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Abbreviations

MMR Magnetometric resistivity method

2D Two-dimensional

3D Three-dimensional

AMR Anisotrope Magnetoresistive

DC Direct current (or pseudo DC) resistivity method
DHMMR Drillhole or downhole MMR

DHTEM Drillhole Time-domain Electromagnetic

EIT Electrical impedance tomography

EM Electromagnetic

ERT Electric resistance tomography

FD Finite Differences

FE Finite Elements

FT Fourier transformation

GPR Ground penetrating radar

P Induced polarization

MERIT Magneto-electrical resistivity imaging technique
MIP Magnetic induced polarization

SAM Sub-Audio Magnetics

SNR Signal-to-noise ratio

TEM Time-domain electromagnetic

TFMMR Total Field Magnetometric resistivity method
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Symbols

B Magnetic field'
BP Magnetic field measured within borehole
B" Magnetic field measured at reference station
Byt External magnetic field
BE Earth magnetic field
BY Ground component of the MMR response
B™ Modulation part or measured magnetic field
B, Parasitic correlated noise field
BY Wire component of the MMR response
By Azimuthal displacement from the x-axis
B, Elevation displacement from the xy-plane
Bp Magnitude of the magnetic field
d Data vector
d Depth of the transmitter electrode
dl Infinitesimal wire element
dv' Volume element
dx Discretization size in x-direction
dz Discretization size in z-direction
f Frequency
F, Sensor-specific scaling factor
I Current strength
j Current density
] Jacobian Matrix
K, Modified Bessel function of zero order
k Wavenumber (corresponds to the Cartesian y-component)
l Transmitter index

! Strictly speaking the measured quantity B is the magnetic flux density related to the magnetic field, H,
as B =pH. For convenience, B is herein likewise referred to as the magnetic field.
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Model vector

Sensor index

Number of elements /supporting points

Number of elements in the outer grid

Number of individual measurement configurations
Number of data points of a measurement cycle
Number of elements in the x-direction (central grid)
Number of elements in the z-direction (central grid)
Resistivity block index

Vector to the point of measurement

Vector to the considered subsurface volume

Vector pointing to the current source location

Displacement from the wire
Borehole separation

Reference signal / reference function
Conductivity contrast s = p,/p;

Cross-sectional area

Computational time

Time step

Integration time

Voltage

Output voltage (output of the fluxgate sensor)
Volume

Cartesian coordinates / Local coordinate system
Impedance

Local coordinates of the magnetic reference sensor
Dimension of the outer grid (x-direction)

Dimension of the outer grid (z-direction)



Start and end point angle

Spherical coordinates

Azimuthal deviation

Magnetic permeability

Magnetic permeability of free space
Electrical resistivity

Electrical conductivity

Electrical potential

MMR sensitivity
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Kurzzusammenfassung

Bei der magnetometrischen Widerstandsmethode (engl.: magnetometric resistivity, MMR)
werden die Magnetfelder von in den Untergrund injezierten, niederfrequenten Stromen
gemessen, um hieraus auf die Leitfdhigkeitsverteilung im Untergrund zu schlieen. Mit dem
Ziel die MMR-Methode als bildgebendes Verfahren fiir Bohrloch-Bohrlochmessungen zu
implementieren, wurden in der vorliegenden Arbeit verschiedene Aspekte des Messdesigns
fiir oberflachennahe Feldanwendungen untersucht. In numerischen, Labor- und Feldstudien
wurde das Potential der MMR-Methode fiir eine verbesserte strukturelle Charakterisierung
und Prozessmonitoring auf der Feldskala analysiert. Der vorliegende 2D-Ansatz verwendet
Bohrlochmessungen des Magnetfeldes bedingt durch Stromeinspeisung ebenfalls im
Bohrloch; in diesem Fall hat das resultierende Magnetfeld nur eine von Null verschiedene
Komponente (senkrecht zur Untersuchungsebene — B,).

In numerischen Studien wurden anhand von Untersuchungen hinsichtlich des methodischen
Signal-Rauschverhéltnisses und Auflosungsvermogens optimale Messparameter bestimmt.
Die Modellierung von MMR-Signalen iiber 2D Leitfahigkeitsverteilungen wurde dabei mit
dem neu-entwickelten 2.5D FE-Programm MMRMod durchgefiihrt. Die Stromeinspeisung
mittels eines vertikalen Dipols liefert das bestmogliche Signal-Rauschverhiltnis. Die Analyse
von Sensitivititsverteilungen zeigt, dass mit Dipolkonfigurationen kleinrdumige, begrenzte
Untergrundbereiche erfasst werden (vorteilhaft fiir tomographische Untersuchungen), sowie
dass Transmitter-Empfanger-Konfigurationen, die einen vertikalen Abstand groBer als der
Borhlochabstand aufweisen, kaum zur Auflésung des Untersuchungsgebietes beitragen.

Mit Hilfe von Laboruntersuchungen konnten Verfahren entwickelt werden, mit Hilfe derer
grundlegende Schwierigkeiten von MMR-Bohrlochanwendungen {iberwunden wurden: eine
Transformation der Messdaten in ein Referenzkoordinatensystem und eine Methode zur
Korrektur von Fehlern, die aufgrund parasitiar korrelierter Storfelder entstehen kénnen. Die
(letztere) Messmehtode mit Phasenumschaltung sowie moderne Lock-in-Technik
ermdglichen eine effektive Informationsgewinnung aus den gemessenen Magnetfelddaten.

MMR-Daten wurden abschlieBend wihrend eines Wasserinfiltrationsexperiments auf der
Gorgonzola-Testfliche in Bohrloch-Bohrlochkonfiguration erfasst. Datenaufnahme und —
verarbeitung wurden entsprechend dem entwickelten tomografischen Messanstatz
durchgefiihrt. Messdaten wurden vor (Hintergrund-) und wéhrend (Monitoringdaten) der
Infiltration aufgenommen. Die Hintergrunddaten wurden mithilfe von Modellkurven,
basierend auf verschiedenen Leitfdhigkeitsmodellen, qualitativ ausgewertet und interpretiert.
Der Vergleich von Feld- und Modelldaten deutet darauf hin, dass Leitfahigkeitskontraste
besser mit der MMR-Methode als mit der klassischen geoelektrischen Erkundung aufgeldst
werden konnen. Dariiberhinaus zeigt die Analyse der Monitoringdaten, dass eine klare,
zeitliche sowie raumliche Abhéngigkeit zwischen MMR-Anomalie und Wassersittigung des
Bodens besteht.
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Abstract

The magnetometric resistivity (MMR) method measures low-level (typically < 1nT)
magnetic fields associated with a low-frequency (1 — 20 Hz) electric current impressed into
the ground to determine the subsurface resistivity structure. As a step towards the
implementation of MMR for cross-hole imaging, in this Ph.D. thesis several aspects of survey
design for near-surface applications are discussed. In numerical, laboratory and field studies
the potential of MMR for advanced structural characterization and process monitoring at the
field scale is assessed. The 2D cross-hole setup considers borehole measurements of the
magnetic field as response to borehole current injection; in this case the magnetic field has
only one non-zero component (perpendicular to the imaging plane — B, ).

Optimal survey parameters are inferred from numerical studies regarding signal strength,
source-generated noise level and resolving power. Modeling of MMR responses over 2D
conductivity structures was performed using a newly developed 2.5D FE program MMRMod.
It could be proven that current injection via vertical dipoles provides superior signal-to-noise
ratio compared to other transmitter configurations. Analyzing resolving power in terms of
sensitivity distribution reveals that dipole configurations reflect confined subsurface volumes,
advantageous for tomographic surveys and that transmitter-receiver combinations exceeding
an offset equal to the borehole separation do not contribute significantly to the overall cross-
hole resolution.

With the assistance of laboratory testing two concepts for solving two major difficulties
inherent in cross-hole MMR field surveying are derived: the correction for the arbitrary
borehole sensor orientation and the correction for parasitic correlated noise fields induced by
the measurement system itself. The (latter) measurement method with phase switching is
thereby first-time successfully applied to the processing of MMR data. In addition, the
proposed data processing procedure includes modern lock-in-technique and has proven to be
an appropriate tool for an effective information extraction from the measured magnetic fields.

Finally, cross-hole MMR data were collected during a water infiltration experiment at the
Gorgonzola test site. Acquisition and processing are accomplished according to the developed
tomographic measurement approach involving multiple-offset transmitter-receiver
arrangements and repeated measurements with time (time-lapse mode). Data, obtained during
initially conducted background measurement, are qualitatively validated based on two
different conductivity models, one of which is obtained from the inversion of independently
collected ERT data. Importantly, the comparison of field data with predicted model curves
suggests better resolvability of contrasts by MMR than by ERT. Moreover, the analysis of
time-lapse measurements reveals a clear spatiotemporal dependence of the anomalous MMR
response (MMR response with respect to background value) based upon the water saturation.
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Chapter 1
Introduction

The presence and flow of water in the shallow subsurface controls a number of phenomena of
great environmental interest like mountain slope instability, floods and soil and groundwater
contamination. A better understanding of these processes is necessary to guarantee a
sustainable use of soils and aquifers as well as to maintain acceptable groundwater quality.
Direct measurements of soil water content are strongly invasive as they require the recovery
of soil samples. Moreover, the extraction of a soil core constitutes a major disturbance in the
natural in-situ condition, supports only a small and localized volume of the subsurface and
can not be repeated. The application of geophysical methods provides the opportunity of a
non-invasive, spatiotemporal resolving assessment of the subsurface. Application of
geophysical methods to the monitoring of flow and transport processes in the subsurface are
studied in the relative new field of hydrogeophysics (Vereecken et al., 2004). For this use of
geophysical data experience shows that cross-borehole acquisition provides the most
informative results (e.g. Looms, 2008). Cross-hole arrangements are on a more appropriate
scale, offer high spatial resolution and exhibit only minimal intrusion of the subsurface. An
obvious advantage of the cross-hole measurements is the simple fact that boreholes provide
greater access to the region of ground where physical properties are to be determined (Acosta
& Worthington, 1983). In particular, signal path ways are shorter and hence, data quality is
less affected by damping of the injected signal.

The successful use of geophysical data in hydrogeophysical investigations requires, after
Deiana et al. (2005):

= that data are collected in time-lapse mode,

= that the resolution and sensitivity of the geophysical methods in space and time is fully
understood,

= that the collected geophysical data have a clear, quantitative petrophysical relationship
to environmental variables of interest.

Time-lapse mode refers to repeated measurements with time using the same acquisition
geometry and is intended to capture the interaction of the static geological signal with the
dynamic hydrological process. An often used proxy in studies related to the water saturation



is the electrical conductivity. In the early 1940’s, Archie (see Archie, 1942) already
established an empirical, petrophysical relation linking the (bulk) electrical conductivity to
pore fluid conductivity, matrix material and porosity, later known as Archie law. The
subsurface electrical conductivity (or its reciprocal the electrical resistivity) distribution is
generally mapped in electrical (DC) or electromagnetic (EM) surveys. For the DC resistivity
method (or its tomographic implementation: electrical resistance tomography ERT) a number
of electrodes are placed along surface or borehole profiles (or both). Current is commonly
injected via two so-called current electrodes. The resultant electrical potential is measured
using another electrode pair, the potential electrodes. By using different geometrical
combinations of current and potential electrodes information from different regions of the
subsurface can be inferred. In electromagnetic surveys a transmitter coil is used to generate an
alternating electromagnetic field, which in-turn generates electrical eddy currents in the
subsurface. These eddy currents induce a secondary electromagnetic field interfering with the
transmitted field. From amplitude and phase of the combined field, measured with a receiver
coil, the subsurface conductivity can be derived. As highlighted by previous authors, ERT and
ground-penetrating radar (GPR) have proven to be powerful tools in the field of
hydrogeophysical characterization both on the so-called lysimeter (large soil monoliths) scale
(Koestel et al., 2008) and on the field scale (e.g. Kemna et al., 2002; Tronicke et al., 1999).

In this Ph.D. thesis a third technique is considered to derive information on subsurface
conductivity distribution — the magnetometric resistivity (MMR) method. From Maxwell’s
equations it is a fact that every current flowing through a medium is accompanied by a
magnetic field. MMR takes advantage of that by alternatively measuring the magnetic field
instead of the electric potential as in the DC resistivity method. Historically, the MMR
method dates back to a patent by Jakosky (1933), but it met with little success experimentally
at that time.

In practice, the MMR method is advantageous over the traditional DC resistivity
measurements in that magnetic sensing does not require galvanic coupling like electric
potential measurements. Thus, a flexible data acquisition with measurements in dry areas or
plastic-cased boreholes is conceivable. MMR field measurements are less susceptible to
perturbations by local resistivity variations near the measurement point (Asten, 1988).
Supplementary, the MMR method benefits over the DC resistivity technique in that the
masking effect of conductive overburden is reduced and distorting effects of surface
topography is less prominent (Veitch et al., 1990). The location of the magnetic sensor below
the ground surface partially shields the measurements from EM noise and thus improves the
signal-to-noise ratio. In comparison to the measurement of the scalar potential inherent in DC
resistivity, measurements of the magnetic field provide additional directional information on
the location of a target due to measuring of a vector quantity. Although the advantages of the
MMR method over the conventional DC resistivity method for certain subsurface situations
and measurement geometries are known for long, the method has not yet been implemented to
cross-hole imaging.
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1.1. Objectives

The objective of this Ph.D. research project is to establish cross-hole MMR as tomographic
technique. In addition, the study aims to characterize the applicability of cross-hole MMR for
hydrogeophysical imaging at the field scale. Since a fully three-dimensional (3D)
implementation is both a numerically as well as an experimentally extensive issue, the present
research is limited to the tomographic investigation in two dimensions for the time being.

Monitoring in environmental investigations has typically focused on coupled interpretation of
separate results, obtained from application of individual geophysical methods. Besides the
conventional combinations of known geophysical methods, for instance ERT and GPR
(Deiana et al., 2007; Looms, 2007), new technologies and approaches emerge, in particular
the magneto-electrical resistivity imaging technique (MERIT). Terminologically, this
extended approach combines the evaluation of electric and magnetic field data information
induced by low-frequency current injection (see review Yaramanci et al., 2005). Kulessa et al.
(2002) was the first to consider the simultaneous acquisition and joint inversion of ERT and
MMR data in a more sophisticated imaging framework to monitor subsurface fluid flow. Due
to the different sensitivity characteristics with respect to the direction of current flow, this
emerging new technique is seen to be a promising approach to resolve subsurface flow and
transport processes better than the individual methods ERT or MMR.

Previous investigations at the Research Center Juelich, in particular at the Institute
Agrosphere (ICG 4) and the Central Institute of Electronics (ZEL), have focused on the
implementation of MERIT at the soil column scale (approx. 0.5 m high), for instance
Zimmermann et al. (2005) and Verweerd (2007). They numerically and experimentally
proved that the addition of magnetic field data information leads to an increase in the
resolving capability when compared to traditional ERT data. Using a fundamental inversion
routine a considerable increase in resolution could be obtained in model scenarios where a
shielding layer hides an anomalous object. Up scaling of the MERIT system to the field scale
will be the next important step.

For mining applications, such a combined approach has already proven its usefulness, e.g.
referring to Sub-Audio Magnetics (SAM) as proposed by Cattach et al. (1993) and later on
pursued by Hashemi et al. (2005) and Whitford et al. (2005). Furthermore, Svoboda et al.
(2002) started to build up an advanced technology for mapping subsurface water conductivity
using combined surface magnetic field and borehole electric potential measurements.

Although MMR is considered as stand-alone technique in the following Ph.D. thesis, this
research work shall be deemed to be a preliminary step within the scope of introducing
MERIT to the field scale. The presented study describes three years of cooperative work
between the Central Institute of Electronics (Zentralinstitut fiir Elektronik — ZEL) and the
Agrosphere Institute, Institute for Chemistry and Dynamics of the Geosphere (Institut fiir



Chemie und Dynamik der Geosphere: Agrosphire), both part of the Research Center Jiilich in
Jilich (Forschungszentrum Jilich GmbH). In particular, the prototype field instrumentation
used in this study was developed at the ZEL. Moreover, Andreas Kemna (Departement of
Applied Geophysics, University of Bonn) contributed significantly to the success of this work
by providing the 2.5D MMR forward modeling program MMRMod. Finally, Prof. Giorgio
Cassiani (Department of Geophysics, University of Padua) assisted with the realization of the
field studies (in 2006) by designing and organizing the field experiment on-site.

1.2. Outline

This thesis will start by introducing the magnetometric resistivity method and particularly its
cross-hole variant through the description of the governing equations and the general MMR
convention in chapter two as well as the conceptual model of the considered 2D setup in
chapter three. In addition a short historical overview of the development of borehole MMR
will be given. The fourth chapter will deal with the formulation of the MMR forward
problem. This chapter comprises the numerical methods, used to predict the different
components of the MMR response. Furthermore, the numerical solutions, obtained for simple
geometries, are tested against analytical solutions in order to verify modeling accuracy of the
implemented algorithms. In the fifth chapter, a numerical study for the optimum transmitter
configuration is presented. Synthetic data will be used to evaluate the different configurations
in terms of signal strength, source-generated noise and resolution power. Finally, by means of
resolving power with respect to a fixed cube, the complementary character of the MMR and
ERT is demonstrated. The sixth chapter will treat the development of a proper data
processing procedure. Since the MMR measurement system, designed for the tomographic
investigation in boreholes, is completely new and processing of magnetic field data imposes
several requirements, several technical developments had to be made in order to obtain good
data quality. In addition, the measurement system and in particular the developed data
processing routine is tested against numerical solutions available for a simple laboratory
experiment. The seventh chapter describes a MMR field application, used to monitor a water
infiltration experiment at the Gorgonzola test site (Italy). MMR data, acquired during initial
background measurements, are qualitatively validated based on two conductivity models, one
of them obtained from the inversion of independently acquired ERT data. Time-lapse MMR
measurements are discussed and analyzed in terms of the anomalous MMR response caused
by the water body. A summary and recommendations for future research on cross-hole MMR
are discussed in chapter eight.



Chapter 2
Theory of Magnetometric resistivity

In this chapter, the theoretical foundations of the magnetometric resistivity (MMR) method
and the basic MMR convention are introduced. The MMR method considers measurements of
low level (typically < 1 nT) magnetic fields as a response to a low-frequency (1 — 20 Hz)
current impressed into a subsurface volume via grounded electrodes. The evaluation of
magnetic field measurements is used in order to obtain information on the subsurface
resistivity distribution.

The Biot-Savart law relates the magnetic field B(r) at a point external to a volume V
containing an arbitrary current distribution j(r) v’ and is given by the integral relationship

B[ X (r=1)
=— | ——Zdv' 2.1
B) = 4= [ P o @1

with no restriction on the form of the current density j(r). Here, u denotes the magnetic
permeability, and |r—r'| is the distance between the volume element dv'and the
measurement point. For hydrogeophysical applications, magnetization effects can be

generally neglected and thus y = py = 41 - 1077 Vs/(Am) can be assumed. Furthermore, we
assume Ohm’s law (2.2) to be obeyed within the considered volume V with

i) =@V 2.2)

where o(r')and ¢(r')are the electrical conductivity and electric potential, respectively.
Edwards et al. (1978) used Stoke’s theorem and some vector identities in order to reduce the

volume integral to a set of surface integrals. The Biot-Savart law is hereby modified to the
form (2.3)

u (Vo) x Vo) ,
Br=—| —————=

™= =1 (2.3)
This is a very useful expression for computing MMR responses, as it contains V'o(r"), which

is likely to become zero everywhere except at the surfaces defining units of different



conductivity. The equation (2.3) also reveals the important fact that B(r)only contains
information on conductivity changes — absolute values are inaccessible. In the present study,
only spatial variations in two dimensions are assumed, i.e. current sources are in-plane with
magnetic sensors (x-z-plane) with a conductivity structure striking in the y-direction. With
such an approach, the resulting magnetic field only has one non-zero component, B,,.

A concept that attempts to measure the magnetic field caused by non-inductive current flow,
induced by using signal electrodes, will be influenced by those (same) currents in the signal
leads connecting the signal electrodes. It is not possible to separate the desired component of
the magnetic field from the data using only the field measurements. In summary, MMR
responses are, in practice, always a superposition of a magnetic field due to both a wire
current BY and a current in the ground BY9. However, if the current strength I and the exact
layout of the signal cables are known, it is possible to estimate the wire contribution and then
subtract it from the measurement values (see Chapter 5, 6). The interfering magnetic field of
the wires delivering the current to the electrodes is likewise obtained from the Biot-Savart law
by integration along the involved wires,

I(dl'x(r—r
BY(r) = % ﬁdﬂ (2.4)
where the vector dI’ represents an infinitesimal wire segment. Following the MMR
convention (Chen et al., 2002b), the ground component BY can be split up, in turn, into a
fraction caused by primary current flow in a uniform half-space BY, frequently referred to as
the normal magnetic field, and a fraction B provoked by secondary (or perturbed) current
flow due to conductivity anomalies. This part exclusively contains information on the
underlying conductivity distribution. The secondary magnetic field BY is synonymous with
anomalous MMR response in the following. In order to access this information, measured
magnetic fields B™, associated with low-frequency current injection, have to be primarily
reduced in accordance to the following formula:

B! =B™ —BY — B/ 2.5)

Estimations of the wire contribution and background fields are therefore essential in MMR
data processing. Thus, the computational methods for their prediction are comprehensively
discussed in Chapter 4.



Chapter 3
Conceptual model of cross-hole MMR

In this chapter, the conceptual model of the considered cross-hole approach is described. The
cross-hole variant of the MMR method uses two boreholes in the vicinity of a conductive or
resistive target, in order to obtain information on the cross-hole resistivity distribution.

To begin with, a short history of the development of borehole MMR, both of theoretical and
practical nature is given. Secondly, the conceptual 2D model and the transmitter
configurations considered for low-frequency current injection are described.

3.1. Historical development of borehole MMR

The MMR method has been known since the early 1930’s, but field experiments had only
little success at that time. Part of the problem was concerning the instrumentation, as the first
measurements were carried out with free-hanging bar magnets or vibrating strings.
Developments of magnetometers with having sufficient sensitivity sparked a revival of the
idea in the 1970’s. The first MMR field experiments were all predominantly directed toward
surface exploration (Edwards, 1974; Edwards & Howell, 1976), with both current electrodes
and magnetic sensors located on the surface of the Earth. The traditional horsehoe
measurement layout (Fig. 3.1a), first-time proposed by Jakosky (1933), has basically
remained the same over the years and recently proved to be an appropriate configuration for
the detection of contaminant plumes (Kaiguang & Jianwen, 2008). Besides surface
exploration, it soon became apparent that lowering either magnetic sensor or current
electrodes into a borehole make it possible to overcome the limitations of the surface MMR
method, e.g. insensitiveness to 1D layering.

Throughout literature, the incorporation of boreholes into MMR measurements is named
differently. Referring to the concept of borehole MMR (Acosta & Worthington, 1983),
downhole MMR (e.g. Asten, 1988) or drillhole MMR (e.g. Bishop et al., 1997) do not
necessarily indicates that current is injected via subsurface sources. In particular, downhole
and drillhole MMR (DHMMR) applications usually employ a surface dipole for the current
injection (Fig. 3.1b). In this thesis, only cross-hole MMR explicitly denotes that both
magnetic sensors and transmitter electrodes are employed below the Earth’s surface.
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Figure 3.1. MMR survey layouts (a) traditional “Horsehoe” layout for surface exploration
(redrawn after Fathianpour et al., 2005) (b) DHMMR setup (Purss et al., 2003)

A first borehole MMR field experiment was reported by Nabighian & Oppliger (1980). At the
same time, Acosta & Worthington (1983) described the method used in correlation to a
hydrogeological problem. They were the first to announce the advantage of the MMR method
over traditional DC resistivity method for the detection of localized current flow within an
otherwise non-conducting environment, thus making the method ideal for hydrogeophysical
applications. The theoretical cross-hole MMR responses of a disc conductor (Edwards, 1984)
and half-plane conductor (Pai & Yeoh, 1987), respectively, were derived in order to serve as
interpretational aids for the mineral exploration. The conductive disk and half-plane
conductor thereby represent simple models of either a lamellar mineral deposit or an orebody.
Nabighian et al. (1984) presented the theoretical basis which included the current channeling
number and induced polarization effect of the cross-hole MMR method in a unified format.

Veitch et al. (1990) pointed out the general solution for the magnetic field within a layered
earth due to a point source. The type curves of Veitch et al. (1990) have basically remained
the best published references for real cross-hole MMR applications. Unfortunately, Veitch et
al. (1990) only considered subsurface pole sources.

In the time ranging from the end of the 1980’s to beginning of the 2000’s, DHMMR became a
popular method (at least in Australia) for the detection of weakly conductive mineralization,
such as nickel, sulphides or gold. DHMMR surveys are typically conducted by setting up one
grounded dipole at the surface — oriented parallel to the strike direction while the magnetic
sensor is lowered in a drillhole in order to record the magnetic field. This technique was
primarily adopted complementarily to the DHTEM (Drillhole time-domain electromagnetic)
method. While DHTEM becomes insensitive for the mapping of very poor or strong
conducting bodies, DHMMR remains an efficient method in that case (Purss et al., 2003).
Due to the combined use, DHMMR surveys have historically relied on the use of TEM probes
to measure the local magnetic response from the galvanic current (e.g. Acosta & Worthington,
1983; Asten, 1988; Bishop et al., 1997, 2000; Stolz, 2003, Elders & Asten, 2004).
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Unfortunately, this fact negatively affects the quality of data obtained (Purss & Cull, 2003).
The main disadvantage is that TEM probes work best with a frequency range of 1-2 kHz,
whereas frequencies in traditional MMR surveys vary from 1 to 25 Hz. The second
impediment is that numerical manipulation is needed in order to transfer measured dB/dt
values (common TEM probe output) into real B-field values. Only by advances in magnetic
field sensor design it was possible to overcome such limitations, for instance modern
magnetic field sensors are capable to be used in typical exploration drillholes. More recently,
DHMMR has additionally been extended to simultaneously analyze both the amplitude and
the phase of the measured magnetic fields (Purss et al., 2003).

3.2. Model setup and transmitter configurations

A typical 2D cross-hole situation is described by two vertical profiles representing two
adjacent boreholes. Fig. 3.2(a) schematically illustrates the considered 2D cross-hole setup.
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Figure 3.2. General model setup (a) and transmitter configurations (b) considered in the
concept of 2D cross-hole MMR. Transmitter electrodes (+I) and magnetic sensors are
indicated as circles and squares. Additional sink electrodes (-I) are displayed as open circles.

For simplicity, we assume the boreholes to be straight and position them on the x-axis. The
effect of the borehole (required in practice to lower the magnetic sensor into the ground) on
the magnetic response is ignored and all current sources are idealized to point sources. In
order to perform high-resolution imaging with MMR, one borehole (the so-called transmitter
borehole A), is equipped with an electrode array, while a magnetic sensor or sensor array
samples the magnetic field at various positions in the receiver borehole B.

In order to comprehensively analyze the impact of different transmitter configurations on data
acquisition in cross-hole MMR surveys, we consider both pole and dipole subsurface current
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sources. In the case of using only a single current electrode, (referred to as s-pole
configurations), the current sink is assumed to be at infinity (towards negative x-direction).
Generally, in electrical cross-hole surveys, dipole current injection is feasible by placing both
electrodes either in the same or in different boreholes. As the first electrode arrangement
forms a vertical dipole and the second a horizontal one, they are labeled as v-dipole and h-
dipole configurations. While the dipole length of Ah-dipole configurations is fixed and pre-
determined by the borehole separation r it is variable for v-dipole configurations. A larger
dipole length is likely to generate higher signal strength; it reduces the total number of
possible configurations, which in-turn will reduce the overall cross-hole resolution. Thus, the
optimal dipole length will result from a balance between minimally detectable signal
amplitude and best resolution (see Chapter 5). The three transmitter configurations considered
for current injection are schematically illustrated in Fig. 3.2b.



Chapter 4
The MMR forward problem

The forward problem in magnetostatics is defined as the calculation of the magnetic field
generated by an internal current pattern for given boundary conditions, injected current
positions and a known conductivity distribution. In MMR terminology, the magnetic field
represents the measured data, generally denoted with data vector d. The conductivity
distribution, more precisely the conductivities of all considered cells or elements composing
the imaging region, represents the model parameters, which are summarized in the model
vector m.

Forward Problem

Model Space Data space

Inverse Problem

Figure 4.1. Relation of model and data space via forward and inverse modeling. ] represents
the Jacobian or sensitivity matrix, respectively.

The goal of all electrical methods is to obtain an image of subsurface electrical conductivity
distribution from the measured data. This is commonly referred to as the inverse problem.
Therefore, a forward modeling algorithm needs to be developed in order to implement it in
the inversion scheme. In addition, the forward problem formulation can be used to supply
simulation data. In the present study, forward modeling is used to optimize the data
acquisition (Chapter 5) and to enable a qualitative interpretation of actual field measurements
(Chapter 7). The sensitivity of the MMR method is an essential property in both forward and
inverse problem, as it provides a link between the data and the model vector in terms of the
Jacobian matrix J. As such, the sensitivity represents a substantial and meaningful quantity in
any data interpretation process.
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This chapter focuses on the numerical solutions, obtained for both MMR components, as well
as on the present implementation of these solutions. From the numerical point of view, both
MMR components B and B" can be computed separately. Whereas the analytical solution
and numerical implementation for the wire component are rather simple, the calculation of the
ground component is more complex.

Generally, the calculations of MMR responses over a conductive structure can be roughly
grouped into three categories. The first one is based on the derivation of an analytical solution
for a small number of simple structures. In case of cross-hole MMR, these structures include a
uniform half-space (Nabighian et al., 1984), a layered earth (Veitch et al., 1990), and a half-
plane conductor (Pai & Yeoh, 1987). The second category uses the surface integral equation
method for forward modeling. For some simple problems, the gradient of the electrical
conductivity vanishes everywhere except on the boundaries of units with distinct
conductivities. Thus, the volume integral for the modified Biot-Savart law is reduced to a
finite number of surface integrals. Gomez Trevino & Edwards (1978) developed a rapid
algorithm in order to compute all three components of the magnetic field over a 2D structure.
Nabighian et al. (1984) and Cheesman & Edwards (1989) used such a procedure to compute
the MMR response associated with multiple finite plates of arbitrary conductance. The last
category of forward modeling strategies is based upon the modification of a “numerical
resistivity” method (Edwards & Nabighian, 1991). Since this type of computation is used in
this study, it is described more extensively in section (4.4). An adaptation for 2D imaging
purposes was first proposed by Pai & Edwards (1983) and later on pursued by Kemna et al.,
(2003) and Fathianpour et al. (2005), respectively. An adaptation for three-dimensional
modeling of Total Field MMR (TFMMR) responses over arbitrary 3D structures was reported
by Boggs et al. (1999). Alternatively, to calculate the MMR response via the modified Biot-
Savart law (2.3), a differential equation for the magnetic vector potential may be evaluated
from which the MMR response is obtained likewise (Haber, 2000).

For the verification of the numerical solution (4.2 and 4.4), analytical solutions were derived
for simple systems (4.1 and 4.3) to represent both components BY and BY9. These simple
systems are a straight finite wire (wire component) and a homogeneous half-space (ground
component). Furthermore, the numerical solution for a layered half-space is compared to
published results (subsection 4.4.4.).

As an essential, initial step of the forward problem the generation of an appropriate model
space and in case of numerical modeling a finite differences or finite element grid is required.
Hence, modeling accuracy is investigated for a number of different grids representing the
homogeneous test model (subsection 4.4.3). The geometry of this test model is the standard
model of investigation in this work, particularly when referring to the numerical analysis of
different transmitter configurations (Chapter 5) and for the field example (Chapter 7). Finally,
in the last section the theoretical basics and numerical implementation of the MMR sensitivity
computation are described.



Chapter 4 — The MMR forward problem 15

4.1. Analytical solution for the wire component B"

The formulation of the analytical solution for the magnetic field of the wire delivering current
to the grounded electrodes follows the idea of Fathianpour (1997). A thin wire is considered
(Fig. 4.2) with cross-sectional area S and extending from z; to z, in z-direction used to derive
the analytical solution.

Figure 4.2. Geometry used to derive the magnetic field at point P (r,0,0) caused by a current
carrying wire (strength /. Start and end points are indicated by z; and z, as well as a4 and
a;.

The observation point is set on the x-axis with distance r from the wire. Provided that the
current flows entirely along the wire, the current density is assumed to be constant across S.

dv' =dS'.dz’ (4.1)

j jdv = J'dz' I jas’ 4.2)
v z

= _[1 dz' (43)

With the relations (4.1) — (4.3), the Biot-Savart law (2.1) can be reduced to a line integral

1 Fdz'xR
B(r) = Lo | 22 (4.4)
4r R’

Bl

where R = Vr2 + 72,
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The cross product (dz’ X R) points in the y-direction and its absolute value is evaluated as
|dz'xR| =dz- R-sin(dz’,R) = dz - R-sin(B) = dz - R- cos(cx) 4.5)

Here, the fact is used that sine and cosine function exhibit a phase shift of 90 degrees. In order
to obtain the result in terms of the parameter @ depending only on the final positions of the
wire, the following relations are introduced

z=r-tan(@)  dz=r(l+tan’*(@))da  R*>=r*(1+tan’*()). (4.6)

Substituting these relations into equation (4.4) yields for the y-component:
_ Ml : 47
B(r)=""(sin(a,)-sin(«,)) 4.7)
4nr

This last equation shows that to calculate the magnetic field caused by current flowing along a
straight wire only the coordinates of the measuring point and the end points of the wire are
required. For the often needed case of a semi infinitely long wire, e.g. extending from origin
to infinity, a value of +m/2 is adopted for the appropriate angle, resulting in

Bry=tal (4.8)
Axr

4.2. Numerical solution for the wire component BY

To obtain the numerical solution, the integral equation (4.4) is transferred into a finite sum.
The magnetic field due to the wire current is now expressed as the sum of fields contributed
by finite current elements / - dz;

N

_ Ml dz, xR,
B(r)= 4 Z R (4.9)

For this purpose, the wire is described by N + 1 supporting points with z;. A single segment
is fully described by the following expressions

0 0
dZi = ( 0 ) Ri = Z + Zi_q
Zi —Zi—1 - 5

2

The y-component of the magnetic field, obtained for a single wire segment i, is evaluated as:

_ 2pol (2 — ;1)

. (4.10)
T+ (zi - zi)D)

Vi
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In order to test the numerical implementation and to determine the correct discretization size
of the wire segments, a simple test model is adopted (Fig. 4.3). The magnetic field with depth
is computed according to a wire of finite length 2°1, flush with the surface and with current
flow in the positive x-direction.

-« — — — >

>

(0,0)

¥R R R @R @R R R

Figure 4.3. Geometry of the wire test model. To test the numerical solution for BYa surface
wire of length 2°l carrying current +1 is assumed. The magnetic field is measured with depth.

The displacement r of the measuring point from the wire is equivalent to the depth of the
sensor. Besides the optimal discretization of the wire, the impact of the displacement of the
measuring point from the wire on modeling accuracy is investigated. Therefore, a magnetic
sensor is inserted at depths ranging from 0.01 m to 10 m and the results are displayed in a
logarithmic plot (Fig. 4.4).
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Figure 4.4. Variation of the MMR wire contribution B" (absolute value) with discretization
size dx and displacement r of the measuring point from the wire.
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From the inspection of Fig. 4.4, a discretization of the wire with 0.01 m seems to be sufficient
if a minimal wire-sensor displacement of 0.01 m is considered. Furthermore, the numerical
approach permits a simple implementation of angled or even more complex wire layouts

4.3. Analytical solution for the ground component B8

The number of analytical MMR solutions available for 2D cross-hole geometries is limited.
The analytical solution for a magnetic field due to primary current flow in a homogeneous
half-space Bz;q will be derived below. The magnetic field due to a subsurface source at depth d
can be expressed by employing equivalent current filaments, as proposed by Nabighian et al.
(1984). According to the filament model, Bpg is equivalent to the magnetic field produced by a

current filament of strength I which flows downward from infinity to a height d above the
ground surface.

By considering equation (4.7) and using a; = —m/2 as well as

z+d (4.11)

sina, = —

the following expression is yielded:

Bg(r Z):H_OI 1_$ (4 12)
r 4mr V¥ @+ a2/ ’

Chen & Oldenburg (2004) proved the validity of this expression by deriving a general
expression for the magnetic field due to a semi-infinite source in a 1D earth using a Hankel
transform pair. They also pointed out that this expression is consistent with the solution
obtained by Veitch et al., (1990) employing the image method.

The magnetic field due to a subsurface dipole is simply obtained by superposition of the two
solutions obtained for pole sources of opposite polarity. If an A-dipole configuration, with
r = 0 for the sink electrode is considered, equation (4.12) represents the analytical solution
for this particular case. In case of a v-dipole configuration, with electrodes of opposite
polarity buried at depths d; and d,, assuming furthermore that d; is supplied with a positive
current, the magnetic field due to current flow in a uniform half-space is given by:

Bz;q (r,2) (4.13)

_ [101( Z+d2 Z+d1 )
Arr \\[r2+ (z+dy)?  Jri+ (z+d;)?
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4.4. Numerical solution for the ground component BY

4.4.1. Modeling approach

As already indicated, an adaptation of the “numerical resistivity” method as proposed by
Edwards & Nabighian (1991) is used to compute the MMR ground response for a given
conductivity distribution o(r). This type of forward modeling generally involves two steps.
First, the well-known electrostatic problem defined by the Poisson equation (4.14) has to be
solved for the electric potential ¢ (r)with ry denoting the source location.

V.- (o(r)Vep(r)+16(r—r;) =0 (4.14)

The second step is to calculate the magnetic field according to the modified Biot-Savart law
(2.3). Yaramanci et al. (2005) pointed out that a straightforward implementation of this
approach may be a computationally intensive task, as an evaluation of two three-dimensional
convolution integrals for each component of the magnetic field would be necessary. A more
efficient approach is to calculate the magnetic field in the wavenumber domain, where the
convolution operator is reduced to simple multiplication. As conductivity is constant in strike
direction y, the electrostatic problem (4.14) can be solved in the corresponding wavenumber
domain for a Fourier transformed potential,

Buk,) = [ $x7.2) costiy)dy (4.15)
0

with wavenumber k. Thus, for the first step of the calculation, standard two-dimensional
finite-differences (FD) or finite-element (FE) solvers can readily be used. After having
determined the electric potential distribution, the modified Biot-Savart law is formulated in
the wavenumber domain as well by taking the Fourier transform of the magnetic field. By
expanding equation (2.3) and taking the Fourier transform in the y-direction, the following
integral, for the B, component is obtained:

0 ~ ' ;o
- _ Ho 0p(x ,k,z) da(x,z)
By (x k. 2) = 41 f ( 0z ox’'

é‘.g

(4.16)

B, k, 2 aa(x’,z’)) rody'
- . . FT j -
ox’ 0z [r—r|

where FT stands for Fourier transformation. Note that the values of B, and B, are both zero in
the xz-plane for structures striking in the y-direction, as discussed in Chapter 2.
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By substituting the following relationship (Erdélyi et al., 1954)

1
T | ] = 20 (“.17)

in which s = \/(x —x")% + (z — z)? and K, is the modified Bessel function of order zero, into
equation (4.16) the final equation for B, of the MMR ground component in the wavenumber

domain is yielded

0 oo ~ / o
_ ko ¢ kz) d0(x',2) (4.18)
By (v k,2) = 21 f f < 0z ox’

36 kz) o7
— P - Z)~ J(x,z))Ko(ks)dx'dz'.
ox dz

This expression, along with electric potential in equation (4.15), forms the basic equation for
calculating the 2D MMR ground response in wavenumber domain. Equation (4.18) reveals
the efficiency of the present approach, since the calculation of the transformed magnetic field
reduces to a set of numerical line integrations of the transformed potentials over the
boundaries of all conductivity anomalies. Results in the spatial domain are obtained by taking
an inverse Fourier transformation for the magnetic field calculated for a set of strategically
chosen wavenumbers.

4.4.2. Finite element implementation

For the computation of the ground component, the 2.5D MMR forward modeling program
MMRMod developed by Kemna (personal communication) is used. The implemented
algorithm involves a 2.5D FE approximation to the transformed electric potential ¢(x'k,z"),
followed by a discrete evaluation of equation (4.18) on a regular grid. The FE formulation is
based on the existing 2.5D resistivity modeling software CRMod by Kemna (2000),
developed in order to predict DC or IP responses, respectively. The principle of the FE
method is to replace an entire continuous domain by a number of subdomains in which the
unknown function is represented by simple interpolation functions with unknown coefficients.
In particular, functions denote here the electrical conductivity distribution. In this way, the
solution of the whole system is approximated by a finite number of unknown coefficients (Jin,
1993). As an essential initial step of any FE analysis, a discretization or subdivision of the
domain is needed. The design of the discretized model or grid will significantly affect the
required computer storage, the computational time and the accuracy of the numerical results.
The first step is to select a region large enough so that the considered boreholes are located
inside of this central region. Grid texture is fine within this central region and elements are
distributed evenly. Secondly, a boundary region has to be added away from the central region
in order to satisfy boundary conditions. Thus, element size in both vertical and horizontal
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directions is increased almost exponentially toward the bottom and side boundaries. In
methods employing a galvanic current source, there is no need to discretize the air region as
no current will flow in this region. Fig. (4.5) schematically shows the grid type used for the
computation of MMR responses over 2D conductivity structures in this study.
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Figure 4.5. General FE grid used in 2.5D forward modeling. The red frame marks the central
grid and encloses the boreholes A and B, whereas xj, and zj, describe the boundary grid. The
element size in the central region is explicitly given by dx and dz.

Since MMR is a volume method, the contribution of conductivity gradients even outside the
boundary grid, to the integral in (4.18) cannot be neglected, particularly not for the earth-air
interface. To account for that fact, an additional term is introduced in the calculation of the
MMR response which is based on the asymptotic behavior of the electric potential according
to the employed mixed boundary conditions:

b ~
2+ pp=0 (4.19)
on
Furthermore, the conductivity is assumed to proceed outside the grid. A more comprehensive

description is given in Kemna et al. (2008). In the following, the modeling accuracy of the
MMRMod program is checked with two models: a homogeneous and a layered test model.
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4.4.3. Homogeneous test model

Since the geometry of the homogeneous test model represents the standard model of
investigation in this work, numerical and analytical results obtained over a homogeneous half-
space of py = 1 Q- m, are compared for a number of different grids and varying depths of
investigation. The model contains 24 current electrodes in the transmitter borehole A and 24
magnetic sensor positions in the receiver borehole B. Borehole separation r is specified as
6.65 m, which refers to the field site described in Chapter 7. Electrode and sensor positions
are distributed equally, ranging from -1.6 m to -20 m resulting in a vertical displacement of
0.8 m (Fig. 4.6).
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Figure 4.6. Geometry of the homogeneous test model. Transmitter electrodes and magnetic
sensor positions are indicated by circles and crossed squares, respectively. Index m denotes
the depths of investigation used to verify modeling accuracy and sensitivity modeling. Red
square indicates the positions of arbitrary chosen element for the perturbation tests.

Furthermore, for the A-dipole configurations the current sink electrodes are assumed to
occupy the same positions as the magnetic sensors. Anticipating the actual investigation
regarding signal strength (see section 5.1.1), a dipole length of 2.4 m for the v-dipole
configuration is considered. Because of the large number of different transmitter-receiver
combinations, the spatial location of both is indicated by indexing schemes. In the following
sections, [ will be used for the transmitter, m for the receiver and n for the resistivity block
index. While [ and m are counted in the positive z-direction, the block index n starts in the
upper left corner of the finite element grid.
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Due to the fact that electrodes have to be on grid nodes, restrictions on discretization of the
central region are induced horizontally by the borehole separation and by the vertical
electrode or sensor displacement. Thus, the actual element size is a fraction of 6.65 m (x-
direction) and 0.8 m (z-direction). Furthermore, the element size within the central region
shall preferably be equal in both the horizontal and vertical direction to avoid potential
introduction of anisotropic current channeling caused by the discretization. As potential
element size dx = 0.3375m and dz = 0.4 m (type B) as well as dx = 0.16875 m and
dz = 0.2 m (type C) are chosen. First, both types are compared assuming a fixed boundary
grid. The difference between numerically computed and analytical values is shown in Fig. 4.7
for an arbitrary chosen response curve (I = 13, fixed).
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Figure 4.7. Comparison of modeling errors obtained for grid type B and C. The differences
between numerically modelled and analytical values for arbitrary chosen transmitter
configuration (I = 13, fixed) is displayed for (a) v-dipole, (b) h-dipole and (c) s-pole.

From the analysis of these error plots (Fig. 4.7), it becomes apparent that the fine
discretization of type C does not result in a significant improvement of modeling accuracy.
Therefore, the further investigation focused on the dimension of the boundary grid. Type B
was chosen to investigate its impact on modeling accuracy. The outward extension,
symmetrically for bottom and side boundaries, was increased from 5 m (grid BS) to 100 m
(grid B100), while proportionally increasing the number of cells N,. Specifications of all
considered grids are summarized in Table 4.1.

The largest modeling errors are most likely to be obtained at most-distant points from the
current source, as reported by Fathianpour et al. (2005a). Therefore, as depths of investigation
the top and bottom end of the borehole are chosen. In addition, an intermediate depth
(I, m = 13) is employed in order to investigate the progression of modeling errors away
from the boundaries of the grid. Fig. 4.8, 4.9 and 4.10 illustrate the modeling accuracy for all
three transmitter configurations, separately. First, the variation of Bpg with depth of the
magnetic sensor is shown in subfigures (a), (d) and (g). Since there is only little visual
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difference between the analytical and computed magnetic fields, the difference between them
is additionally plotted. The distribution of modeling errors with respect to fixed transmitter
positions (/ fixed) is thereby displayed in plots (b), (¢) and (h), while errors with respect to a
fixed sensor position (m fixed) are plotted in subfigures (c), (f) and (i).

grid label dx [m] dz [m] xp, [m] N, N, N, N Tepy [8]
C5 0.16875 0.2 5 2 52 102 | 5824 1448
C10 0.16875 0.2 10 4 52 102 | 6360 1590
B5 0.3375 0.4 5 2 26 51 1590 182
B10 0.3375 0.4 10 4 26 51 1870 234
B20 0.3375 0.4 20 8 26 51 2478 437
B50 0.3375 0.4 50 20 26 51 4686 1607

B100 0.3375 0.4 100 40 26 51 9646 5703

Table 4.1. Grid specifications of all considered FE grids. Tcpy denotes computational time
needed to perform a single forward run, comprising 1656 possible transmitter-receiver
combinations of s-pole, v-dipole and h-dipole.

Results for the v-dipole and h-dipole configuration show excellent agreement with the
analytical solution. Modeling errors converge rapidly towards zero in case of increasing the
size of the boundary grid, and give rise to the fact that sufficient modeling accuracy is already
achieved for grid B20. The only considerable modeling errors occur when approaching the
earth-air interface. Nevertheless, even these larger discrepancies of 0.05 nT/A (Fig. 4.9h)
corresponds to a maximum relative error of 0.5 % which emphasizes the first guess of an
excellent agreement.

Meanwhile, the s-pole configurations feature larger and more systematic errors. Modeled
values systematically underestimate the analytical ones. This constant error for a certain grid
decreases from 0.06 nT/A (grid B5) to 0.01 nT/A (grid B20) for an increase of the boundary
grid (Fig. 4.10). Note that the type curves for grid B100 exhibit no systematic error. However,
the systematic errors correspond to an average relative error of 3% (Fig. 4.10b-c) or 0.6%
(Fig. 4.10h-1).
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Figure 4.8. Modeling accuracy for the v-dipole configuration. Modeled and analytical

responses Bg are compared in the left column (exemplarily for grid B20). Errors are displayed

for all considered FE grids of type B in the center and right columns. Fixed model parameters
are: (a-b)l=1,(cym=1,(d-e)l =13,(fym =13, (g-h) l = 24 and (j) m = 24.
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Figure 4.9. Modeling accuracy for the hA-dipole configuration

. Modeled and analytical

responses Bg are compared in the left column (exemplarily for grid B20). Errors are displayed
for all considered FE grids of type B in the center and right columns. Fixed model parameters
are: (a-b)l=1,(cym=1,(d-e)l =13,(fym =13, (g-h) l = 24 and (j) m = 24.
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Figure 4.10. Modeling accuracy for the s-pole configuration.

Modeled and analytical

responses Bg are compared in the left column (exemplarily for grid B20). Errors are displayed

for all considered FE grids of type B in the center and right columns. Fixed model parameters
are: (a-b)l=1,(cym=1,(d-e)l =13, (ffm = 13, (g-h) l = 24 and (j) m = 24.
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In a previous numerical study using the FE method, Fathianpour et al. (2005a) have reported
an average error of 4% for the B, component of a magnetic field measured along a surface
profile and by employing only one surface electrode.

Besides the modeling accuracy, the computational time T¢py, needed for a single forward run
(Table 4.1), is an important factor to consider. Computational time T¢py is of particular
relevance for the sensitivity calculation as the total computational time, needed to generate a
2D sensitivity map, increases at least directly proportional with the number of elements. For
instance, total time needed to compute a sensitivity map with grid B100 is 7 - 107 times
higher compared to the computation with grid B20. In fact, we would need more than 10
weeks longer to generate similar maps.

It is concluded that grid B20 is the best choice as it combines excellent modeling accuracy,
below 0.5% for dipole and below 3% for s-pole current injection, and a proper computational
time required for sensitivity considerations. Finally, the distribution of all modeling errors
with respect to their corresponding absolute values is shown in Fig. 4.11.
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4.4.4. Layered test model

In a second step, our program is checked with a two-layer half-space model. In order to verify
the numerical modeling with published results, the example discussed by Veitch et al. (1990)
and later reconsidered by Chen & Oldenburg (2004), who finally provided data for
comparison, is used. As shown in Fig. 4.12, a standard model with a layer boundary at 50 m,
depth of a single transmitter electrode d = 25 m, borehole separation r =50m and a
resistivity contrast s = p;/p, = 10 was adopted. Modeling accuracy is investigated by
varying d, r and s independently. Due to the fact that d and r are varied between 10 m and
200 m, a discretization with dx = 5 m (dx = dz) was employed. Additionally, the boundary
grid was extended outwards by 500 m.

A+———>»p
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-25|e R
d [m] &
X
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Figure 4.12. Geometry of the layered test model. Standard parameters are given explicitly.
Symbols are the same as in the previous figures (Fig. 4.6).

In Fig. 4.13a, 4.13c and 4.13e the modeled ground responses Bpg obtained for the standard
model, are compared to the results of Chen & Oldenburg (2004), referred to as the reference
values. The value of the varied model parameter is labeled on the respective profile. Modeling
errors for all varied model parameters are plotted in subfigures (b), (d) and (f).

A common feature to all response curves is the discontinuity in the slope at the layer
interface, which also denotes in all cases the highest absolute value. This response
characteristic was earlier referred to as a primary advantage of MMR surveying, as pointed
out by Veitch et al. (1990). Modeling errors are generally below 10 pT/A except for the peak
values.
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However, modeling errors occurring at the peak values correspond to a maximum relative
error of 3%. Nevertheless, the average relative error is below 1% for all other variations,
stating that computed results are in an excellent agreement with the reference values.

Fathianpour et al. (2005) reported for a vertical fault test model an average relative error of
less than 1% for the B, component, but with the addition of a larger grid and a higher number
of wavenumbers. Boggs et al. (2005) verified specified modeling errors for an inclined fault
model of up 30 %, considering surface current excitation and 3D geometries and verifying
only the vertical component of the magnetic field.

Concluding, the results of the implemented forward modeling program MMRMod are in good
agreement with the analytical solutions as well as with published results and can now readily
be used for the numerical analysis of different transmitter configurations (Chapter 5). In order
to support this analysis by means of 2D sensitivity maps, the basic formulations of MMR
sensitivity computation, used in the present work, are described in the following section.

4.5. Sensitivity calculation

4.5.1. The MMR sensitivity

The MMR sensitivity @ is the derivative of the magnetic response B, at an arbitrary point m
within the model space, with respect to the resistivity p assigned to the nth block or element
within the model space. For a fixed transmitter position I sensitivity is defined as
_ 0By,
T 9pn

mn (4.20)
The sensitivity matrix ®,,, contains the sensitivities at all considered points m within the
model space with respect to all resistivity blocks ». On the one hand, a row contains
information on the spatial sensitivity distribution for a specific source-receiver configuration.
This is of special concern for the survey design because we have to select transmitter-receiver
combinations so that their high-resolution regions cover the entire area of interest. On the
other hand, every column contains the sensitivities for all receiver locations with respect to a
fixed volume. They are to be considered if a priori information on the location of a target
body exists and the optimum resolution of the source-receiver configuration is searched.

4.5.2. Calculation of sensitivity by perturbation approach

The differential form dB,, / dp, may be substituted by a difference expression AB,, /Ap,,. We
specify single-sided perturbation by changing the resistivity of a single element by a small
amount and subtracting the unperturbed magnetic response from the perturbed one. With
Ap, = p", — p', and p", as perturbed resistivity, an approximation of the sensitivity ®,, is
obtained according to the following equation:
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@5, = Bm(ﬂ"ni;f’m(,ﬂ'n) 4.21)

This type of approximation is referred to as single-sided perturbation. Another possibility is to
increase and decrease the resistivity in the particular cell by the amount Ap,,. By subtracting
the resulting two magnetic responses from each other, a sensitivity estimate via double-sided
perturbation ®J | is obtained.

_ By, (pn, + Apn) - By (pn' B Apn)

@l = 5 (4.22)
n

An important difference between the two approaches is the required computation time.
Modeling of a 2D sensitivity distribution via single-sided perturbation necessitates, besides
the computation of the unperturbed magnetic response, a single forward run for each cell,
whereas in the double-sided approach two independent runs are necessary. Hence, modeling
expense, in terms of T¢py, would be doubled. Tests may reveal if the two approaches yield
similar results. Furthermore, to identify the correct amount of Ap, sensitivities are calculated
for an arbitrary chosen cell and a wide range of perturbations varying between 0.01% and
50% of the considered background value (magnetic response is independent of the
background value). In fact, a background value of py = 1 2'm is employed.

First of all, Fig 4.14 clearly reveals that both single-sided and double-sided perturbation
achieve similar values for all three considered transmitter configurations. Generally, both
types of computation achieve a stable value between 0.1% and 1%. In case of a vertical offset
between transmitter and receiver location (Fig. 4.14a-c and Fig. 4.14g-i) computation of
sensitivity becomes numerically instable for smaller perturbations, in some cases already for
Ap lower than 1% (Fig. 4.14h). Thus, seeing these two features a perturbation amount of 1%
(Ap = 0.01 2'm) is chosen for the sensitivity calculations in Chapter 5.
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Chapter 5
Numerical analysis of different transmitter

configurations

In this chapter the numerical methods, described in Chapter 4, are used in order to analyze the
different transmitter configurations and their potential application in 2D cross-hole imaging.
The numerical analysis comprises the derivation of 1D model response curves (section 5.1) as
well as 2D sensitivity maps (section 5.2), both obtained for various transmitter-receiver
combinations. A general procedure to minimize site characterization costs is to investigate
theoretical responses of planned experiments before field programs are initiated. In the first
part of this chapter, such model response curves are predicted for an abstract representation of
a hydrogeophysical problem: a small conductive body in resistive half-space. The analysis of
these curves is predominantly directed towards the identification of the most suitable
transmitter configuration for the planned MMR field application (described in Chapter 7), but
can also be interpreted in a more general way. In addition, model response curves enhance the
intuitive understanding of cross-hole MMR responses and in particular of the responses to
expect in a hydrogeophysical imaging context. Since sensitivity is a substantial and
meaningful numerical quantity, the 2D spatial distribution of MMR sensitivity is discussed in
the second part. Sensitivity distributions are needed during the inversion process in order to
apply appropriate changes to the reconstructed model. The appropriate changes are iteratively
made to the dummy model until you reach a certain data misfit.

MMR sensitivity was mentioned sporadically by several authors, all in conjunction with
inversion techniques. Chen et al. (2002a) used a sensitivity-based weighting scheme in order
to distribute numerical artifacts away from the current sources. For the design of a weighting
method, they found it sufficient to use a simple approximation of sensitivity. This estimate
was considered to be the sensitivity distribution obtained over a homogeneous half-space.
Kemna et al. (2003) presented a real example of the spatial distribution of MMR sensitivity.
They adapted a sensitivity-based iterative reconstruction algorithm for both data quality
assessment and qualitative imaging purposes. In order to test the algorithm for 2D imaging,
again only the pre-calculated sensitivities of the homogeneous case were used.

35
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In this work, sensitivity maps for a homogeneous model are derived first. They may serve as a
basis of a primary image reconstruction process. Subsequently, it is tried to ascertain the
validity of such an approach in case of heterogeneous subsurface.

Besides its use for model reconstruction, sensitivity is an indicative quantity for experimental
design. Therefore, the spatial sensitivity distributions are additionally analyzed in terms of
resolving power and survey optimization.

5.1. Model response curves

Model response curves are derived in order to investigate the signal strength and noise level
of the different transmitter configurations. Signal strength refers to the MMR ground response
BY due to a conductive anomaly (with pg = 0.1 @'m). In this calculation, the anomaly is a
rectangular block symmetrically centered at a depth of 5.6 m at x = 3.3 m with sides 1.33 m
long in the x-direction and 1.6 m long in the z-direction (Fig. 5.1a). The noise level refers to
the expected wire component of the MMR response B¥ (Fig. 5.1b).
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Figure 5.1. Conceptual models for (a) signal strength and (b) source generated noise
(exemplarily for a v-dipole configuration) investigation.

The data are represented in two ways: the first type features the MMR response as a function
of the sensor depth with respect to a fixed transmitter configuration, referred to as moving-
receiver setup. By contrast the second type of curve illustrates the MMR response at a fixed
sensor position and is therefore a function of the depth of the transmitter electrode, referring
to a moving-source arrangement.



Chapter 5 — Numerical analysis of different transmitter configurations 37

5.1.1. Signal strength

Investigations of MMR signal strength are primarily intended to see whether the different
transmitter configurations can achieve a threshold value of 0.5 nT/A. This value stems from
the MMR measurement system (Chapter 6), that is able to record magnetic field values higher
than 0.5 nT/A with an accuracy of 1% (Zimmermann et al., 2008). As a preliminary issue, the
optimal dipole length ly;, for the v-dipole configurations had to be ascertained. Two main
aspects are to be considered for the optimal choice. Generally, larger dipole lengths can
measure a larger subsurface volume. Indeed, a longer dipole also reduces the total number of
feasible transmitter-receiver combinations N, to be used in a survey, e.g. increasing lgy;, by
1.6 m decreases N, by 2. The number of individual measurement configurations N, in-turn
determines the overall cross-hole resolution. The number of electrodes in between the two
employed current electrodes can be changed to obtain different dipole lengths. The generated
signal strength according to different dipole length ly;,is shown in Fig. 5.2. The response
peaks clearly exceed the threshold value for dipole lengths equal or longer than 2.4 m. The
optimal dipole length l;;, = 2.4 m is chosen as it combines high amplitude, which is high
enough to provide accurate data acquisition as well as a number of independent
configurations that is still high enough to achieve a good resolution of the cross-hole region.
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Figure 5.2. Signal strength of BY as a function of the sensor depth with respect to fixed v-
dipole current injection at the same level as the conductivity anomaly. 5 Different dipole
lengths lgg, for v-dipole configurations are shown.

In the following, model responses are shown (Fig. 5.3) for three depths of investigation,
located near-surface ([, m = 21), at the same level of (I, m = 19) and below the considered
anomaly (I, m = 17).
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Figure 5.3. Variation of BY with depth of the transmitter electrode (blue) and with sensor
depth (red). BY is the magnetic field due to a conductive body (with p; = 0.1 Q-m) for
transmitter configuration (a-c) v-dipole, (d-f) h-dipole and (g-i) s-pole. Dashed lines mark
threshold value for the signal strength.
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The largest values of BY are obtained for the A-dipole configuration (Fig. 5.3d-f), having a
peak value of 0.8 nT/A for moving receiver setup with [ = 19. Furthermore, h-dipole
configurations exhibit high peak-to-peak values due to the fact that the response curves
exceed the threshold value for both a positive and a negative maximum. Model response
curves feature two peak values of opposite polarity, whereas the negative peaks are less
pronounced than the positive ones.

For the v-dipole configuration, all model response curves exhibit a single positive peak. The
response peaks only exceed the threshold value when the fixed sensor or transmitter, are at the
same level as the anomaly. Note that the maximum peak, for a moving receiver setup, is
obtained for the transmitter electrode positioned below the anomaly (Fig. 5.3¢c), as the actual
mid-point of the vertical dipole is on level with the depth of the anomaly.

The lowest peak values are generated by s-pole configurations. Due to the reciprocity
principle transmitter and receiver are interchangeable and therefore curves for both moving
source and moving receiver setup are almost identical.

5.1.2. Implication for tomographic surveys

In order to examine the transmitter configurations also in a tomographic sense, an
investigation of the response characteristics of selected curves was done to see if they could
be used as a proxy for high resolution.

Generally, response curves for the v-dipole configurations (Fig. 5.3a-c) have a clear positive
peak with a maximum at the anomaly’s depth range. Peak values and flattening of the curve
decrease or increase with increasing vertical offset, regarding the center of the anomaly.

The response curves for the A-dipole configurations (Fig. 5.3d-f) exhibit different shapes and
a more complex behavior. For a fixed sensor position, response curves exhibit a polarity
change for the generated amplitude peak, whereas for m = 19 no significant response values
are yielded. By contrast, response curves generally feature two peaks of opposite polarity for
a fixed transmitter configuration, whereas the negative peaks are less pronounced than the
positive ones. The spatial mid-point between these two extreme values exactly coincides
thereby with the center of the anomaly.

Response curves for s-pole configurations (Fig. 5.3g-i) reveal similar characteristics.
However, the determination of the anomaly’s depth through peak values is less accurate
compared to the h-dipole. Furthermore, curves partly show no real peak. This, plus the low
generated signal strength, makes this type of configuration the least meaningful.

As a quantitative indicator, the departure of the response curve from a delta function is
investigated. The idea behind this strategy is the fact that a narrower peak represents a smaller
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resolved subsurface volume. The peak width Wy,eqy is defined as the depth range where the

response values have descended to half of the maximum value B, qy-

This is quantified for the model response curves obtained for the fixed sensor position
m = 17 (redrawn in Fig. 5.4). For this case all three curves exhibit similar shape: They only
have one positive maximum. Results show that v-dipole configurations clearly produce the
narrowest peak, whereas h-dipole and s-pole configurations with almost double peak width
sample rather large volumes.
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Figure 5.4. Variation of Bsg with respect to fixed sensor position m = 17 (as in Fig. 5.3).
Model response curves are displayed for (a) v-dipole, (b) h-dipole, (c) s-pole.

5.1.3. Source-generated noise

The last part of this section focuses on the source-generated noise of each transmitter
configuration. The noise level is quantified in terms of magnetic field due to the current
carrying wire. The wire is assumed to run strictly vertical, 0.05 m to the left of borehole A
and 0.05 m to the right of borehole B. Furthermore, the wire is assumed to run along with the
x-axis and to coincide with the air-earth-interface, in case surface segments are required (/-
dipole and s-pole). In order to investigate the different configurations in terms of signal-to-
noise ratio (SNR), a threshold value for the wire contribution is appointed with 10 nT/A. In
conjunction with the threshold value for the signal strength a SNR of 5% is yielded.

The response curves for the A-dipole configurations (Fig. 5.5d-f) exceed the threshold value
by several magnitudes over the entire model depth. Using A-dipole transmitter configuration
would therefore impede a correct data acquisition. Two negative features are obvious for the
s-pole configurations (Fig. 5.5g-i). On the one hand, the response curves distinctly exceed the
threshold value either for the moving source or the moving receiver setup (or both).
Otherwise, the curves show a zero crossing, which is highly dependent on the correct
prediction of the wire layout, in particular the correct positioning of the wire at the surface.
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Figure 5.5. Variation of |B" | with depth of transmitter electrode (blue) and with sensor depth
(red) for v-dipole (a-c), h-dipole (d-f) and s-pole (g-1). Dashed lines indicate SNR of 5%.
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By analyzing the responses, obtained for v-dipole configuration (Fig. 5.5a-c), it is recognized
that this type of array clearly exhibits the best signal-to-noise behavior. From a practical point
of view, the wire layout of v-dipole features shortest and invariant lengths and is most-distant
from the considered measurement points. From the numerical point of view, computation of
the wire contributions for v-dipole can be most easily and most rapidly accomplished.

5.2. Sensitivity distributions

The MMR sensitivity indicates the change in MMR ground response due to a change in
resistivity of a volume block or finite element. Each single transmitter-receiver combination
exhibits its own sensitivity distribution. In order to give a comprehensive overview using the
least number of figures, the arrangements are depicted using a moving receiver setup
consisting of five consecutive offset sections. Due to the fact that the sensitivity only depends
on the relative position of source and receiver, a moving source setup would yield a similar
pattern. The considered configurations share the same transmitter electrode located at -10.4 m
depth (I = 13). The sensor positions feature therein vertical offsets with respect to the
transmitter electrode ranging from +r to —r. Fig. 5.6 shows the considered moving-receiver
setup schematically.
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Figure 5.6. Moving receiver setup used for the sensitivity calculation for homogeneous
medium. Capital letters A and B indicate the positions of the boreholes.

First, the sensitivity obtained for a homogeneous conductivity distribution is examined.
Afterwards a more complex, inhomogeneous conductivity model will be considered. Finally,
a sensitivity-based comparison between the conventional DC resistivity method and the MMR
method is discussed.
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All sensitivity distributions are obtained using 2.5D MMR forward modeling program
MMRMod and perturbation approach (Chapter 4). The sensitivity is displayed as a
logarithmic property normalized by the maximum of the sensitivity values obtained for each
transmitter configuration. Table 5.1 shows the maximum sensitivity value obtained for each
offset section and transmitter configuration, separately, whereby bold printed values are used
as normalization factors. Finally, displayed sensitivity distributions are smoothed by
interpolating modeled values on a finer grid of 0.1 X 0.1 m resolution.

. sensitivity O,
transmitter
configuration
g q)13,21 (I)IB,17 q)13,13 (DI}.Q <I)13,4
s—pole 0.0867 0.1480 0.1593 0.1655 0.1115
v-dipole 0.1292 0.1672 0.1801 0.1785 0.1166
h—dipole 0.1528 0.6916 14.48 0.7106 0.1760

Table 5.1. Maximum sensitivities obtained for the homogeneous medium and the considered
transmitter-receiver combinations (Fig. 5.6). Normalization factors are printed bold.

5.2.1. Homogeneous case

The most common way to analyze the sensitivity of a measurement configuration is to take a
look at the spatial distribution of positive and negative sensitivities.

For the sensitivity computation, a uniform half-space with pg = 1 Q'm and perturbations
with Ap = 0.01 @'m (according to the results in section 4.4) are considered. The basic
properties of the sensitivity maps are explained for an s-pole configuration, as the spatial
distributions are less complex in this case. The different transmitter configurations are
compared in terms of varying resolving power as well. Fig 5.7 shows the sequence of
sensitivities obtained for the s-pole configuration. Solid lines mark zero sensitivity lines,
which are associated with a change of sign. These lines coincide with the direct connection of
transmitter and receiver.

Generally, the absolute value of the sensitivity increases as one approaches the transmitter or
receiver locations. Distinct areas of high positive and negative sensitivity are visible, at least
for the zero and medium offset sections. These zones stretch out between source and receiver,
forming tube-like, slightly bended structures. For the zero-offset case, the region of maximum
sensitivity extends over a depth range equivalent to the borehole separation. For transmitter-
receiver combinations having maximum offset' significant sensitivity values are exclusively
obtained in the nearby region of transmitter and receiver. While for cells located above the

! Corresponds here to a full borehole separation



44

zero-sensitivity line an increase of resistivity results in a decrease of magnetic response, the
same increase causes an increase of magnetic response for cells below the line. In other
words, the secondary magnetic field B‘g caused by a resistive perturbation/anomaly above the
direct connection of transmitter and receiver is negative whereas BY is positive for subjacent
regions. In case of a conductive anomaly, response conditions are vice versa.
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Figure 5.7. Logarithmic normalized sensitivity for an s-pole configuration in a uniform half-
space, shown along five consecutive offset sections (a)-(e). The solid lines denote the zero-
sensitivity lines; + and — denote regions of positive and negative sensitivity. Transmitter and
receiver are indicated as circles and crossed square, respectively.

For dipole configurations again distinct regions of negative and positive sensitivity appear
which are significantly less spatially extended. Both types (v-dipole and h-dipole) have in
common that the zero-sensitivity line forms the interconnection of both electrodes and the
magnetic sensor. Thereby, the magnetic sensor takes up the position in-between. For the v-
dipole configuration (Fig. 5.8) a tube-like zone of negative sensitivity stretches out between
transmitter electrodes and magnetic sensor, that is almost entirely enclosed by the zero-
sensitivity line. This high sensitivity region exhibits considerably less depth extension, than
the s-pole, approximately equivalent to the dipole length l4;;,. The maximum offset using a v-

dipole configuration yields almost zero resolution of the cross-hole region.

Using an A-dipole configuration with zero offset produces a maximum sensitivity that exceeds
the peak value of s-pole and v-dipole configurations by two magnitudes (Table 5.1).
Unfortunately, the generated region of high sensitivity is restricted to a few cells surrounding
the sensor position (Fig. 5.9¢). For the medium offset sections (Fig. 5.9b, d) zones of high
sensitivity develop along the receiver borehole, more precisely between sink electrode and
magnetic sensor. While for a sensor position above the dipole this zone becomes positive
(Fig. 5.9b), it is negative for a corresponding position below (Fig. 5.9d).
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However, considering h-dipole no

(inner) cross-hole region.

m=21

offset section can achieve significant resolution of the
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Figure 5.8. Logarithmic normalized sensitivity for a v-dipole configuration in a uniform half-
space. Sections and indications are as in the previous figures.
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Figure 5.9. Logarithmic normalized sensitivity for an A-dipole configuration in a uniform
half-space. Sections and indications are as in the previous figure. Note that the sink electrode
isn’t visible in the zero-offset section due to its nearby position to the magnetic sensor.
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5.2.2. Inhomogeneous case

Non-uniform conductivity structures deform sensitivity distributions obtained for the
homogeneous case. The following example gives an overview of what to expect for a more
heterogeneously structured medium. For this purpose, only the most informative transmitter-
receiver combinations of each configuration are to be considered. In order to calculate
sensitivity, the unperturbed resistivity distribution p” is assumed to be a layered half-space
composed of three layers. The middle layer extends from 7.2 m to 11.2 m depth and contains
all electrodes (Fig. 5.10). First and third layer obey equal resistivity with p; = p3 = 1 Q'm, as
in the homogeneous case. The resistivity of the intermediate layer is varied from 0.1 Q'm to
10 Q'm within five steps. The 3 step is thus the homogenous case. To evaluate the
influence of conductivity contrasts with respect to the homogeneous case the former
normalization factors (Table 5.1) are maintained.
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Figure 5.10. Geometry of the three-layer half-space with p; = p3. Transmitter-receiver
combinations to be considered for the inhomogeneous case are indicated.

Results for the s-pole and v-dipole configuration show a similar behavior (Fig. 5.11 and 5.12).
For both cases, transmitter and sensor exhibit zero offset. For a conductive layer with
p2 =01 Qm (Fig. 5.11a and 5.12a), the spatial pattern is significantly disturbed as
maximum sensitivity is obtained throughout the entire middle layer. By contrast, the first and
third layers exhibit almost no sensitivity. For the case that the middle layer becomes resistive
with p, = 10 Q'm (Fig. 5.11d and Fig. 5.12d), merely sensitivity values along the layer
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boundaries are yielded. The former high-sensitivity area disappears completely. In cases of
moderate contrasts, the pattern of the homogeneous case is nearly maintained.

For the h-dipole configuration, transmitter and receiver having medium offset are considered
with the receiver positioned below the middle layer. Fig. 5.13(a)-(d) show the same behavior
as previously discussed. However, in case of a resistive middle layer, high-sensitivity region
of the homogeneous case is cut off at the layer boundary but retains its intensity below the
layer.
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Figure 5.11. Logarithmic normalized sensitivity for an s-pole configuration positioned in the
middle layer of the three-layer model (zero offset). Resistivity of the middle layer p, is varied
from: (a) 0.1 Q'm, (b) 0.5 Qm, (c) 1 Qm, (d) 2 Q'm to (¢) 10 Q'm. Layer boundaries are
indicated as dashed lines, all other indications are as in the previous figures. Subfigure (c)
represents homogeneous case (Fig. 5.7c).
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Figure 5.12. Logarithmic normalized sensitivity for a v-dipole configuration positioned in the
middle layer of the three-layer model (zero offset). Resistivity of the middle layer p, is varied
from: (a) 0.1 Q'm, (b) 0.5 Q'm, (c) 1 Qm, (d) 2 Q'm to (¢) 10 Q'm. Layer boundaries are
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indicated as dashed lines, all other indications are as in the previous figures. Subfigure (c)
represents the homogeneous case (Fig. 5.8c¢).
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Figure 5.13. Logarithmic normalized sensitivity for an A-dipole configuration. The magnetic

sensor is positioned below the middle layer of the three-layer model (offset of -7/2).

Resistivity of the middle layer p, is varied from: (a) 0.1 Q'm, (b) 0.5 Q'm, (c) 1 Q'm, (d) 2

Q'm to (e) 10 &'m. Layer boundaries are indicated as dashed lines. Subfigure (c) represents
the homogeneous case (Fig. 5.9¢).

5.2.3. Sensitivity-based comparison between DC and MMR method

Another interesting possibility for looking at sensitivity is obtained by exchanging the running
index. So far, sensitivity distributions for fixed transmitter-receiver configurations were
analyzed by letting the cell index » run through the entire model space. By keeping the
location of one resistivity block fixed and letting the magnetic sensor taking up all possible
values of the modeling area, more precisely the mid-points of all elements, the following
sensitivity maps are generated. Sensitivity is now a function of the magnetic sensor position.
The considered perturbation is a resistivity block of rectangular form (1.33 m X 1.6 m) and
symmetrically centered at a depth of 10 m (Fig. 5.13).

These types of sensitivity plots are intended to reveal information about which part of an
anomaly can actually be sensed. In order to give a comparative depiction between the
conventional DC resistivity and the MMR method, DC sensitivity distributions were
computed in the same manner using identical transmitter configurations. For this reason,
electric potential distributions were calculated with the existing 2.5D code by Kemna (2000).
From the inspection of Fig. 5.14, DC and MMR clearly exhibit strictly opposite sensitivity
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characteristics with respect to current flow. A positive maximum of the DC sensitivity is
observed for the edges where current flows from the background medium into the conducting
block (Fig. 5.14d-f).

z [m]

|:13;". .I1.sm |

-20 T T T

x [m] x [m]

Figure 5.14. Conceptual model for the computations of sensitivities with respect to a fixed
block. Running index m (sensor position) takes up the mid-points of all cells.
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Figure 5.15. Logarithmic normalized sensitivity with respect to a buried cube obtained for
MMR (a)-(c) and ERT (d)-(f) and by considering s-pole (a, d), v-dipole (b, e) and h-dipole (c,
f) current injection. Note that each sub-figure is normalized to its own maximum value.

This result agrees well with the theory of charge accumulation at conductivity contrasts (Li &
Oldenburg, 1991). Due to the accumulated charge an electric potential gradient is induced.
The Biot-Savart law (2.3) explicitly indicates that the resultant magnetic response has to be
perpendicular to this gradient. Looking for example at the s-pole configuration (Fig. 5.14c and
5.14f), DC is most sensitive to the left edge, facing the transmitter electrode, while MMR has
greatest sensitivity along upper and lower edge. Additionally, results reveal clearly that DC is
not able to resolve opposite edges or corners, respectively, with equal intensity, except for A-
dipole configurations. In contrast, MMR sensitivity distributions exhibit identical magnitude
for opposite edges. This agrees well with the theory that MMR is able to look beneath a
conductive overburden, as proposed by Edwards et al., (1978).

5.3. Concluding Remarks
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The numerical analysis indicates that v-dipole configurations are most suitable for 2D cross-
hole applications. From the inspection of signal strength only, a combination of /-dipole and
v-dipole configurations as commonly used in ERT (Deiana et al., 2005) would have been
suggested. However, adding the results obtained for the wire component BY it becomes clear
that only v-dipole configurations exhibit a maintainable SNR. In addition, the considered wire
contribution features a simple shape making it easy to predict. By contrast, the high noise
level of h-dipole configurations would always impede a correct data acquisition or data
processing. Furthermore, with the specified dipole length (ldip =24 m) v-dipole
configurations offer reasonably high signal strength and response characteristics attractive for
tomographic surveys. Sensitivity distributions support this appraisal. Our synthetic sensitivity
studies revealed that for a homogeneous medium distinct regions of negative and positive
sensitivity appear for all three transmitter configurations. Furthermore, the configurations
differ in their sampling volume inferred from spatial extension of high sensitivity values.
While v-dipole configurations sample rather small, distinct volumes, s-pole configurations
cause rather large regions of equal sensitivity. Analyzing information from multiple-offset
gathers of the each transmitter configuration yields that transmitter-receiver combinations
exceeding a vertical offset equal to the borehole separation can be discarded from the data
interpretation process. Further effort has to be made to verify this proposition. Development
or modification of an existing MMR image reconstruction algorithm (Kemna et al., 2003) will
be needed in order to check whether inversion of a full MMR data set and a reduced one (in
terms of offset consideration) will yield similar images of the cross-hole region.

The representative example of an inhomogeneous medium suggests that the homogeneous
case gives a good approximation or first guess in terms of image reconstruction for moderate
conductivity contrasts of approximately 1:2. Since sensitivity computation is time and power
consuming, using pre-calculated sensitivities obtained for a homogeneous starting model may
increase computational speed. Nevertheless, above these moderate contrasts the spatial pattern
of the homogeneous case is broken up so that the sensitivity distributions have to be
calculated individually.

Finally, the sensitivity-based comparison of the DC and MMR resistivity method points out
that complementary information is obtained from individual data sets. Thus, a combination of
both, as proposed by Kulessa et al. (2002) or Kemna et al. (2003), has the capacity to resolve
small-scale resistivity variations better than the single method.



52




Chapter 6
Developing a data processing procedure

Generally, data processing is required after the measurement phase and before data may be
interpreted by means of forward modeling or inversion. This chapter describes the applied
data corrections necessary to extract the MMR ground response from the measured data.

The vector nature of the magnetic field poses an additional challenge in terms of sensor
alignment on MMR data acquisition and processing. During data collection in boreholes, it is
impossible to keep the magnetic sensor aligned in any specific direction. The actually
measured components are therefore only projections of the desired components. In order to
effectively utilize the vector information inherent in magnetic field readings, data have to be
transformed into a uniform, reference coordinate system. Svoboda et al. (2002) presented a
method to map measured magnetic field components onto a reference direction. In the present
study, this method is adapted for cross-hole measurement applications (section 6.3).

Records of the total magnetic field provide a basis for the adapted orientation correction. Via
lock-in-technique (section 6.2) the low-frequency magnetic field, associated with the induced
current density distribution, is separated from the measured output signal, as proposed by
Zimmermann et al. (2005). In addition, a new measurement method with phase switching is
introduced in order to compensate for errors induced by the measurement system itself
(section 6.4).

The most prominent data processing step is the correction for the magnetic field of the wire
delivering current to the respective electrodes (section 6.5), commonly referred to as primary
field correction (e.g. Svoboda et al., 2002; Cattach et al., 1993). Finally, data processing
procedure is validated based on experimental measurements in a controlled laboratory
environment (section 6.6).

At first, a brief description of the MMR measurement system, used in this study, is given. The
prototype field instrumentation and the proposed data processing algorithm are developed in
close cooperation with the Central Institute of Electronics (ZEL) within the Research Center
Juelich under the special direction of Egon Zimmermann.
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6.1. The MMR measurement system

The MMR measuring system was developed for tomographic measurements of the (complex)
electrical conductivity distribution. The measurement system is designed to record stimulated
magnetic fields, associated with low-frequency current injection with a measuring uncertainty
of less than 1 %. A sinusoidal voltage source with peak-to-peak amplitude of up to 600 V,; is
used to produce the required current density in the ground. A frequency-stable function
generator (Agilent 33220A), a power amplifier (Kepco BOB100) and a transformer are
employed to generate the excitation signal which is afterwards transferred to commercial
electrode switching boxes (GeoServe RESECS) via a multi-core cable (Fig. 6.1). Current and
voltage measurements are accomplished in a control unit (MERIT FO1) arranged in series
between transformer and switching boxes. Each switching box is able to address up to 16
electrodes individually, and measuring system is capable to incorporate up to three boxes.
Magnetic field readings are realized through high-sensitive three-axis magnetic field sensors.
The choice for and operating mode of the employed sensors are discussed in the next
subsection. For the later signal processing, time series of both output and input signal are
recorded and sampled with a frequency of 1 kHz. For the operation in a typical laboratory
environment, optimal noise reduction is provided by the use of measurement cycles of 10
seconds (Zimmermann et al., 2005). For field measurements, the excitation period has to be
adapted to the needed survey speed and to on-site noise level. Electrode switching and signal
sampling are PC-controlled.

Current and Voltage
measurement

Transfor-
mator

|_| Power Signal
Amplifier generator

Electrodes
116 Resecs Control Unit
Decoder
Unit MERIT
! F02
i PC
17 .48 s
Decoder
Unit
ADC
Magnetic Field Sensor(s) ADC

Borehole Sensor ADC
Mag-03MSS100 '

Borehole Sensor (2) K
Mag-03MSS100 | T

Surface Sensor
Mag-03MSESL70

Figure 6.1. Block diagram of the MMR measurement system, after Zimmermann et al. (2008)
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6.1.1. Fluxgate sensor

A wide variety of sensors is currently available and used to measure magnetic fields. Fluxgate
magnetometers are chosen to measure the direction and magnitude of magnetic fields.
Fluxgates are affordable, rugged and compact. Furthermore, fluxgate sensors provide
precision measurements of static and alternating magnetic fields in three axes. This, plus their
typically low power consumption makes them ideal for the intended field application.

Fluxgate magnetometers were invented in the 1930s by Victor Vacquier at Gulf Research
Laboratories. Vacquier applied them during World War Il as instruments for detecting
submarines. After the war fluxgate were used to measure shifts in the magnetic patterns on the
sea floor and confirmed so placed the theory of plate tectonics. The basic operating mode of
fluxgate magnetometers is illustrated in Fig. 6.2 and briefly summarized in the following.

Figure 6.2. Basic operating mode of a fluxgate magnetometer. Drive and sense coil are
explained in the test. By, and u,,,, indicate the external magnetic field and the output voltage
of the magnetometer, respectively.

A fluxgate magnetometer consists of a magnetically susceptible, core wrapped by two coils.
An alternating electrical current is passed through an inner “drive” coil, driving the core
through an alternating cycle of magnetic saturation. This changing field induces an electrical
voltage in the second “sense” coil, measured by a detector. In a magnetically neutral
background, the output voltage will be symmetrical. However, when the core is exposed to a
background field B,,;, it will be more easily saturated in alignment with that field and less
easily saturated in opposition to it. Hence the alternating magnetic field, and the induced
output voltage, will be unsymmetrical. The extent to which this is the case will depend on the
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strength of the background magnetic field. Often, the voltage at the output coil is integrated,
yielding a voltage u,,, , proportional to the magnetic field.

The employed Bartington fluxgates Mag-03 (Fig. 6.3) exhibit a measuring range of + 100 uT,
environmentally sealed connectors and are submersible to 100 meters. Moreover, they have a
square section, small enough to be suitable in conventional boreholes. Sensor outputs u; are in
the form of three analog voltages from -10 V to +10 V, proportional to By, B), and B,

Figure 6.3. Bartington Fluxgate Mag-03. Three-axis borehole sensor with spacers that kepp

the sensor always in the center of the borehole.

6.1.2. Measuring frequency

Selection of measuring frequency is affected by two major limitations: the inherent noise
level of the magnetometer and possible, unwanted induction effects. The noise spectrum of
the considered fluxgate sensor Mag-03 exhibits a severe increase for frequencies below 3 Hz
(Zimmermann et al., 2008). In addition, the displayed Fourier spectrum (Fig. 6.4) illustrates
the significant increase of natural geo-magnetic noise towards low-frequencies. The error due
to inductive effects becomes higher than 1 % s for frequencies above 50 Hz. Thus, the optimal
measuring frequency is deduced as 25 Hz.
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6.2. Lock-in-Amplification

In MMR surveys target signals are periodical and have small amplitudes, generally below 1
nT/A. The frequency spectrum of a typical MMR field data set is shown in Fig. 6.4.
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Figure 6.4. Frequency spectrum of the recorded B-field at sensor position m = 24 (MNr. 33
specified in the Appendix B), averaged over all employed transmitter configurations for (a) x-
component By, (b) y-component B,, and (c) z-component B,.

The total magnetic field, measured by the fluxgate sensors is composed of two major
spectrally distinct components: (a) the static Earth’s magnetic field (BY), corresponding to the
DC values and (b) a temporally —varying magnetic field at 25Hz. In the following, the
fraction, associated with the 25 Hz excitation signal, is referred to as modulation part B™. The
other significant peaks at 50Hz, 75 Hz and 100 Hz are due to power line harmonics. In some
cases, the amplitude of the modulation part B™ is only marginally higher than the surrounding
noise. Introduction of lock-in-technique allows for measurements of small amplitude,
temporarily varying magnetic fields in an environment with high noise level (Verweerd,
2007). The phase-sensitive amplification of the modulation part is based on the mathematical
principle that the product of two sine or cosine functions only yields a non-zero value if the
frequency is identical. The measured signal u; (t) is multiplied with a reference signal r(t) of
identical shape and frequency. In order to avoid phase errors, all measurement channels are
periodically synchronized. Synchronization leads to a spurious slackening of speed of the
entire measurement system. Overall measurement period at a single sensor position is
increased by approximately 200 %. For future applications, a time reduction is in progress.
The output magnetic field B; is finally determined by the following equation, where i refers to
the particular component of the observed signal

B, =2 L [l () r(t)dt (6.1)

; =
I tint

Here, t;,; is the integration time and F; represents the sensor-specific scaling parameter
converting voltage values into equivalent magnetic field values, specified as F; = 1075 T/V.
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Furthermore, the magnetic field is normalized to the true injection current / that can be
calculated according to:
Ii—Ip
I =—= .

2 (6.2)
I; and I, represent measured values of the current strength, in both current paths. Since the
current is measured with shunt-resistors, the voltages U; and U, across the resistors are
actually measured by the system (control unit FO1) and equation (6.2) is changed to:

1 _0
I'=3 (zl Zz) (6:3)
6.3. Borehole sensor orientation

The difficulty of an arbitrary sensor orientation in boreholes is supposed to overcome by
additionally recording the magnetic field at a reference station at the surface. The magnetic
axis of the reference sensor (x,, y,, z.) are assumed to be perfectly aligned with the local
coordinate system, described through (X, Y, Z).
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Figure 6.5. Location and orientation of the reference sensor. (X, ¥, Z) and (x,., ¥, Z,-) span
the local and the sensor coordinate system, respectively. B? and B* denote magnetic fields,
measured with borehole or reference sensor, respectively.



Chapter 6 — Developing a data processing procedure 59

The angular deviation of the borehole sensor is determined by means of Earth’s magnetic
field data, corresponding to the DC values of the frequency spectrum. These DC values are
calculated from the measured voltage signal by averaging over the entire measurement cycle.
Due to the sampling rate, a measurement cycle consists of N, data points. Thus, Earth field
values are obtained by:

N
Bf = FlNiZ U (6.4)
m j=1

In order to differentiate between borehole and reference station the superscript b and r are
. b . T
introduced. The calculated Earth field values for borehole BiE and reference station BiE as

well as the modulation part in the borehole Bl-m'h are transferred into Spherical coordinates:
(By, By, B) < (Bx, By, B,)- (6.5)

Thereby, the measured Cartesian components (Bx,By,BZ) are transferred into angular
displacements By and B, as well as the magnitude By of the corresponding magnetic field.
Azimuth By and elevation B, are angular displacements in radians measured from the
positive x-axis, and the x-y plane, respectively. A homogeneous Earth’s magnetic field is
assumed in the considered subsurface, indicating that

By =Bg . (6.6)

Furthermore, it is supposed that the orientation of the borehole sensor is strictly vertical,
indicating that

o =By (6.7)

The variation of B(/,E and BRE , obtained for a typical cross-hole application, are shown in Fig.
6.6. In both cases, the achieved values at the reference station are displayed as solid lines
showing only less variation. Error bars indicate the maximum deviation of the borehole values
with respect to reference values. Dashed lines indicate in case of BRE a deviation of 1 % and
in case of Bq,E of 10 %. Results validate the made assumption of a homogeneous Earth field by
featuring distinctly less than 1 % variation.
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Figure 6.6. Variation of B ,f and Bg obtained during background measurements of the field
campaign (Gorgonzola 2006). Error bars indicate maximum deviation between reference and
borehole values. Measurement numbers (MNr.) are specified in the Appendix B.

The azimuthal deviation of the borehole sensor orientation with respect to the local coordinate
system can therefore be calculated from

Er

9. =By  —B, . (6.8)

Subsequently, 9. is applied to the azimuthal component of the modulation part Bﬁm'b in order
to yield the correct value

m,b m,b

By =B, +9,. (6.9)

Once calculated, the corrected MMR response, in particular for the y-direction By":'b can be

determined by back-transformation into Cartesian coordinates.

(52" 8 80 ) (557,55 o0
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6.4. Minimizing the error due to parasitic correlated noise fields

According to the MMR convention, to this point the MMR response1 B™ shall solely consist
of magnetic contribution due to the ground and wire. In practice, during preliminary field and
laboratory test measurements it became apparent that the so far processed magnetic response
contains another systematic noise contribution. The MMR convention is therefore expanded
to:

B™ =B" + Bp. (6.12)
Here, B™ is the MMR response according to equation (2.5) and Bp is a systematically
generated noise field. In MMR surveys, power amplifiers and multi-core cables can generate
significant interfering magnetic field that are in-phase with the intended measuring signal
(Fig. 6.7). The measurement method with phase switching is intended to avoid errors due to
such parasitic correlated magnetic fields Bp. It uses the simple fact that the noise field is
generated prior to the actual electrode switching. Hence, Bp is independent of direction of
current flow in the subsurface.

Current
measurement
Resecs . MERIT Power
Decoder FO1 Amplifier
Unit
I

T /
| /
Earth-Air-Interface ¥/1

O m
B
Borehole

Electrodes Sensor

Figure 6.7. Block diagram describing the origin of the parasitic correlated noise field B,.

! Due to simplicity reasons we neglect the subscript y, in the following.
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In order to compensate for the error, caused by Bp, measurements of the magnetic field are
repeated for a swapped current injection. The two current modes, normal and reverse, exhibit
a phase shift of 180 degrees, indicating that the current flow changes direction. For the
theoretical formulation, a symmetrical excitation with I = +I, I3 = —I; for normal mode
and I{ = —Iy, I} = +I, for the reverse mode is assumed. The actual MMR response exhibits

a polarity change with B =-B" . Without loss of generality, this becomes

reverse normal
apparent by considering the simple, analytical formulas describing B”and BY. In contrast, the
parasitic magnetic field B, remains unaffected with the two injection modes. For the MMR
response, associated with normal and reverse current mode, is is yielded:

*

m m

=B + Bp (6.12)

normal normal

*

m m

reverse = _Bnormal +BP (613)
The sum of both data sets yields the true MMR response B, normalized to the excited
current /;:

" +Bp -B"  +Bp

Bm — normal _ normal

21, 21,

m

m _— Bnarmal
BT = e (6.14)
0

6.5. Reduction for the wire component

By achieving this level of data processing the MMR response merely contains the magnetic
contribution of the wire BY, delivering current from the switching boxes to the respective
electrodes, as well as the ground contribution BY. In practice, the switching boxes are
positioned directly on top of the transmitter borehole. Current is transferred to the borehole
electrodes via single, parallel connector cables. Thus, the magnetic field measurements are
shielded from all wire contributions in the borehole except the straight vertical wire
connection between the two considered electrodes of the vertical dipole. Its magnetic
contribution is calculated according to the numerical approach, specified in chapter three.
According to the MMR convention (2.5), the resultant wire contribution is subtracted from
the measured MMR response B™ to yield the ground component BY:

B9 =Bm —Bv (6.15)
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6.6. Validation of MMR data processing — the “Tank Experiment”

Before the MMR measuring system is used in actual field measurements, a series of
laboratory tests was conducted to assess the usefulness of the proposed data processing
procedure. In order to study the performance of the whole system in terms of reproducibility
of reference responses testing was conducted in a controlled laboratory environment.

For the laboratory setup, the magnetic sensor is assumed to be already fixed aligned according
to the local coordinate system. The measured components of the magnetic field represent
therefore the true Cartesian components. According to that, the output magnetic field B; has
only to be reduced for the noise field Bp and the wire component BY. In order to compare the
observed and processed magnetic response with analytically calculated values, the
measurement setup is designed to simulate a homogeneous half-space. Analytical values for
the ground and wire component are determined according to the current filament approach.
Due to its simpler experimental implementation, a conventional DHMMR measurement setup
with surface excitation and borehole magnetic field measurements is employed. The
experimental arrangement of the measurement setup is shown in Fig. 6.8.

Figure 6.8. The laboratory measurement setup. (a) Water-tank with automatic scanner system
and (b) close-up of the current dipole with fluxgate sensor in the back.
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A water filled tank of 0.6 m diameter and 0.25 m depth represents the homogeneous medium.
In order to excite current at the water surface, a current dipole of 6cm length is used. For this
purpose two brass screws are inserted in a Plexiglas rod, which is fixed at 3.5 cm above the
water surface. The electrodes are insulated from the rod to the water surface and connected to
the measurement system via two thin copper wires. A twisted cable runs between the
measurement system and the mid-point between the electrodes in order to shield data
acquisition from its contribution. At this mid-point the cable is divided into two copper wires
put straight on the rod and connected to the electrodes. The finally recorded MMR response
should consist of the desired magnetic field due to primary current flow in the uniform half-
space and the straight wire connection between the two electrodes. A three-axis fluxgate
sensor (Bartington Mag-03) was mounted on an automatic scanner device. The PC-controlled
measurements involve movement of the scanner to precise positions below the water surface,
application of a constant voltage signal, and continuous sampling of the resulting magnetic
field amplitudes in three components. Close to the PC the components of the MMR
measurement system (described in section 6.1.) are located. Repeat measurements were made
for each sensor position according to normal and reverse current mode.

For the measurement phase, a local coordinate system is defined. The projection of the mid-
point between the electrodes on the water surface represents hereby the origin of the
coordinate system. The mid-point is indicated as point P in Fig. 6.9. The Plexiglas rod
coincides with the x-direction (Fig. 6.9), while z-direction is directed positively upwards. The
positive current electrode (+]1) is indicated at x = —0.03 m, while negative current electrode
(=1I) is positioned at x = +0.03 m.

Figure 6.9. Water-filled tank with local coordinate system used for the experimental
validation. The two considered borehole profile are indicated by bp, and bp,.
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Magnetic field is recorded along two borehole profiles bp; and bp,. Due to the small model
dimension the exact magnetic sensor axis are determined prior to the actual borehole
measurements. For this purpose, the magnetic field along a vertical profile next to a straight,
horizontal wire is measured. Due to the symmetry of the magnetic field of the wire, the
horizontal component perpendicular to the wire direction will exhibit a zero-crossing while
the vertical component exhibits a maximum. In the present case the position of the borehole
profiles and the current dipole are not in-plane (Fig. 6.9), causing the ground component B9
to contribute to both the x- and y-component of the measured magnetic field.

The variation of B9 with depth for the two borehole profiles bp; and bp; is illustrated in Fig.
6.10. Displayed are observed and processed values as points and modeled values as straight
line. The horizontal error bars indicate the contribution due to the noise field B,,. First of all,
by analyzing the x-component BJ (Fig. 6.10a and 6.10b) it becomes apparent that the
analytical solution is not valid for positions above the ground surface. Furthermore, an
increasing discrepancy between measured and simulated values for By is observed with
increasing depth. This deviation is most likely caused by a sensor itself, representing a large
resistive anomaly. For the y-component Byg this systematic is less pronounced but clearly
visible at least between 0.05 m and 0.15 m depth. Nevertheless, for the near-surface position,
not yet affected by the strong sensor anomaly, observed and analytically calculated magnetic
fields are in good agreement.

The results prove that MMR field data can successfully be corrected for the interfering noise
fields generated by the measurement system B,, and by the wire B". The final data processing
procedure is displayed as flow chart (Fig. 6.11). The flow chart reveals the complexity of the
proposed data processing.
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Figure 6.10. Comparison between measured (readily processed) and simulated MMR ground
response BY. (a) B‘Z measured along bp;,(b) Bi measured along bp», (c) Bg measured along

bp) and (d) Bg measured along bp;.
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Figure 6.11. Flowchart of the final MMR data processing procedure. The four basic levels of
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Chapter 7
Field Example

This chapter describes and discusses the cross-hole MMR data acquired during a water-
injection experiment in the unsaturated zone, conducted in Quarternary sediments of the Po
River plain. The field site is located in Gorgonzola, east of Milan (Italy). The main dataset
collected at the Gorgonzola site is composed of measurements acquired before (background
data) and during (time-lapse data) the water injection. In the first part, the test site and the
main survey specification are described, followed by the results obtained for background and
time-lapse measurements, separately.

7.1. The Gorgonzola field site

The Gorgonzola experimental site was specifically designed for non-invasive cross-hole
monitoring of subsurface dynamics with geophysics and consequently for the assessment of
vulnerability of the underlying aquifer. In particular, GPR and ERT were used during field
surveys from July 2005 to January 2006 (Deiana et al., 2005) and also accompanied the MMR
measurements during the described field campaign in June 2006. Moreover, the image
obtained from the inversion of independently acquired ERT (background) data composes the
data base for the validation of the MMR background data. Detailed information on data
acquisition and inversion of the ERT survey are given by Deiana et al. (2005).

7.1.1. Site description

A detailed site description can be found in Deiana et al. (2005), and is here only briefly
summarized. The measurement area is situated in an industrial area near a public
communication junction. Four boreholes have been drilled up to a depth of 20 m (A-D in Fig.
7.1a). Site stratigraphy is known from an extracted soil core in borehole D and contains at
least one remarkable feature namely the existence of 2-m-thick layer of cemented gravel and
sand at roughly 12 m depth. This zone has the potential of being a water retaining layer. The
other boreholes (A-C) are permanently equipped with 24 stainless-steel electrodes each. The
electrodes are vertically spaced by a distance of 0.8 m ranging from 1.6 m to 20 m depth.
Boreholes A and B are considered for the actual cross-hole measurement setup (Fig. 7.1b).
Due to irrigation in the surrounding countryside, water table has a yearly oscillation between

69
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depths of 13.5 m and 20 m. Actual measurements of the depth to the water table proved that
and yielded a depth within A of 18.65 m and within B of 18.63 m.

(a) Borehole A
e
‘o@ . (former)
. Trench
Borehole D / APt
(cored) O ¢
>
R)
@ 7.20m 5)
Borehole C Borehole B

Figure 7.1. The Gorgonzola experimental site with (a) scheme of the borehole locations
(redrawn after Deiana et al., 2005) (b) measurement setup with reference station and local
coordinate system.

7.1.2. Survey specification

As proposed in Chapter 5, the tomographic measurement approach involves current injection
via v-dipole configurations in borehole A and three-axis magnetic field readings along
borehole B. Measurement density is determined by the 21 feasible transmitter configurations
and the 24 equally spaced sensor position ranging likewise from -1.6 m to -20 m depth.
According to the proposed correction for the borehole sensor orientation, a third reference
sensor is installed at the surface, positioned 2.7 m apart from borehole B (Fig. 7.1b). Since the
alignment of the reference sensor is essential to the latter processing, the sensor was fixed
installed on a non-magnetic plate equipped with adjustable feet and a position level (Fig. 7.2).
Furthermore, borehole sensors are equipped with plastic spacers in order to keep them in the
center of the borehole (Fig. 6.2). Finally, data are acquired with the prototype MMR
measurement system (section 6.1.) and processed according to the developed proceeding in
Chapter 6, schematically illustrated in Fig. 6.12.

During initial test measurements on-site sufficient data quality emerged to be provided by
using measurement cycles of 5 sec for each current mode. Measurement uncertainty is
deduced by using an integration time t;,; = 1 sec during lock-in-amplification. Given a
measurement cycle of 5 sec, data can thereby be considered as five times stacked. By
processing these five data subsets independently, a mean value and a standard deviation of the
observed ground response is yielded. The derived standard deviation estimates the
measurement uncertainty of the respective observation, and is displayed as error bars marked
on the field data.
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Figure 7.2. Reference sensor (Bartington Mag-03MSSL - low noise version) equipped with
level and adjustable feet (not visible here).

The background dataset is composed of measurements according to all possible transmitter-
receiver combinations, referred to as total survey in the following. Theoretically, the time
needed to complete a total survey is given as 84 min. In order to increase measuring progress,
the magnetic field is measured simultaneously with a two-fluxgate array and thus the total
time should be halved. In practice, a significant rise in measuring time is still observed. The
actually needed time is 2 hours 10 minutes. This large increase is probably due to
synchronization times between hardware components. Although survey time is of no
relevance for the background measurements, it is an important factor to be considered for the
time-lapse measurements due to the fast dynamic of the water injection.

In general, the frequency of acquisition shall be high during and in the first hours after the
injection. Since all three employed geophysical methods require high frequency of
measurements to capture the hydrological process, survey time is limited during the first day
of the experiment. Given the need to acquire data frequently and fast, the number of
considered transmitter and sensor positions is considerably reduced for a fast survey. Included
combinations of transmitter and sensors are illustrated as ray tomograms in Fig. 7.3 showing
that the measurement density is still high above 10 m, while the time needed to complete the
fast survey is significantly reduced to 35 min. The main survey specifications are summarized
in Table 7.1. An explicit description of all conducted measurements, detailed images of the
measurement equipment (e.g. the two-fluxgate array) are to be found in the Appendix B.
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Figure 7.3. Ray tomogram of transmitter-receiver combinations considered for the (a) total
and (b) fast survey. Circles and squares indicate transmitter and sensor locations, respectively.
For the transmitter configurations, the mean depth of the respective vertical dipole is

displayed (as specified in Appendix A).

Borehole sensors

Mag-03 MSS
Measuring range: £100 uT

Reference sensor

Mag-03MSL70 (low noise version)
Measuring range: =70 uT

Number of transmitter configurations 21
Number of sensor positions 24

. 504 (total)
Number of measurement configurations 120 (fast)
True current strengths 0,1-0,3A
Measurement cycles 5 sec

Measuring time

2h 12min (total)
35 min (fast)

Sampling frequency

1 kHz

Table 7.1. Survey specifications for the field campaign in Gorgonzola (Italy) 2006.
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7.2. Data validation of background measurements

For the background measurements, readily processed MMR field data are compared to model
curves predicted over two conductivity models using the MMR forward modeling program
MMRMod (described in Chapter 4). The first model is obtained from the inversion of
independently collected ERT data (Fig. 7.4a), referred to as ERT2MMR in the following. The
second model represents a horizontally stratified subsurface (Fig. 7.4b), referred to as Layered
Earth, and is a 1D model inferred from the ERT2MMR model.
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Figure 7.4. Conductivity models (a) ERT2MMR and (b) Layered Earth used for the validation
of background measurements. The locations of transmitter configurations and magnetic
sensors considered as representative examples in subsection 7.2.1 and 7.2.2 are indicated in
both models as circles and squares, respectively.

The ERT2MMR model generally features smooth boundary transitions, while the Layered
Earth model exhibits sharp contrasts from one layer to the next. Both models confirm the
presence of two layers having higher resistivity at depths of about 10 m and 16 m. The area
between these two layers is characterized as rather conductive. This layer is probably wetter
than the surrounding material, and corresponds to the 2-m-thick layer of cemented gravel and
sand. The two models are chosen in order to point out differences and similarities of MMR in
relation to ERT. Subsequently, field data are discussed in two ways. At first, the MMR
ground response BY, obtained from field and model data, is displayed as a function of the
sensor depth with respect to four exemplarily chosen transmitter configurations. In the second
part, data are depicted as a function of the depth of the positive transmitter electrode with
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respect to four exemplarily chosen sensor depths. The considered datasets are chosen as
representative examples of the most prominent features visible in the data. For the purpose of
a complete overview, all field data are represented in conjunction with the corresponding
model curves in the Appendix C.

7.2.1. Moving receiver

The four representative examples for a moving-receiver arrangement are displayed in Fig. 7.5.
In the first example (I = 3), a transmitter configuration located at -18.4 m depth is
considered. As illustrated in Fig. 7.4, the dipole extends from rather conductive to rather
resistive material. The observed MMR field data exhibit a strong negative response with peak
amplitude of up to 6 nT/A. This negative response indicates clearly the depth range of the
deep resistive layer (ranging from -15 m to -18 m). Field data favorably compare with the
predicted response for the Layered Earth model, while the response predicted with the
ERT2MMR model is significantly too low. From the comparison, it is concluded that the
contrast of the resistive layer in relation to the layer below, obtained from the ERT data
inversion, is not sufficient. Besides this good agreement between the model curve and the
field data obtained for the lower half-space, larger deviations occur for the area above 10 m.

As second example (I = 9), field and model data are displayed with respect to a transmitter
configuration placed at -13.6 m depth. In this case, current flows from rather resistive to
rather conductive medium (Fig. 7.4). Field data show a distinct positive response with peak
amplitude of 3 nT/A. The depth range of this positive response corresponds well with the
position of the rather conductive sand and gravel layer around 12 m depth. The comparison of
the field data with the predicted model curves shows an almost perfect agreement with the
ERT2MMR model, whereas the data predicted for the Layered Earth model are clearly too
low. These two examples reveal that the algebraic sign of the gained MMR response
obviously depends on the direction of current flow. This result agrees well with the one
obtained during the numerical analysis in Chapter 5. Therein, signal strength, obtained for
current flowing from a resistive host medium into a conductive body, is positively valuated,
whereas the sensitivity for a resistive perturbation is negative. Furthermore, analyzing
amplitude and shape of the response curves will probably yield information on conductivity
gradient and contrast.

As already mentioned, modeled and measured data characterize the zone above 10 m
differently. This discrepancy becomes fully apparent regarding a near-surface position of the
transmitter configuration (I = 20) extending from -4.8 m to -2.4 m depth. Field data feature
a distinct negative response with a peak amplitude of 2 nT/A, that is not supported by the
model curves. While measured data suggest this additional maximum, approximately at -5 m
depth, the model curves exhibit only a smooth change up to the final survey depth of -1.6 m.
The origin of this anomaly remains unclear. However, based on the results of the previous
two examples, a rather resistive anomaly is expected at this depth.
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Figure 7.5. Variation of MMR ground response B9 with depth for a moving-receiver setup.
Field data are compared to predicted response curves based on models ERT2MMR and
Layered Earth. Locations of the four exemplarily discussed transmitter configurations
(I =3,9,16 and 20) are specified in Fig. 7.4. Errors bars marked on the field data indicate
the measurement uncertainty.
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As fourth example, a rather noisy data set is added (I = 16) regarding a dipole extending
from -8 m to -5.6 m depth. Field data only show a rough agreement with the model curves for
the depth below -12 m, whereas for the area above almost no conformity is yielded. While for
the depth above -5 m at least a rather continuous progression is visible, field data feature large
point-to-point variations in the depth ranging from -6 m to -12 m. The only indication for a
possible source of these large deviations is the strong borehole effect noticeable in the ERT
image (ERT2MMR model) which is situated in a similar depth range. The source of this
negative feature partly distorts the overall image pattern and could probably affect also the
magnetic field measurements. To further investigate whether these large deviations are
artifacts of the actual acquisition, in the following part data are arranged and analyzed with
respect to fixed sensor positions. Note that the moving-source arrangement corresponds to the
actual acquisition geometry. In practice, the magnetic sensor is moved to a fixed location and
the measurement PC automatically cycles through all transmitter configurations (using normal
and reverse current mode). The sensor is then moved and the process is repeated. Hence, the
difference between these two types of data representation is the actually needed time to
acquire the data displayed in one profile. While data acquisition for a fixed sensor position is
finished after 12 min, the generation of a full profile for the moving-receiver arrangement
needs 2 hours. Therefore, data are rather exposed to random noise for the latter representation.

7.2.2. Moving source

Data arranged according to the moving-source setup are exemplarily discussed for four
representative sensor positions (Fig. 7.6). The locations of the magnetic sensors considered as
examples (m = 4,11, 17 and 23) are shown in Fig. 7.4.

The first example (m = 4) considers a magnetic sensor at -17.6 m depth, positioned at the
lower boarder of the resistive layer (Fig. 7.4). As in the transmitter example (I = 3) data
exhibt a strong negative response with a peak amplitude of 7 nT/A. This example clearly
reveals that MMR seems to be able to resolve both the sharp boundary contrast at the lower
end and the smooth transition at the top end of the layer. For the descending part of the
response peak field data are represented best by the Layered Earth model, while for the
ascending part field data are online with the ERT2MMR response curve.

In the second example (m = 11), the magnetic sensor is placed within the conductive layer at
-12 m depth. Data exhibit a clear change of sign. For transmitter configurations positioned
below -12 m, current flows from resistive to conductive material, and thus MMR ground
response BY is positive. If current injection is accomplished above -12 m, direction of current
flow changes (conductive to resistive) and thus BY becomes negative. The comparison with
the model curves shows a good agreement for the lower positive peak, while for the upper
negative response both model curves underestimate the observed response. This example
again suggests that the gained contrast from the ERT inversion is not sufficient, particularly
for the lower boundaries.
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Figure 7.6. Variation of MMR ground response BY with depth for a moving-source setup.
Field data are compared to predicted responses based on models ERT2MMR and Layered
Earth. Location of the four exemplarily chosen magnetic sensors (m = 4,11,17 and 23) is
illustrated in Fig. 7.4. Errors bars marked on field data indicate the measurement uncertainty.
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In the third example (m = 17), field data again indicate the existence of the resistive anomaly
around -5 m depth. The last example (m = 23) regards a near-surface sensor position at a
depth of -2.4 m. Field data exhibit almost no response but clearly largest measurement
uncertainties. From a general inspection of the field data (Fig. 7.6), it becomes apparent that
larger measurement uncertainties occur more frequently and to a larger degree while
approaching the ground surface. This effect can be explained as near-surface magnetic field
measurements are less shielded from EM noise (see Chapter 1) and become also more
susceptible to man-made noise contributions. Besides the bad data quality of these examples,
the overall inspection of the recorded data (Appendix C) shows that less than 5 % of the data
exhibit these intolerable large measurement uncertainties. Data quality is considered as good
and could be further improved, if required in terms of data preparation for inversion, by
introducing longer measurement cycles.

The comparison of field and model data (m = 23) shows another interesting feature. The
curve predicted from the ERT2MMR model features a weak but distinct negative response
over the entire depth range from -4 m to -10 m. This response is likely to be generated by the
borehole artifact (visible in the ERT image) that extends over the same depth range. The fact
that MMR data exhibit no such negative response could indicate that the MMR data
acquisition is generally less affected by the borehole.

These representative examples demonstrate

= that by means of the developed data processing routine data of good quality are
provided

= that by means of the forward modeling program MMRMod the background data can
be analyzed and interpreted

Further research is needed to clarify the origin of larger data errors in terms of measurement
uncertainties and point-to-point variations. Potential sources for data errors in general are
geomagnetic noise, cable artifacts (deviations from the assumed wire layout), possible
interference between specific sensors merged in the fluxgate-array and environmental
influences, for instance the nearby train and bus station.

The examples further illustrate the complexity of the acquired MMR responses. Amplitude
and shape of obtained response peaks depend on conductivity contrast, direction of current
flow (either from resistive to conductive or from conductive to resistive) and relative position
of transmitter and sensor to the addressed layer or structure in general. The comparison
between measured data and model curves indeed indicates that MMR can contribute
additional structural information to the overall cross-hole resolution. In particular, MMR data
suggest better resolvability of contrasts.
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7.3. Analysis of time-lapse measurements

Time-lapse measurements refer to repeated measurements with time conducted on the same
acquisition geometry and are intended to capture the interaction of the static geologic signal,
discussed as background MMR ground response BY, with the dynamic hydrological process.
In the following, results are discussed in terms of the anomalous MMR ground response BY
caused by the injected water. This anomalous response BJ is calculated as difference of the
actually measured ground response at a certain time step B9 (t;) with respect to the initially
recorded background response B9 (t):

BY(t;)) = BI(t;) — BI(ty)

In practice, the evolution of the injected water plume in space and time was monitored for a
total of 34 hours and within 7 time steps from June 13 (date of water injection) to June 14,
2006. A total volume of 11 cubic meters of tap water were injected over a period of 9 hours.
The timing of the water injection and the monitoring scheme considered for the time-lapse
measurements are shown in Fig. 7.7.

Total injected volume = 11,06 m*

Injected volume [m?]
(2]
|

Fast survey Total survey
za
| TtW th I‘s Tt" Its Ttﬁ TH
o +——t-———tr———————
0 5 10 15 20 25 30 35

Timeafter start of injection [h]

Figure 7.7. Measured volume of injected tap water at the Gorgonzola site during experiment
in June 2006 and corresponding survey plan for the time-lapse MMR measurements.

In fact, water injection is realized by pouring water directly into a vertical tube embedded in
the ground (Fig. 7.8). The tube extends approximately to a depth of 2 m and is used to skip
the shallowest soil layer and allows for an injection of water directly in the natural formation
below.
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Data are discussed in two ways. The first part will focus on the results obtained during the
first day of the experiment, in which data are acquired according to the fast survey. The data
representation is therefore limited to the upper 10 m (Fig. 7.10). Secondly, results obtained
during the second day of the experiment are presented. Since in this connection measurements
according to the total survey are reintroduced, displayed time-lapse responses feature the
entire profile depth (Fig. 7.11).

Figure 7.8. Realization of the water injection. Water is infiltrated via an embedded pipe
(approx. 2 m depth extension) in order to skip the shallowest soil layer.

Due to the rather continuous developing of the data for the moving-source representation, the
time-lapse response curves are shown as function of the depth of the positive transmitter
electrode. In both cases, data are exemplarily depicted for five representative sensor positions.
The addressed sensor positions for the data analysis are displayed in Fig. 7.9. The chosen
datasets feature the most interesting characteristics visible in the data. For the purpose to give
a complete overview, all obtained time-lapse responses (during first and second day of the
experiment) are to be found in the Appendix D.

The first example (m = 24) reveals that for a near-surface sensor position at -1.6 m depth
only marginally response amplitudes (generally < 1nT/A) are generated. The obvious
reason for these small amplitudes (for all 5 time steps) is the fact that water is directly injected
into larger depths. Besides the small amplitudes, the most significant response is obtained for
the second time step (t, = 4 hours after start of injection).

For a magnetic sensor, located at -4.8 m depth (m = 20), already considerably increased
values for the anomalous MMR ground response BY are obtained with peak amplitudes of up
to 2 nT/A. Furthermore, a clear shift of the maximum peak towards larger depths is observed.
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Figure 7.9. Conductivity model ERT2MMR with magnetic sensor locations m considered for

the analysis of time-lapse measurements acquired during (a) day one and (b) day two. Circles
indicate the transmitter electrode positions included in the fast (a) and the total (b) survey.

A similar shift is observed for the consecutive sensor positions m = 18 (-6.4 m depth)
and m = 17 (-7.2 m depth), this time from t, = 4 h to t3 = 7 h (after start of injection). This
shift towards larger depths and later times within the addressed examples is a clear indicator
for the vertically downward migrating water plume. In addition, for sensor positionm = 18
clearly separated zero crossings are observed for each time step (t; — t5). From previous
examples (Fig. 7.6, m = 11) it is known that a zero crossing indicates a boundary between
units of different conductivity. In case of time-lapse monitoring of the water injection, the
zero crossing of the anomalous MMR response BY is seen as an indicator for the depth of the
water front. From the time-lapse monitoring for sensor position m = 18, it is therefore
inferred that the water front has covered a depth range of 3 m within 7 hours. By contrast, the
depth of the maximum peak of a time-lapse response curve is rather related to the center of
mass of the injected water plume.

Finally, the last example (m = 14) pictures the observed responses for the bottom end of the
sensor profile during the first day of the experiment. Again, data exhibit only marginally
anomalous MMR responses BY . Interestingly, the maximum response is observed 12 hours
after start of injection. By comparing the top and bottom position of the magnetic
sensor (m = 24 and m = 14) the spatiotemporal dependence of the MMR response caused
by the injected water volume becomes fully apparent. While for the near-surface position the
response maximum is observed already 4 hours after start of injection, for a magnetic sensor,
situated 8 m below, the response maximum appears also 8 hours later.
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Figure 7.10. Variation of anomalous MMR ground response By with depth for 5 different
time steps during the first day (t; — t5). Locations of the 5 exemplarily discussed magnetic

sensor positions (m = 24,20,18,17 and 14) are specified in Fig. 7.9.
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Response curves obtained during the second day, possess different characteristics compared
to the first day. Generally, responses for the two time steps (tg — t7) exhibit similar shape
and feature only little viaual difference. For example, the response, observed at a sensor depth
of -4.8 m (m = 20), features almost no variation of the MMR ground response with respect
to the background signal. This disappearance of the signal (for both time steps) for the
shallower sensor positions indicates that the water plume has already moved to larger depths
or to the sides. The inspection of the anomalous response BY at a medium depth of -8.8 m
(m = 15) points to a rather dispersed water body. In fact, field data exhibit only marginally
higher values compared to m = 14 (during the first day — as shown in Fig. 7.9) but for a
much larger depth extent from -6 m to -16 m. The expanded depth extension is probably
related to the dispersion of the water body.

The next examples (m = 12 and m = 9) feature the anomalous MMR response B¢ obtained
for two magnetic sensors positioned in the lower half-space, at -11.2 m and -13.6 m depth in
the rather conductive sand and gravel layer. For both sensors negative response values are
generated in a depth range between -12 m and -16 m, whereas the amplitude is more
pronounced for the lower sensor. These two examples indicate that variations in the electrical
conductivity distribution also occur for deeper layers. The reason for this feature is not fully
understood and requires further research in terms of image reconstruction.

By contrast, the last example (m = 4) indicates that for a magnetic sensor positioned below
or at the lower end of the deep resistive layer no variation in the electrical conductivity
distribution is observed, or at least not for the considered time steps. Water could be
ultimately trapped in the cemented sand and gravel layer.

Finally, the evolution of the observed anomalous MMR response BY with time is illustrates in
Fig. 7.12. Exemplarily, results for selected transmitter-receiver combinations are displayed.
Plot shows temporal evolution for three different depths of the magnetic sensor or transmitter
configuration with respect to fixed transmitter or sensor, respectively.

The first example (I = 19) shows the temporal variation of the anomalous MMR response B?
with respect to a fixed transmitter configuration at -5.6 m depth and for three depths of the
magnetic sensor (Fig. 7.11a). All three curves exhibit a significant positive peak during the
first 12 hours after start of water injection. The maximum peak features a distinct shift to later
times with increasing depth of the magnetic sensor (from m = 21 tom = 19), which is a
clear indication for the vertically downward migrating water body. Since BJ already
converges towards zero after the first 12 hours, it can be concluded that the water plume has
passed the geometrical center of the considered transmitter-receiver combinations.
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Figure 7.11. Variation of anomalous MMR ground response BY with depth for two different
time steps during the second day (tg — t7). Locations of the 5 exemplarily discussed magnetic
sensor positions (m = 20,15,12,9 and 4) are specified in Fig. 7.9.
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By contrast, the second example (m = 18) features the results with respect to a fixed sensor
position and varying depth of the transmitter configuration (Fig. 7.11b). The curves obtained
for I = 19 and [ = 20 feature similar behavior as discussed in the first example. The shape of
the third curve (I = 16) significantly differs from the other displayed examples. Field data
exhibit negative values for the first time steps (t; — t3) indicating that the water plume hasn’t
reached the center of maximum sensitivity of this particular (transmitter-receiver)
combination. The following reversal for later times confirms the downward movement of the
water plume. Due to the missing of additional time-steps between 12 h and 29 h (after start of
injection) it remains unclear, whether the positive maximum would have been more
pronounced within this period.

@ 4

\ \ \ -2 \ \

I
0 10 20 30 0 10 20 30
time [h] time [h]

Figure 7.12. Variation of anomalous MMR ground response BY with time for fixed
transmitter-receiver combinations. Response curves are displayed with respect to (a) the fixed
transmitter configuration | = 19 and (b) the fixed sensor position m = 18 and three different
depths of the sensor or transmitter, respectively.

To sum up, the injected water volume causes significant MMR anomalies that bear a distinct
spatiotemporal dependence and could therefore probably contribute to an advanced structural
characterization as required for hydrogeophysical purposes.
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Chapter 8
Summary and Recommendation

In this chapter a summary of the results and a discussion around several recommendations is
given, leading to a possible outline for future research on cross-hole MMR. With the
successful field application a working prototype of the cross-hole MMR system is completed.
The implemented 2D cross-hole arrangement accommodates three-component measurements
of the magnetic field in one borehole due to low-frequency (25 Hz) current injection in
another borehole. The presented tomographic approach involves arrays of both transmitter
electrodes and magnetic sensors in order to image the area between the two boreholes,
separated by 5-10 m, with high resolution. The tomographic layout allows for spatially dense
data sampling and enables the detection of even small-scale variations in the electrical
resistivity distribution. The large number of individual measurement configurations, inherent
in the tomographic setup, is intended to enable high-resolution image reconstruction.

Optimal survey parameters were inferred from numerical studies regarding signal strength
and source-generated noise level. It could be proven that current injection via vertical dipoles
(v-dipole) provides superior signal-to-noise ratio in comparison to horizontal dipoles (/-
dipole) and single poles (s-pole). With a view to good resolution in tomographic surveys the
resolving power of different transmitter configurations was analyzed in terms of sensitivity
distributions. The spatial distributions illustrate that dipole configurations reflect confined
subsurface volumes whereas the s-pole configuration covers a rather large depth range of
equal sensitivity. While h-dipoles sample only the area around the borehole, v-dipole
configurations exhibit substantial sensitivity in the middle of the cross-hole region.
Furthermore, analyzing sensitivity maps showed that transmitter-receiver combinations,
exceeding a vertical offset equal to the borehole separation, do not contribute significantly to
the overall cross-hole resolution. Two possible optimization approaches are conceivable. In
order to raise survey speed, sensor locations, exceeding a certain vertical offset, are discarded
from the overall survey plan. The total number of measurement configurations is reduced and
thus, less time needed to complete the survey. Otherwise in terms of improved resolution, one
could keep the number of sensor locations fixed but rearrange them restricted to the depth
range from +r to —r offset. This could certainly help to better resolve anomalous peaks and
results would be less susceptible to measurement errors and noise level.

87
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Laboratory testing as well as experiences from other branches of electrical tomography
assisted and validated the development of an appropriate data processing procedure for MMR
field data. Concepts for solving two major difficulties inherent in cross-hole MMR field
surveying are presented: first the correction for the arbitrary borehole sensor orientation. The
concept follows the idea of calculating the deviation angle between the actual measurement
direction and a know reference direction. The re-orientation of the borehole sensor works
properly, but demands further research and validation especially regarding the adopted
assumption for the elevation displacement. The second concept, the measurement method
with phase switching, corrects for the parasitic correlated noise fields induced by the
measurement system itself. The method was originally developed to improve measuring
accuracy for the electrical impedance tomography (EIT) by Zimmermann et al. (2007). In the
present research, this technique was first-time successfully applied to laboratory and field data
processing. In addition, the proposed data processing routine includes modern lock-in-
technique and conventional correction for the wire current, and proved to be an appropriate
tool for an effective information extraction from the measured total magnetic field.

In 2006, MMR data were first-time acquired and processed according to the developed
tomographic approach and processing routine, respectively. During this field campaign, data
were collected in time-lapse mode in order to monitor a water infiltration experiment across
the Gorgonzola field site. As is know from literature, no such application has been published
yet. By means of the initially acquired background data, it could be shown that 2D cross-hole
MMR provides distinct response curves over the considered subsurface. Importantly, the
comparison of processed MMR field data with responses predicted on the basis of an
independently obtained ERT image, suggests better resolvability of contrasts by MMR than
by ERT. Moreover, the analysis of the time-lapse measurements shows spatiotemporal
dependence of the MMR response curves upon the water saturation. The anomalous MMR
response due to the injected water volume exhibits significant peak amplitudes of up to 3
nT/A. Decay curves for fixed transmitter-receiver combinations clearly reveal that the
temporal movement of the water plume is indeed detectable by MMR measurements
conducted in time-lapse mode. The almost entire disappearance of the anomalous MMR
signal also indicates that the water slug practically has disappeared one day after the injection.
Thus, MMR has proven to be a feasible and valuable method for the purpose of
hydrogeophysical monitoring.

Technical problems remain present, for instance the increase in survey time due to hardware
synchronization. The current development of the measurement system is directed towards a
reduction of these delay times. Such an optimization could enable a better applicability to
several acquisition targets and survey approaches, e.g. the combined use with other
geophysical methods. Apart from the usefulness of the MMR method, measurements of the
magnetic field are limited in application with metallic objects (metal pipes or vessels for
instance). These (ferro)-metallic objects interfere in two ways: first due to the presence of
eddy currents in the objects which distort the magnetic field lines. Secondly the anomalous
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magnetic properties, in particular the magnetic permeability p', will cause magnetic responses
on the same scale as signals due to the current injection (for review see Ludwig et al., 2004).
Since these effects can not be separated, no clear imaging of the electrical conductivity is
possible in that case.

Finally, to complete the adaptation of MMR to cross-hole imaging a fundamental inversion
algorithm is needed. The general goal of the inversion is to find a conductivity distribution
that can reproduce the observed data to a certain degree. In contrast to forward modeling,
inversion techniques of MMR data are less developed. Nevertheless, Fathianpour et al.
(2005b) describe a successful inversion algorithm for 2D resistivity structures. The employed
numerical inversion uses a Marquardt-Levenberg approach and quasi-Newton updating of the
Jacobian matrix. Future application of MMR to hydrogeophysical imaging shall consider the
reconstruction of 3D resistivity distribution. Generally, the solution of the inverse problem is
constrained by insufficient available information and data noise. The employed tomographic
approach and sufficiently long measurement cycles allow for a minimization of the impact
due to these constraints. The solution of the inverse problem in MMR is additionally hindered
by the strong inherent non-uniqueness, since MMR is only sensitive to conductivity contrasts.
LaBreque et al. (2003) include ERT data in a joint inversion approach to overcome the
inherent non-uniqueness of MMR data inversion. Even a limited number of independent ERT
data is capable to provide an initial guess of the background conductivity distribution. The
introduction of a coupled use with the DC resistivity method as suggested by the field data,
may further improve the imaging capability.

Alternatively to the evaluation of MMR amplitudes, phase shift data have been previously
obtained in MMR surveys and the data have been reported in terms of the Magnetic Induced
Polarization (MIP) response (for review see Seigel, 1974). MIP is related to MMR in the
same senses that IP resembles the DC resistivity method (Telford et al., 1990). In general, TP
data are related to the complex resistivity. The current MMR measurement system is already
designed to measure the complex resistivity distribution. In addition to the amplitude of the
MMR response the lock-in technique provides the phase shift of the measured MMR data
with respect to the reference signal. Practical surveys employing the MIP method are reported
by previous authors, e.g. for surface exploration Boggs et al. (1998) and borehole exploration
Bishop et al (1997). However, apart from Purss et al. (2003) and Chen & Oldenburg (2003),
numerical models assisting with the interpretation of MIP surveys have not been recognized.
While Chen & Oldenburg (2003) formulated the inverse problem as an optimization problem,
Purss et al. (2002) employed a pseudo-3D algorithm to interpret downhole MIP data, based on
a variation of the Cole-Cole relaxation model (Xiong & Tripp, 1995). They successfully used
phase and amplitude of DHMMR data to explore massive sulphide deposits. Besides this
successful application of an iterative technique, future work is needed to characterize and

" A general assumption in MMR modeling and data interpretation is that y is equal to that of free space p,.
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understand the MIP response of borehole MMR data in a 3D setting. Nevertheless, the
introduction of MIP possibly increases the resolution of IP surveys in a similar way as MMR
supports ERT.

For future applications, an integrated approach evaluating amplitude and phase of MMR and
ERT data is likely to generate high-resolution images as required for the monitoring in
environmental investigations. Such an approach is advantageous in that it commonly results
in a more comprehensive characterization of a suite of different physical properties of the
target.



Appendix A

Indexing scheme

The exact positions according to the transmitter index [ and the magnetic sensor index m,
used during numerical studies (standard model — Chapter 4 and 5) and during the field
application (in Chapter 7), are listed in the Table A.1. Electrodes and sensors are located in
the vertical x-z-plane (y = 0) and along the vertical profiles at x =0 m (transmitter

electrodes in borehole A) and x = 6.65 m (magnetic sensors in borehole B).

depth of depth of transmitter configuration [
Nr. | magnetic sensor .
& m positive transmitter negative current electrode +1 mean depth of
electrode’ +1 . ) the v-dipole
v-dipole h-dipole

1 -20.0 m -20.0 m -17.6 m -20.0 m -18.8 m
2 -192m -192m -16.8 m -192m -18.0 m
3 -184 m -184 m -16.0 m -18.4 m -17.2m
4 -17.6 m -17.6 m -152m -17.6 m -16.4 m
5 -16.8 m -16.8 m -144m -16.8 m -15.6 m
6 -16.0 m -16.0 m -13.6 m -16.0 m -14.8 m
7 -152m -152m -12.8 m -152m -14.0 m
8 -14.4 m -14.4 m -12.0 m -14.4m -13.2m
9 -13.6 m -13.6 m -11.2m -13.6 m -12.4m
10 -12.8 m -12.8 m -10.4 m -12.8 m -11.6 m
11 -12.0m -12.0m -9.6 m -12.0 m -10.8m
12 -11.2m -11.2m -8.8 m -11.2m -10.0 m
13 -10.4 m -104 m -8-0 m -10.4 m 9.2m
14 -9.6 m -9.6 m -7.2m -9.6 m -8.4m
15 -8.8 m -8.8 m -6.4m -8.8 m -7.6 m
16 -8-0 m -8-0 m -5.6 m -8-0 m -6.8 m
17 -7.2 m -7.2 m -4.8 m -7.2m -6.0 m
18 -6.4 m -6.4 m -4.0 m -6.4 m -52m

! Note, all transmitter configurations (v-dipole, h-dipole, s-pole) share the same positive transmitter electrode.
% Negative transmitter electrodes of h-dipole configurations are located at x = 6.65 m.
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19 -5.6m -5.6m -32m -5.6m 4.4 m
20 -4.8 m -4.8 m 2.4 m 4.8 m -3.6m
21 -4.0 m -4.0 m -1.6m 4.0m -2.8m
22 -32m -32m
23 24 m 24 m
24 -l.6m -l.6m

Table A.1. Index scheme references - Exact positions of transmitter electrodes and magnetic
sensors indicated by indices I and m.



Appendix B
Extended survey specifications

This chapter illustrates in detail the proceeding during the field campaign 2006. The
Gorgonzola experimental site is located near a public train and bus station (Fig. B.1).

Figure B.1. Gorgonzola test site (Italy).

In order to increase measuring progress, magnetic field sensing is conducted with a two-
fluxgate array. For this reason, two fluxgate sensors were merged non-switched with fixed
spacing of 0.8 m (Fig. B.2). Furthermore, borehole sensors were equipped with plastic spacers
in order to keep them centrally aligned. In addition, the various hardware components of the
MMR measurement system are shown in Fig. B3.

Figure B.2. Preparation of the two-fluxgate array.
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Figure B.3. MMR measurement system (front and back view) and Resecs switching boxes at
the top of borehole A (from left to right).

B.1. Background measurements

The background measurements are conducted according to the total survey, including all
feasible transmitter-receiver combinations. In addition, Table B.1 indicates that magnetic field

is measured simultaneously at two sensor positions.

Remarks

MNF. Magnetic sensor position Transmitter configuration(s)
m c

Background measurement A,

MD022 1-2 21 (1=1-21)
MD023 3-4 21 (1=1-21)
MD024 5-6 21 (I=1-21)
MDO025 7-8 21(/=1-21)
MDO026 9-10 21(/=1-21)
MDO027 11-12 21 (1=1-21)
MD028 13-14 21 (I=1-21)
MD029 15-16 21 (I1=1-21)
MDO030 17-18 21(/=1-21)
MDO031 19-20 21 (I=1-21)
MD032 21-22 21 (I=1-21)
MDO033 23-24 21 (I=1-21)

Total Survey
Time: 2h 10 min

Table B.1. Measurement numbers (MNr.) and survey specifications for initial background

measurement.
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B.2. Time-lapse measurements

The evolution of the water plume is monitored during the time-lapse measurements. Water
injection is realized by means of a vertically, embedded tube (Fig. B.4).By skipping the
shallowest soil layer water is directly injected into the natural formation below.

Figure B.4. Water infiltration operation.

Water movement is monitored for a total of 34 hours after start of injection and for 7 time
steps t;. The temporal variation of the injected water volume and the corresponding survey
plan for the time-lapse MMR measurements is shown in Fig. B.5. In Table B.2 and B.3 the
corresponding measurement configurations are listed.

Total injected volume = 11,06 m*

Injected volume [m?]
[}
|

Fast survey

Total survey

0 5 10 15 20 25 30 35
Timeafter start of injection [h]

Figure B.5. Measured volume of injected water at the Gorgonzola site during infiltration
experiment (June 2006) and corresponding survey plan for time-lapse MMR measurements.
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Magnetic sensor position

Transmitter configuration(s)

MNr. Remarks
m c
Time-lapse measurement t;
MD046 11-12 9(1=13-21)
MD047 13-14 9(1=13-21)
MD048 15-16 9(1=13-21)
MD049 17-18 9(1=13-21) start of reduced
survey:
MDO050 19-20 9(/=13-21) 2 hours after start
of water injection
MDO051 21-22 9(/=13-21)
MDO052 23-24 9(I=13-21)
Time-lapse measurement t
MD053 11-12 9(1=13-21)
MDO054 13-14 9(1=13-21)
MDO55 15-16 9(I=13-21)
rt of
MDO56 17-18 9(1=13-21) s Sflrvrzg}’ced
MDO057 19-20 9(/=13-21) 5 hours after start
of water injection
MDO058 21-22 9(I=13-21)
MDO059 2324 9(1=13-21)
Time-lapse measurement {3
MD060 7-8 9(1=13-21)
_ additional data
MDO061 9-10 9(1=13-21) (not relevant)
MD062 11-12 9(I=13-21)
MD063 13-14 9(1=13-21)
MDO064 15-16 9(/=13-21)
f
MD065 17-18 9(1=13-21) Staﬁsflrvrzg}md
MDO066 19-20 9(1=13-21) 7 hours after start
of water injection
MD067 21-22 9(I=13-21)
MDO068 23-24 9(1=13-21)
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Magnetic sensor position Transmitter configuration(s)

MNTr. " N,

Remarks

Time-lapse measurement ty

MD069 7-8 9(1=13-21)
MDO071 11-12 9(1=13-21)

MDO072 13-14 9(1=13-21)

MboT3 1316 o(I=13-2D) start of reduced
MDO074 17-18 9(1=13-21) survey:
s smnay |
MDO076 21-22 9(I1=13-21) infiltration
MDO077 23-24 9(1=13-21)

Time-lapse measurement ts

MDO078 1-2 21 (1=1-21)

MD079 3-4 21 (1=1-21)

MDO080 5-6 21 (1=1-21) Total survey:
MDO81 7.8 210 (1=1-21) Additional data
MDO082 9-10 21 (I=1-21)

MDO083 11-12 21 (1=1-21)

MDO084 13-14 21(1=1-21)

MDO085 15-16 21(1=1-21)

Start of reduced
MDO086 17-18 21 (1=1-21) survey:
12 hours after

MDOS7 19-20 21(/=1-21) start of water
MDO088 21-22 21(1=1-21) infiltration
MDO089 23-24 21 (1=1-21)

Table B.2. Measurement numbers (MNr,) and survey specifications for time-lapse
measurements t; — ts (first day).
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Magnetic sensor position

Transmitter configuration(s)

MNTr. n Remarks
Time-lapse measurement tg (29 hours after the start of water injection)
MD090 34 21 (1=1-21)
MD091 5-6 21 (1=1-21)
MD092 7-8 20(1=1-21) Total survey —
MD093 9-10 21 (1=1-21)
MD09%4 11-12 21 (1=1-21)
MD095 13-14 21 (1=1-21)
MD096 15-16 21(1=1-21) Unfortunately,
_ sensor positions 1
MD097 17-18 21(=1-21) and 2 were omitted
MD098 19-20 20 (1=1-21) due to limited time
and no expected
MD099 2122 20 (1=1-21) change in this area
MD100 23-24 21 (1=1-21)
Time-lapse measurement t7 (34 hours after the start of water injection)
MDI111 1-2 21 (1=1-21)
MD110 3-4 21 (1=1-21)
MD109 5-6 21 (1=1-21)
MD108 7-8 21 (1=1-21)
Total survey —
MD107 9-10 21 (1=1-21)
—1_ Sensor positions 23
MD106 112 2L(=1-20 and 24 were omitted
_ due to limited time
MD105 13-14 2(=1-21 and no expected
MD104 15-16 21 (1=1-21) change in this area.
MD103 17-18 21 (1=1-21)
MD102 19-20 21 (1=1-21)
MD101 21-22 21 (1=1-21)

Table B.3. Measurement numbers (MNr,) and survey specifications for time-lapse

measurement

te — t7 (second day).
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Very special thanks go to all the field workers that participated and helped during the field
campaign 2006 in Gorgonzola (Italy).

Figure B.6. Participants of the 2006 Gorgonzola field campaign.
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Appendix C
Validation of background measurements

For the purpose to give a complete overview, all measured data (during the initially conducted
background measurement) are displayed in this chapter. Field data are qualitatively validated
on the basis of two different conductivity models (Fig. C.1).

>
o

ceessees &

log(@m)

z[m]
z[m]

x [m] x [m]

Figure C.1. Conductivity models ERT2MMR (a) and Layered Earth (b) used for the
predication of model curves.

C.1. Moving-receiver

Field data are depicted in two ways. At first, the MMR ground response BY obtained from
field and model data is displayed as a function of the magnetic sensor depth with respect to all
transmitter configurations considered in the total survey (Fig. C.2 — C.5). As mentioned
before, this type of presentation is referred to as moving-receiver arrangement. Error bars
marked on the field data indicate calculated measurement uncertainty.
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Figure C.2. Variation of MMR ground response BY with depth for moving-receiver setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth

models, with respect to fixed transmitter positions I = 1- 6.
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Figure C.3. Variation of MMR ground response BY with depth for moving-receiver setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth

models, with respect to fixed transmitter positions [ = 7 - 12.
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Figure C.4. Variation of MMR ground response BY with depth for moving-receiver setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth

models, with respect to fixed transmitter positions [ = 13 - 18.
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Figure C.5. Variation of MMR ground response BY with depth for moving-receiver setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth
models, with respect to fixed transmitter positions [ = 19 - 21.

C.2. Moving-source

In the second part, the MMR ground response BY obtained from field and model data is
displayed as a function of the depth of the transmitter electrode with respect to all 24 sensor
positions considered in the total survey (Fig. C.6 — C.9). Error bars marked on the field data

indicate calculated measurement uncertainty.
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—=— Layered Earth
+ Field data

-5 -

z[m]

BY [nT/A]

m=6

5

B [nT/A] BY [nT/A]

Figure C.6. Variation of MMR ground response BY with depth for moving-source setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth

models, with respect to fixed magnetic field sensor positions m = 1- 6.
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Figure C.7. Variation of MMR ground response B9 with depth for moving-source setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth

models, with respect to fixed magnetic field sensor positions m = 7 - 12.
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Figure C.8. Variation of MMR ground response B9 with depth for moving-source setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth

models, with respect to fixed magnetic field sensor positions m = 13 - 18.
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Figure C.9. Variation of MMR ground response B9 with depth for moving-source setup.
Field data are compared to predicted responses, based on ERT2MMR and Layered Earth

models, with respect to fixed magnetic field sensor positions m = 19 - 24.
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Appendix D
Time-lapse responses

In order to give a complete overview, all field data acquired during time-lapse measurements
are displayed in this chapter. Generally, data are collected according to the fast survey
(t; — ts5) or total survey (tg — t7). Difference in acquisition is illustrated in Fig. D.1.

B

B A
o
(b)
2 2

logicam)

xim] x(m]

Figure D.1. Transmiter-receiver combinations considered for (a) fast and (b) total survey.

First, results in terms of anomalous MMR response BY (7.1) are displayed for the first five
time steps t; — ts with respect to the magnetic sensor positions (m = 24 — 13).

2 4 2
B¢ [NT/A] B? [nT/A]

14 14 time after

start of injection

—&— 2hours

- —=&— 5hours
—®— 7 hours

—&— 9hours

-1 12 hours

6 8 10 12 2 4 6 8 10 12
depth [m] depth [m]

Figure D.2. Variation of the anomalous MMR ground response BJ with depth for the first
five time-steps t; — t5 and sensor positionsm = 24 - 23.
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Figure D.3. Variation of the anomalous MMR ground response B¢ with depth for the first
five time-steps t; — t5 and sensor positions m = 22-18.
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Figure D.4. Variation of the anomalous MMR ground response BJ with depth for the first

five time-steps t; — t5 and sensor positions m = 17-13.



114

Secondly, results in terms of anomalous MMR response BY (7.1) are displayed for the two
time steps tg — t7 (collected during Day 2) with respect to the sensor positions (m = 22 — 3).
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into the ground to determine the subsurface resistivity structure. As a step towards the
implementation of MMR for cross-hole imaging, in this Ph.D. thesis several aspects of
survey design for near-surface applications are discussed. In numerical, laboratory and field
studies the potential of MMR for advanced structural characterization and process
monitoring at the field scale is assessed. The considered 2D cross-hole setup comprises
borehole measurements of the magnetic field as response to borehole current injection.
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