 7 is the duration of the frequency or phase encoding gradient. After a delay of #z the sequence is
repeated until the desired image resolution has been achieved by incrementally ramping the strength of G,
for each cycle. Processing the encoded signal p(k,, k,) using a two dimensional Fourier Transform yields

to a signal intensity distribution in real space described by:

My(xy)=(2n)" f f p(kokg)expl-ikxYexp {-iksy } dk,dk, (1.15)

MR imaging methods are commonly distinguished in terms of the scheme of k-space acquisition. A de-
tailed description on MR pulse sequences and k-space acquisition can be found in Bernstein et al. [2004];

Gallagher et al. [2008]; Mezrich [1995].

Concepts of MR magnets

Commonly three types of MR magnets are distinguished for creating By: i) resistive electromagnets, ii)
permanent magnets and iii) persistent superconducting magnets. Superconducting refers to the fact that
once the magnet is charged a stable magnetic field is sustained without an external supply of current due
to superconducting wires which need to be kept close to absolute zero. The cryogen system consists of a
dewar filled with liquid helium surrounded by a second dewar filled with liquid nitrogen. A thermally
isolated bore is located in the center of the superconducting solenoid coil providing access for the sample.
Four types of magnets can basically be distinguished with regard to the bore size (in horizontal or vertical
direction): narrow bore, wide bore, ultra wide bore and open bore. The design of superconducting mag-
nets allows very high and homogeneous fields to be achieved. For imaging and spectroscopy applications
the field strength for this kind of magnets ranges from 0.7 T to 23.5 T. General information about these
kind of magnets and an overview on the design principles and theories is given by Laukien and Tschopp

[1994].
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Figure 5. Superconducting MRI system (Reference: Laukien and Tschopp [1994])

Resistive electromagnets are rarely used in MR imaging in order to create B, due to the enormous cost of
electricity required to maintain the field. The main advantage of these magnets is that they can be pow-
ered off easily. Permanent magnets provide a permanent magnetic field and offer a low cost alternative
compared to the other magnet types. Depending on the material of the magnet field strengths up to 1 T
can be achieved. Two concepts of permanent magnet arrangement can be distinguished: i) inside out,
unilateral or single sided designs and ii) Halbach arrays. The concept of single sided or unilateral magnets
first introduced in 1978 by the oil industry is advantageous over superconducting magnets in the way that
these systems are portable in most cases and arbitrarily large samples can be studied. Further, no cryogen-
ics need to be supplied on a regular basis which can dramatically reduce the maintenance costs of a sys-
tem. Mainly two different classes of unilateral instruments exist. The first category refers to magnets with
a sensitive spot above one face where three different geometries are differentiated. For this design B, can
be orientated either perpendicular (bare magnet) or parallel to the surface (C- and U-shaped) as shown in
Figure 6. By and B, created by the rf-pulse are orthogonal within some region where the gradient of B,
and the rf- bandwidth define a sensitive volume at a certain distance to the surface. The second class of
instruments generates a point where B, is locally homogenous, the “Sweet Spot” which allows a larger rf-
bandwidth. The generated magnetic field gradients of the sweet-spot magnets are considerably reduced

compared to the design of the first class what considerably limits diffusive attenuation. Besides these two
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main designs the concept of inside-out MR is extensively employed in the petroleum industry, known as
MR well-logging where the sensitive volume is located at a certain point from the tool. A detailed de-
scription of logging tools and their applications can be found in Coates et al. [1999]; Kleinberg and
Jackson [2001] and Sucre et al. [2011]. The third concept of permanent magnets is the Halbach array
named after their inventor Klaus Halbach. Permanent magnets are arranged in a circle following the filed
lines of a homogenously magnet in the center. Various magnet arrangements exist where field strengths
significantly stronger than the field of the individual bar magnets are achieved. Since Halbach setups are
portable and self-shielded they are suitable for a variety of MR applications. The reader is referred to Zhu

and Howe [2001] and Raich and Bliimler [2004] for a comprehensive overview of Halbach arrays.

a) [y b) [y c) '[Z
X X y
z > 4 X

%

Figure 6. Common unilateral magnet designs: a) C-shaped geometry. The sample is placed in the homo-
geneous field inside the gap. b) U-shaped geometry. The sample is placed in the stray field above the gap.
c) Bar magnet. The sample is placed in the stray field of the magnet (Reference: Casanova [2011]).

MR instruments

Various instruments have been employed in the context of this work: A 4.7 T high field superconducting
ultra-wide bore scanner operating at 200 MHz 'H resonance (Magnex Scientific, UK) equipped with a
300 mT/m gradient system and a “birdcage” type quadrature /- resonator with an internal diameter of 100
mm and 100 mm length, operated by a Varian console was used for the investigations presented in Chap-
ter 1 and 1.1 of this thesis. Additionally, a unilateral MR device, the MObile Universal Surface Explorer
(MR- MOUSE, Model PM-25, Magritek Ltd., Wellington/NZ) which is a portable but heavy (50 kg) open
MR sensor, operated by a KEA? spectrometer (Magritek Ltd., Wellington/NZ) and processed by the
Prospa software package (Magritek Ltd., Aachen/Germany) was employed. The results of Chapter 2 and
3 are achieved by means of: i) A vertical bore MARAN DRX-HF imaging system (Oxford Instruments)
equipped with 1 kW Techron gradient amplifiers (Typ 7782, AETechron, Elkhart, IN, USA), water
cooled gradient coils and a custom-built rf-resonator with a resonance frequency of 8.5 MHz and an inner

diameter of 45 mm ii) A vertical bore MARAN DRX spectrometer (Oxford Instruments Ltd., Oxford,
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UK) equipped with an 25 W amplifier and a rf- probe with an inner diameter of 51 mm operating at 2.2
MHz resonance frequency. iii) A unilateral three magnet array with a copper shielded solenoid probe of
42 mm inner diameter and a sensitive spot of 24 x 15 x 10 mm” displaced 20 mm from the magnet surface
and centered at a frequency of 2.25 MHz. The three magnet array was operated by means of a LapNMR
console (Tecmag, Houston, USA), connected to a 250 W rf amplifier (TOMCO, Stepney, Australia) and a
preamplifier (MITEQ, Hauppauge, USA). A detailed description of the NMR-MOUSE can be found in
[Bliimich et al., 1998] and for the three magnet array the reader is referred to [Marble et al., 2007] and
[Garcia-Naranjo et al., 2010].
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Figure 7. Overview of MR magnets used in the framework of this thesis. (a) 200 MHz wide bore
superconducting scanner. (b) Portable unilateral MR magnet operating at 13.4 MHz (c) 2.2 MHz
unilateral three magnet array developed at the MRI research center at the University of New Bruns-
wick Canada. (d) 8.5 MHz system (e) Benchtop system operating at 2.2 MHz.
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II. Vadose Zone Modeling Approaches

Darcy’s law and the Richards equation

Vadose zone processes are essential for water and ecosystems since they are at the nexus of water and
energy fluxes. In order to describe water movement in the vadose zone the Richards equation [Richards,
1931] is the most common modeling approach from sample to field scale. To solve the Richards equation
the initial and boundary conditions, the hydraulic conductivity function K(%) and the moisture retention
characteristic 8(h) need to be defined. Classically, a soil water retention curve describes the amount of
water retained in a soil under equilibrium at a certain matric potential. Among others [7Too et al., 2014],
two parameterization methods with different modifications are commonly used: the van Genuchten [van
Genuchten, 1980] and Brooks-Corey [Brooks and Corey, 1964] parameterization. The shape of the reten-
tion curve depends on the pore size distribution and the pore shape of the medium and is different for
drainage and for imbibition due to hysteresis phenomena. This effect is mostly ignored for the majority of
applications and the (%) relationship is deduced from the main drainage curve. Due to a couple of draw-
backs of the Brooks-Corey model if applied in numerical simulations, the van Genuchten model is widely
considered for soil water retention parameterization. It is further imperative to determine the unsaturated
hydraulic conductivity K(%) in order to solve the Richards equation. In contrast to the saturated hydraulic
conductivity K, K(h) varies strongly in time and with position what makes it complicated to determine.
The majority of models calculate K(%) by approximating the porous medium as a bundle of capillary tubes
with laminar flow and interfering the pore size distribution from the water retention characteristic. Fre-
quently, the Mualem-van Genuchten [Mualem, 1976; van Genuchten, 1980] approach is used to deter-
mine the relative K(/). The one dimensional Richards’ approximation considers: i) isothermal water flow
and ii) uses an unsaturated hydraulic conductivity based on the capillary bundle model and is therefore
not feasible to predict moisture as a function of depth accurately. Since the vadose zone is directly cou-
pled to the atmosphere, many processes inside the soil are influenced by the net radiation flux. Heat can
be transported by: i) conduction, the transmission of thermal energy from one particle to another ii) radia-
tion, the transfer of thermal energy from a body to its surroundings by electromagnetic waves iii) convec-
tion, the transport of heat by a fluid in motion. If the latter is accompanied by a phase change the heat
transfer can be increased considerably. In soils heat transport occurs predominantly by convection and
conduction, with or without latent heat transport (phase change without change in temperature). Volumet-
ric heat capacity and heat conduction are the thermal soil properties which govern the heat conduction.
The meteorological conditions dominate the exchange at the soil surface which is driven by radiation,
convection and conduction (with or without phase change). The thermal properties of a soil are closely

linked to its water content, where flow of water and thermal energy entailing each other.
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As shown in various studies in unsaturated soils mass and energy between liquid and vapor are frequently
exchanged in the topmost layer [Jassal et al., 2003; Zeng, 2013] what lead to a distinct dry layer below
the surface of a bare soil where the profile below this layer remains wetter. Therefore, to compute vertical
moisture profiles caused by evaporation the water flow needs to be coupled to the vapor and heat fluxes
since the Richards’ approach considers only water flow in the liquid phase and ignores the effects of va-
por and therefore overestimates the moisture in the top layer as Figure 8 reveals [Liu et al., 2005; Novak,

2010; Sakai et al., 2009].

Coupled vapor-liquid flow
Richards equation
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Figure 8. Simulated water content profiles using a non-isothermal vapor-water flow model
(black line) and the Richards equation (red line) in the silt (top panels) and sandy-loam
(bottom panels) soil. The right panels zoom in the top 3 cm of the soil profile (Courtesy of
Prof. Jan Vanderborght, personal communication).
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II1.Results

Chapter 1

Moisture profiles of the upper soil layer during evaporation monitored by NMR '

Abstract

Near surface soil moisture profiles contain important information about the evaporation process from a
bare soil. In this study, we demonstrated that such profiles could be monitored non-invasively and with
high spatial resolution using Nuclear Magnetic Resonance (NMR or Magnetic Resonance MR). Soil
moisture profiles were measured in a column exposed to evaporation for a period of 67 days using a sta-
tionary Magnetic Resonance Imaging (MRI) high field scanner and a unilateral MR sensor. The column
was packed with medium sand and initially saturated. Two distinct shapes of soil moisture profiles that
are characteristic for stage I (evaporation rate is controlled by atmospheric demand) and stage 11 (evapora-
tion rate is controlled by the porous medium) of the evaporation process were followed by both, MRI and
unilateral MR. During stage I, an approximately uniform decrease of soil moisture over time was moni-
tored, whereas during stage II, s-shaped moisture profiles developed which receded progressively into the
soil column. These promising results and the specific design of the unilateral MR system make it very

well suited for determining soil moisture profiles in the field.

! Adapted from: Merz, S., Pohlmeier, A., Vanderborght, J., van Dusschoten, D. and Vereecken, H. (2014)
Moisture profiles of the upper soil layer during evaporation monitored by NMR. Water Resources
Research 50(6), 5184-5195.
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1. Introduction

Evaporation from bare soils is one key factor controlling water and energy exchange between the land
surface and atmosphere [Hanks et al., 1967; Huxman et al., 2005; Seager et al., 2007]. A large body of
literature describes evaporation as a two stage process [Coussot, 2000; Faure and Coussot, 2010;
Lehmann et al., 2008; Scherer, 1990; Schliinder, 2004; Shokri and Or, 2011] with an initially high and
often presumed constant evaporation rate (stage I or constant rate period (CRP)) close to that of an open
water surface and primarily limited by the vapor pressure deficit between surface and air and the energy
available to vaporize soil water. It should be noted that in some cases, e.g. when the soil surface dries out,
also transfer through the air layer above the soil may become limiting [Schliinder, 2004; Shahraeeni et
al., 2012]. During stage I evaporative demand is supplied by liquid flow from the deeper soil towards to a
secondary drying front, located at the soil surface [Yiotis et al., 2001]. Stage I evaporation ends when the
water potential at the soil surface falls below a critical threshold value. At this point of drying capillary
flow ceases and the liquid films become detached from the surface (depinning) which marks the onset of
stage II or falling rate period (FRP) [Belhamri, 2003; Schliinder, 2004]. The secondary drying front re-
cedes inside the porous medium leading to a lower evaporation rate that mainly depends on porous medi-
um properties such as pore size distribution. In Richards’ equation only liquid flow is considered and
vapor transport is neglected which leads to an overestimated moisture content in the topmost soil layer
Therefore it is essential to take liquid water, vapor and heat flow into consideration as demonstrated by
Saito et al. [2006].

A couple of methods exists that estimate soil evaporation on large scales from water content distributions
in the surface layer [Abtew and Melesse, 2013; Rossel et al., 2011; Stafford, 1988]. Since evaporation
processes are sensitive to changes in the pore system and produce steep gradients of soil moisture in the
shallow layer, non-invasive methods with high spatial resolution in the vertical direction are necessary for
their investigation. Shokri et al. [2008] and Shokri and Sahimi [2012] investigated drying front dynamics
by means of neutron radiography and synchrotron x-ray tomography using coarse sand in a Hele-Shaw
cell and a small cylinder (12 mm height and 5 mm in diameter), respectively. These methods can, howev-
er, not be applied outdoors or directly in the field.

In recent years, Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) have become versa-
tile toolkits for soil and environmental research since they allow to study processes non-invasively [Hall
et al., 1997; Nestle et al., 2002]. The main advantages are that these methods directly measure hydrogen
and thus water as well as they provide versatile information, i.e. besides the mere water content also the

local dynamics of the liquid in the pore system and the motion of tracers can be observed [Pohlmeier et
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al., 2013]. MR and MRI are used for a broad range of applications to study various processes and materi-
als, e.g. drying of mortar and cement [Faure et al., 2012; Valckenborg et al., 2001; Van der Heijden et
al., 2009], characterization of natural soils [Haber-Pohlmeier et al., 2010; Jaeger et al., 2009; Pohimeier
et al., 2009; Stingaciu et al., 2010; Stingaciu et al., 2009] and rocks [Song, 2010], mapping of moisture
content changes in porous media during drying, wetting or drainage [Amin et al., 1993; Balcom et al.,
2003; Deurer et al., 2002; Faure et al., 2011; Snéhota et al., 2010]. A comprehensive overview on MRI
for investigation of mass transport in porous media is given by Koptyug [2012]. Driven by the fact that
conventional MRI devices are immobile and therefore not suitable for in situ field measurements portable
MR devices have been developed. One type is a unilateral, open U-shaped magnet which probes a sensi-
tive volume at some distance away from its surface [Casanova, 2011]. Such devices use permanent mag-
nets instead of an electromagnet, and are therefore not as heavy as the device presented by Paetzold et al.
[1985].

The primary objective of the present work is to investigate whether the development of a shallow dry
layer during stage II of evaporation can be observed with the unilateral MR sensor in the laboratory. Such
a drying layer develops under dry soil conditions when the effective water diffusivity increases with de-
creasing volumetric water content due to an increasing contribution of vapor flow [Assouline et al., 2013;
Han and Zhou, 2013; Keulen and Hillel, 1974; Shokri et al., 2008; Shokri et al., 2010]. For this purpose
we monitored the evolution of moisture profiles in the topmost layer of a laboratory column filled with
natural sand by using 3D MRI and unilateral MR. Classical spin echo methods may suffer from short
signal lifetimes, what is mostly the case for natural soils with an increasing pore surface/volume ratio and
the presence of ferromagnetic or paramagnetic elements [Foley et al., 1996; Hall et al., 1997]. Therefore,
as a secondary objective, we evaluated a pure phase encoding MRI sequence to determine water contents
in soils with short signal lifetimes. As demonstrated by [Muir and Balcom, 2012; 2013] this has been
proven to be an effective alternative method for fluid imaging in porous media with short signal lifetimes.

We therefore compared a spin echo method to a pure phase encoding sequence.

2. Material and Methods

Porous Media

A Perspex column was packed (Figure 9) with medium sand (FH31 Quarzwerke Frechen) with a grain
size distribution of: 1% (>0.71mm), 9% (0.5 — 0.71mm), 33% (0.36 — 0.5mm), 39% (0.25 — 0.36mm),
14% (0.18 — 0.25mm) and 4% (<0.18mm). The column consisted of a cylinder with 110 mm in height and
80 mm in diameter. Due to fixing reasons in the MRI tomograph a cylinder with 20 mm in height and 65

mm in diameter was connected to the top. The bottom was closed by a porous plate with pore size of 10 —
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16 pm, a diameter of 60 mm and thickness of 5 mm (Robu GmbH, Hattert/Germany). After initial satura-
tion the bottom was sealed, so evaporation could only took place at the column surface. Evaporation was
followed over a period of 67 days. To calibrate the MRI signal on moisture a sealed reference tube with
saturated sand packing was used. All characteristic parameters of the sample are summarized in Table 1.
Air temperature, relative humidity and weight of the system were recorded hourly. The vapor pressure

deficit (vpd) was computed as follows:
vpd [kPa] = e (1-(RH/100)) 3.1.1)
where RH is the relative humidity and e is the saturation vapor pressure according to Buck [1981]:
e;=Fexp (17.27T/(T+237.3)) (3.1.2)

where F = 0.611 kPa, and T is the temperature in °C. The temporal evolution of the vpd was used as a

proxy for the temporal variation of the potential evaporation of the soil column.
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Figure 9. Scheme of the sand (FH31) column used for 200 MHz stationary MRI and 13.4 MHz
unilateral NMR sensor measurements. Only the first 30 mm and 19.8 mm where monitored by
the 200 MHz magnet and the 13.4 MHz unilateral NMR sensor, respectively.

Hydraulic Properties

The water retention curve of the sand was measured by using the HYPROP® - Laboratory evaporation
method for the determination of water retention curves and unsaturated conductivity (UMS GmbH, Mu-

nich/Germany). The bulk density and the porosity of the sample were 1.69 g cm™ and 0.36 cm® cm™ re-
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spectively. The measured water retention curve as well as the hydraulic parameters of the sand derived
from fitting the van Genuchten [van Genuchten, 1980] function to the data, are shown in Figure 10 and
presented in Table 1. It should be noted that the saturated hydraulic conductivity K could not be deter-
mined for this type of sand with the HYPROP® method and therefore, the value of Sucre et al. [2011] was

used for computing the hydraulic conductivity function based on Mualem [1976].
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Figure 10. Water retention curve and hydraulic conductivity of the FH31sand material.
The hydraulic conductivity was taken from Sucre et al. [2011]

Table 1. Van —Genuchten —Mualem parameters for the FH31 sand material.

Bulk density(g/cm®) Total porosity (4,) 0, K(cm/day) ¥ a(cm™) I n

1.69 0.34 0.035 1300 0.0385 05 85

T K, taken from Sucre et al. [2011]

MR/MRI setup

For imaging we used a 4.7 Tesla (v)=200 MHz) high field vertical ultra-wide bore superconducting mag-
net (Magnex Scientific, UK), a 300 mT/m gradient system and a “birdcage” type quadrature rf- resonator
with an internal diameter of 100 mm and 100 mm length, operated by a Varian console. During drying of
the sample images were recorded at certain times by two different sequences. The parameters used for

MRI are listed in Table 2.
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anilateral NVR seasor

Figure 11. Scheme of the unilateral single sided MR sensor (NMR-MOUSE), mounted on a lift enabling to
change the distance of the sensitive volume (40 mm x 40 mm x 0.14 mm) to or through an object, respec-
tively. To investigate moisture profiles from the columns surface the sensor

Figure 12depicts the characteristics of each sequence. For detailed information on MRI/MR sequences the
reader is referred to Bernstein et al. [2004]. The position of the column inside the scanner was kept iden-
tical for all measurements, including at least 1 cm of the reference tube and 4 cm of the column inside the
field of view (Figure 9). The NMR-MOUSE (Model PM-25, Magritek Ltd., Wellington/NZ) is a portable
open MR sensor, operated by a KEA? spectrometer (Magritek Ltd., Wellington/NZ) and processed by the
Prospa software package (Magritek Ltd., Aachen/Germany). Based on the principles of “inside-out” MR,
the device is equipped with permanent magnets in U-shaped configuration generating a gradient perpen-
dicular to the surface. The MOUSE operates at a reference frequency of 13.4 MHz with a gradient of 7.5
T/m at a distance of 25 mm from the magnet surface with a resolution (thickness of the excited volume)
of 0.1 mm. The sensitive volume is excited by an rf~coil that is placed 5 mm above the magnet, so that the
effective maximum penetration depth is 18 mm. A profile is measured by moving the magnet by a lift,
where the sensitive volume is moved through the upper 18mm of the sample. A sketch of the device is
presented in Figure 11 whereas a detailed description of the system as well as the concept of single sided
MR is given in Bliimich et al. [1998] and Casanova [2011]. The unilaterally measured moisture profiles
were recorded using 9 steps at a separation of 2 mm resulting in a maximum penetration depth of 18 mm.

Table 2 lists all specific parameters for each sequence.
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90 pulse 180° pulse b) rf-pulse
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Figure 12. a) Spin Echo Multi Slice (SEMS). b) Single Point Imaging 3D (SPI3D). c¢) Carr-Purcell-
Meiboom-Gill (CPMG) sequence. After Bluemich [2005] and Varian [2007].
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Results — Chapter 1

Moisture profiles

MRI measurements were processed as follows:

First, the homogeneity of the sample was checked via T, mapping using a multi echo multi slice (MEMS)
sequence [Bernstein et al., 2004]. For each voxel, an exponential function was fitted to the echo train

decay:

M(t) = M() exp 7[(NE* tE) / T2,app)] (313)

where M(%) is the signal amplitude, M, the initial magnetization, NE the number of echoes and T, the
effective T, relaxation time. Secondly, for both, SPI and SEMS the investigated images were normalized
on a saturated sample. From the normalized MRI signals and the water content of the reference sample,
the moisture content for each voxel was calculated. This procedure is based on the assumption that the
relation between the MRI signal and the water content is linear. To check this assumption, MRI signals of
various calibration samples using the same sand with similar packing density and known water content
were measured using identical parameters for SEMS and SPI3D as used for the sand column. Since the
MRI signal was not homogeneous in a horizontal slice of the calibration samples, the average MRI signal
of a region of interest in the calibration samples was plotted versus the gravimetric water content (Figure

13).
128 pixel (1 pixel = 0.78 mm)

reference tube
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Figure 13. MRI images of the column. Left: Vertical slice of the column investigated by
MRI using a SEMS sequence Right: Horizontal slice exhibiting the region of interest (ROI)

equal to the area probed by the unilateral NMR sensor.

For the unilateral sensor the following procedure was used: The obtained CPMG echo decay train was
fitted by an exponential decay function (Equation. 3.1.1). Since the reference sample that was used for

MRI could not be measured with the unilateral MR sensor, a water sample (with volumetric water content

29



Results — Chapter 1

of 100%) was used as a reference. M, obtained from the soil sample was divided by M, obtained from

the water sample to determine the volumetric water content for each volume.
3. Results and Discussion
Drying rate and environmental conditions

The evaporation rate normalized on the vapor pressure deficit (vpd) over 67 days is shown in Figure 14 as
an average over seven days. The evaporation rate was determined from the rate of mass loss recorded
hourly by a digital balance. During stage I the normalized evaporation rate was approximately around 2
mm day™ kPa" with a corresponding total mass loss of 153.6 g. After day 52 the rate dropped to 0.75 mm
day™ kPa and a continuous decrease in the normalized evaporation rate could be observed until day 67
with a corresponding mass loss of 25.6 g. During 67 days of drying the volumetric moisture content de-

creased from 6s = 0.34 cm® cm™ to 0.05 cm® cm” after 67 days yielding an overall mass loss of 179.2 g.
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Figure 14. Evaporation rate normalized on vapor pressure deficit (cross) as an average over 7 days
(grey line). Between day 48 and 55 the onset of stage I evaporation occurred.

MRI and unilateral moisture profiles

In Figure 15, MRI images of horizontal slices through the middle of the calibration tubes obtained by
SEMS and SPI are presented. Despite the fact that the sand was homogeneously packed and mixed with
water, the MRI signal was not homogeneous for these tubes. The signal heterogeneities might have been
caused by layering effects due to the packing, what can led either to variations in water content or in sig-
nal because of shorter 7, times. However, these signal heterogeneities were averaged out when calculat-

ing the water content profiles. Between = 0.05 cm® cm™ and 6 = 0.4 cm® cm™ a linear relationship be-
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tween signal intensity and volumetric water content was assumed to derive the moisture content from the

MRI signal intensity.
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Figure 15. Calibration relations between MRI signal and volumetric water content(left) ob-
tained with SPI3D (a) and SEMS (b), where the grey lines are linear fits. Right images: MRI
cross section through the calibration phantom for Single point imaging (top) and Spin echo
multi slice (bottom), where each pot is different in water content. (8 [mm® mm™] 1: 0.4, 2: 0.34,
3:0.26,4: 0.2, 5: 0.13, 6: 0.08, 7: 0.05)

Layering effects due to packing as well as cracks can influence evaporation in several ways, therefore we

checked for heterogeneities using a MEMS sequence. Figure 16 exhibits no significant heterogeneous 7,

patterns for the used column, but larger pore sizes (longer 7>) were observed near the walls where packing

was less dense. The drying stages during the experiment could be linked to the shape of the vertical soil

moisture profiles that were derived from MRI measurements. Figure 17 shows vertical soil moisture pro-

files that were monitored using MRI and the unilateral MR sensor. During stage I, the moisture content in

the upper soil layer was virtually homogeneously distributed and the evaporation front is located at the

soil surface.
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Figure 16. Distribution map of effective transverse relaxation times T ¢
obtained by fitting Equation 3.1.3 to images monitored by MEMS for a
vertical cross section of the saturated column.

After reaching a critical water content at the surface (0.035 cm® cm™ for the used column at day 50), the
evaporation front receded into the soil forming an increasingly thick dry surface layer. Water transport
was now controlled by the vapor pressure gradient and evaporation flux proceeded via vapor transport.
With increasing thickness of the dry layer the overall evaporation rate decreased. The drop in the normal-
ized evaporation rate coincided with the time where a receding secondary evaporation front was observed
in the moisture profiles. Onwards drying, the drying rate decreased and the secondary evaporation front
receded deeper into the soil, with a final depth of 20 mm at day 67. The moisture content profiles ob-
tained by SEMS (dotted lines in Figure 17) exhibited a nearly homogenous saturated upper part of the
initially saturated column which are in good agreement with the gravimetrical determination. With in-
creasing drying the profiles investigated by SEMS showed a homogenous drying behavior during stage 1.
The development of a steep moisture gradient in the upper 1 cm after a certain time was caused by a de-
crease in the capillary film which finally ceased when the critical point of drying was reached. This gradi-
ent was still detectable by SEMS after the onset of stage II but now attached to the secondary evaporation
front inside the soil. Comparing the SEMS profiles to those investigated by SPI (dashed-dotted lines in
Figure 17) an identical shape for both drying stages can be found. The most obvious difference between
SEMS and SPI was that single point imaging exhibited higher moisture content for all profiles during
both stages. These may be related to a baseline offset on the SPI measurement what led to higher moisture
content. The assumption of a baseline offset was substantiated by the fact that for both, SEMS and SPI,
the investigated profiles were identical in shape for stage I and II. The constant baseline offset led to a
small relative deviation at high water content and a large deviation at low water content. However, both,
the spin echo as well as the single point imaging sequence enabled to follow the drying process of the

column down to the residual water content. For the unilateral MR (dashed line in Figure 17) it should be
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noted that only the first 18 mm were monitored. The moisture profiles investigated by the sensor revealed
similar homogenous drying patterns with an increasing gradient in the upper part as monitored by SEMS
and SPI. Nevertheless, the investigated moisture content seems to be lower compared to SEMS and SPI.

This is a consequence of the open geometry of the unilateral MR sensor as well as the thickness of the

excited slice which is only 0.14 mm.
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Figure 17. Moisture profiles over time monitored by SEMS, SPI3D and the unilateral NMR
for the topmost 30 mm (SEMS and SPI3D) or 18 mm (Unilateral NMR) of the column (soil
surface=0) The profiles should be read from right to left starting with the saturated condition
(start) on the right. The gravimetric total water contents are plotted as crosses on the abscissa.

Relaxation analysis

Another suitable approach for following a drying process of porous media is to monitor the relaxation
decay over time by using a CPMG sequence. As expected, the amplitudes of the decay curves, obtained
from fitting Equation 3.1.3 to the data, are directly proportional to the proton density in the measured
volume and, in turn, the moisture content. The open geometry of the sensor is sensitive to environmental
radiofrequency noise, where the signal to noise ratio (SNR) decreases rapidly with decreasing moisture
content. The relaxation times measured with the unilateral MR sensor are strongly controlled by diffusion
of H,O in the external 7.5 T/m gradient [Casanova, 2011]. Therefore, we additionally investigated the 7,

distribution in the homogeneous magnetic field of the MRI scanner over 67 days in order to obtain infor-
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mation about the range of pores that remained saturated or that were partially filled with water (Figure
18). The first distribution curve reflects the condition after 4 days of drying, what in fact can be assumed
as almost saturated (6 = 0.31 cm® cm™). The distribution functions of the FH31 sand can be described as a
main mode with 7, around 250 ms with a broad shoulder at faster relaxation times (smaller pores) for the

saturated conditions which broadens further at lower water contents.
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Figure 18. T, distribution functions for the upper 30 mm of the column over 67 days of
drying. The inset shows the evaporation rate normalized on vapor pressure deficit as an
average over 7 days, where the red arrow indicates the peak shift in the 7, distribution
coincided with the drop in the evaporation rate at the transition from stage I to stage II.

During the drying period the logarithmic mean relaxation time I, shifted from 150 ms for the state at §
=0.31 cm® cm™ after 4 days of drying to 14 ms after 67 days and the total area of the main peak de-
creases with time. At day 22 a slight peak shift to 160 ms was observed followed by a constant decrease
in amplitude until day 52 where the peak height has decayed to almost zero. Regarding the normalized
evaporation rate, the vanishing of the slow mode occurred simultaneously with a drop in the rate at the
end of stage 1. Now, the maximum of the distribution function is located at 20 ms and shifted further with
decreasing moisture to 10 ms after 67 days. The assignment of 7, relaxation modes to pore sizes is not
straightforward, since 7> is prone for diffusional acceleration in internal gradients [Mitchell et al., 2010],

especially at high magnetic fields. However, the fast mode persisted below the critical water content at the
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transition between stage I and stage II where continuous water films vanish. Therefore, the most likely
interpretation is the assignment of the fast mode as water at the contact points between the grains and in
the corners of the rough grain surface, where it is strongly retained by capillary forces. At higher water
contents water in such areas will be in fast diffusive exchange with bulk water, and a differentiation from
effects due to motion in internal gradients is not possible. Furthermore, bimodality can be due to chemical
heterogeneity of surface sites of this natural product cannot be excluded, since Grunewald and Knight
[2011] report on monomodal, slow relaxation in very pure quartz sand. On the other hand, bimodal 7,
distributions of sand packing have been reported in the literature and reproduced by numerical simulation
using random walk based on pore space structure derived from analysis of u-CT scans, see Talabi et al.
[2009]. We conclude that the interpretation of the nature of the 7, distribution functions in unsaturated

natural sands requires further investigation, which is beyond the scope of this paper.

4. Summary and Conclusions
The aim of this study was to investigate moisture content changes in the topmost soil layer during evapo-
ration by means of MR imaging and a unilateral MR sensor for assessing its later usage for field meas-
urements. We evaporated an initially saturated sand column in the laboratory over a period of 67 days.
Due to changing environmental conditions in the laboratory we normalized the evaporation rate on the
vapor pressure deficit where a transition region from stage I to stage II could precisely be determined. The
shape of the soil moisture profiles, monitored by MRI using a spin echo as well as a single point imaging
sequence and a unilateral MR sensor, may also be used as an additional criterion to distinguish between
stage | and stage Il evaporation. The observed measurement differences between SEMS and SPI3D are
small. Portable MR measurements are feasible for > 0.03 cm® cm™ for the used sand and are in good
agreement with the MRI profiles. Therefore, it can be concluded that each method is appropriate to study
the drying stages and the onset of the development of a secondary drying front in a model soil. Finally,
additional information about the shift between stage I and stage Il could be obtained from high field re-
laxation measurements. For the saturated sand, an approximately bimodal distribution of relaxation times
was observed. During stage I the peak of the long relaxation times shifted slightly from 250 ms to 160 ms,
decreased and finally vanished at the end of stage I. From this time only the peak representing the fast
relaxation times remained during stage II. Based on the fact that the relaxation mechanisms of transverse
relaxation at high field MR are not yet fully clear, one may assume that the rapid mode which remains
during stage-II evaporation is due to insulated thin water films and water in pores corners. However, this

will be one subject to further investigations.
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Chapter II

Transition of Stage I to Stage II evaporation regime in the topmost soil: High-resolution

MR imaging, profiling and numerical simulation >

Abstract

Bare soils are natural porous media where moisture and transport properties may change considerably.
Under very dry conditions, it is predicted that capillary continuity from deeper soil layers to the surface
ceases and evaporation decreases drastically because it is only sustained by vapor transport through an
increasing dry surface layer (stage II). According to Chapter 1, we firstly confirm this effect by investigat-
ing the drying of a lab-scale sand column using various MRI sequences as well as a unilateral MR sensor
(NMR-MOUSE). Proving the convenience of the unilateral sensor, we take a step forward by monitoring
moisture development of a natural soil under controlled ambient conditions. Finally, the experimental
results clearly validate the prediction of a coupled water, vapor and heat flow model regarding the onset

of stage Il evaporation and the subsequent receding secondary evaporation front.

2 Adapted from: Merz, S., Pohlmeier, A., Vanderborght, J., van Dusschoten, D. and Vereecken, H. (2015)
Transition of stage I to stage II evaporation regime in the topmost soil: High-resolution MR imaging,

profiling and numerical simulation. Microporous and Mesoporous Materials, 205(0), 3-6.
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1. Introduction

Water exchange between non-vegetated ground surfaces and the atmosphere is one significant component
of the earth’s water cycle. Since soil can be considered as a porous medium, the drying process can be
commonly divided into two distinct stages [Or et al., 2013]. The initial period (stage I) is predominantly
controlled by the vapor pressure deficit (vpd) between soil surface and the surface boundary layer. During
stage I (also referred to as constant rate period) the evaporation rate is relatively constant and mainly
equal to the evaporative loss from a free water surface. A decreasing water potential at the surface below
a critical threshold marks the onset of stage II where capillary flow through connected liquid pathways
ceases. Now, a secondary evaporation front migrates into the porous medium and an increasing dry sur-
face layer develops. During stage II, water evaporates within the soil matrix and the vapor transport
through the dry layer becomes the delimiting factor for the evaporation rate. The transition from stage I to
stage II is further attended by an increase of soil surface temperature due to the reduction of the evapora-
tive cooling effect [Monteith, 1981]. Experimental investigation of such shallow water depletion layers
requires non-invasive, high-resolution methods like Magnetic Resonance Imaging (MRI) and one-
dimensional, unilateral MR for field studies. Both have become versatile toolkits for environmental re-
search and soil science during the last decade [Bliimich et al., 2014; Nestle et al., 2002; Pohlmeier et al.,
2013; Sucre et al., 2011]. Moreover, besides the mere water content MR-relaxometry also provides in-

formation on the local dynamics of water in the porous system [Bliimich et al., 2014].
2. Experimental

Since the drying of a sand column during evaporation using different MR and MRI sequences, has al-
ready been presented in Chapter I, this Chapter focuses on unilateral MR measurements performed on an
evaporating natural soil(silt loam). The unilateral sensor (PM 25 NMR MOUSE, Magritek, New Zealand)
was operated by a KEA” (Magritek, New Zealand) spectrometer. To assess our measurements we numeri-
cally simulated soil moisture profile development using a coupled water, vapor and heat flow model
based on [Saito et al., 2006] .

3. Unilateral MR measurements on natural soil

The measurements were performed using the mobile unilateral MR sensor. An insulated (Armaflex) Per-
spex box ( 626 mm x 477 mm x 180 mm (L x W x H)) placed on a digital balance and mounted on a lift-
ing jack was equipped with two drainage pipes at the bottom (10 mm diameter) and connected to the

outside of the box (Figure 1b). 21.14 kg of ground quartz silt (Millisil W3, Quarzwerke Frechen, Germa-
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ny) were filled up to a height of 42 mm to cover the pipes. After the system was saturated with deionized
water a temperature logger was placed in the middle of the box (to record bottom temperature) and 46.2

kg of silt loam were added.

2800mm

Figure 19. Setup consisting of a mercury arc lamp to ensure a defined constant radiation, the soil box
filled with a silt loam and the unilateral NMR sensor mounted on a slide over the top of the soil surface
allowing horizontal and vertical adjustment. The soil box was placed on a balance, both adjustable by
means of a lifting jack.
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The silt loam was originated from one of our test sites (Selhausen, Germany) and consisted of 14% sand,
70% silt and 15% clay. In order to determine the relative evaporation the weight of a vessel (diameter 135
mm) with a free water surface was recorded simultaneously under identical ambient conditions. A mercu-
ry arc lamp was placed at 1440 mm above the soil surface achieving constant incoming shortwave and
longwave radiation of 20 W/m® and 470 W/m’, respectively (determined by a net radiometer NROI,
Hukseflux Thermal Sensors, Delft, The Netherlands). Further, we monitored the soil surface temperature
by means of an Optris® CT LT02 infrared sensor (Optris GmbH Berlin, Germany) placed 250 mm above
the soil surface (effective diameter 500 mm). The unilateral MR sensor was mounted on a slide over the
top of the soil surface, allowing vertical and horizontal adjustment (Figure 1b) to retain an identical posi-
tion for each measurement. The moisture content during drying was monitored by repetitive CPMG
measurements at 10 various depths, where each step was separated by 1.98 mm down to a maximum pen-

etration depth of 19.8 mm.

4. Results and discussion

The drying was monitored over a period of 71 days where the overall gravimetric water content of the box
decreased from 0.5 cm® cm™ to 0.19 cm® cm™. Figure 3 shows the relative evaporation rate over time
where around day 35 a drop in the relative evaporation rate from 0.8 to 0.2 marked the transition to stage
II evaporation, coincided with an increase of the surface temperature from 19°C to 23°C. The prediction
of the coupled model approach and the corresponding development of vertical soil moisture profiles for
the upper 20 mm are presented in Figures 4a and 4b. During stage I a strong heterogeneous moisture dis-
tribution could be found what was due to the packing of the box. The moisture content at the surface de-
creased rapidly in the beginning but nevertheless, the secondary evaporation front appeared around day
35 (Figure 4 green profile) what marked the onset of stage 1I. However, the moisture content of the top-
most layer decreased down to <0.03 cm® cm™ after 51 days. A comparison with the forward simulation
using the coupled water, vapor and heat flow model shows that principally the onset of stage II and the
subsequent receding of the secondary drying front are experimentally confirmed. However, the model
predicts a later onset of the transition and weaker moisture gradients. Reasons for this are probably the

neglecting of soil heterogeneity and the fact that soil physical parameters were determined independently.
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Figure 20. Relative evaporation over time averaged over 7 days. The soil surface temperature
(black straight line) and the temperature at the bottom (dashed line) are shown as an excerpt. The
red arrow marks the transition to stage II evaporation.
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por and heat flow model. b) Moisture profiles monitored by means of unilateral NMR for
5 time points. The arrows indicate the receding secondary drying front .
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5. Conclusion

The isothermal drying of a silt loam was investigated using a unilateral MR sensor. Two distinct stages of
drying could be identified which were directly linked to a change in the relative evaporation rate. By us-
ing the Unilateral MR sensor the drying process could be studied down to an effective moisture content of
0.03 cm® cm™. The higher gravimetric residual water content of 0.09 cm® cm™ for the Selhausen soil was
due to the larger amount of clay bound water. This water relaxed very rapidly and was therefore not de-
tectable with the current setup and parameters. Our findings compared to a coupled water, vapor and heat
flow approach where in good agreement with respect to the prediction of the onset of stage II evaporation.
For stage I the profiles show a larger deviation over time and became biased regarding a developing mois-
ture gradient in the upper layer. The constant deviation in moisture was due to the fact that the model
assumes a perfect homogenous medium. The natural soil exhibited a strong heterogeneity and fast drying
surface but, nevertheless, stage Il evaporation originated firstly around day 35. Compared to the numeri-
cally predicted profiles the heterogeneity of the soil led to deviations in moisture content and shape during
stage I. However, the onset of stage II (around day 35) as well as the depth of the secondary evaporation
front of 5Smm after 40 days is satisfactorily predicted by the coupled model. In summary, it was shown
that the unilateral MR is feasible to monitor moisture changes until the onset of stage II in the topmost

layer of a natural soil.
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Chapter 111

Drying of a natural soil under evaporative conditions: A comparison of different magnetic

resonance methods °

Abstract

Soils are highly complex and heterogeneous porous materials, and thus measuring water distribution non-
invasively with high accuracy and adequate spatial resolution still remains challenging. The first few cen-
timeters of a soil surface control the vapor flux to the atmosphere justifying the need for high spatial reso-
lution measurements of moisture content. The objective of this study is to compare and assess the feasibil-
ity of various high resolution MR methods in order to characterize an unsaturated porous system. We
employed: .i) a Spin-Echo (SE), ii) three types of Single Point Imaging (SPI) and iii) a unilateral three
magnet array in order to monitor 7; and 75, relaxation time spectra and the effective moisture saturation
(Oyr) of a silt loam under progressing desaturation with focus on an emerging unsaturated surface layer,
which is predicted by theory. During the first stage of drying where evaporation occurred at the soil sur-
face, all methods showed homogeneously distributed moisture. A decreasing @, and a shift in the 7 and
T’ opp relaxation time spectra to shorter values indicated the commencement of stage 2 evaporation coin-
cided with an increasing unsaturated layer. At low water contents, the most suitable method to determine
the extent of a desaturated surface zone with high accuracy was found to be Single Point Ramped Imag-
ing with 7; Enhancement (SPRITE). As a simple and low cost device the unilateral three magnet array

was feasible to monitor the drying process until the dry surface layer developed.

?Adapted from: Merz, S., A. Pohlmeier, B. J. Balcom, R. Enjilela, and H. Vereecken (2015), Drying of a
Natural Soil Under Evaporative Conditions: A Comparison of Different Magnetic Resonance Methods,
Appl Magn Reson, 47(2), 121-138.
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1. Introduction

Three main processes are associated with water in porous materials: a) absorption, the entry of water into
the material, b) migration, the movement of water within the material and c) desorption, the loss of water
to the surroundings [Hall and Hoff, 2011]. On bare soil surfaces desorption occurs by evaporation and is
one of the major components controlling the energy balance and fluxes between pedosphere and the at-
mosphere. Evaporation describes the process whereby a liquid, e.g. water, is converted from its liquid
phase to the vapor phase and removed from the evaporating surface, e.g. from free or open water surfaces
such as lakes and ponds, from wet vegetation surfaces or from bare soil surfaces. Since soils consist of
solid skeletal material and voids which are typically filled by air or a liquid, they are porous media where
drying processes are typically divided into two characteristic stages [Or et al., 2013; Scherer, 1990;
Schliinder, 2004]. During an initial stage often referred to as stage I (S1) or constant rate period, the evap-
orative demand is supplied by a constant liquid flow from the inside of the medium to the evaporating
surface where the phase transition to vapor occurs. Once the liquid continuity to the surface ceases, the
onset of stage II evaporation (S2) or falling rate period is marked. Now, the phase transition occurs inside
the soil causing an extending unsaturated subsurface layer. A detailed understanding of these processes on
the laboratory scale is crucial for the improvement of numerical models because these small scale pro-
cesses manifest themselves on large scales [Faure and Coussot, 2010; Or et al., 2013]. MR, MRI and
unilateral MR have proven their potential to monitor such processes in high resolution [Faure and
Coussot, 2010; Keita et al., 2013; Merz et al., 2014], but nevertheless there are still difficulties and limita-
tions encountered in soil-water MRI. Due to the inherent fast relaxation times in natural soils with higher
clay content and paramagnetic impurities, MRI images can be distorted or large fractions of water are
invisible [Amin et al., 1997; Haber-Pohlmeier et al., 2014; Hall et al., 1997, Stingaciu et al., 2009]. The-
se problems are exacerbated with decreasing moisture since relaxation times decrease, coinciding with a
decreasing signal to noise (SNR) ratio [Jaeger et al., 2009]. While a preceding work principally compared
the convenience of different MRI methods for fluid quantifications in rocks [Muir and Balcom, 2013], the
objective of this work is to compare the effectiveness of different MR methods and a unilateral three
magnet array in an unsaturated unconsolidated porous system in regard of: i) the general ability to quanti-
fy moisture ii) the reliability of measured relaxation times iii) the spatial distribution of moisture and re-
laxation times and iv) the adjustability of the measurement parameters. We thereby particularly focus on
the increasing dry surface layer during S2 evaporation as predicted by theory. For this purpose MR
measurements were performed in the laboratory using a column filled with silt loam as the sample. Evap-
oration in a climate chamber under constant ambient conditions occurred over 15 days with a measure-

ment focus on moisture saturation and 7; and 75 4, relaxation time spectra.
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2. MR/MRI Principles

Assuming a two phase model in the fast diffusion limit [Dunn et al., 2002], the 7, relaxation time is de-

scribed by

VT =UT) ™ 1/T, surface (3.3.1)

where T 4, is the bulk fluid relaxation rate and 7 g, the relaxation time of the fluid resulting from

pore surface relaxation.

In porous media the signal decay is caused by four types of independent relaxation processes [Kleinberg,

1999]:
I/T;:1/T2,app+1/T2, inhomogeneous (332)

where 1/T3 jnhomogeneous describes dephasing due to static inhomogeneities of the magnetic field. Station-
ary spins in an inhomogeneous magnetic field are exposed to different B, fields which gives rise to
dephasing as described by the second term of Equation 3.3.2. This effect can be compensated for by a
Hahn echo [Hahn, 1950] or a Carr-Purcell-Meiboom-Gill (CPMG) echo train [Meiboom and Gill, 1958]
which is the standard technique for measuring the apparent transverse relaxation time, 7,,, which is
described as:

VT5app= VT, ™V T2, surfacet VT, digfusion. (3.3.3)
1/T3 1 1s the relaxation rate in a uniform field for bulk solutions, usually in a range of 3 s for pure water.
The term “apparent” refers to the fact that the observable rate depends on the choice of the experimental
parameter 7z, which controls the third term on the right hand side of Equation 3.3.3 [Pomerantz et al.,

2008]. The second term on the right hand side of Equation 3.3.3 is due to surface relaxation:

1T, surface=P2(S/V) ore (3.3.4a)
This term provides the link between pore size and relaxation times by describing the surface relaxation
occurring at the fluid-solid interface, where p, is the 7; surface relaxivity parameter which varies with
mineralogy and describes the capacity of a solid surface to enhance relaxation. (S/V)pm,e is the ratio of
pore surface to fluid volume and can also be expressed as f/r, where r is the pore radius and f is a shape

factor for simple pore geometries (1 = planar, 2 = cylindrical, 3 = spherical).The signal loss due to diffu-

sion in magnetic field gradients in the short diffusion time regime is described by [Mitchell et al., 2010]:
VT, aision= DN12(yGtg)* (3.3.4b)
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where D is the molecular diffusion coefficient, G the magnetic field gradient strength and #; the inter-
echo spacing.

If an rf- field is turned on in the presence of B, all spins in the probed volume undergo a forced preces-
sion. To achieve a spatially encoded signal, additional magnetic field gradients are applied simultaneously
with, or after, the rf-pulses. One distinguishes between slice selective, frequency encoding and phase en-
coding gradients, which can be used in various combinations, in a pulse sequence [Bernstein et al., 2004;
Callaghan, 1993; Chang et al., 1999; Nishimura, 1996]. One category of methods to achieve spatial en-
coding is pure phase encoding Single Point Imaging (SPI) where three G, gradients are imposed dur-
ing or immediately after the rf excitation pulse and one or multiple data points are acquired at a fixed time

after excitation.
Spin Echo Single Point Imaging (SE-SPI) for Moisture Profiles and T, relaxation time spectrum

To achieve both spatially resolved T, and moisture content, a bulk measurement is performed with
spatial encoding added to the signal phase by a stepped gradient pulse between the 90° and the
first 180° refocusing pulse after 7z, /2 (Figure 22). Afterwards a regular CPMG echo train follows [Li et
al., 2009; Petrov et al., 2011]. The image signal intensity is given by

M(tr)=M(O,r) exp -{tg, o/T5 app} exp-{(ng-1) (/T2 app)} (3.3.5)

Where ¢ =tz + (ng — 1)tg. tg,represents the echo time of the first pulse interval. ¢ is the echo time of the
following echoes and #ny is the total number of echoes. The application of a Fourier transformation to the
raw data leads to a series of T}, -weighted profiles [Gallagher et al., 2008]. The data is then further

processed by applying an inverse Laplace yielding a spatially resolved 75, relaxation time spectrum.

90° 180° 180° 180° 180°

AL et
ET

Figure 22. T, mapping SE-SPI method. This method employs a 90° rf excitation
pulse followed by a gradient pulse G, and a series of 180° pulses.
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Free Induction Decay Single Point Imaging (FID-SPI) for Moisture Profiles

In contrast to Spin Echo measurements, profiles investigated with SPI methods are T 5 weighted. A basic
SPI measurement consists of an excitation pulse with a flip angle o typically smaller than 90° applied in
the presence of spatial encoding gradients where one data point is acquired at a time ¢, after the excitation
pulse. In the case of FID-SPI spatial encoding gradients are applied after an excitation pulse and multiple
time domain points are recorded after #, separated by a delay time 7 during the FID (Figure 23). The
measurement is repeated after a time 7z with an incremented strength of the magnetic field gradient puls-
es. All time domain points acquired are encompassed by the variable ¢, below. The image signal for a

certain region (¥) is given by [Marica et al., 2014]

M (1,,r)=M(0,)exp (-1,/T5) sina (3.3.6)

FID

rf-pulse

g

Figure 23. FID-SPI method. At time ¢#, after the rf excitation pulse of a = 90° and the
phase encoding gradient pulse Gy, the FID is recorded at a series of fixed times each
separated by a time z,.

Single Point Ramped Imaging with 7, Enhancement (SPRITE) for Imaging

A SPRITE method with centric scanning of k-space was employed for 1D and 2D moisture imaging. This
method is based on full spatial phase encoding and starts k-space sampling at the k-space origin (Figure

24). The image signal intensity is given by

M(t,,ry=M(0, ¥)exp {-t,/T} } sin o (3.3.7)
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With a bulk T; of 0.24 ms for the sample under study, assumed quasi constant, and a time after pulse #, of

0.125 ms the signal is directly proportional to the sample magnetization and thus moisture [Mastikhin and

Balcom, 2012; Muir and Balcom, 2012].

=t =i

—_ P ——
“\\‘ s

TR
o |||

Figure 24. Schematic description of the 1D centric scan DHK SPRITE method. A single data point is
acquired at time #, after the rf excitation pulse of angle a in the presence of a phase encoding magnetic
field gradient G.. The gradient is ramped through half of the k-space where the second half is acquired
after a delay of 57;. The time between each subsequent rf- pulse is TR.

Spin Echo (SE) MRI for moisture determination

Spin echo imaging is one of the fundamental methods in MRI (Figure 25). The echo after a time 27 (echo
time ¢z) is formed by a 90° excitation pulse and one or more refocusing 180° pulses applied after a time .
SE images are usually obtained by applying frequency and phase encoding gradients. By imposing a slice
encoding gradient, single slice or multislice acquisition can be performed to achieve a 2D representation
of the 3D sample under question. The image intensity can be described by [Bernstein et al., 2004;

Callaghan, 1993]

M(tg,r)=M(0,r) exp{-tE/TZ)app} (l-exp {-tx/T; }) (3.3.8)
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Figure 25. Basic pulse diagram of a Spin Echo (SE) method. The slice selective gradient applied (Ggice)
during the 90° rf-pulse dephases the magnetization along the direction of slice selection. An inverse slice
selective gradient pulse is applied afterwards to compensate this effect. After the 90° pulse a frequency (G,)
and phase encoding (Gy) gradient is applied. After time ¢z/2 a 180° rf- pulse is applied in the presence of
Ggice Which refocuses the spin phase spread where a signal (echo) is generated after time 7z (echo time) in
the presence of G,. The sequence is repeated after a delay time # (repetition time) where the strength of G4
is incrementally ramped in equal steps for each cycle (dotted lines).

3. Material and Methods
Porous Material

A cylindrical sample 60 mm in length and 38 mm in diameter was packed with a natural silt loam (15.5%
sand, 73.8% silt and 10.7% clay), a soil typically used in agriculture since it supports the growth of virtu-
ally all forms of crops. A bulk density of ps= 1.2 g cm™ and a total porosity of € = 0.55 by using the rela-
tionship & = 1- pg /Pgrain ASSUMING Pgrain = 2.65 g cm’ [Cameron and Buchan, 2005] was achieved and the
column was saturated from the bottom, which was sealed afterwards, yielding an initial volumetric water
content of @, = 0.9¢ [cm® cm”*] [Rogowski, 1971]. Thereafter evaporation could only occur at the column
surface. To eliminate the influence of radial radiation the sample was insulated using Armaflex. Between

the MR measurements the sample was held under isothermal conditions in an environmental chamber
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(Caron 6010) with a constant vapor pressure deficit of 1.1 kPa (temperature = 25°C; relative humidity =
65%). To determine the evaporation from a free water surface (pan or potential evaporation e;) a 70 mm x
70 mm x 150 mm container was evaporated together with the sample under question under identical con-

ditions. The weight of the system was recorded every 24 hours.

For standardization 5 glass tubes of 16 mm in diameter and 18.5 mm in height were packed separately
with the same silt loam material achieving an identical total porosity of € = 0.52. All samples were fully
saturated and evaporated until 5 different volumetric water content were achieved (0 [cm® ¢cm™] = 0.5,
0.31, 0.28, 0.14, 0.08). All samples were sealed in order to prevent further evaporation and thus moisture

variations.
Moisture profiles

Due to the proportionality between the extrapolated MR amplitude and moisture in the sample the mois-

ture saturation deduced from MR measurements can be expressed as the effective MR saturation:
Ovir=(Ourr-Ormr) | (1-6;, ip) (33.9)

with @, yz=M(0,r) / M(0,r) where M(0,r) and M(0,r), . ... are the signal amplitude at partial and

saturated’
initial saturation, respectively. ®, ,r reflects the relative MR signal at residual water content. This proce-
dure removes the impact of systematic inaccuracies with identical characteristic caused by rf-

inhomogeneities and local heterogeneities due to the soil packing.

4. MR Setup

MRI

Measurements were performed using a vertical bore MARAN DRX-HF imaging system (Oxford Instru-
ments) equipped with Techron gradient amplifiers (Type 7782, AETechron, Elkhart, IN, USA), water
cooled gradient coils and a custom-built rf-resonator with a resonance frequency of 8.5 MHz and an inner
diameter of 45 mm. Measurements were performed every day with a reproducible position by using a lab-

jack where the middle of the sample matched the isocenter of the probe.

Unilateral NMR
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Additional sensitivity measurements were carried out using a unilateral three magnet array. As Figure 26a
shows the original setup developed by [Marble et al., 2007] and even the modifications introduced by
[Garcia-Naranjo et al., 2010] only considered a horizontal orientation of the probe. Since various appli-
cations exist where the nature of the sample requires a vertical direction, the three magnet array was mod-
ified in order to enable a vertical or horizontal adjustment. Therefore, the magnet array was fixed to an
aluminum frame which can be rotated between horizontal and vertical orientation allowing measurements
of samples indefinite in length for both orientations (Figure 26b-d). The probe was encased in copper
plates sitting on a larger plate fixed by brass screws in order to i) ensure a precise and equal positioning in
the homogenous field of the magnet and ii) facilitate a fast and easy replacement of probes with certain
diameter. No change in the dead time (70 ps) of the rf-probe was found after the modifications. The sam-
ple was placed vertically in the solenoid probe of 42 mm inner diameter with a sensitive spot 24 x 15 x 10
mm’ displaced 20 mm from the magnet surface. The probe was centered at a frequency of 2.25 MHz and
connected to a LapNMR console (Tecmag, Houston, USA) with a 250 W rf amplifier (TOMCO, Stepney,
Australia) and a preamplifier (MITEQ, Hauppauge, USA).

b) 5] T 208'mn

sensitive spot

isocenter

Figure 26.Setup of the three magnet array (a) 3 magnet array with probes of different diameter as
originally developed by [32] . (b) Frontal view of the new 3 magnet array setup aligned for vertical
measurements with the array attached to an aluminum frame. The probe is encased by means of cop-
per plates placed on a larger plate in order to enable an accurate and easy positioning and removal.
(c) Top view of the setup. (d) Side view of the new setup aligned for horizontal measurements.
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Moisture Mapping

A T, of 0.24 ms (line width = 1.33 kHz) was determined by a simple 90° pulse FID measurement for the
sample under study. All MRI data was acquired in a 64 or 64 x 64 pixel primary data matrix for 1D or 2D,
respectively and a 128 mm field of view achieving a resolution of 2 mm / pixel. For SE-SPI, SPRITE and
FID-SPI, prior to Fourier transformation, the k-space data was smoothed by using a Hanning low pass
filter [Williams and Taylor, 1995]. Unilateral three magnet array profiles were acquired by fitting the
echo decay train of a CPMG measurement. After each measurement the sample was raised 10 mm to

achieve a moisture profile for the total sample length of 60 mm.

6. Results and Discussion
Evaporation during drying

The relative evaporation rate e/e, where e, is the pan evaporation under identical ambient conditions and
the effective saturation (&) over time are given in Figure 27. Immediately after saturation the relative
evaporation rate diminished from 0.92 to 0.8 and remained constant over a period of 9 days. Thereafter a
sharp drop to 0.2 marked the onset of the S2 evaporation regime continuously decreasing from 0.2 to 0.06

at day 15.
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Figure 27. Relative (e/e;) evaporation rate (filled black circles) and effective
saturation @ (cross) over time.
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Moisture Profiles

First, we  evaluated the  sensitivity of each  method wusing the relationship
Sensitivity = SNR / vmeasurement time [Ernst et al., 1987], where the signal was equal to the mean MR
signal intensity in a region of interest and the noise was taken as the standard deviation of the mean value
derived from a flat region within the MR saturation profile. The computed sensitivities were 30 for FID-
SPI and 34 for SPRITE. The highest sensitivity of 44 was obtained by the echo based SE-SPI method
because this method measures 7, whereas FID-SPI and SPRITE are T, weighted. This is not remark-
able because the sensitivity was calculated under saturated conditions where a Spin Echo (SE) method
can be feasible even for porous materials with short signal lifetimes if 7z < 7>.

Since our main focus was the S2 evaporation regime with an increasing desaturated surface layer, the
effective MR saturation (®),z) according to Equation 3.3.9 after 9, 11 and 15 days of drying are shown in
Figure 28 for SE-SPI (a), SPRITE (b) and FID-SPI (c) and after 9 and 11 days for the unilateral three
magnet array (d). S/ evaporation occurred for approximately 9 to 10 days where the moisture content was
homogenously distributed and the evaporation front located at the soil surface. Since the profiles were
acquired with £,< T > for SPRITE and t,=T. > for FID-SPL, differences in these profiles were caused by
differences in the £, and #z (SE-SPI) parameters of the imaging methods. Quasi-homogenous, similar
shaped, profiles with a mean @)z of 0.20 and 0.17 were found for SE-SPI and SPRITE, respectively,
whereas FID-SPI showed a mean @, of 0.14 and a more heterogeneous profile. The desaturated surface
zone extended to 8 mm after 11 days of drying (FID-SPI) and 14 mm (SE-SPI) whereas the results from
SPRITE measurements suggest a shallower extend of 6 mm. The corresponding mean @) at this point of
drying were 0.09 (SE-SPI), 0.06 (FID-SPI) and 0.1 (SPRITE). During the S2 evaporation regime a strong
moisture gradient developed attached to the secondary evaporation front inside the soil. As drying pro-
ceeded at day 15 the extent of the dry surface layer was 28 mm (SE-SPI), 25 mm (FID-SPI) and 18 mm
(SPRITE) with an corresponding mean @,z of 0.02 (FID-SPI), 0.04 (SPRITE), and 0.03 (SE-SPI), where
the latter two methods showed a linear decrease in moisture from the bottom of the column up to the tran-
sition to the desaturated surface layer. Due to the signal loss caused by i) the significantly short 7, popula-
tion at this stage of drying with low water content particularly in the topmost layer and ii) the period be-
tween excitation and signal detection (¢, and #g), the difference in the measured extent of the dry layer was
caused by the difference between the methods. The extent of the dry layer at day 15 monitored by FID-
SPI differed from SE-SPI by a factor of 1.1 and to SPRITE by a factor of 1.4, whereas a factor of 1.6 was
found between SPRITE and SE-SPI.

For the unilateral three magnet array a mean @ of 0.23 after 9 days of drying was found which de-

creased further to 0.08 after 11 days with an dry surface layer 10 mm in thickness.
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Due to the predominant short 7> population under progressing desaturation, and increased noise caused by
the open geometry of the sensor, no profiles could be monitored after day 11 with the three magnet array.
Since the size of the sensitive spot of 10 mm limited the vertical resolution of the array (see Figure 28d)
and therefore a sharp drying or wetting front appears to be blurred. A future possibility is to apply an ade-
quate inversion algorithm in order to overcome this issue. A certain volume of a sample with a sharp dry-
ing or wetting front could be placed at one end of the sensitive spot and will then be monitored by means
of a certain MR method until a signal is obtained. The procedure will then be repeated whereat the sample
is raised by a certain step size after each measurement. Processing the data by applying an adequate de-
convolution procedure, a finer resolution should be achievable.

In order to illustrate the advantage of SPRITE over a conventional SE method for probing porous media
we compared both imaging methods using samples of the same silt loam with different saturation (Figure
29). For the conventional SE method (a) an image could be achieved for the fully saturated sample only,
whereas the SPRITE method (b) showed a local signal which was proportional to @ over the whole range
of saturations. The main advantage of SE-SPI towards SE is the significantly shorter echo time of #z = 0.7
ms compared to ¢z = 4.14 ms. For visualization of the drying process with focus on a desaturated surface
zone we applied a 2D SPRITE method to obtain images of the moisture distribution within the soil col-
umn after certain times of drying (Figure 30) . By integrating the signal intensity of the 2D SPRITE im-
ages the corresponding moisture profiles clearly exhibit a decrease in moisture and the formation of a dry
layer inside the soil. The accuracy of each method can be best assessed by plotting the mean @) of the
entire column versus the average effective saturation @, determined gravimetrically for each observation
day (Figure 31). For the first four days no significant difference between SE-SPI, SPRITE and the three
magnet array can be observed and @ correlates well with the mean @)z However, in contrast to the other
methods FID-SPI systematically underestimates the moisture by a factor of 2 with progressing desatura-
tion that is also reflected in the @ profiles. Since this method is 7" ; weighted both, deviation and low
sensitivity of the method can be explained by the delay of #, = 0. 325 ms between excitation and the ac-
quisition of the first data point which is longer than the average T; of 0.24 ms. SE-SPI shows larger de-
viations with respect to @ under progressing desaturation which is also caused by the short T’ populations
leading to a MR signal loss during the #z period of 0.7 ms. @, investigated by means of SPRITE corre-
lates well with @ for all drying stages since it is a T’ 5 weighted pure phase encoding method with a suffi-
ciently short detection period of £, = 0.125 ms and therefore does not suffer from multiexponential 7

decay.
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Figure 31. Effective MR saturation (@) for the 2.2MHz three magnet array (o) and SE-SPI (A),
FID-SPI (<), SPRITE (0) monitored by means of the 8.5 MHz magnet plotted against the effective

saturation (®) determined gravimetrically.

T;and T;,,, relaxation times

Relaxation times of the entire sample were monitored without spatial encoding by means of IR (77) and
CPMG (T3,4,,) measurements (Figure 32) and with a vertical resolution of 2 mm by using SE-SPI (734,
(Figure 33). Figure 32a shows the 7 relaxation time spectrum where the logarithmic mean 7 shifted from
15 ms under saturated conditions to 0.8 ms after 15 days. Due to the progressing moisture depletion, wa-
ter became primarily associated with small pores, films and edges, reflected by a decreasing 7; spectrum
curve area coincided with shorter logarithmic mean 7 values. In contrast to 7}, 15, is a measure of the
spin-spin interaction. Figure 32b shows the T, relaxation time spectrum where, for the sake of simplici-
ty, the logarithmic mean 7, relaxation times for each method under saturated conditions and after 11

days is summarized in Table 4.
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Table 4. Logarithmic mean (Im) 73, relaxation times under saturated conditions (& = 1) and after 11
days (®=0.11) monitored by means of SE-SPI and CPMG using a 8. 5SMHz magnet and the 2.2
MHz unilateral three magnet array. The echo times are given as #.

Method vy (MHz) tg (ms) ImT; ,,, (start @=1) Im7, (day 11, @=0.11) (ms)
fast mode (ms) slow mode (ms)
SE-SPI 8.5 0.7 0.5 4.0 0.7
CPMG (whole sam- 8.5 0.25 0.3 4.0 0.6
ple)
Three magnet array 2.2 0.25 0.3 8.0 1.0

By comparing Figure 33a and b to the integral 7, values of the entire column monitored by means of
CMPG on the 8.5MHz system (Figure 32b) a bimodal behavior with an identical slow mode at a loga-
rithmic mean 75, of 4 ms was found although the fast mode shifted to a slightly higher value of 0.3 ms.
With progressing desaturation both, the logarithmic mean 73,,, and the area of the spectrum decreased
and after 9 days the shift in 75, coincided with a drop in the evaporation rate (Figure 27) down to an
average effective saturation of @ = 0.2, the critical saturation value, which marked the onset of S2 evapo-
ration. After 11 days the logarithmic mean T, monitored by CMPG shifted to 0.6 ms and coincided
with a further decreasing curve area in the relaxation time spectrum that reflects a progressing desatura-
tion. At day 15 where the effective saturation @ decreased to 0.05 the logarithmic mean 75, could be
found at 0.4 ms for CPMG measurements of the entire column.

Vertical T, profiles under saturated conditions and after 11 days monitored using SE-SPI with a spatial
resolution of 2 mm are shown in Figure 33a and b. Under saturated conditions (a) a bimodal trend with a
pronounced slow mode at 4 ms and a fast mode around 0.5 ms were observed. During 11 days of drying
(b) the logarithmic mean 73 ,,, decreased to 0.7 ms with the loss of bimodality because large pores were
desiccated first and water was then primarily associated either with small pores, pore walls of larger pores
or edges between pores (film water) [Mohnke, 2014]. At this stage of drying a secondary evaporation
could be monitored by SE-SPI located at a depth of = 12 mm because above this depth no signal could be
detected. By comparing the logarithmic mean 7, under saturated conditions and after 11 days moni-
tored by means of SE-SPI using a ¢z of 0.7 ms to a CPMG method with an #z of 0.25 ms a good agreement

could be found even if a 3 times longer ¢z was used for SE-SPI. Therefore, we conclude that diffusion in
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internal fields according to Equation 3.3.4b does not significantly contribute to the relaxation process.
Similar effects were described by [Kleinberg et al., 1993; Kleinberg, 1994]. They found no significant
diffusion effects on 7>, measured at 2 MHz resonance frequency using short ¢z, hence 7, is dominated by
surface relaxivity. Comparing the 75, relaxation time spectrum monitored using SE-SPI (Figure 33a and
b) and CPMG (Figure 32a) to the spectrum achieved by the unilateral three magnet array (Figure 33c and
d) a bimodal behavior under saturated conditions (c) was found with a logarithmic mean 7, at a slow
mode of 8 ms and a fast mode of 0.3 ms. After 11 days of drying (d) the secondary evaporation front was
located at a depth of 10 mm and the logarithmic mean 73, shifted to 1 ms showing no bimodality. Mois-
ture monitoring by means of the three magnet array could be performed only until day 11; thereafter no
signal was detectable due to a poor S/N ratio (Figure 33d insert). However, at this stage of desaturation
the secondary evaporation front was smeared out at a depth of 10 mm since the spatial resolution for the

three magnet array was much coarser (10 mm) compared to SE-SPI (2 mm).
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Figure 33. T, relaxation time spectrum of the silt loam column investigated at 8.5 MHz
by means of SE-SPI (a and b) with a #z of 0.7 ms and a CPMG method (#z = 0.25 ms) us-
ing a 2.2 MHz unilateral three magnet array (¢ and d). A representative decay curve for
each state of saturation at a depth of 30 mm is given as insert.
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Because no significant shift in the 75, relaxation time spectrum could be found when a larger ¢z was
applied on the 8.5 MHz system and an identical echo time of 7z = 0.25 ms was used for the three magnet
array and CPMG, the constant shift in the 73, relaxation time spectrum by a factor of 2 between the 8.5
MHz system (SE-SPI and CPMG) and the 2.2 MHz unilateral three magnet array was caused by the dif-
ferent Larmor frequencies and thus not due to diffusion in internal gradients. However, diffusion effects
in porous media are rather complex and still the subject of investigation [Mitchell et al., 2013; Washburn
et al., 2008]. By choosing an 8.5 MHz and a 2.2 MHz magnet as well as applying sufficiently short echo

times #z< 0.7 ms, CMPG detection doesn’t suffer from diffusion in internal magnetic field gradients.

7. Summary and Conclusions

The ability of different MR techniques to study moisture dynamics and relaxation time spectra during
drying of a natural porous medium was assessed on a 8.5 MHz MRI instrument and a 2.2 MHz unilateral
magnet. The conventional SE frequency encoding method suffered from fast 7, relaxation, especially
under desaturated conditions. It is therefore not reliable to investigate moisture changes in a natural soil
material with increased amounts of clay and silt but can, nevertheless be a feasible method for soils with a
significant sand content. The pure phase encoding SPI methods are immune to these phenomena since 7%
decay is probed rapidly after excitation and they were therefore shown to be feasible to follow the drying
process, and to determine the extent of a receding secondary evaporation front. Further, these methods do
not suffer from artifacts due to frequency encoding [Pusey et al., 1986]. Paramagnetic impurities and clay
content of the soil material as well as the period between excitation and detection determined a priori how
much signal was lost before image capture. It is advantageous for quantification that 75 is typically single
exponential in porous media whereas 75 is multiexponential By using SPRITE with #, = 0.125 ms which
is shorter than the 75 of the sample (0.24 ms) signal loss during the first encoding period played a minor
role and did not interfere with the detection of @,;. For FID-SPI ¢p was limited to 0.325 ms due to tech-
nical reasons that led to significant decay which is reflected in a lower apparent @) saturation and a bias
comparing @y to @. SPRITE did not suffer from the spin echo effects and is therefore the method of
choice for monitoring moisture changes in natural soils. Nevertheless, to determine a quick estimate on
water content distribution in a porous medium, FID-SPI can be used since it is a more sensitive image

measurement.
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Chapter IV

1 . . . . . . . . . 4
H-Magnetic resonance monitoring and numerical modeling of soil moisture during evaporation

Abstract

Evaporation from bare soil surfaces can be restrained to a large amount with the origin of a dry subsurface
layer what significantly impacts all processes coupled to the water cycle. Since water and water vapor are
depleted from single pores of the soil matrix, an accurate characterization of these processes is required to
predict the spatial variability of soil moisture at the field scale. In this study we employed different non-
invasive Magnetic Resonance (MR) methods to monitor the evaporative drying of a silt loam and a sandy
loam in high resolution at the lab scale with various soil profile depths. The MR data was used to evaluat-
ed a numerical simulated vertical moisture profiles using a coupled water, heat and vapor flow model
approach in comparison to the one dimensional Richards equation. From the basis of our results two dis-
tinct drying regimes for both soil types were found where at the onset of the second evaporation stage a
dry subsurface zone developed extending over time, independent of the soil profile extent. Our modeling
results clearly demonstrated the need to consider heat and vapor flow also at lab scale processes. We fur-
ther demonstrated the feasibility of simple and robust MR methods to investigate pore scale processes at
the lab which might easily be transferred to the field scale in order to monitor moisture variability of the

topmost soil layer in high resolution.

4Adapted from: Merz, S., B. J. Balcom, R. Enjilela, J. Vanderborght, Y. Rothfuss, H. Vereecken and A.
Pohlmeier, 'H-Magnetic resonance monitoring and numerical modeling of soil moisture during evapora-
tion, (submitted)
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1. Introduction

Evaporation and plant transpiration constitute two fundamental components in earth’s water cycle since
they deplete more than half of the precipitation. In this connection, evaporation from bare soil surfaces
consumes one quarter of the incoming solar radiation and therefore controls the vapor and energy fluxes
from the lithosphere to the atmosphere. Since soils typically consist of a solid phase and voids which are
filled by liquid or gaseous phases in different fractions they are natural porous media. The drying of soil
without a supplying water table usually proceeds in two distinct stages [Or et al., 2013; Scherer, 1990;
Schliinder, 2004]. During the first stage (S7), where evaporation is determined by the evaporativity of the
atmosphere (assuming a sufficient conductive soil), the evaporation rate (e) is relatively constant (often
referred to as the constant rate period or energy-limiting rate) and close to the rate from a free water sur-
face (e,q,) under identical ambient conditions. The majority of the evaporative demand is supplied by the
hydraulically connected capillary water flow from within the porous media to the surface, where the tran-
sition to vapor occurs. The process at this stage is controlled and determined by external conditions such
as vapor pressure deficit [Neriah et al., 2014] and wind velocity [Shahraeeni et al., 2012]. During S/ the
desaturation of the soil surface progresses coincided with an increasing matric suction head what, in turn,
will cause moisture from wetter layers below to be drawn upward. During this stage the evaporation rate
remains, nevertheless, constant. When the surface becomes fully desiccated moisture evaporates below
the surface forming a secondary evaporation front where water vapor transport occurs due to a latent heat
flux through an increasing dry layer towards the soil surface atmospheric boundary layer. At this second
stage of drying (S2), the evaporability of soil moisture (the ability of the soil to yield moisture) becomes
the limiting factor for evaporation. Hence, the increasing dry surface layer during S2 leads to increasing
diffusion path lengths and the evaporation rate drops significantly.

Various approaches to describe and predict the onset of S2, the extent of the dry surface layer and the
evaporation rate during S2 can be found in literature (e.g., Feyen et al. [1998); Keulen and Hillel [1974];
Laurindo and Prat [1998]; Lehmann et al. [2008]; Qiu and Ben-Asher [2010]; Yiotis et al. [2007]). One
fundamental key concept has been introduced by Philip and De Vries [1957] in 1957. Nevertheless, pre-
dicting drying rates and moisture development in soils still remains challenging particularly under S2
conditions [7ran et al., 2015]. To simulate vertical soil moisture profiles the one dimensional Richards
equation is commonly used which only considers liquid water flow and the hydraulic functions are com-
monly given by the Brooks and Corey [Brooks and Corey, 1964] or Mualem van-Genuchten [Mualem,
1976; van Genuchten, 1980] parameterization. The one dimensional Richards’ approximation considers:
i) isothermal water flow and ii) uses an unsaturated hydraulic conductivity based on the capillary bundle

model. Various studies reveal that in unsaturated soils mass and energy between liquid and vapor are
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frequently exchanged in the topmost layer [Jassal et al., 2003; Zeng, 2013] what lead to a distinct dry
layer below the surface of a bare soil where the profile below this layer remains much wetter. Therefore,
to compute vertical moisture profiles caused by evaporation the water flow needs to be coupled to the
vapor and heat fluxes since the Richards’ approach uses a fixed pressure head at the soil surface and only
considers liquid water flow. Therefore, this model cannot accurately reproduce the dynamics controlling
S2 evaporation and therefore overestimates the amount of water in the top layer [Liu et al., 2005; Novak,
2010; Sakai et al., 2009; Teng et al., 2016].

In this regard, Saito et al. [2006] demonstrated numerically that under S2 conditions evaporation is
strongly associated with vapor and heat transport. They evaluated the model using large scale field soil
temperature and water content data. Since evaporation is a highly nonlinear process where under pro-
gressing desaturation processes inside the soil control to a large extend not only the dynamics of evapora-
tion but determine a priori how much water is lost to the atmosphere pore scale processes are the driving
factors which manifest themselves on large scales. Further, several methods like remote sensing exist
[Robinson et al., 2008] using soil surface temperature to determine soil moisture [Qiu and Ben-Asher,
2010] what can led to substantial deviations if vapor transport in the subsurface layer is neglected.

Several studies on evaporation from bare soils have been conducted for the lysimeter and mesoscale
[Assouline et al., 2013; Bittelli et al., 2008; Jassal et al., 2003; Liu et al., 2005; Moghadas et al., 2013;
2014; Vanderborght et al., 2010; Wythers et al., 1999], nevertheless non-invasive laboratory or pore scale
measurements of near surface moisture still remain rare (e.g. Shokri et al. [2008], Han and Zhou [2013]).
One study related to S2 evaporation on a lab scale quasi-non-invasive has been conducted by [Rothfuss et
al., 2015] using stable isotopes measurements. They observed the origin and development of a dry surface
layer using a column (60 cm in length, 11 ¢cm in inner diameter) filled with sand. Merz et al. [2014] uti-
lized the same type of sand to monitor the drying process on a smaller column (13 c¢cm in length, 8 cm in
inner diameter) by means of different Magnetic Resonance (MR) methods. They took a step further by
employing a unilateral MR instrument on a laboratory lysimeter consisting of a silt loam [Merz et al.,
2015a] to monitor the near surface moisture content.

Since the MR technique was first used for the determination of soil moisture by Andreev and Martens
[1960] the technique and associated methods have been undergone a constantly improvement during the
course of the years and MR has become a versatile toolkit in the field of environmental science [Nestle et
al., 2007] and particularly for porous media research [Koptyug, 2012]. This is driven by the fact that MR
is advantageous over other methods used for monitoring moisture since it is non-invasive and provides
information on the environment of the water, the mere water content and can further provide insights on
the diffusion pathways of water molecules in a probed volume [Korb, 2011; Watson and Chang, 1997].

Since the concept of single sided or unilateral MR has become more manageable [Casanova, 2011] since
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its introduction in 1978 by the oil industry [Kleinberg and Jackson, 2001] direct field application has
become possible.

The most prominent MR methods for field scale applications are surface (SNMR) - or earth field (ENMR)
MR and bore hole MR where the latter is mostly used besides research intentions [Miiller-Petke and
Yaramanci, 2015]. This method is frequently applied in the petrol sector and requires bore holes to be
drilled in order to insert the MR apparatus (MR logging tools [Coates et al., 1999]) what lead to a sub-
stantial compaction of the soil in the vicinity of the instrument disabling this method for studying soil
surfaces processes. SNMR, basically developed for groundwater investigations [Legtchenko, 2013] uses
the earth magnetic field and requires large coils and mostly suffers from a low signal to noise (SNR) ratio.
This aspect, in combination with the large investigated volume makes SNMR not well suited for monitor-
ing pore scale processes.

Since sensor technologies are rapidly growing the focus constantly shifts from laboratory to field scale
measurements [Wang, 2015] and as recently shown by Rezaei et al. [2016] and Vereecken et al. [2016]
the link between in-situ characterization of soils in the laboratory to field scale investigations is of major
relevance to understand vadose zone processes directly linked to modeling soil processes. Therefore, the
objective of this study was to monitor the moisture development of silt and sandy loam columns exposed
to evaporation on the lab scale using non-invasive and robust MR methods in high spatial resolution with
the potential to be applied for MR field measurements in combination with an appropriate MR apparatus
(e.g. the NMR MOUSE). Further we used our data to validate a coupled water, heat and vapor flow model
and demonstrated that even on the lab scale drying of soils and particularly the formation of a dry surface
layer acting as evaporative restraint cannot sufficiently be represented by liquid water flow only as it is

the case for models based solely on the classical Richards approach.
2. Theory
T;,4pp Relaxation Time Distributions by means of CPMG and SE-SPI

Spin-spin (7) relaxation times measurements are powerful and most common techniques in order to ob-
tain information about the local environment of water molecules confined in a porous material [Jaeger et
al., 2009]. T, values are mainly influenced by pore size, paramagnetic impurities, characteristic detection
parameters (e.g. the echo time) and other variables [Barrie, 2000]. The four main relaxation processes

involved in the signal decay of water in porous materials are given by

I/T;: ,DZ(S/V)+ ]/T2,bulk + ]/TZ,dtffusion+ I/TZ, inhomogeneous (34 1)
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where p, is the 7, surface relaxivity parameter, S/V is the ratio of fluid volume to pore surface, 1/75 . 1S
the relaxation rate of the bulk solution, 1/7% ggusion describes the signal loss due to diffusion in magnetic
field gradients and 1/75 iusomogencous describes the dephasing due to static inhomogeneities of the magnetic
field. The bulk relaxation rate of pure water is usually in the range of 3 s and the term /7, therefore
negligible for most porous media. Since the observable decay depends on the choice of experimental pa-
rameters which control /T ggusion, both, surface relaxivity p,(S/V) and diffusion /T, 4gusion are summa-
rized by T, ., [Pomerantz et al., 2008]. The Carr-Purcell-Meiboom-Gill (CPMG) sequence is a standard
method to measure the decay of transverse magnetization. Typically a CPMG experiment uses a 90° pulse

followed by a series of 180° pulses generating n spin echoes, each separated by #z. The signal is described

by
S(t, r) = S(0,r) exp-{t /T 4} (3.4.2)
where S(0,r) is the initial signal amplitude, = ng*tg, ng is the number of echoes and tg is the echo time.

Spin Echo Single Point Imaging (SE-SPI) 7, mapping can provide spatially resolved monitoring of pore
size distributions. After a 90° pulse, a stepped gradient pulse is applied which varies in strength for each
repetition. Thereafter, a series of n 180° pulses creates n echoes after time n*fz. The signal intensity after

time ¢ is given by
S(t,0)= S0,5) exp {150/ Ty} xp-{(n-1) (15/ T )} (343)

where t =tz + (ng-1)tz. The echo time of the first pulse interval and the subsequent intervals are repre-
sented by ¢y and ¢z respectively. If a Fourier transformation is applied to the raw data followed by an
inverse Laplace transformation a 7>, distribution for each pixel in the region of interest can be obtained.
Detailed information on CPMG and SE-SPI can be found in Mcintosh [2013] and Petrov et al. [2011],

respectively.
Determination of Soil Moisture using 1D - Centric Scan SPRITE

A 1D — Centric Scan SPRITE method with centric scanning of k-space was employed for moisture moni-
toring. This method is based on a fully spatial phase encoding and starts k-space sampling at the k-space
origin. The signal intensity is given by

S(t, )=S0, ¥)exp {-t/T5 } sin a (3.4.4)
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With az, < T the signal is directly proportional to the moisture content in the sample. For a detailed de-
scription of the SPRITE method please see Mastikhin and Balcom [2012], Muir and Balcom [2012] and
Bernstein et al. [2004], respectively.

The characteristic parameters of all MR methods described above are summarized in Table 6.
T, relaxation time distributions by means of Inversion Recovery (IR)

Inversion Recovery (IR) is one of most commonly used method to measure the longitudinal relaxation
time constant 7;. This method is a conventional spin echo method utilizing a preceding 180° pulse. The

signal is given by
S, r)=S0r) I- exp-{t /T;} (3.4.5)
where T; is the longitudinal relaxation time constant.

2.1 Modeling Moisture Development

Richards equation

In order to describe water movement in the vadose zone the Richards equation [Richards, 1931] is tradi-

tionally used

»_2 [K(h) (% +1)] _S(h) (3.4.6)
ot oz 0z

where 6 is the volumetric water content (moisture), / the pressure head, K the hydraulic conductivity, ¢
the time, S a sink term and z is the vertical coordinate. To solve the Richards equation the initial and
boundary conditions, the hydraulic conductivity function K(%) and the moisture retention characteristic
6(h) need to be defined given by the Mualem-van Genuchten parameterization where the effective water

saturation @ given by,
_0-0,
0,-0,

where 6, and 0, are the initial and residual saturations, respectively. The van Genuchten parameterization

e

(3.4.7)

can then be written as:
O, — 0,
[1+[ah]n]l-1/n

where a and n are scaling parameters with 1/a as the air entry value and 1/n as a measure for pore size

oh)= 6,+ (3.4.8)

distribution. 6, 6,, a and n are determined from a set of measurement points of soil moisture and the cor-
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responding hydraulic head by minimizing the deviation between @(/) form Equation 3.4.7 and the meas-
urements. Frequently, the Mualem-van Genuchten [Mualem, 1976; van Genuchten, 1980] approach is

used to determine the relative Ky, (h):

(1-(ah)”’1(1+(ah)”)1'(1/"))2

Kip(h)= (1t () Y772

(3.4.9)

Coupled Water, Vapor and Heat Flow Model

Liquid Water and Vapor Flow

For the purpose of this work the simultaneous movement of water, vapor and heat as described by Saito et
al. [2006] and [Bittelli et al., 2008] was applied, where the liquid water and vapor transport is governed
by

®.2 Kiy o +KLh+KLTa_T+th & +era—T] -S= 2 [KTh o KKy 8_7‘] -5 (3.4.10)
ot 0z oz oz oz 0z oz oz 0z
with
Krp=KiptK, (3.4.11)
KTT:KLT+KVT (34 12)

where Ky, is the isothermal total (liquid water + vapor) hydraulic conductivity and K7 is the thermal total
(liquid water + vapor) hydraulic conductivity. The thermal conductivity describes the transport of energy
due to a temperature gradient through a body of mass, whereas the isothermal vapor and liquid conductiv-
ities are unaffected by temperature gradients since they are driven by the gradient in soil water pressure.
The term K is the hydraulic conductivity in general where the first character of the subscript refers to ei-
ther liquid (L) or vapor (v) and the second character specifies the gradient in pressure head (%) or in tem-
perature (7). S is a sink term which usually accounts for root water uptake which could be neglected since
only bare soils were considered and z is the spatial coordinate positive upwards. The isothermal unsatu-
rated hydraulic conductivity K, (%) is calculated by using the Mualem-van Genuchten approach accord-
ing to Equation 3.4.9. The thermal hydraulic conductivity, K; r is defined as

Kir=Kvy (thTi%> (3.4.13)

B,dT,

where Gy is a gain factor which describes the temperature dependence of the soil water retention curve
[Nimmo and Miller, 1986]. B, is the surface tension of water at 25°C and f8 the surface tension [J cm™] at a
certain temperature [T in K] , described by f = 75.6-0.1425(T-273.15) -2.38x10™* (1-273.15) * [g57]. Ky

the isothermal vapor hydraulic conductivity and K,z the thermal vapor hydraulic conductivity are given as
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D, Mg
Ky=—p — (3.4.14)
vh Vs RMT r

D, dp.
Kyp=— nH, ZV;‘ (3.4.15)

"
where D, is the vapor diffusivity in soil [m® s™], p, is the density of water (liquid) [kg m™], py, is the satu-
rated water vapor density [kg m™], M is the molecular weight of water [=0.018015 kg mol'], g is the
acceleration due to gravity [= 9.81 m s™], R is the universal gas constant [= 8.341 J mol™ K'], Hr is the
relative humidity [-] and 7 is an enhancement facto [Cass et al., 1984]. The vapor diffusivity in soil can
be derived as D, = 7, a,D, where 1, is the pore connectivity factor for the gaseous phase, a, is the air
filled porosity [em’® cm™] and D, , the diffusivity of water vapor in air [m® s™] at temperature T [K] is

given by D, =2.12x10” (T/ 273.15)*. Detailed empirical derivations are given in Sakai et al. [2009]

Heat Transport
The heat transport is governed by [De Vries, 1958]:

oCpT 00, [ 0 0q,T oq,T aq.,
+L,p — = M6)— -C, —— -C, =~ -L,p — 3.4.16
o tLwp, 3 (0% W o « WP o ( )
L ) L ) L )
energy content latent heat of  soil heat flow by convection of sensible  transfer of sensible transfer of latent
vapor phase conduction heat with water flow  heat by vapor diffusion  heat by vapor diffusion

where L, is the latent heat of the vaporization of water [J kg ']given as 2.501 x 10° — 2369.27 [T in K]

according to Monteith and Unsworth [1990]. The volumetric heat capacity Cp of the soil is given by:
Cp=C,6,+C,,6,,+C,0, (3.4.17)

where C, counts for the volumetric heat capacities of the solid [1.92 MJ m™ K], C,, counts for the volu-
metric heat capacities of the liquid [4.18 MJ m™ K™'] and C, for the volumetric heat capacities of the air
[0.0063 MI m™ K™'], where all phases are multiplied by their respective volumetric fraction [cm® cm™],

where 6, 6, and 6, are the volumetric fractions of the solid, water and air phases, respectively.

M(6),) is the thermal conductivity of the soil [M L T K ']given as:
A(0,)=b,+b,0,+b;6° (3.4.18)
where b,,b, and b5 are constants which vary with soil composition (b values of different soil types can be

found in Chung and Horton [1987]).
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A detailed explanation on the coupled heat, vapor and liquid water transport model can be found in
Bittelli et al. [2008]; Saito et al. [2006] , Simunek et al. [2008] and Sakai et al. [2009].

As boundary conditions we defined air temperature (25° C) and air humidity (65 %). The incoming long
wave radiation was calculated from the emissivity of the soil surface (which was 0.9) and the emitted
radiation of a black body with temperature of 25 °C, representing the radiation of the walls inside the
chamber. The outgoing long wave radiation was calculated from emissivity and simulated temperature of
the soil surface. The wind speed which is used to calculate the aerodynamic resistance for latent and sen-
sible heat transfer between the soil surface and the atmosphere was adjusted such that the evaporation rate
of a wet surface was equal to the average evaporation rate of S/for each sample.

To derive the @ profiles as a function of depth using the one dimensional Richards approach we assumed

that evaporation takes place under isothermal conditions and water flow is only driven by a gradient in /.

3. Material and Methods

Soil Samples and Hydraulic Properties

Two cylindrical acrylic columns 60 mm in length and 38 mm in diameter were packed with: 1) a silt loam
and ii) a sandy loam. Additionally a cylindrical glass column 500 mm in length and 33 mm in diameter
was packed with the identical sandy loam. All soil samples originated from the test sites (45°55' 04.2"
North, 66° 36' 29.4" West) of the Potato Research Center in Fredericton (NB, Canada) and were sieved to
< 2mm and oven dried at 105° C. The soil hydraulic properties where determined by means of the
HYPROP-Laboratory evaporation method (UMS GmbH Munich, Germany) [Peters and Durner, 2008;
Schindler et al., 2010a]. The water retention function and characteristic parameters of the different soils
and samples are shown in Figure 34 and summarized in Table 5, respectively. Each column was initially
saturated from the bottom which was sealed after saturation thus evaporation could only occur at the col-
umn surface. In order to eliminate radial radiation all samples were insulated (Armaflex). The samples
were held in a climate chamber (Caron 6010) under a constant temperature of 25° C and a relative humid-
ity of 65% between the MR measurements. Additionally, a container of 70 x 70 x 150 mm filled with

pure water and a constant water table was evaporated under identical ambient conditions to determine e,.
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| Sandy loam
(78.3% sand, 17.9% silt, 3.8% clay)

pF [log cm hydrostatic pressure head]

Silt loam
(15.5% sand, 73.8% silt. 10.7% clay)
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Figure 34. Measured (cross) water retention curves of the sandy loam (black) and the silt loam
(blue) using the HYPROP evaporation method and fitted (line) based on van Genuchten [1980].

Table 5. Soil composition , Van-Genuchten-Mualem parameters, bulk density (pz) and porosity (&) for

the silt loam and the sandy loam.

Soil ps (short ps (long & (short £ (long n o 0, K 1 Sand Silt Clay
sample) [¢ sample) [g sample)  sample) [- (%] [%] [%]
em] em] 0 ] (1 fem’] [ femd"]  []

Sandy 1.6 1.6 0.35 0.39 1.3 0.05 0.03 100 05 783 17.9 3.8
Loam
Silt 12 - 0.5 1.2 0.03 0.09 50 05 155 73.8 10.7
Loam
MR Setup

A vertical bore MARAN DRX-HF imaging system (Oxford Instruments Ltd., Oxford, UK) equipped with

1 kW Techron gradient amplifiers (Type 7782, AETechron, Elkhart, IN, USA), water cooled gradient

coils and a custom-built rf-resonator with a resonance frequency of 8.5 MHz and an inner diameter of 45

mm was employed to monitor the short samples. The specimens where placed vertically inside the probe
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by means of a lab jack in order to reproduce an identical position for each measurement. Measurements
of the long sandy loam column were performed using a vertical bore MARAN DRX spectrometer (Ox-
ford Instruments Ltd., Oxford, UK) equipped with a 25 W amplifier and an rf- probe with an inner diame-
ter of 51 mm operating at 2.2 MHz resonance frequency. The vertical resolution limit of the probe was
restricted to 50 mm and the long sample was therefore measured in 10 steps to acquire the overall length
of 500 mm by using a lab jack which was raised exactly 50 mm after each measurement. The characteris-

tic parameters for each measurement are given in Table 6.

Table 6. Acquisition parameters of the Carr—Purcell-Meiboom—Gill (CPMG), spin echo single point
imaging (SE-SPI), and single-point ramped imaging with T1 enhancement (SPRITE) MR methods.

Short sample Long sample
Acquisition Parameter CPMG SE-SPI SPRITE | CPMG SE-SPI  SPRITE
Flip angle (a) [°] 90 90 2.6 90 90 33
Repetition time () [ms] 1000 600 200 1000 500 600
Encoding time (#,) [ms] - - 0.125 - - 0.125
First echo time (¢z,) [ms] 0.25 0.72 - 0.25 0.72 -
Subsequent echo time (¢z) [ms] 0.25 0.7 - 0.25 0.7 -
Number of Echoes (NE) 1024 512 - 1024 512 -
Number of scans 128 128 128 128 4 500
Measurement time [min] 3 30 0.7 3 4 3

Moisture Profiles, T5,,, and T, distributions

The raw MR SPRITE data was processed as follows to achieve the moisture profiles for each column as a
function of time: The local image intensity was calibrated using an external reference placed above the
sample consisting of 60% (w/w) D,O and 40% (w/w) H,O resulting in a simulated moisture content of
0.4. A nominal resolution of 2mm/pixel was set by a field of view (FOV) of 128mm for the 64 pixel pri-
mary data. Since the SPRITE measurements for the long column were performed with NS=500 the data

was interpolated by means of a spline function as embedded in the R statistical computing environment
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(R Development Core Team, 2016). The SE-SPI data was fitted and the final distribution images were
generated using a home built data processing routine employed in the MATLAB (Math-Works, Natick,
MA) environment, to achieve spatially resolved 75 ,,, distributions. CPMG measurements were processed
using an Inverse Laplace algorithm as implemented in the WinDXP (Resonance Instruments Ltd, UK)
package and the Winfit (Bruker, Germany) software to obtain bulk 73, distributions. The 7, data was

processed in an identical fashion as the 73, data .
Effective Saturation and Relative Evaporation Rate

The effective saturation (@) and the relative evaporation rate (e/ey) for the short silt and sandy loam col-
umns as well as the long sandy loam column were determined gravimetrically every 24 h. ® was calcu-

lated according to Equation 3.4.7 with 6; = 0.9¢ [Rogowski, 1971] ande=1-p,/p

erain > where Py is the

bulk density and p the particle density, is assumed to be 2.65 g cm™ [Cameron and Buchan, 2005].

grain
Since the pan evaporation rate (e;) was found to be constant at 3.9 mm d”' the relative evaporation (e/e,)

was calculated from the daily evaporation of each sample.
Statistical analysis

The coupled model simulated evaporation rates, the 1D moisture profiles and the Richards equation 1D
moisture profiles of the 60mm silt and sandy loam columns and the 500 mm sand column were compared
to the measured evaporation rates and the NMR determined moisture profiles. The performance of both
models was evaluated using the coefficient of determination (7?), the root-mean-square errors (RMSE)

and the coefficient of efficiency (£;) according to Nash and Sutcliffe [1970] with logarithmic values:

,2:/ Y1 (0;-0)(P:-P) \2
J Yo, (P-P)’ XL, (0,-0)

"(0,-P)
RMSE= [~ (3.4.20)
n

Yi=i(In O-In P))*
p—
2 (In 0-0)

(3.4.19)

Ep=1- (3.4.21)
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where O and P are the measured and predicted data at time or position i, respectively and O is the mean
value of the measured data. Using the logarithmic values of O and P for calculating the coefficient of
efficiency E,reduces the oversensitivity to extreme values caused by the mean square error in E [Krause
et al., 2005; Legates and McCabe, 1999], where the range of E, lies between 1 and -co. Higher values of
Eyindicate a better agreement, e.g. £, = 1for a perfect fit, £,= 0 indicates that O (the observed mean) and
the model are equally good and E;< 0 (the mean square error exceeds the variance) indicates that O is a

better predictor than the model.

4. Results and Discussion

Evolution of the measured © and e/e,

O (green cross) and e/e, (blue circle) as a function of time are shown in Figure 35 and Figure 36 for the
60 mm sandy loam and silt loam columns, respectively. Instantly after saturation the relative evaporation
rate of both soils dropped below the initial value of 1 what is because evaporation from wet soil surfaces
not necessarily equals the rate from a free water surface since it is influenced by e.g. the surface rough-
ness, the thermal conductivity, the surface reflectivity (albedo) and the emissivity of a soil. The relative
evaporation e / e, of the sandy loam stayed declined below 1 during SI and S2 was marked by a sharp
decline in e / ey down to 0.2 approaching 0.05 at day 11. The effective evaporation rate of the silt loam
declined down to 0.7 over the first 3 days followed by a constant rate during S/ until day 10 marked the
onset of S2 coincided by a decline in e/e, down to 0.2 at day 11. Thereafter e/e, slowly decreased down to
0.1 until the end of the experiment at day 15. Since both soil columns where evaporated under identical

ambient conditions the difference in the
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Results — Chapter IV

drying behavior during S/ was driven by the differences in surface roughness of both soil types since the
sandy loam exhibited an evaporation rate enhanced by approximately a factor of 1.3 compared to the silt
loam. Since S2 is also termed “soil controlled stage” parameters such as the pore size distribution (1) and
the unsaturated hydraulic conductivity K (%) are controlling to a large extend the moisture depletion of the
soil. Therefore, the stronger decline in e/e, together with the final approached rate of 0.05 at an early
point of S2 for the sandy loam where this final rate is significantly smaller by a factor of 4 compared to
the silt loam at S2 were caused by mainly the individual soil properties (see Table 5). The effective satu-
ration @ of both soils declined linear during S/, where the duration of this first drying stage was found to
be about as twice as long for the silt loam (9 days) compared to the sandy loam (= 5 days). At the onset of
S2 the decline of O slowed down since the evaporative demand of the atmosphere (the condition inside
the climate chamber) could not be sustained by the liquid flow to the soil surface and the liquid continuity
ceased. The transition from the S/ to S2 evaporation regime occurred at a @ of 0.09 and 0.13 for the
sandy and the silt loam, respectively accompanied with a considerable decline in e/e, for both soil types
compared to their S/ rates. The @ (green cross) and e/e, (blue circle) for the 500 mm sandy loam column
as a function of time are shown in Figure 37. Due to the temporarily fluctuations in e/e, we determined a
7 day average with a mean of 0.75 for e/e, and a standard deviation of 0.14 for the S/ period which lasted
for 75 days. From this point e/e, constantly declined approaching 0.2 at day 93. Comparing the develop-
ment of e/e, from both sandy loam columns (60 mm and 500 mm) a similar rate for S7 can be found what
indicates that the effective S evaporation rate is not a function of column depth. The effective saturation
of the 500 mm sandy loam column @ declined linearly during the S/ period. With the onset of S2 @ de-
creased indicating a less sufficient water depletion caused by an increasing dry surface layer. The effec-
tive saturation declined down to 0.06 at day 93. For the 500 mm column and both 60 mm columns a line-
ar decline in © was found down to the critical moisture content. Thereafter the slope of the effective satu-
ration curve declined, marking the onset of the S2 evaporation regime. For all samples the decline of @

was correlated to the drop in the effective evaporation rate.

Comparison of the measured to the simulated coupled model rates e/e,

The simulated evaporation rates were achieved by adjusting the wind speed such that the evaporation rate
of a wet surface equaled the average S/ evaporation rate for each sample. The simulated relative evapora-
tion rates of the 60 mm sandy and silt loam columns are shown in Figure 35 and Figure 36, respectively
(orange line). Comparing the simulated to the measured e/e, indicates that the model under predicted the
relative evaporation rate of the silt loam during the first 2 days where for the sandy loam the model over
predicated the rate only for day one. During S/ the simulated e/e, rates were well predicted for both soil

types. The prediction of the duration of S/ which in turn correlates with the onset of S2 was only biased
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by approximately 0.5 days for both 60 mm columns compared to the measurements. Obviously, the
measured data point right after the onset of S2 is biased most for both soils compared to the prediction of
the model. For the silt loam the model under predicts the relative evaporation rate at this point of time
whereas it over predicts the rate for the sandy loam. Thereafter the measured rates were in good agree-
ment with the simulations. Considering the statistical analysis as given in Table 7 for e/e, the overall evo-
lution of the simulated evaporation rates of the 60 mm sand and silt loam columns agreed well with the
measured data. The slightly biased data right after the onset of S2 might be due to the measurement inter-
val of 24 h™' what indicates that the S2 transition needs to be monitored in high temporal resolution to
achieve a significant set of evaporation data. The simulated rates for the 500 mm sandy loam column are
given in Figure 37 (orange line). Comparing the 7 day average of e/e, = 0.75 for the measured relative
evaporation rates during S/ to the simulated rates during the first evaporation stage, a good agreement can
be found. The duration of S/, what is equal to the onset of S2 is predicted around day 72 by the model
whereas the measured data shows a decline in e/e, first on day 75 what is a deviation of 3 days, or consid-
ering the overall duration of the experiment, an error of 3%. Nevertheless, considering the relatively small
sizes of the columns (compared to lysimeters or field scale measurements) the results of the statistical
analysis as given in Table 7 shows a reliable agreement between the measurement data and the coupled
model simulates evaporation rates also for the 500 mm sandy loam column. Evaporation measurements
performed on soil columns in the laboratory are always biased over field scale measurements since they
can be prone to short circuit flow through macropores or preferential flow occurring along the column
wall. However, evaporation data taken from lab measurements of different soil types and of various col-
umn length scales can be reproduced using a coupled water, heat and vapor flow model approach where
reliable results can be obtained even if the measured data is fluctuating and/or of coarse temporal resolu-
tion. Since based on our statistical analysis the measured evaporation rates are in good agreement with the
coupled model predicted rates we used this setup to simulate the moisture profiles for the 60 mm sandy

and silt loam columns and the 500 mmm sandy loam column during drying.
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Results — Chapter IV

Moisture profiles monitored by MR

The MR moisture data are computed as effective saturation @ according to Equation 3.4.7. Figure 35 and
Figure 36 show the measured @ as a function of depth for the 60 mm sandy and silt loam columns, re-
spectively (blue circle). For each column 3 representative plots at different stages of desaturation are giv-
en, where the effective saturation close to the onset of S2, 2 days after the transition from S7 to S2 and at
the final stage of the experiment (6 days after the onset of S2) are displayed. Generally, comparing the
shape of the profiles from both 60 mm columns it is obvious the packing of the silt loam was more homo-
geneously compared to the sandy loam what causes slight fluctuations in the @ profile. Nevertheless,
these deviations do not impact the drying behavior of the soil to a large extend, also these heterogeneities
can be found frequently on the field scale. Based on the @ profiles the water inside both columns was
virtually homogeneously distributed until the onset of S2. Thereafter, a gradient in moisture developed
from the bottom up to the evaporation front which was now located inside the soil instead at the soil sur-
face and is therefore termed “secondary evaporation front”. For both columns the moisture gradient ex-
tended from @ = 0.1 at the bottom to @ = 0 at the secondary evaporation front, which was located at a
depth of 10 mm and 5 mm for the sandy and the silt loam, respectively 2 days after the onset of S2. The
extend of the dry surface layer of the sandy loam at this point was already twice as large compared to the
silt loam what was mainly driven by n and K(h). These differences reflect themselves in the trend of e/e,
for both 60 mm soil columns after the onset of S2 since the extending dry subsurface layer increases the
resistance to evaporation as it increases the diffusion path lengths for water vapor. The relative evapora-
tion rate of the sandy loam therefore approached the final value relatively short after the onset S2 stage
compared to the silt loam. As drying proceeded the moisture gradient of both columns decreased by the
factor of 2 where @ stays constant at 0.5 from the bottom of both columns up to a depth of approximately
35 mm followed by a linear decrease in @ approaching the secondary evaporation front. At the final stage
of the experiments the secondary evaporation front was pinned at a depth of 20 mm for the sandy and the
silt loam, respectively. The equal extend of the dry subsurface layer for both columns monitored at the
final stage of the experiment can be explained with the early development of the layer for the sandy loam
since evaporation was more restrained what led to an equally receding secondary evaporation front depth
as a function of time. As it is shown in Figure 37, @ profiles of the 500 mm sandy loam column are given
for two temporally different S/ stages and for the final stage of the experiment after 93 days (blue line).
At day 41 a gradient in @ across the column varying from ® = 0.9 at the bottom of the column to ® = 0.7
at the surface developed, where the minor fluctuations in @ were caused by the packing of the soil. After

60 days of drying the gradient disappeared and no significant gradient or bias in @ as a function of depth
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was monitored. A mean effective saturation of ~ 0.45 was monitored at this stage of drying. Comparing
the @ profiles of the 60 mm and the 500 mm sandy loam column monitored during S/, both exhibit simi-
lar slight fluctuations in @ as a function of depth caused by the packing of the soil what in turn is driven
by the soil composition (see Table 5). The transition to the S2 evaporation regime occurred shortly before
day 93 since the dry subsurface layer was monitored to be around 10 mm in thickness at his time. For
both, the 60 mm and the 500 mm sandy loam column a pronounced gradient pinned to the secondary
evaporation front was monitored where the gradient of the 500 mm column extend from @ = 0.3 at bot-
tom to 0.2 at a depth of 150 mm where @ declined much steeper from this point up to 10 mm depth,
where the secondary evaporation front was located at this point of time. No correlation was found be-
tween the length of the column and the duration of the first stage of evaporation, considering an identical
eleg of ~ 0.75 for both columns during S/. Further, the extend of the gradient in @ as a function of depth
around the onset of S2 is not a function of e/e, during the second stage of drying since the relative evapo-

ration rates of the 60 mm and the 500 sandy loam column were found to be both e/e, = 0.2.
Comparison of Oneasurea AN Olimutatea

The moisture profiles corresponding to the simulated evaporation rates were plotted as effective satura-
tion @ vs. depth. Figure 35 — 37 show the coupled model simulated vertical @ profiles (orange line) and
the simulated profiles using the Richards approach (purple line) for the 60 mm and 500 sandy and silt
loam column, respectively. Generally, a positive trend in the coupled model results compared to the MR
data can be observed towards progressing desaturation for all columns, also evident in the statistical rele-
vant parameters Ej, R’ and the RMSE as shown in Table 7. During S/ evaporation a slightly lower @as a
function of column depth is found for the MR data compared to the coupled model predicted profiles.
Around the onset of S2 evaporation the vertical gradient in @ from the secondary evaporation front
downwards the column bottom as predicted by the coupled model was less pronounced for the 60 mm silt
loam in comparison to the MR data. For the 60 mm sandy loam the @ gradient was well predicated by the
coupled with no significant bias. The coupled model simulated profiles for 500 mm sandy loam column
are shown in Figure 37 (orange line). For day 41 the steepness of the measured gradient in @ is not repro-
duced by the coupled model, whereas after 60 days of drying the gradient disappeared what is reflected in
an increasing Eyand decreasing RMSE (Table 7). At day 93 the coupled model a slightly higher effective
saturation @ compared to the MR data, with a particularly bias in the range of 150 mm up to 10 mm of
depth. This is a trend opposed to the findings for the 60 mm silt and sandy loam columns, where the cou-
pled model predicted profiles did reflect the strong moisture gradient from the column bottom to the sec-

ondary evaporation front. Nevertheless, according to the statistical analysis for the 500 mm sandy loam
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column the best agreement between the coupled model predicted @ profiles and the MR data was
achieved after 93 days of drying.

Since the one dimensional Richards equation is commonly used to describe water flow in unsaturated
soils, we compared the high spatially resolved MR data to the simulated @ profiles using the Richards
approach particularly focusing on moisture content changes in the topmost layer after the onset of S2. For
each of the columns the Richards profiles are given in Figure 35 — 37 (purple line). At the first stage of
drying for all columns the simulated @ profiles using the Richards approach were minor biased compared
to the coupled model profiles. During progressing desaturation the bias between the @ profiles of the
Richards approach and the coupled model got more pronounced with larger deviations in the uppermost
part of each column, where the gradient in @ developed more strongly. This trend continues since the
Richards approach doesn’t count for vapor and heat transport and therefore cannot reproduce the dry sur-
face layer under S2 conditions. At the final stage of the experiment the differences in the absolute water
content (given in mm or liter/m?) above the drying front were 13 mm for the 60 mm silt loam and 18 mm
for the 60 mm sandy loam column, what is an overall deviation between the Richards approach and the
MR data of ~ 50% compared to the initial saturation. For the 500 mm sandy loam column the overall
deviation in water above the dry layer at 93 days of drying was ~ 16% what corresponds to an absolute
water content of 26 mm. As shown in Table 7 all statistical coefficients deteriorated with progressing
desaturation, with particularly strong negative values in E; for the 60 mm columns. The overall trend for
the Richards approach to larger deviations with progressing desaturation of the soil and the strong bias in
moisture content for the topmost soil layer clearly demonstrates that accurate moisture profiles are only

achievable if vapor and heat flow are considered besides liquid water flow.

T; and T, Distributions during drying

T, distribution and mean log T;

Water in soils is confined in voids, pore throats and grain surfaces what considerably chances the relaxa-
tion behavior of water molecules compared to the neat liquid. A profound method to study confined water
dynamics (e.g. pore sizes) are 7; and T3, relaxation time measurements. Since 7, describes the spin-
lattice relaxation, where the values of 7/ get shorter if the range of the molecular tumbling rates gets nar-
row and therefore close to the Larmor frequency, what in turn indicates restricted water. Figure 38 shows
the integral 7, and T, relaxation time distributions of the IR and CPMG MR data (8.5 MHz) for the 60
mm silt and sandy loam columns (whole column) over time. Since the 500 mm sandy loam column was

monitored using the 2.2 MHz apparatus with a sensitive spot of 50 mm in length, the integral 7; and 75,
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relaxation time distributions are given in 10 subsequent plots with each plot representing a measured soil

volume of 43 cm? (Figure 39).
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Figure 38. 7, (left) and T (right) relaxation time spectrum (measured at 8.5 MHz) for the 60
mm silt loam (line) and sandy loam (dotted line) columns as a function of drying time. The 75,
and 7,values were determined by means of a bulk CPMG and IR method, respectively.

For all columns the relaxation time spectrum shows a bimodal distributed logarithmic 7; under saturated
conditions, attributed to a fast exchange of the spins with their surroundings (fast mode) and a compara-
tively slower exchange (slow mode). During desaturation a trend in the overall 7; logarithmic mean to-
wards faster relaxation was observed for all columns where the fast mode vanished at the onset of S2. The
mean log 7 of the 60 mm silt loam shifted from 10 ms (saturation) to ~ 1ms (S2) with a constantly de-
creasing amplitude of the overall T distribution until day 15. The mean log 7 of the 60 mm sandy loam
shifted rapidly from 70 ms (saturation) to 4 ms (onset of S2) followed by a sharp shift to ~2ms which was
not observable for the silt loam. Comparing the mean log 7, and the amplitude of the relaxation time dis-
tributions of both 60 mm columns, the mean log 7 of the sandy loam decreased from a factor of 7 under

saturation to a factor of 4 at the final stage of the experiment. These differences are driven by the pore
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size distribution (1) of both soils, where an increasing sand content is coincided with an increasing longi-

tudinal relaxation time 77 since the overall pore size distribution narrows (larger n). Furthermore, because

the rate of decrease in water content, described by the desaturation coefficient (&), is strongly related to n

and increases with sand content, the differences in n & of both soil types causes the shift in 7} after the

onset of S2 what can be seen as an abrupt desaturation of pores equal in size.
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Figure 39. T, (left) and 7, (right) relaxation time spectrum (measured at 2.2 MHz) for the 500 sandy
loam column as a function of drying time. The 7, and T;values were determined in by means of a
bulk CPMG and IR method, respectively.

For the 500 mm sandy loam column all measurements where performed using the 2.2 MHz magnet. Since
T, relaxation times are logarithmically dependent on the Larmor frequency [Korb and Bryant, 2002] the

absolute mean log 7, value is slightly slower compared to the 60 mm sandy loam column. Under satura-
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tion a mean log T of 65 ms was found, not significantly changing as a function of depth with a fast mode
~ 3ms. After 41 days of drying the distribution spectrum shifted to faster values with a decreasing mean
log T, of ~20 ms, where the fast mode disappeared in the topmost layer of the column (first 50 mm) and
vanished completely after 60 days. This stage of desaturation was characterized by a mean log 7; of ~ 7
ms with no significant shift over depth. At the final stage of the experiment after 93 days of drying the T}
distribution shifted significantly to faster values with a mean log 7 of: ~ 1 ms for the first 50 mm, ~ 2ms
for the next two subsequent volumes (100mm and 150 mm) and ~ 5 ms from 150 mm depth to the col-
umn bottom. Comparing the evolution of the overall 7; distribution and the log mean of the 60 mm and
500 sandy loam columns an identical behavior down to lower water contents was found what showed that

T, as a function of drying time does not depend on the extend of the soil profile.
T, bulk distribution and spatially resolved 7,

It is well known that the distribution of 7’ times is directly correlated to the absolute pore size distribution
of a porous medium [Haber-Pohlmeier et al., 2014; Stingaciu et al., 2010] provided the fast diffusion
assumption and a known surface relaxivity what is still a challenging field to investigate [Duschl et al.,
2015]. Additionally, according to Equation 3.4.1 the influence of higher modes of the MR signal (faster
decaying components) such as diffusion and susceptibility driven decays is assumed to be neglectable.

As it is shown in Figure 38 under saturation the 60 mm silt loam column shows a bimodal 75, distribu-
tion with a slow and fast mode ~ 4 ms and ~0.6 ms, respectively , whereas a broad range of 75, from 0.1
ms to 200 ms can be found for the 60 mm sandy loam column with no distinct slow and fast mode. At the
onset of S2 the fast mode of the silt loam vanished and the overall distribution of both soils narrowed.
Thereafter only the amplitude of the distribution decreased with a log mean 75, of ~ 0.6 ms for the silt
loam and ~1 ms for the sandy loam.

T, relaxation times are less affected by the Larmor frequency but nevertheless some minor influence on
T5,4pp 18 Observable between the 2.2 MHz and the 8.5 MHz magnet. Therefore, the mean log 7, of the
500 mm sandy loam column is slightly shifted towards slower relaxation times. Under saturated condi-
tions a broad distribution can be found ranging from ~0.1 ms to ~200 ms, identical to the 60 mm sandy
loam column. With progressing desaturation 7, shifted uniformly over depth until the onset of S2 simi-
lar to the 60 mm column. Thereafter, a difference in mean log 73, of ~ 1 ms between the first 50 mm
and the other compartments was found indicating a dry subsurface layer and the development of an mi-
grating secondary evaporation front. Comparing the bulk 7, distributions of the 60 mm and 500 mm
sandy loam columns, both show an identical shift in the distribution towards faster relaxation with pro-

gressing desaturation.
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Results — Chapter IV

Since CPMG measurements commonly yield bulk distributions, we additionally monitored 75,,, as a
function of column depth. Figure 40 shows the T, distributions for the 60 mm sandy and silt loam at
saturation, after the onset of S2 and at the final stage of the experiment. Under initial saturation both col-
umns show a strong bimodal distribution which is not reflected in the bulk measurement of the sandy
loam. This might be due to the regularization function of the Inverse Laplace algorithm since the range of
T, 1s found to be identical for both measurements. Two days after the onset of S2 the bimodal behavior
in the T3, distribution vanished and the overall distribution narrows coincided with a shift towards faster
relaxation times with a mean log 75, of ~ 1 ms and ~ 0.6 ms for the 60 mm sandy and silt loam col-
umns, respectively. A distinct dry surface layer (grey arrow) of 7 mm (sandy loam) and 10 mm (silt loam)
in thickness was found for both 60 mm columns (Figure 40). Below the location of the secondary evapo-
ration front a gradient in the T, distribution similar to the gradient in @ indicates that water was pre-
dominantly located in smaller pores along with strongly bounded water at the grain boundaries (film wa-
ter). For the subsurface layer this trend continued until the final stage of the experiment. Surprisingly, a
slightly opposed trend in the mean log 7>, was observed for the bottom of both 60 mm columns. After
the onset of S2 the mean log 75, stayed constant at the location of the secondary evaporation front but
decreased down to slower relaxation times at the bottom of the column. This effect might be driven by a
condensation process at the bottom layer of the column, where larger pores were reloaded with what led
leading to slower 75,,,. Figure 41 shows the spatially resolved 75, distribution of the 500 mm sandy
loam column after 41, 60 and 93 days of drying. After 41 days of drying all pores in the range of n were
saturated sufficiently since no gradient was found in the T, distributions. This further indicates that the
moisture along the soil profile is still homogenous distributed even with strong gradient in @ as shown in
Figure 37. As water depletion continued, the overall T}, distribution narrowed with a corresponding
mean log 75, of ~ 8 ms, where a slightly broader 7, distribution from 500 mm to ~315 mm was found
for day 60. At the final stage of the experiment after 93 days the overall distribution narrowed coincided
with decreasing signal amplitudes driven by a decreasing @. A log mean T, of ~ 2 ms which increased
to ~ 1 ms from a depth of ~ 100 mm to the surface of the column. Within this range the overall distribu-
tion was narrowed compared to the lower part of the column indicating water in small pores and film
water at the grain surfaces. Even if the 75 ,,, signal amplitude significantly decreased towards the surface
of the 500 sandy loam column on a secondary evaporation front cannot be found. This might be due to the
small extend of the front at this stage of around 10 mm where the water content of the boundary layer
(relative humidity) is still in balance with the vapor inside the dry layer what led to a detectable signal in
the SE-SPI measurements. Further, these phenomena could be due to the regularization procedure of the
Inverse Laplace algorithm since the signal was almost decayed at this position after 93 days of drying.

Comparing the T3, distributions achieved shortly after the onset of S2 of the 60 mm (Figure 40, day 7)
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and 500 mm (Figure 41, day93) sandy loam columns an identical pattern in the distribution functions was
found. Despite the differences in the absolute log mean 73, driven only by the differences in Larmor
frequency of the instruments (assuming an identical #z), both columns showed an identical distribution in
the range of 0.6 ms to 7 ms for the lower part of the soil profile. Towards the secondary evaporation front
the overall distribution narrows as the overall amplitude decreased. However, the gradient pinned to the

evaporation front wasn’t clearly observable for the 500 mm column.

5. Summary and Conclusions

In the presented study, we monitored the evaporative drying over time of three different soil columns by
means of various Magnetic Resonance methods. The effective saturation profiles of each column were
compared to the one dimensional Richards approach and vertical profiles achieved using a numerical
liquid water, vapor and heat flow model. Results clearly demonstrate the feasibility of "H-MR methods
such as the 75, distribution in combination with the signal amplitude to monitor the drying process of
different soils at the lab scale. Distinct evaporation stages with the development of a dry topmost layer
extending over time could be monitored for both types of soil and no correlation between the extent of the
soil profile and the drying behavior was found. The numerical coupled model approach clearly demon-
strated the need to consider heat and vapor flow additively to solely water flow as the one dimensional
Richards equation assumes, what can lead to overestimations in water content up to 50 % compared to the
initial saturation. The statistical parameters showed a good agreement between the coupled model and the
MR data particularly in the Nash-Sutcliffe efficiency down to lower moisture contents. Although, lab
scale measurements are considered to be more effected from soil disturbance and preferential flow caused
by possible anisotropies our results clearly showed no influence on the drying behavior and moisture de-
velopment over time. Nevertheless, since all soil parameters were derived by means of the HYPROP
evaporation method, the achieved parameters might be biased [Schindler et al., 2010b] what might have
affected the modeling results. Surprisingly, for the 60 mm sandy loam and silt loam columns a shift back
to slower 73, times was found at the columns bottom at the final stage of the experiment what could be
caused by downward directed vapor flow. Increasing temperatures at the top of the column due to the
extending dry subsurface layer increased vapor pressure and thus the matric potential. Therefore, water
started to move to the colder bottom, what in turn increased the water content at the colder bottom. Water
then refills larger pores or forms liquid films at grain boundaries what led to larger T .

As future perspective, the MR methods used in this study can be employed on mobile MR devices, e.g.
the NMR MOUSE, to monitor moisture content as function of space and time in the top layer of soils

directly in the field to link lab scale investigations to field scale measurements.

93



Results — Chapter IV

94



Synthesis

IV.  Synthesis

1. Final Conclusions

Magnetic resonance (MR) proved to be a feasible method to monitor evaporation driven moisture changes
in soils at the lab scale non-invasively in high spatial resolution. For medium sand as a model system
high-field and unilateral MR methods allow for quantitative moisture monitoring as a function of time
and to follow the origin and migration of the secondary evaporation front inside the soil profile. Monitor-
ing an evaporating silt loam on an intermediate scale the concept of the mobile unilateral MR sensor was
shown to be a promising tool for quantifying moisture changes in high resolution with perspective for
field scale measurements. Since superconducting magnets are not applicable for field measurements, sin-
gle sided and Halbach magnets can be applied where certain methods allow not only the quantification of
soil moisture non-invasively and in high resolution but also the saturation degree as a function of pore

size distribution.

Even though field methods involve larger volumes of soil and are therefore usually considered more real-
istic compared to laboratory methods which can be prone to marcopore flow or flow along the core wall,
it is essential to investigate pore scale processes since they are the origin of heterogeneities in soil mois-
ture on the field scale. Using radiation data together with the measured evaporation rate and the soil hy-
draulic parameters of a silt loam and a sandy loam as input parameters for a coupled water, vapor and heat
flow model, we showed that pore scale moisture dynamics achieved at the lab scale using various MR
techniques in combination with different MR methods are in sufficient agreement with the model output.
Therefore, high-resolution MR data can be used to evaluate soil moisture models also on the field scale if

applied as a grid of measurement points.

Moisture dynamics of bare soils exposed to evaporation is a challenging process to model since it in-
volves heat and vapor flow in addition to liquid water transport where vapor and heat transport become
more pronounced with progressing desaturation. The high resolution MR data was used together with the
analytical derived moisture profiles of a coupled water, vapor and heat flow model to show that after the
onset of S2 evaporation moisture content predicted by the common Richards approach which is based
solely on liquid water transport becomes strongly biased in the topmost layer of the soil. This may have
considerable influence on remote sensing of soil temperatures, water contents and derived quantities like

evaporation.

95



Synthesis

Summarizing, the results presented in this thesis showed that well-chosen MR techniques in combination
with feasible methods are a valuable tools for providing quantitative, volumetrically averaged or spatially
resolved information about soil moisture dynamics from sandy soils to clays during evaporation. The
technique further allows to conclude implicitly on pore size saturations and distributions. Using the high
resolution MR data to validate a coupled water, vapor and heat flow model showed that moisture dynam-
ics of bare topmost soil layers under evaporative conditions clearly proceeds in two distinct stages, where

the expanding dry subsurface layer restrains evaporation.

2. Outlook

As it was demonstrated in this thesis MR can be used to quantify moisture dynamics for a broad range of
soil types exposed to evaporation. Since MR field measurements are not trivial in terms power supply,
SNR, penetration depth, etc. feasible MR concepts and methods need to be constantly developed and test-
ed under laboratory conditions. Until today the most common methods for soil moisture measurements
directly at the test site do not or rarely involve gradient based methods which allow high spatial resolu-
tion, moisture imaging or anisotropic diffusion measurements. However, considering the latest develop-
ment, e.g. single sided sensors can be equipped with gradient systems, field maps of local soil physical
parameters, soil hydraulic permeability and dual permeability are achievable. These parameters can serve
as a parametric uplink from local soil properties to field scale modeling in order to improve water-energy

transfer simulations between the land surface and the atmosphere.
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