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Abstract

The quanti cation of subsurface moisture content is a compk topic of considerable
importance in hydrogeophysics, with implications acrosswide range of elds, from
agriculture to natural hazard assessment. A cutting-edgethnique that bridges the
scales of remote sensing and local measurements is Cosmig Rautron Sensing
(CRNS), which is trivial in the data acquisition but highly complex and still in a
developing phase, in terms of processing and interpretatioFollowing an introduc-
tion centred on neutron physics, this work presents an intauctory study of CRNS
applied to the lithological heterogeneities of a vineyardiBorgo Grignanello (Siena,
Italy). The aim is to improve understanding of this emergingechnique, with par-
ticular focus on key aspects of data processing, and to adeaninterpretation of
measurements in heterogeneous sites. We combined a geojghyharacterisation
of the study area, using electrical resistivity tomographwand electromagnetic induc-
tion, with analyses of soil samples and Monte Carlo simulatns of neutron transport
performed using URANOS, a software developed for environmehgpplications. In
particular, we investigate the hypothesis that the behaviar of a heterogeneous sys-
tem, under speci c geometrical and hydrological conditionscan be approximated
by that of a homogeneous site characterised by the propesi®f the drier region.
The results support this hypothesis for the Borgo Grignanall site, demonstrating
a clear a nity between the heterogeneous measurements and @wof the two homo-
geneous models. This study highlights the potential of CRNStough an initial
exploratory project, encouraging further research to re @ the methodology and

extend its application to real datasets
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Introduction

The Earth's Critical Zone (CZ), extending from the plant caropy to the base of
the aquifers, is the domain in which fundamental processesgulate the exchange of
water, energy and nutrients. Within this framework, the vadse zone plays a pivotal
role in mediating the interactions between soil, vegetatig and the atmosphere [Cas-
siani et al., 2015, Binley et al., 2015]. The processes thataur in this unsaturated
zone directly a ect pressing environmental and agriculturaissues, ranging from the
availability of water for crops to slope stability and the miigation of ood risk
[Uhlemann et al., 2024]. In agricultural systems in particula root water uptake,
soil evaporation, and in ltration are critical processesdr sustaining productivity,
especially under changing climatic conditions.

A central challenge in hydrological and environmental saiees is the accurate quan-
ti cation of soil water content (SWC) across scales. Relidb SWC estimates are
essential to improve hydrological models, support irrig&dn management, and re-
ne climate and land surface schemes. Current methods, hovesyface scale-related
limitations: point sensors provide highly localized measements, whereas remote
sensing o ers broad coverage but at coarse resolution, oftamssing the intermediate
scales most relevant for eld-scale water management.

In recent years, Cosmic-Ray Neutron Sensing (CRNS) has ematges a promising
technique that naturally bridges this observational gap [Bsilets et al., 2010, Zreda
et al., 2012, M. O. Kehli, 2019, Wang et al., 2025]. The techque monitors the
above-ground ux of cosmic-ray neutrons, which is inverselselated to the hydro-
gen content of the surrounding environment. Since its rst itroduction by [Zreda
et al., 2008], CRNS has gained steady recognition within theytirological sciences

as a reliable tool for soil moisture monitoring. Its widesgad adoption stems from

1



INTRODUCTION

a series of distinct advantages. Unlike point sensors, CRNSedgrates soil moisture
information over a comparatively large footprint, typicaly 10{20 hectares, with pen-
etration depths reaching up to 80 cm, thereby capturing eldscale variability. It
operates passively and non-invasively, with the practicaldeantage of being largely
autonomous: probes are often solar-powered, require mirhmaintenance, and can
be readily combined with other environmental monitoring sstems [M. O. Kehli,
2019]. Importantly, the detected signal is solely dependeiin the environmental
hydrogen content, irrespective of its phase, and o ers a tgmoral resolution ranging
from minutes to a few hours depending on sensor con guratiofn addition, mobile
applications of CRNS have demonstrated the capacity to extents spatial coverage
across tens of square kilometers, providing unique opponities for regional-scale
investigations [Schren et al., 2018].

Nevertheless, it is essential to recognize that CRNS is not araightforward tool.
It is a highly interdisciplinary technique, sitting at the crossroads of geography, hy-
drology, and neutron physics. While the method has made codsrable progress
in its rst decade of development, roughly between 2008 and028, it has been
advanced by a relatively small research community [Weima£022]. As a result,
several fundamental questions remain unresolved, partiauly regarding calibration
procedures, environmental corrections, and the interpration of signals in complex,
heterogeneous landscapes. These challenges frame theecdrih which this thesis
Is situated. The interest towards the technique rapidly desloped within the hy-
drological community, with applications ranging from irrgation scheduling to the
validation of land-surface models. However, challenges reéman translating neu-
tron counts into accurate water content, particularly unde heterogeneous soil and
lithological conditions.

This thesis is positioned within this evolving eld to advarce the understanding and
application of CRNS by combining numerical neutron transparsimulations with
eld-scale geophysical and hydrological investigations. $pi cally, it explores the
basics of the technique as well as how soil heterogeneity irences neutron dynam-
ics and how additional geophysical information can improvehe interpretation of
CRNS.



The rst part of this work (Chapter 1) will be dedicated to providing an overview of

the theoretical background on cosmic-ray neutrons, intragting the physical princi-

ples underlying neutron generation, interactions, and in pacular, moderation.

An overview of the working mechanism of the CRNS technique is pfided in Chap-

ter 2. The research focused on the neutron acquisition metth@nd detection fea-
tures, such as radial footprint and penetration depth. Subsgently, the theory

behind the more common geophysical measurement techniqussch as Electrical
Resistivity Tomography (ERT) and Frequency Domain Electronagnetic induction

method (FDEM or EMI) will be brie y discussed. These methods wre chosen for
the eld investigation as representative of the state of theart for near-surface and
hydro-geophysics [Cassiani et al., 2016, Binley et al., ZA)1

The bulk density of the soil present at the site represents aenessary information
for the instrument and conversion software con gurationsmoreover, the CRNP

product needs to be calibrated on a dataset corresponding kmown VWCs. For

this reason, soil sampling was performed according to [Sehret al., 2017]. The

procedure, as well as the analysis performed, are also repdrin this chapter.

A short description of the site introduces the next chapter. e outline of the study

area focuses on the geological and pedological featureshw area, as well as pro-
viding an overview of the morphology of the surroundings. Wth describing is also

the vegetation and the environmental context of the vineyat test area, where mea-
surements were conducted.

Chapter 3 dives into the core of the work, describing the eldlata acquisition and

the related processing, leading to the modeling and Monte @a simulations. These
were performed to go in depth into the understanding of the pardles' behaviour

under di erent site conditions and in particular, the e ect of the eld heterogeneity,

aiming to model the real site. This study is of fundamental iportance for enhanc-
ing the interpretation capabilities and to prove the necedsi of a combined approach
with the support of geophysical investigation.

Eventually, in Chapter 4, the results obtained from the samlps and the geophysi-
cal surveys, as well as the outcomes of the simulation workjliMbe presented and

critically discussed. The latter provide consistent and mmising insights, laying a
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base for further investigations, and providing sparks for aking the approach more

robust.



Chapter 1

Cosmic-ray neutrons

1.1 The neutron

Mass 1.00866491588(5) u
939.565413(6) MeV/é

Spin 1/2 h/2

Mean Lifetime 879.6 (8)s

Mean-square charge -0.1161(22)fnd

radius

Magnetic moment -1.91304273(45)

Table 1.1: Basic physical properties of the neutron. [M. O. Kehli, 2019]

The neutron is a subatomic particle with zero net charge and spil=2~, where h
and ~=h=2 are the Planck and reduced Planck constant, respectively Its rest
mass is slightly higher than that of the proton, which allowst to decay weakly into

a proton, an electron, and an electron antineutrino:
n p+e+ (1.2)

with a maximum kinetic energy transfer of 78B2keV and a mean lifetime of ap-
proximately 15 minutes [Paul, 2009]. As a result, free neutng are almost absent in

the universe; the only stable condition is the bound state Wiin the atomic nucleus.

1The Planck constant is a fundamental physical constant, value 62607015 10 3*JHz 1, ~is
called the reduced Planck constant, corresponding to H2

5



CHAPTER 1. COSMIC-RAY NEUTRONS

1.1.1 Neutron Energies

The neutron energy, often referred to as the neutron \tempetare," describes the
kinetic energy E of a free neutron (usually expressed in elemvolts, eV) and pri-
marily determines its interaction with matter. In the non-relativistic limit, the

neutron's kinetic energy can be expressed through its de Bimgwavelength g:

h Lo
m,v 2 2m, 3

B (1.2)

where h is the Planck constant, and v and mare the velocity and rest mass of the
neutron, respectively.

The classi cation of neutron energies is given in Table 1.Z’he terminology derives
from the temperature T of the medium with which the neutrons e in thermal
equilibrium. According to the kinetic theory of ideal gasesthe energies E of the

particles in the system follow a Maxwell{Boltzmann distribdion:
r

E 1 * &
f(E)=2 — — e & (1.3)

kpT

where kg is the Boltzmann constant?.
The most probable neutron energy E, corresponding to the maximum of this prob-

ability density function, is related to temperature by:

de® _g | 7=E.m™ (1.4)

dE ' ke  2ks

In the context of this work, neutrons with energies lower tha the thermal regime

are not considered.

1.1.2 Neutron interactions

Neutron interactions are governed primarily by the nucleardrce. Because nucleon
potentials extend only over a few femtometers, the de Brogliwavelength of the
neutron largely determines the range of interaction. At engres above the thermal

regime, the short wavelength of neutrons reduces the intetgon time with the

2The Boltzmann constant is the proportionality factor that relates the average relative thermal
energy of particles in a gas with the thermodynamic temperature of thegas, value 1380649
10 239K 1

6



1.1. THE NEUTRON

Kinetic energy Velocity [m/s] Wavelength [A]

[eV]
Ultra cold <3 10° <75 < 520
Verycold 3107 5 10° 75 100 520 40
Cold 5 10° 5 10°3 100 1000 40 4
Thermal 5 10°% 5 101 1000 10000 4 04
Thermal 253 103 2200 18
peak
Epithermal 5 10! 5 10° 160 44 10 0:4 001
Intermediate 1¢ 10° 44 10 44 10° 0:01 0:.001
Fast 10 2 10 44 106 62 10 0:001 6 10°
High energy >2 10 > 6.2 10 <6 10°

Table 1.2: Classication of neutrons by kinetic energy and correspondinginteraction distances
[M. O. Kehli, 2019].

nucleus, lowering the probability of interaction. Consequely, neutrons can often

travel long distances in matter without interacting.

The probability of interaction is quanti ed by the cross setion , expressed in units
of area [L?], usually in barns (1 barn = 10 2*cm?). Intuitively, it can be considered
as an e ective area surrounding a particle, where a larger ea corresponds to a
higher probability of interaction. Cross sections typicajl re ect the geometric size

of the nucleus and depend strongly on the neutron's energyofiget et al., 2010].

The total cross section ; is the sum of the contributions from scattering and ab-
sorption processes.

Two general types of neutron interactions can be distinguied, usually denoted
as (n; X) reactions, where n is the incident neutron and X the reactioproduct 3:
Scattering , in which the neutron changes speed and/or direction but th&arget nu-
cleus retains the same proton and neutron numbers. This incleselastic, inelastic,
resonance,and coherent scattering. Absorption , where the neutron is captured
and a compound nucleus is formed. The excited nucleus then @ezites by emitting

one or more particles X (photons, neutrons, or charged pactes).

Elastic scattering (n;n) is the dominant energy-loss mechanism, akin to a classi-

3Also the apostrophe, is used to indicate neutrons with di erent enegies, and the star, for
example in (A,2)* indicates and excited state of the nucleus
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Figure 1.1: Total cross section in barns for the interaction of neutrons with hydrogen (blue), oxygen
(orange), silicon (green), and aluminum (red).

cal billiard-ball collision with conservation of energy and momentum in the center-
of-mass of the system. Inelastic scattering (n,n’(4+X)) occurs when part of the
neutron’s kinetic energy excites the nucleus, possibly leading to the emission of
additional products. Resonance scattering (n,n/n’) arises when the neutron energy

matches nuclear excitation levels, producing sharp resonance peaks in cross sections.

Absorption processes include: Radiative capture (n, ), where the compound nucleus
emits a photon; Charged particle emission (n,p/d/a), where protons, deuterons,
or alpha particles are released; Neutron multiplication (n,2n) or (n,3n); Fission,
relevant for heavy nuclei, where the absorption of a slow neutron leads to splitting

into fragments with additional neutron emission.

At very high energies (> 100 MeV), spallation can occur, in which the nucleus is

fragmented by the projectile, producing multiple secondary particles.

A key concept for this work is the dependence of the cross section on energy. Fig-
ure 1.1 shows the energy-dependent total cross sections of hydrogen, oxygen, sili-
con, and aluminum, the most abundant isotopes at the atmosphere—land interface.
Three main regions can be distinguished: the 1/v region (thermal energies), where
cross sections scale inversely with neutron velocity due to longer interaction times.
The resonance region, dominated by sharp peaks associated with nuclear excited
states. The fast-neutron region, where cross sections remain relatively constant

and elastic scattering dominates.

The angular dependence of interactions is described by the differential cross section

8



1.2. NEUTRONS ORIGIN

3—, whose integration over 4 steradians yields the total cross section:
I
d
= —d 1.5
=g (15)

4

For materials, the concept of amacroscopic cross sections often used:

X
(E) = ni i (E) (1.6)

i=1
where n is the number density and ;. the total microscopic cross section of isotope

I. Its inverse de nes the mean free path L(E):

1 _ 1
n ((E) (BE)

Finally, when a beam of neutrons passes through matter, itstansity decreases

L(E) = (1.7)

exponentially with depth, following the Beer{Lambert law Horvath, 1988]:
I(d)=e 9 (1.8)

where d is depth and the attenuation length, which depends on the density of

the medium.

1.2 Neutrons origin

1.2.1 Primary cosmic-rays

Cosmic rays can be subdivided int@rimary cosmic rays, secondary cosmic rays,
solar cosmic rays, and terrestrial cosmic rayslin this context the attention is driven
towards the rst two.

The primary cosmic rays are de ned as: galactic particles wth enter the solar
system and may hit the earth [Ziegler, 1996]. They are beliegt to be produced
and accelerated as a consequence of stellar ares, supernexplosions, pulsars, and
the explosion of galactic nuclei. Because of their vast spiing trajectory* a local

observer pereceives the particle income as isotropic. Pringarosmic rays are almost

“Because our galaxy is spinning, there is a pervasive magnetic eld of sexal micro-Gauss,
and the cosmic rays interact with this eld so that, typically, the y spiral continually during their
lifetime with a spiral diameter of a fraction of the galactic diameter.
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exclusively charged particles: 92% are protons and 6% arels-particles , the rest
is made of heavier atomic nuclei. Thus, they are subject to tHeorentz force when
directed at the Earth inicted by its magnetic eld, which at rst order has dipole

structure tilted by 11 degrees with respect to rotation axis

dv _ q
@ m v B(n) (2.9)

where = 1:p 1 v2=c? is the Lorentz factor. The e ect of the force is to de ect
and re ect the charged particles, especially the low energe ones. The maximum
e ect happens when the trajectory of the particle is perpendular to the eld, while
there is not e ect on charged particles entering verticallynto the poles. In general,
depending on the inclination angle to the eld a particle spals around the eld

lines with a radius r:
2

v B = VT (1.10)
which in scalar form writes:
Br= _™W_P (1.11)
q q

using the momentum p of the particle. The quantity Br is calld magnetic rigidity
and can be expressed in GV (gigavolts). The e ectiveness did earth's magnetic
shield in preventing sea-level cosmic showers is discussederms the magnetic
rigidity, in fact, depending on incoming direction and deshation location there is
an energy threshold, called cuto rigidity r,, below which the particle ux on the
ground, due to magnetic shielding, becomes zero.

Since the primary protons, which can cause a sea-level showare all highly rela-
tivistic, we can simplify this discussion by assuming theienergy to be the same as
their rigidity, but with the units changed from eV to V [Ziegler, 1996]. Near the
magnetic poles, where the geomagnetic eld is nearly veré; the cuto rigidity
approaches zero, and the maximum number of primary cosmicysacan reach the
atmosphere. As a result, cosmic-ray neutron amount (which ithis case can be
seen as a proxy for cosmic ray particles amount) is highest polar regions and
decreases toward the equator, see g 1.2. The size of this @ @epends on altitude
and the time in the solar cycle. In fact, the sun has a varying ngmetic eld with

a basic dipole component that reverses direction approxiredy every 11 years and

10



1.2. NEUTRONS ORIGIN

might affect the charged particle flux. Near reversals, at “solar maximum,” there
are many sunspots and other manifestations of magnetic turbulence, and the plasma
of protons and electrons ejected from the sun (the solar wind) carries a relatively
strong and convoluted magnetic field with it outward through the solar system. At
solar maximum, primary cosmic rays are maximally deflected as they enter the so-
lar system, causing a radiation minimum at Earth. The opposite happens at “solar

minimum,” where there are few sunspots, so this is the time of maximum radiation.

2000 ——————
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Figure 1.2: The effect of the Earth’s magnetic field on cosmic-ray neutron intensity is
shown by graphs of count rate as a function of geomagnetic vertical cutoff rigidity for a

cosmic-ray neutron monitor (dots) [Goldhagen, 2003]. The curves are calculated [Clem
and Dorman, 2000].

1.2.2 Secondary cosmic rays

The net charge of the cosmic ray radiation is highly positive, with protons dominat-
ing the particle population. The cosmic ray spectrum extends from the MeV regime
up to ZeV energies, see Figure 1.3.

Cosmic ray particles that are energetic enough to travel through the magnetic fields
enter the atmosphere where they collide with and disintegrate nuclei to create en-
ergetic secondary particles, which in turn produce tertiary particles in a chain reac-
tion. In this work we refer to secondary cosmic ray as the particle fluxes constantly

produced when primary cosmic rays collide with the atmosphere and soil below.
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Energies and rates of the cosmic-ray particles
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Figure 1.3: Global view of the primary cosmic ray spectrum obtained studying the produced
cascades in the atmosphere with detectors on the ground that have large effective area for
sampling such showers. [Gaisser, 2006]

Neutrons in particular can be generated only by releasing them from nuclei. The
different mechanisms leading to this to happen are beyond the scope of this work.

Figure 1.4 indicates how primary galactic cosmic-rays (protons, a particles and
others) are attenuated by the atmospheric mass. Their attenuation leads to the
production of secondary cosmic-rays inside the particle showers as: neutrons, elec-
trons, photons, and muons; note that this list is not complete as many hadronic
particles are produced to a lesser extend in the cascades. In the upper layers of
the atmosphere the flux of secondary cosmic rays increases to higher depth because
the primary flux that sources the secondary flux is still large. Their intensity peaks
at the Pfotzer maximum?®, see Figure 1.4. Below that the particle loss due to the
propagation through the atmospheric medium overcomes the source term. Although
neither being present in cosmic radiation nor being the dominant production chan-
nel neutrons make up a large part of the particles at ground level as their interaction
probability is smaller compared to charged particles and their lifetime is long enough
to traverse the atmosphere. The neutron density increases by spallation reactions

in the upper atmosphere, and beyond the Pfotzer maximum it follows a simple

Sfound at around (50-100) g/cm2, ca. 20km, atmospheric depth according to Pfotzer, 1936,
while Nesterenok, 2013 inferred a value of (30-150) g/cm2
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be at rest. Thus, during their propagation, neutrons are sybct to slowing down,
this energy loss is callednoderation How e ective this process is, depends on the
moderation powerof the material itself. Up to these energy levels the study of ¢éh
collision processes can still be treated non-relativisaty.
By elastic collisions always a fraction of the kinetic energi lost, and this is ex-
pressed in terms of lethargy u = IﬁE—° , Which describes the logarithmic energy loss
for a single scattering event.
Assuming isotropic scattering it is usefull to consider theverage energy lethargy
= u( ) (being the de ection angle). Therefore, the moderation power of a
material can be expressed through the average number of mains n, needed to
decelerate neutrons from an initial energy &= %mvg to a certain nal energy E; as

for instance the energy down to the thermal regime (25 meV).

(1.12)

Neol =

This property of the material decreases with nuclide massnd the slowing down
requires more collisions. In fact, the energy of the scat@r neutrons is limited

within the range:
A 1

A+1

where A is the mass of the interaction partner, generally exgssed as a multiple of

Eo < E < Eq (1.13)

the neutron's mass. Therefore, if the neutron is scatteringt a nucleus with similar
mass A = 1, it follows 0< E < Eg, which means that the entire kinetic energy of
the neutron is transferred to the nucleus in head-on neutroproton collisions.

To describe a mixed-isotope material, the the average lettgy for each isotope need

to be combined, weighted for their elastic scattering croseion
Eo !
M =ln—= P (1.14)

i
To conclude, it is interesting to check the table below Tabld.3 to see the mod-
eration power related to the most abundant isotopes around ¢hland-atmosphere
interface, taken from [M. Kehli et al., 2021]. In this casethe average collision

number represents the collisions required to moderate froBiMeV to 25meV.
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1.2. NEUTRONS ORIGIN

Isotope Mass [u] Neol
H 1 1 18
H,O - 0.92 20
N 14 0.134 135
O 16 0.12 153
Al 27 0.0723 255
Si 28 0.0698 264
Fe 56 0.0353 522
SiO, - 0.11 166
Air (dry) - 0.135 135

Table 1.3: Number of collisions required to moderate neutrons from 2 MeV to 25 me\for
the most abundant isotopes present in the land-atmosphere interface
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Chapter 2

Background on geophysical

Investigation methods

This chapter will present the geophysical methods used inihwork. The rst part

will be devoted to the cosmic ray neutron sensing techniquigllowed by electrical
resistivity tomography (ERT) and the frequency domain eldcomagnetic induction
method (FDEM or EMI).

2.1 Cosmic Ray Neutron Sensing

2.1.1 Principles of the method

The previous chapter aims to give a super cial overview of ghformation and prop-
agation of free neutrons in the atmosphere. Thanks to theirewtral charge, and
thus relatively long life, and mass, these particles are salile for environmental
purposes. The idea behind CRNS is to use epithermal neutrons a proxy for
ambient hydrogen content. Comparing neutron spectra abowdry to wet soil re-
veals a strong intensity decline with soil moisture increasin the epithermal regime
[Weimar, 2022].

Fast neutrons that are produced undergo elastic collisions the atmosphere, wa-
ter, and vegetation, and lose energy until they are eventuglabsorbed in inelastic

nuclear collisions (since they are not stable particles inature). The moderation

17
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Element A [barns] SP [cm 1] C [ppm]
H 1.00 2202 18 1000 22016 -
@) 1600 4232(6) 149 0120 0508 487 875
C 1201 555 113 0158 Q875 87638
Si 2809 2167 257 @70 0151 281367
Fe 5585 1162 505 0035 0411 28980

Table 2.1: Nuclear properties of common elements in terrestrial rocksnc, number of collision to
thermalize a1 2MeV neutron. Values taken from [Sears, 1992].

process mainly depends on: the probability of scattering bgi erent elements is
determined by the microscopic cross section; the number ofialei of di erent el-
ements, or the elemental concentration (which, together th the previous factor,
determines the macroscopic cross section), and the energgd per collision, also
called lethargy u. Table 2.1 integrates Table 1.3 with the eimental cross section,
the elemental stopping power (SP) calculated as ; and C, the concentration in
ppm, of a few elements found also in [Zreda et al., 2012].

CRNS relies on the fact that hydrogen is by far the most e cientelement in moder-
ating fast neutrons. Because of its large cross section an@ss similar to neutrons,
the latter will transfer much of its energy to the hydrogen poton, so the kinetic
energy lost is much. In particular, as shown in table 2.1, the nderation capability
of hydrogen and water is on average one order of magnitudedar than that related
to the other isotopes populating the zone of interest.

To appreciate the reduction of epithermal neutrons as a fution of hydrogen con-
tent, it is useful to consider the equilibrium concentratia of fast neutrons above
the ground surface as how many are produced and how many are racated to
lower energies. Neutron intensity above the surface is ingety correlated with soil

moisture, in fact:

€)= % 21)
Q
= P )
E L(Ni i ) (22)
_ Q
" E (Nu w wu+ a (N ) 23)

where is the intensity of the neutrons of energy E; Q is the intensitpf the source

of the neutrons (number of fast neutrons produced); and SP the macroscopic
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2.1. COSMIC RAY NEUTRON SENSING

stopping power of a material (where the upper boundary n is ghnumber of relevant
elements in the soil).
Q is known implicitly from calibration on local soil or theoetical computation [Zreda
et al., 2012], and is measured; therefore, the equation 2.1 can be solved for, SP
but since SR, (of hydrogen) dominates 2.1, the number of hydrogen atoms the
soil, Ny, can be inferred. Eventually, hydrogen can be directly lirdd to the soil
moisture through the semi-empirical relation [Desilets et al., 201®.4, which
shows a hyperbolic dependency.

0 1

N)= @2 gA (2.4)
a

No
With  being the volumetric water content, , the soil's bulk density (used to convert
from gravimetric to volumetric WC); N is the neutrons detecbr counting rate nor-
malized to a reference atmospheric pressure and solar aityivevel [Desilets et al.,
2010]; N is site and neutron detector specic, and demands for a simglalibra-
tion measurement [Schren et al., 2017]; while; are tting parameters deduced as
(ag; &; &) = (0:0808 0:372 0:115) from an empirical analysis in [Desilets et al.,
2010].
It is important to mention that fast neutrons are also producd and moderated
in the atmosphere, and small variations in the water vapor ctéent a ect the fast
neutron intensity; hence, a correction for atmospheric msture content should be
included. For these reason, a revised version of equatiod 2vas published in 2021,
found by combining the in uence of soil and atmospheric madigre, including the
latter using a linear function, which has been proposed asdluniversal transport
solution (UTS) [M. Kehli et al., 2021].

2.1.2 Cosmic ray neutron detector

Generally, particle detectors rely on the interaction of tke particle with an appropri-
ate detection substance, and the energy change triggeredthys reaction is recorded.

E cient neutron detectors almost exclusively rely on neutra converters: Evapora-
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2.2 Electrical resistivity tomography

Electrical Resistivity Tomography (ERT) is a geophysical rethod employed to de-
termine the spatial distribution of the bulk electrical comluctivity [Sm 1], or its
inverse, the bulk electrical resistivity [ m], of the subsurface.

An electric current is injected into the ground through a pairof current electrodes
(C1, C2) also commonly called (A, B), and the resulting eledtr potential eld is
measured by a second pair of potential electrodes (P1, P2)(@1,N). The measured
potential di erences contain information about the electical properties of the sub-
surface, as these in uence the ow paths of electric currerdand, consequently, the
shape of the electric eld. Similarly to Fermat's principlein optics, which states
that light always travels through the path that minimizes travel time, the electric

current preferentially ows along paths showing minimal reistance.

Figure 2.6: Schematic representation of current and potential electrde in ERT technique.

To describe the behavior of the electric potential eld, it § useful to begin with the
microscopic form of Ohm's law
J= E (2.5)

whereE is the electric eld, J is the current density vector, and is the electrical
conductivity. Given that electrostatic elds are conservéive, the electric eld can

be expressed as the negative gradient of the electric potextti

E=r V (2.6)
Substitution into equation 2.5 yields:

J= rV (2.7)
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2.2. ELECTRICAL RESISTIVITY TOMOGRAPHY

In direct current (DC) conditions, the principle of conseration of electric charge
applies, leading to:

r J=0 (2.8)

This results in the governing equation for the electric potdial in a medium with

spatially variable and potentially anisotropic conductivty:

@ N @ N @ NN C
& x(X,y,Z)@ "‘@ y(X,y,Z)@ "‘@ z(X,y1Z)@ =0 (2.9)

In the case of a homogeneous and isotropic medium, equatiaf 2impli es to the

Laplace equation:

r2v=0 (2.10)

As mentioned, current lines tend to concentrate in zones ofder resistivity. This be-
havior is governed by theangent law Considering a two-layer system with di erent
resistivities ; and »,, separated by a horizontal interface, an incident currenteh-

sity J; impinges on the interface at an angle; and is refracted intoJ, at an angle .

In electrostatics, the absence of magnetic elds implias E = 0, which leads to

the continuity of the tangential component of the electric éd:
Exx=Ex ) Ja 1=Jdx2 2 (2.11)
Additionally, the continuity of current across the interfae requires:
Ja=Jd2 (2.12)

Combining these conditions yields the tangent law:

(2.13)

This implies that when ;< 5, then ;< ».

2.2.1 Principles

In practice, the subsurface resistivity distribution is ifierred through a sequence of

measurements involving di erent con gurations of currentand potential electrode
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Figure 2.7: Top: Wenner electrode con guration. Bottom: dipole.-dipole con guration

pairs. These measurements yield a dataset of transfer réarges, which encode
information about the spatial variability of the subsurfa@'s electrical properties.
Electrodes are typically deployed along linear pro les orwto-dimensional grids at
the ground surface, with the speci c array geometry and measgement protocol tai-
lored to the investigation objectives.

For example, to enhance sensitivity to deeper structures, @surement sequences
may emphasize con gurations such as the Wenner array (Figu&7, which exhibit
relatively greater depth sensitivity. Conversely, if higkr resolution in the shallow
subsurface is required, dipole{dipole con gurations may & preferred due to their
lateral resolution characteristics. A commonly adopted epirical rule indicates that
the maximum depth of investigation achievable is approxinmaly one- fth of the
total electrode spread length.

Departures of the observed transfer resistances from thoseedicted under the as-
sumption of a homogeneous half-space re ect the presencesabsurface hetero-
geneities. Recovering the spatial distribution of electrat resistivity , from these
data requires the solution of an inverse problem governed byoBson's equation,
typically formulated and solved using regularized nonliree inversion techniques.
The inversion process consists of minimizing an objectiveriction (m) that, due
to the ill-posed nature of the problem leading to non-uniqueess of the solution
[Vanderborght et al., 2013], can be expressed as a weightednsof the data mis t

and a regularization term:

(m)= oM+  m(m) (2.14)
with  4(m) being the data mis t designed as

a(m) = jjw [d  f(m)]jj (2.15)
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wherem is the vector of unknowns (electrical resistivity for eachidcretization grid
cell); d is the vector of data (resistances measured with each quagnle); f(m)
Is the vector of electrical resistances predicted by the foand model derived from
the numerical solution of eq. 2.9W is a data weighting matrix associated with the
individual data errors. And ,,(m) is a regularization term taking smaller values for
smootherm elds; and is a regularization parameter that controls the trade-o
between 4and ,, [Camporese et al., 2015].

In cases where no detailed prior information is available aht the resistivity distri-
bution, regularization is often implemented by promoting smothness in the model.
This approach favors the smoothest resistivity distributon that still adequately ex-
plains the observed data, followingddDccam's principle [Constable et al., 1987]. Ac-
cording to this principle, among all possible models that gkain the observations,
the simplest, or least complex, model is preferred. In the m@xt of ERT inversion,
this translates into penalizing sharp resistivity contrats unless strongly supported

by the data, thereby yielding a stable and geologically plaible solution.
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2.3 Frequency domain electromagnetic induction
method

Frequency domain electromagnetic (FDEM) methods belong to éhbroader class
of geophysical techniques that exploit the behavior of elgomagnetic (EM) elds.
For this reason, it is appropriate to recall the macroscopic &kwell equations, which

describe the fundamental dynamics of electric and magnetields in matter:

r D=0 (2.17)
. @

rr- H=J+ @ (2.18)

r B=0 (2.19)

By combining these equations, one can derive the wave equais for the electric

and magnetic elds in a homogeneous, isotropic, linear, andwgce-free medium:

r °E % = % (2.20)
r 2H % = % (2.21)

Here, denotes the electrical conductivity, the dielectric permittivity, and the

magnetic permeability of the medium. The right-hand side (RS) of each equation
represents wave propagation, while the rst-order time dévative on the left-hand

side (LHS) accounts for energy dissipation.

To better understand the operative regime of FDEM systems, iis convenient to
transform these equations into the frequency domain via a Faar transform. Taking

the electric eld as an example, the time-domain wave equatiobecomes:

r’e il E= | %E (2.22)

By comparing the magnitudes of the attenuation and propagain terms, we de ne

the loss factor P:

P= —=— (2.23)
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Two distinct regimes can be identi ed based on the value of P: Wém P 1 (i.e,
high conductivity and/or low frequency), the attenuation term dominates. The
elds behave di usively, and electromagnetic induction (BMl) methods are appli-
cable. Conversely, when P 1 (i.e., low conductivity and/or high frequency),
the wave propagation term dominates. In this regime, EM waveethods such as
ground-penetrating radar (GPR) are more appropriate.

Electromagnetic induction techniques typically operatenithe frequency range 1 kHz
1 MHz, while radar techniques use much higher frequencies,toeen 100 MHz
1GHz.

EMI methods are further subdivided into frequency domain ah transient (time
domain) techniques. In this work, we focus exclusively onefquency domain EMI

methods, particularly under near- eld conditions.

2.3.1 Principles

FDEM instruments operate by generating a time-varying primay magnetic eld via
a transmitting coil. According to Faraday's law, this changng eld induces eddy
currents in the subsurface, which in turn generate a secongamagnetic eld as
described by the Ampere-Maxwell law. This secondary eld isensed by a receiver
coil, and, due to Faraday's law, the magnetic ux through the eceiver coil induces
a voltage, which is the measured signal.

The phase di erence between the primary and secondary elds ects the electrical
and magnetic properties of the subsurface. Asiillustrated in §ire 2.8, the secondary

magnetic eld lags behind the primary eld by a phase angle =5+ , where:
=tan ' ! o ¢ (2.24)

and the elds can be expressed as:

Hp =Hp€ ° (2.25)
Hs = Hgoelz* ) (2.26)

The total measured signal can be decomposed into two compaotse the in-phase
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In general, the response functions for vertical and horiztai coil orientations are
complex and nonlinear with respect to McNeeill, 1980. However, when 1,

the so-calledlow induction number (LIN) regime, the response simpli es to:

Hs Hs i 2 il 5 ¢
— ' = ' —= 2.28
Ho | Ho 2 4 ( )
Achieving 1 requires the coil spacing s to be much smaller than the skinpth
, Or equivalently:
2
! 2.29
- (2.29)

Once a coil spacing s is chosen and the expected maximum sufaste conductiv-
ity is estimated, the operating frequency is selected to saty this condition and
remain within the LIN approximation. Under this assumption, the secondary eld
is linearly proportional to the ground conductivity, and edhibits a phase lead of
9( relative to the primary eld (assuming non-magnetic groungdi.e., = ) and
from the quadrature component of the measured signal, one cderive the apparent

conductivity , as:
4 HsQ

2
oS HpQ

(2.30)

a:

where the subscript Q denotes the quadrature component.

In practice, FDEM instruments acquire multiple measurementswer the same loca-
tion using either di erent coil spacings (geometric soundyg) or di erent operating
frequencies (frequency sounding). This strategy enablesptle sensitivity and allows
for inversion procedures to recover 1D conductivity pro Is.

As with electrical resistivity tomography (ERT), inversion algorithms are used to
construct subsurface models. However, unlike ERT, which pnaes a true 2D model,

FDEM typically yields a pseudo-2D result, which consists of tarpolated 1D pro les.
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Chapter 3

Material and Methods

3.1 Study Site: Geology, Geomorphology and Veg-

etation

The study site is located in Borgo Grig-
nanello, within the municipality of Castel-

lina in Chianti (Siena province), in the

heart of the Chianti Classico wine region.
The surrounding land use is dominated
by vineyards and olive groves, while ap-
proximately 62% of the territory is clas-

sied as forest according to [Masnaghetti,
2022]. The area is predominantly hilly,
with elevations ranging from 300 to 500
m above sea level, and locally reaching
up to about 900 m in the highest sec-

tors.
Figure 3.1: Site location in lItaly.

From a geological perspective, the site lies within th&xternal Ligurian Domain.
Two formations are present in the vicinity of the study areaKigure 3.2). The study

site itself is located on theSillano{Santa Fiora Formation . In this area, the
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complex tectono-stratigraphic setting of the Chianti sear of the Northern Apen-
nines.

Pedological information provided by Regione Toscana indites that soils in the
Castellina in Chianti area are typically deep, only slightly gavelly, and dominated
by silty clay to clay loam textures. They are strongly calcagous, weakly to moder-
ately alkaline, and moderately well-drained. Such prope&#s in uence both in Itra-
tion capacity and water retention, with implications for hydrogeophysical surveys.
The CRNP sensor is installed within an active vineyard charaerized by old vines
approximately 1.5{2 m in height, consistent with traditional Chianti cultivation
systems. The plants are supported by concrete poles spacegrg few plants, a
technique typical of older viticultural practices. During both measurement cam-
paigns, the vineyard soil was not recently tilled, and interow spaces were covered
by grass. Importantly, no chemical treatments were appliednmediately before or
during the survey periods, ensuring that vegetation and soihoisture conditions
remained undisturbed by agricultural practices.

The local topography is characterized by the alternation ajentle slopes with steeper
sections. At the study site, the land surface dips toward theaorth, with a marked
change in slope occurring approximately 20 m downslope ofettCRNP installa-
tion. This geometry favors surface runo, although not at ctical levels. The slope
con guration is not expected to exert a signi cant in uenceon cosmic-ray neutron
propagation or on the spatial footprint of the CRNP measurenms, yet it must be
considered in hydrological interpretation.

Together with the described geology, pedology, and vegetai heterogeneity, this
gentle but variable morphology in uences the spatiotempotadynamics of runo
and in ltration. The resulting hydrological complexity remains elusive and yet fun-

damental for the region's agroforestry system.
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3.2 Geophysical Data Acquisition and Processing

The geophysical survey was carried out to assess the hetenogity of the site, partic-
ularly in terms of ground conductivity distribution, which can help infer variations
in lithology and moisture content. For this purpose, methoslcommonly employed in
hydrogeophysical investigations, namely ERT and FDEM, weresed, as previously
introduced. The surveys were essential to support and enr@nthe interpretation
of the CRNS time series. Another key activity, fundamental forcalibrating CRNS
count conversions, was the direct measurement of volumetmater content (VWC)
and bulk density, possible through the collection of 13 salamples.

Figure 3.3 illustrates the spatial layout of the ERT lines and @il sample locations,

along with the positions of the CRNP.

Figure 3.3: Survey map showing the eight ERT lines from both campaigns,ample locations, and
the CRNP position. In the background, the conductivity map obtained wit h the EMI inversion,
corresponding to  1:25 m (bgl).

These were strategically distributed in a cross pattern whin a 50 m radius from

the detector. The resulting VWC and bulk density values were ab critical inputs
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for the numerical simulations described in the following s#@on.

Preliminary insights into the subsurface heterogeneity dhe vineyard were already
available from earlier ERT campaigns, which informed the phning of new ERT
lines. Moreover, the spatial sensitivity of the CRNP (see Seaoh 2.1.3) guided the
sample distribution [M. Kehli et al., 2015].

The rst survey was conducted between November 14 and 15, 2024igh rstly in-
volved the acquisition of four ERT lines and of the FDEM mappig. On the second
day, sampling activities were completed alongside the remang FDEM measure-
ments.

A second campaign followed between March 25 and 26, 2025. S'phase aimed to
acquire high-resolution ERT data, using electrode spaciagf 20 cm and 40 cm, and
to characterize an adjacent vineyard to the east, in order tmvestigate lithological
continuity across the site. Additionally, the CRNP was conne@&d to a server to
enable remote data monitoring. TDR mapping was also perford, but its results

will be analyzed in future work.

3.2.1 Samples: Acquisition, Analysis, and Results

The sample collection strategy was designed based on the CR8IBensitivity foot-
print, which is signi cantly higher in the immediate vicinity of the detector and
decreases with distance. For this reason, samples were axiltd in a cross-shaped
layout centered on the CRNP. One direction followed the vineyd rows (aligned
approximately North{South), while the other was perpendiclar, crossing multiple
plant rows (see Figure 3.3).

The rst sampling point was positioned at O0m from the detector along the
North{South axis, approximately 1 m from the nearest plant rav. Additional sam-
pling locations were distributed at distances of [5 20 20 5@]in both directions,
resulting in a total of 13 distinct sampling locations.

To investigate possible vertical variability in soil propeties, two samples were col-

lected at each location from di erent depths: one from 0 to 15cm, and the other
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from 15to 25cm depth (as deep as eld conditions allowed).
A manual core drill was used for sample extraction and GPS calinates were
recorded at each location (see Figure 3.4).

The coordinates of the sampling points and the CRNP are listeid Table 3.1.

Figure 3.4: Core sampling using a manual core drill (left); sample holen the eld (right).

All samples were weighed in the eld using a balance with a rdstion of 1g and
then oven dried in the laboratory at 50C. The drying process was monitored by
weighing the samples at regular intervals until their masstabilized.

The volume of the sample was estimated by measuring the depth each hole in
the eld and using the known diameter of the core drill. Giveneld limitations, a
rigorous volume estimation was not possible. Therefore, certainty was approxi-
mated by measuring the deepest and shallowest points withimeh hole and taking
the semidi erence as the error estimate of the height.

The bulk density and the VWC were calculated using equations Band errors were

propagated accordingly.

_ Mary

b Mo Mg
. vwCc= = ——
Vtot w mdry

100 (3.1)
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where j is the bulk density, myy is the mass after complete drying, ¥; is the total
extracted volume, my is the eld measured mass and,, is the density of water,
assumed to be 1gem®.

The results, including sample coordinates, bulk densitynal VWC, are reported in
Table 3.1.

The average bulk density across all samples wa89 0:20 g=cm®. When separating
shallow and deep samples, the average values wer@20 0:08 g=cm® and (.96
0:26 g=cm?, respectively, indicating no signi cant vertical gradientin density within
the rst 25cm. Similarly, the overall VWC was 201 4:5%. When disaggregated,
shallow samples averaged 19 3:1 %, while deeper samples averaged:20 5:4 %.
Moreover, neither bulk density nor VWC exhibited a discernile spatial pattern.
These observations can be speculated observing Table 3.1 dfidure 3.5. This
suggests a relatively homogeneous super cial soil layer.DR mapping, addressed
in future work, will help con rm whether the upper layer exhbits consistent behavior

or is in uenced by deeper heterogeneities.

Figure 3.5: Bulk density values from shallow and deep samples. No evidee of a density gradient
or spatial pattern is observed.

The relatively low average bulk density, which was lower thamitially expected, war-

ranted further investigation. One possible cause is the higorganic matter content,
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Sample label| |, [kg=m°] | VWC [%] X y z
N1 900.6 21.9 43.52150087 11.28462214 361.025
N2 1418.7 33.2 43.52150087 11.28462214 361.025
N3 831.9 21.9 43.52176756 11.28459011 358.35
N4 560.5 12.8 43.52176756 11.28459011 358.35
NS 966.6 23.2 43.52190151 11.28457841 357.096
N6 873.9 21.0 43.52190151 11.28457841 357.096
N7 762.8 21.0 43.52194438 11.28457001 356.768
N8 821.6 22.8 43.52194438 11.28457001 356.768
S1 840.6 22.0 43.521989771 11.2845642| 356.384
S2 1032.6 20.4 43.521989771 11.2845642| 356.384
S3 758.5 17.2 43.52212529 11.28454806 354.694
S4 1061.1 22.1 43.52212529 11.28454806 354.694
S5 943.2 20.0 43.52239072 11.28451677 350.128
S6 739.0 13.3 43.52239072 11.28451677 350.128
El 745.1 15.1 43.52191504 11.28406903 353.395
E2 1200.3 27.4 43.52191504 11.28406903 353.395
E3 731.9 19.3 43.52193468 11.28436082 355.737
E4 807.9 21.4 43.52193468 11.28436082 355.737
E5 756.8 17.9 43.52194385 11.28450036 356.466
E6 906.4 21.5 43.52194385 11.28450036 356.466
O1 791.1 20.5 43.52194965 11.28464182 357.05
02 863.8 20.2 43.52194965 11.28464182 357.05
03 836.4 14.2 43.52196176 11.28485066 357.571
O4 777.5 15.9 43.52196176 11.28485066 357.571
05 746.2 14.2 43.52198511 11.28515246 357.632
06 1417.7 22.9 43.52198511 11.28515246 357.632

Table 3.1: Samples location in plane coordinates. First line shows theosmic ray neutron probe
position while the labels in the rst columns were used to name the ample according to direc-
tion (N-North, S-south and so on) with respect to the detector position and the number is just
sequential, considering that for every location two soil samples wer collected odd numbers are for
shallow samples and even for deep. Bulk density values in kgn® and VWC in percentage for all

13 samples.
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Sample| LOI 450°C [%]
E2 9.85
E3 9.99
02 8.43
05 7.58
o1 9.42
06 8.52

Table 3.2: Mass loss percentages from LOI analysis at 45Q, used to estimate organic matter
content in selected samples.

which is known to reduce the bulk density. Therefore, six sastes (both shallow and
deep) were analyzed using the loss-on-ignition (LOI) metkdoat 450 C to estimate

the organic matter content. The results are shown in Table 3.
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3.2.2 ERT Survey: Acquisition, Processing, and Results

To investigate subsurface heterogeneity

around the CRNP and conrm previous

interpretations, several ERT lines were ac-

quired during both eld campaigns. The

surveys were carried out using a Syscal

Terra resistivity meter (Iris Instruments)

with 96 electrode connections.

During the rst campaign, three paral-

lel proles (L1a, L2a, and L3a) were laid

along the north-south direction, following

the vineyard rows (see Figure 3.3). Each

line consisted of 48 electrodes spaced 1

meter apart, with one roll-along section, Figure 3.6: Site location in Italy.
yielding pro les approximately 72 meters

in length. An additional transverse line (T ) was acquired in the east-west direc-
tion, perpendicular to the vineyard rows, with a total lengh of 48 meters and a
1-meter electrode spacing. This line was designed to invegstie a known lithologi-
cal boundary inferred from earlier measurements. All ERT lies used dipole{dipole
electrode con gurations with multiple skips to increase laral resolution and depth
coverage.

During the second campaign (March 2025), four additionaldes (1b, L2b, L3b, and
L4b) were acquired to improve near-surface resolution. For tee lines, a shorter elec-
trode spacing of 20cm and 40cm was used. These lines parialerlapped with
previous pro lesL2a and L3a to allow comparison and continuity checks. This high-
resolution acquisition aimed to better characterize the vg shallow subsurface while
still accounting for the importance of deeper features in gundwater dynamics. A

summary of the lines con guration can be found in Table 3.3.

The collected data exhibited excellent quality, with contat resistances of only a few

k and reciprocal errors generally within 2.5%. A representdve example of the
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3.2.3 FDEM Survey: Acquisition, Processing, and Results

Figure 3.9: Mini Explorer by GF Insturments. Multi-coil system for the frequency domain elec-
tromagnetic method acquisition. Automatic sampling with active GPS recording was performed
by covering the whole eld.

The FDEM survey was performed using the CMD Mini Explorer conalctivimeter
(GF Instruments). This instrument includes three transmitter{receiver coil spac-
ings: @32m, Q71 m, and 118 m, for a total of 4 coils in the system, and supports
both vertical and horizontal coplanar con gurations. Thisenables the exploration
of di erent depth ranges and the acquisition of apparent catuctivity data charac-
terized by di erent sensitivity functions.

Field data were collected walking along parallel transects tvaeen all vineyard rows.
Choosing an automatic sampling frequency of 2 Hz with GPS recling (with pre-
cision of 1m ) allowed us to create a map of the part of the footprint close the
CRNP. The measurement grid ensured coverage of the vineyardave the CRNP

is located.

A pseudo-2D conductivity section was obtained by invertinghe multicoil FDEM
data using the EmagPy software package [McLachlan et al., 22 To enhance
consistency with ERT-derived subsurface properties, the FEM conductivity val-

ues were calibrated using obtained resistivity models frothe L3b ERT line (with
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40 cm electrode spacing). Speci cally, a linear correlatiovas identi ed between the
ERT-derived conductivities and the raw FDEM data, which was tlen applied as a

calibration factor across the entire FDEM dataset.

The nal conductivity maps were obtained via spatial interplation using the Kriging
algorithm implemented in QGIS. This allowed for the visuafiation of subsurface
conductivity at multiple depth intervals across the eld. Figure 3.10 presents the
resulting conductivity maps at chosen depths: :@5m, Q5m, 075m, 10m, and
1:25m.

46









3.3. MODELING AND MONTE CARLO SIMULATIONS

3.3 Modeling and Monte Carlo simulations

The modeling of the environment and the simulation of neutroriransport were
essential to gain a deeper understanding of neutron behavionder varying envi-
ronmental conditions and the corresponding detector respse. Furthermore, these
simulations enabled the study of the e ects of site heterogeities on the detector
measurements, features that cannot be captured through @ldata alone, expanding

the potential of CRNS technique.

Monte Carlo simulations are widely employed as an e ective ethod for calculating
neutron transport. The approach involves random samplingdm prede ned initial
conditions. Speci cally, particles are introduced at setged positions with de ned
energy and angular distributions, and their trajectories @ then simulated prob-
abilistically through the domain, based on relevant micrapic cross sections. In
this manner, individual neutron tracks can be simulated andtsred, allowing for
the analysis of external in uences on their paths. Moreoveneutron uxes can be
modeled with appropriate statistical accuracy, all while raintaining relatively low

computational costs compared to alternative simulation tols [Weimar, 2022].

In the context of CRNS, the primary strength of a Monte Carlo tansport code
lies in its ability to realistically simulate how environmental conditions in uence
the neutron ux at the interface between the atmosphere and # land surface.
These simulations provide the foundation for the derivatio of analytical transfer
functions, which describe the response of neutron ux to vations in environmental

parameters, such as soil moisture.

3.3.1 URANOS Monte Carlo Transport Code

The simulation tool used in this work is URANOS (Ultra Rapid Neutra-Only
Simulation), a Monte Carlo-based code speci cally develeg for neutron transport

in environmental contexts.

URANOS simulates elastic collisions across thermal, epitheal and fast energy

regimes, as well as inelastic scattering, neutron absormti, and absorption-like pro-
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cesses such as evaporatigrwhich are particularly relevant for the elements encoun-
tered in environmental materials. The code is optimized byxeluding unnecessary
physical processes (e.g., ssion, gamma cascades), rasgltin signi cantly faster

computational performance compared to general-purpose hte Carlo codes.

URANOS employs a layered model architecture, where each layerdeeated by
extruding a two-dimensional map into a voxel-based threequiensional geometry.
Each layer can either consist of a single homogeneous mateoiabe subdivided into
multiple regions using a two-dimensional matrix. \Voxels & assigned prede ned
materials, each characterized by a speci c isotope compisin, atomic weight, and
density. For example modeled pure air consists of 7§3oNitrogen, 21%,, Oxygen
and 1%,, Argon, pressure at 1020 mbar; while the solid part in the soi$imade of
75%y0 SIO, , 25%y, Al,O3 at a compound density of B6g=cm®.

The simulation domain typically includes three main layers the neutron source,
the detector (which may also be modeled as a virtual detectavith nite spatial
resolution rather than an in nite plane), and the ground. These layers can be
further subdivided into sublayers with heterogeneous propees to re ect complex
systems. Heterogeneities can be de ned by importing tab-sm@ated ASCII matrices
with equal row and column dimensions or using grayscale PNG ages. Integer or
grayscale values are used to assign density, porosity, anaterial types to each

voxel.

The parameters of the upper atmospheric layer, such as atnpberic depth and air
humidity, can be freely customized.

URANOS adopts a distinctive approach in de ning the cosmic neubn source. Un-
like other studies, it provides a source speci cation tailed for the simulation of
soil-moisture-dependent neutron transport which is neaihe atmosphere{soil inter-
face. Depending on the scenario, particularly on atmospherdepth and humidity

pro les, the simulated vertical extent can reach up to sevat kilometers.

The number of neutrons launched in the simulation is determed based on the de-

LEvaporation refers to the emission of fast neutrons following interadbns of high-energy neu-
trons or protons with soil or air.
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through PNG maps was employed to de ne spatial heterogeneiieand enhance
modeling exibility.

Two key soil parameters were considered: bulk density andlumetric water content
(VWC). While URANOS allows users to select default soil types witla speci c VWC
(ranging from 1% to 85%), a more precise modeling for the déysvas achieved by
tuning porosity, density scaling factors, and water contérto match known values

from eld samples. The relationship used to compute the actl density is given by:

=fa(ger 1 P)* cod w) (3.3)

where § is a scaling factor ranging from 0 to 255, 4 is the default soil density

from the material list, p is porosity, .4 IS the VWC associated with the selected
material type, and , is the density of water, assumed to be; fj=cm?.

A key objective of the simulations was to evaluate the systéaresponse under het-
erogeneous soil conditions. For this purpose, numerous glations were conducted
by systematically varying the soil porosity to emulate denty changes. Notably, re-

ducing density by replacing soil with void (rather than adjsting water content) has

a comparatively minor e ect on neutron moderation, which renains predominantly

governed by the presence of hydrogen even for small VWC contefitherefore, this

strategy does not signi cantly compromise the validity of he results.

3.3.3 Footprint estimation

Given the computational cost associated with neutron simations, the initial set
of experiments focused on a qualitative assessment of theutten footprint. This
step was crucial to determine an optimal source design: a so& that is too small
may yield unrepresentative results, whereas an excessyédrge source increases
computational burden without added bene t.

All simulations were executed on a university server equipdevith 48 CPUs. Since
URANOS runs each simulation on a single core, a standard of’Ifeutrons per simu-
lation was adopted, balancing statistical robustness an@mputation time (typically
1{2 hours). Simulations requiring higher precision were oducted by running mul-

tiple instances in parallel under identical conditions andiggregating the neutron
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3.5, and two di erent density conditions, obtained by usingli erent porosities (35%
and 70%) the estimated neutron footprint ranged between 2Ghd 300 m, while the
penetration depth, de ned as the depth within which 86% of tk detected neutrons
experienced their rst interaction with the ground, variedfrom approximately 15 to
65 cm with water content. Representative results for two slotypes with di erent
porosities are reported in Table 3.4.

These values were derived from the output of the URANOS simulaths. Among
other variables, the software records both the maximum dejptreached by each
detected neutron that interacted with the soil and the (xy;z) coordinates of its
rst soil interaction. A simple post-processing code was @eloped to extract the
footprint and penetration depth under consistent statisttal conditions. Speci cally,
the footprint was calculated by progressively increasindné horizontal search radius
in steps of 1 m until 86% of the detected neutrons were includieresulting in a
maximum deviation of Q5%. Similarly, the penetration depth was obtained by
incrementally extending the vertical search depth in stepsf 1cm, achieving an

uncertainty of 0:2% in the neutron population considered.

35% porosity 70% porosity
VWC [%] | Footprint [m] | zge [cm] | Footprint [M] | zgs [cM]
3 281 38.6 269 63.7
7 286 27.6 308 43.3
10 293 27.1 274 36.2
15 263 23.3 278 31.6
20 234 195 206 26.7
30 252 16.3 271 20.3

Table 3.4: Neutron footprint and depth (zgg) for simulations with 5 10’ neutrons under two
di erent porosity scenarios.

3.3.4 Count - VWC curves

Once a reliable simulation protocol was established, it bame possible to explore
neutron propagation and its interaction with varying soil noisture conditions. To
this end, a series of simulations were conducted to reproduihie expected hyperbolic

relationship between neutron count and volumetric water edent (VWC). A total of
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12 simulations were performed, covering a range of VWC valud8; 7; 10, 15, 20; 30] %,
under two distinct porosity conditions (see Table 3.4).

The rst porosity value, 70%, was selected to re ect the soitonditions observed
at the Borgo Grignanello site, where bulk densities typicatlrange between B and

0:9; g=cm?. This choice can be justi ed using Equation 3.3:

=((1 07) 286+ 1)g=cm’ (3.4)
=(0:85+ 1)g=cm® (3.5)

where 286; g=cm® corresponds to the default soil density in URANOS for 0% poros-
ity. A second porosity level, 35%, was also tested for compson, resulting in a
higher bulk density of approximately 186; g=cm®.

The simulation setup, including geometry and environmentglarameters, is summa-
rized in Table 3.5. These values remained consistent acradissimulations described

in this and next sections.

source layer: 30 80 m agl
detector layer: 1.5 25 m agl
detector diameter: 3m

ground layer: 0 3 m bgl
square source half-size: 500m

air humidity: 16 g=m?

air hum. exp: I. Inf
atmospheric depth: 1013gcn?
cuto rigidity: 5GeV

input neutrons: 5 10

Table 3.5: Geometrical and physical parameters representative of the Bgo Grignanello site,
shared by all simulations.

The resulting neutron counts are shown in Figure 3.15, normaéd with respect to
the count at the lowest VWC value in each group. In both porosyt cases, the data
t very well (R 2 > 99%) with a hyperbola, which is consistent with eq. 2.4 .

A notable di erence in absolute neutron count can be obsergebetween the two

soil types. The denser material (i.e., with lower porosity) ansistently results in
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Figure 3.15: Neutron count (left) and normalized neutron count (right) as a function of VWC for
two porosity conditions. The data exhibit a hyperbolic trend, as expected from theory. In the title
the R? of the t are written

a higher count rate. This phenomenon can be attributed to theeduced mean
free path in denser media, leading to more frequent interaons. Although these
interactions are primarily elastic scattering with heavie compounds, which do not
signi cantly reduce neutron energy, they contribute to grater backscattering toward
the detector. Since atmospheric humidity is relatively lowneutrons that remain in
the upper soil layers or atmosphere are less likely to be modted, or to "get lost"
in the deeper soil, thereby increasing the probability of dettion.

Despite the limited number of simulations, some preliminargonclusions can be
drawn. As shown in Table 3.4, the penetration depth g) for the higher-density
material is approximately 20% to 40% shallower compared tché¢ lower-density
case. This observation further supports the interpretatio that after VWC, the

bulk density plays an important role in the neutron transpot in the ground.

3.3.5 Assessing the e ect of the eld heterogeneity

This section investigates whether, under heterogeneous! ®onditions, the response
of a cosmic-ray neutron sensor (CRNS) is predominantly cowtlied by one specic
region and, if so, which one. From a theoretical perspectivihe non-linear relation-
ship between neutron counts and volumetric water content (VW) suggests that the

driest region should dominate the signal. However, this mute considered along-
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Figure 3.18: Normalized count{VWC curves for simulations with and without a 30 cm homogeneous
top layer. Counts are plotted against the mean VWC of the two regions.

sample data, treating the upper soil layer as completely imgpendent from the under-
lying material would oversimplify the hydrological system Based on general princi-
ples of subsurface ow, it is reasonable to expect that litHogical heterogeneities at
depth also in uence the behavior of the upper layer. For this @son, the simulations
without the added super cial layer are considered more repsentative and are used

in the analysis that follows.

The work hypothesis is that, in the presented geometrical ngyuration of the
ground, the drier region dominates the neutron response. Intar words, it should
be possible to approximate the behavior of the heterogeneosite by that of a ho-
mogeneous site with the same characteristics as the dry regi The test for this
consists of checking whether the VWC values derived from hetgeneous simula-
tions align more closely with those of the marl unit than withthose of the silty

loam.

To establish this, homogeneous simulations were performid both materials, using
porosities of 30% and 50% and a common VWC range qof 3 10, 15 25 %. As
shown in Figure 3.19, the resulting curves con rm earlier olsvations: di erences
in porosity, i.e. bulk density, lead to di erences in sensitiity of the neutron counts

to changes in VWC and in the e ective penetration depth.

The next step was to convert neutron counts into VWC. For this prpose, the
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Figure 3.19: Normalized neutron counts for homogeneous con gurations with 30% and 50%oros-
ity.

software CoRNY was used. CoRNy reads raw measurement les, performs basic
quality control, applies correction functions, and provids a rst-order soil water
conversion. Its main input variable is the neutron count persecond. However,
synthetic counts strongly depend on the number of input neavns and therefore on
the computational power of the server used. As a consequenitey do not provide
a realistic time{count relationship.

To overcome this, a scaling factor was introduced. A homogenmsosimulation was
run under site-speci ¢ conditions (bulk density, air pressre, and humidity) with
5 10’ input neutrons, consistent with all simulations in this workand 20% VWC.
The resulting counts were compared with a eld measurementnol7/04/2025 at
6 a.m., which, after conversion, yielded exactly 20% VWC. Thscaling factor was

then de ned as:

™ 1875 3600

(3.6)

where Ny is the realistic neutron counts per second; 1400 is the meest neutron

counts per hour corresponding to 20% VWC; and 1875 is the simtdd neutron

3GitLab repository: https://git.ufz.de/CRNS/cornish _pasdy
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counts for the same conditions.

The homogeneous simulations were also used to identify theost suitable CoORNy
con guration, as several correction schemes are availablgince the synthetic setup
already represented a simpli ed version of the eld conditins, most of the correc-
tions typically required for real data (e.g., organic mattg clay content, or variations
in the incoming cosmic-ray ux) were not applied. Only air humidity and pressure
corrections were included. Polynomial corrections wereed for humidity, following
[M. Kehli et al., 2021], as they provided the best results ahare recommended for
dry conditions. For air pressure, the exponential correan described by [Zreda et
al., 2012] was adopted.

The conversion results for the homogeneous simulations asported in Table 3.7.
These values are particularly important as a test for assesg the robustness of the
work ow. It should be noted, however, that each output orignates from a single
simulation, and thus some variability is expected due to ststical uctuations. By
contrast, real measurements are based on stacked data andving averages over
time windows, which naturally reduce variability. For thisreason, deviations from
the expected VWC output values are acceptable here, althoudurther studies are

planned to re ne the statistical consistency of the results

Model input 3% 5% 10% 15% 25%
CoRNy Output Marl (por = 30%) 1.19%| 3.84%| 9.42%| 13.60%| 25.07%
CoRNy Output Silty Loam (por = 50%) | 1.74%| 3.19% | 9.39% | 18.75%| 27.33%

Table 3.7: Conversion results from CoRNy for homogeneous simulations correspding to the two
regions of the heterogeneous setup (Region 1, marl; Region 2, silty loam). Thest row reports
the VWC values used as input in the Monte Carlo ground model.

After establishing the best conversion settings (tested wit Table 3.7 as results),
counts from the heterogeneous simulations were also cortgdr Bulk density is a
required input parameter for CoRNy; therefore, the process wacarried out twice,
once using , = 2:002 gccm® (marl) and once using , = 1:43 g=cm® (silty loam).

The results are presented in Table 3.8 and Figure 3.20.

To facilitate interpretation, the results of Table 3.8 are pbtted together with the
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Model input 5%{30% | 10%{32.5% | 15%{35% | 25%{40%
CoRNy heter. site (143 g=cm®) | 4.86% 8.50% 15.17% | 25.34%
CoRNy heter. site (200 g=cm?®) | 6.80% 11.9% 21.24% 35.5%

Table 3.8: Conversion results from CoRNy for heterogeneous simulations. Th rst row reports
the VWC inputs assigned to the ground model (Region 1 { Region 2).

Figure 3.20: Results of the conversion with CoRNy for heterogeneous simulamns. The two curves
correspond to the conversions performed using the bulk densitiesf the two regions.

input values of VWC of the two regions in Figure 3.21.

At rst glance, the last simulation appears to retrieve a VWC cbser to that of the
silty loam region. However, it must be emphasized that at highr water contents
the conversion tends to overestimate VWC. This bias is likelyinked to the air
humidity correction, which is known to perform best under dy conditions. To test
this, an additional set of homogeneous simulations was parfted with silty loam at
high water contents [30Q 325; 35, 40]%. The results (Figure 3.22) con rmed that,
when comparing converted values rather than input model vag¢s, the CRNS signal
still aligns more closely with the drier region. The error aociated with humidity
correction thus appears to increase with VWC, leading to sysinatic overestimation
in wetter soils. Nonetheless, the robustness of the work overf the 0{25% VWC
range is evident from Table 3.7, and within this range the domance of the drier
region is clearly demonstrated. This result supports the tloeetical expectation that,

under heterogeneous conditions, the CRNS response is digmionately governed
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Figure 3.21: Heterogeneous simulation conversion results compared with ¢hmodel input values of
the two regions. The upper panel shows the results of the conversigmerformed using the silty loam
bulk density for the whole eld , =1:43 g=cm?®, whereas the lower panel with , = 2:002 g=cm?.

by the region with lower moisture content.
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Figure 3.22: Heterogeneous conversion results (as in Fig. 3.21) plotted togetheith the conversion
results of the homogeneous cases. Upper panel, = 1:43 g=cmq; lower panel: , = 2:002 g=cm?.
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Chapter 4

Results and Discussion

4.1 Results from the Samples, ERT and EM

The EMI survey (Figure 3.10) con rmed the presence of two mailithologies at the
site. The survey provided a rapid characterization of the stlow subsurface and
proved useful for de ning the locations of the ERT lines in a dta-driven manner.
Even before calibration with ERT data, the EMI inversion repoduced earlier obser-
vations of a very well-de ned separation between the regisnthus giving con dence
in the robustness of the survey.

Following this, a series of ERT lines were acquired to comphent the EMI results.
The aim was twofold: to enhance resolution at greater depthand to obtain a
more accurate image of the subsurface structures. The ERTstdts revealed a
conductive body overlying and intruding as a lens into a moreesistive formation.
Geological information from the site, combined with obseations of nearby outcrops,
suggests that the resistive unit corresponds to a marly litlogy. This interpretation
is consistent with the resistivity values obtained from thesurveys, which fall in the
range of 40 m to 60 m and are compatible with fractured marl in the shallow
subsurface. The conductive region, by contrast, exhibitecesistivities of6 10 m,
indicative of higher porosity materials and possibly enried in clay.

The ERT data further indicate that the silty loam lens reache several meters in
thickness. This is signi cantly greater than the penetrationdepth of the CRNS

method and therefore supports the use of a uniform model in pté& for the simu-
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lations. Importantly, the combined EMI{ERT dataset con rm s earlier site charac-
terizations and demonstrates the presence of substantiatdsal heterogeneity that
extends beyond the vineyard where most measurements wererigat out.

Additional constraints were obtained from the laboratory aalysis of soil samples.
These con rmed a high proportion of silty loam and revealed aigni cant organic
matter content of approximately 9% in the upper 25 cm acrossi drent sampling
locations. No systematic spatial trend or depth gradient wasbserved in bulk density
or VWC, suggesting that the very rst soil layer can be consided homogeneous
at the scale of interest. In conclusion, the measurementsnconed earlier ndings
while providing higher-resolution images of the subsurfac This enabled a more
detailed comparison between geophysical proxies for hytirgical parameters and

CRNP data over the relevant periods.

4.2 Results from the simulations and analysis

The simulation campaign was designed to serve three purposesst, to deepen
the understanding of the physical principles underlying CRNSsecond, to develop
practical skills in simulating neutron propagation and inteactions using URANOS,
a state-of-the-art tool for environmental neutron physicsand third, to extend the
interpretation of CRNS data by integrating insights from conplementary geophysical
methods.

The footprint study provided valuable methodological ingjhts into the use of URA-
NOS, while also delivering results consistent with those in éliterature. In partic-
ular, the simulations con rmed that the e ective detector footprint radius is on the
order of 250 m 300 m in ideal conditions such synthetic setups.

The analysis of porosity e ects demonstrated that variatias in soil density do not
play the main role in when studying the count dynamics, in fadhe VWC dominates.
However, interesting features might be noticed when the VWC isot high; in fact,
the results show that with lower bulk density both the footpmt and penetration
depth (Figure 3.4) increase, while the overall count decreaseThis e ect tends to

disappear with increasing moisture. These preliminary ndigs provided the basis
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4.2. RESULTS FROM THE SIMULATIONS AND ANALYSIS

for designing more complex simulations of heterogeneoud soodels.

The heterogeneous simulations, discussed in detail in Sent3.3, yielded promising
results directly aligned with the central hypothesis of tis thesis. The comparison
between heterogeneous and homogeneous setups demongiréi@at the neutron
response of a heterogeneous site can, to a good approxinatibe represented by
that of a homogeneous model with properties matching thosé the drier region.
After conversion of neutron counts into VWC, the agreement bateen heterogeneous
and homogeneous results was particularly close when the digyn assumed for the
conversion matched that of the drier material.

These ndings demonstrate that, during both drying and weting phases, the CRNS
signal is predominantly governed by the driest region. Accdingly, within certain
VWC ranges, the dynamics of a heterogeneous system may be reasdy approx-
imated by those of a homogeneous model characterized by theogerties (e.g.,
porosity and VWC) of the driest lithology. This behavior is casistent with the-
oretical expectations, since regions with lower water cagit moderate neutrons less
e ectively and therefore contribute disproportionately tothe detected signal. The
simulations provide quantitative con rmation of this e ect.

From an applied perspective, the results suggest that whemipr information about
subsurface heterogeneity is available, for instance fronME or ERT surveys, CRNS
data can be interpreted with greater con dence by referenog the dominant region.
In this way, neutron count variations can be more reliably dtibuted to specic
subdomains within the footprint. This signi cantly enhances the interpretability of
CRNS measurements and increases their value for eld-scalel sooisture monitor-
ing.

Nevertheless, it is important to recall the detector's non-irvial radial weighting
(sensitivity) function (see Sec. 2.1.3). Consequently, ¢hconclusion presented is
geometry-dependent: for heterogeneity patterns that di emarkedly from the two-
region con guration implemented here, the analysis shoulbde replicated with the
appropriate site-speci ¢ geometry to assess the impact ofie¢ spatial arrangement

on the CRNS response.
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Conclusions

The purpose of this work originates from the need to bridge &éhgap between the
large-scale soil moisture information provided by remoteessing and the highly lo-
cal information obtained from point sensors, which remainhe state of the art for
soil water content monitoring. Such intermediate-scale infmation is increasingly
demanded in applied contexts, from agricultural resource anagement to the as-
sessment of slope stability and landslide hazard.

In this thesis, the interpretation of CRNS data was supportedy a study of the
theoretical background of cosmic ray particles, with partiular attention to neutron
interactions and detection principles. Beyond the literaire review, extensive nu-
merical simulations were carried out using the URANOS softwareThese allowed
to explore di erent environmental conditions and test the m uence of several key
variables. The simulations con rmed and extended existing lawledge of the CRNS
penetration depth and footprint, estimated here between 200 and 300m in ra-
dius and 15{65 cm in depth, respectively. Furthermore, thexpected semi-empirical
hyperbolic relation between neutron counts and volumetrigvater content (VWC)
was successfully reproduced under simpli ed conditions. Axpected, the agreement
was strongest in the \ideal world" of simulations, where entonmental complexity
is absent and where more advanced models, such as the UTS apphp are not
required.

The role of soil density was also investigated. Synthetic datshowed that density
exerts a stronger in uence at low VWC values, with its main e €t lying in changes
to the probe footprint and penetration depth. Denser mateals do not moderate
neutrons more e ciently, but they reduce the mean free paththereby enhancing

scattering back toward the detector, reducing both the queities in depth and
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distance.

The study then turned to the case of heterogeneous sites. &nCRNS provides
integrated measurements over its footprint, it lacks spadi resolution. However,
because of the non-trivial spatial weighting function of theletector and the non-
linear count{VWC relationship, it was hypothesized that, fo the speci c geometry
at Borgo Grignanello, the region with lower VWC would domina¢ the signal. In
practical terms, this means that the drying and wetting dynanics of the heteroge-
neous site could be approximated by the response of a homaogaus system de ned
by the properties of the drier lithology. This line of reasoimg also responds to
the need to provide decision-makers with straightforward terpretative schemes,

without compromising scienti c rigor.

The results of the simulations support this hypothesis. Coparisons between het-
erogeneous two-region simulations and homogeneous coypéets showed that, at
low VWC, the converted values from the heterogeneous setumsély matched those
of the drier (marl) region. The approximation was robust wihin the investigated
ranges. It must be stressed, however, that because of the gdex radial weighting
function of the detector, these results cannot be generait to arbitrary hetero-
geneity patterns. The geometry studied here, characteriddoy an almost symmetric
two-region con guration relative to the detector, is a spea@ case that requires

further testing under di erent spatial arrangements.

Despite this caveat, the ndings are promising and highlighthe potential of CRNS
for practical applications. The methodology presented is ienti cally meaningful,
though additional rigor is required to strengthen the robusess of the results. In
particular, future work should include a more statisticaly consistent exploration of
heterogeneous conditions. This would require performinguftiple simulation runs
for each VWC scenario to provide a more reliable conversiontanVWC using the
CoRNy tool. Moreover, while the main objective of this thesi®ias been achieved,
further e ort should be devoted to improving the conversion bsynthetic counts
for the silty loam region (higher VWC values), where the valueobtained were less
consistent than expected. Ultimately, the results presentehere contribute to the

broader e ort of positioning CRNS as a robust intermediateale monitoring tech-

2



nique within the critical zone, capable of complementing o remote sensing and
traditional point-scale approaches for the study of soil{lant{atmosphere interac-

tions.
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We never know how high we are
Till we are called to rise;
And then, if we are true to plan,

Our statures touch the skies.

Emily Dickinson
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