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10.1 Introduction

The application of geophysical techniques to hydrogeological questions
has grown in importance due to the increasing concern of environmental
issues. Electric and electromagnetic (EM) methods are the most important
geophysical techniques for groundwater studies (Nobes 1996) and they are
also frequently used for the characterisation of shallow structures. General
discussions on the use of EM techniques for shallow geophysical applica-
tions and especially for groundwater studies can be found in Mc Neill
(1990); Nobes (1996); Tezkan (1999); Pellerin (2002) and Bechtel et al.
(2007). In order to derive the subsurface lithology (e.g. groundwater per-
meable and impermeable layers) the conductivity is used as a petrophysi-
cal parameter which is sensitive to the variation of porosity, the water satu-
ration, the conductivity of the pore fluid and the clay content. The
radiomagnetotelluric method is a relatively new technique of applied elec-
tromagnetic geophysics and is extensively used in connection with near
surface exploration (Turberg and Barker 1999, Linde and Pedersen 2004,
Tezkan et al. 2005). It uses military and civilian radio transmitters broad-
casting in the frequency range between 10 kHz and 1 MHz. The high fre-
quency range allows to study the shallow subsurface using inversion items
originally developed for magnetotelluric data (Smith and Booker 1991,
Mackie et al. 1997, Siripunvarapon and Egbert 2000). The shallow investi-
gation depth makes it easier for the interpreter to constrain and correlate
resistivity models with available prior information such as borehole data
and hydraulic tests at different scales (Linde and Pedersen 2004). The
RMT technique has also been used successfully to delimit waste sites
(Tezkan et al. 2000, 2005; Newman et al. 2003) using 2D and 3D inver-
sion techniques. (Turberg et al. 1994) showed the estimation of the litho-
logical inhomogenity using RMT data. Linde and Pedersen (2004) demon-
strated the application of the RMT-method to characterize fractured granite
and to define the direction and magnitude of electrical anisotropy of a li-
mestone formation. Several successful applications of this method con-
cerning aquifer characterisations have been also reported in the literature.
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10.2 Basic principles of the RMT — method

The sources employed in this method are remote radio transmitters which
provide electromagnetic plane waves with frequencies between 10 kHz
and 1 MHz. The frequency dependent apparent resistivity and phase curves
can be obtained by measuring the components of the electric and magnetic
field at the surface. In order to calculate them, and to describe the radi-
omagnetotelluric wave propagation, the basic wave propagation theory of
electromagnetics should be considered. Maxwell’s equations are used to
understand the propagation and attenuation of such waves.

A detailed description of the theory can be found in Nabighian (1987)
and Telford et al. (1990). Assuming the electric charge density q = 0, the
Maxwell equation is given by:

. OB 10.1
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V.-B=0 (10.3)
V-E=0 (10.4)

where J is the current density (A/m?), E = electric field intensity (V/m), B
= magnetic flux density (Vs / m?), H = magnetic field intensity (A/m) and
D = electric displacement (C/m?). Furthermore, the material equations in a
homogeneous, isotropic media are valid:

By (10.5)

B (10.6)

o
Il
m
es]

—i
Il
Q
es]



10 Radiomagnetotellurics 297

where o is the electric conductivity (S/m), 1 is the magnetic permeability,
(Vs/Am) and ¢ the dielectric capacity (As/Vm). Taking the curl of Eq. 10.1
and 10.2 by considering Eq. 10.6 we get:

VE =pyo—+pe 5
ot ot

- 2_.

_ oH 0°H

V2H =Ho——+pe—
ot ot

by using the vector identity:

Vx(Vsz):V(V.Zz)—Vza (10.8)

In problems involving fields varying with time, the introduction of the
general harmonic function simplifies the analysis:

F= FO ) eiwt (10.9)

with Fe {E, H}, F, e {E,, H,}.

Upon substitution of this type of time dependency in Eq. 10.7 we get:

V2F=imﬂF—m2usF (10.10)

with Fe {E, H}

The first and the second term on the right hand side are related to the con-
ductivity and displacement currents respectively. Eq. 10.10 also describes
the propagation of the magnetic and electric field vectors in an isotropic
homogenous medium. Displacement currents can be neglected for the
RMT frequencies (10 kHz - 1 MHz) used for normal resistivity distribu-
tions (eg. p< 500 Qm). In this case, the well developed and tested magne-
totelluric interpretation software (1D - 2D inversion of the data) is used to
derive the conductivity distribution of the subsurface. As a result we have:

2= 2= (10.11)
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with k’=iopc

However, for the application of this method on crystalline environments
the displacement currents must be taken into account (Persson and Peder-
sen 2002). Conductivity distribution of the subsurface should be consi-
dered in order to solve Eq. 10.11. The easiest case is the homogenous half
space and 1D conductivity distribution, e.g. that the conductivity varies on-
ly in z direction (positive to the direction from the surface down to the
earth). This means, that all the variations in horizontal direction, also in the
X - y direction are zero.

e N
ox  dy
Eq. 10.11 can then be written by:
92F. , (10.12)
S —kF =0
0z J

with F; e {E,,H }, je {x,y}

The general solution of Eq. 10.12 is:

kz (10.13)
with je {X, y}

And after Eq. 10.2 and 10.6:

k-(4e™ — 4,e") (10.14)
iou

with je {y, y}

H; =

A, and A, are constant values. A, =0 resulting from the condition that the
field must be finite for z — . Forming the quotient Z,, = E,/H, at the sur-
face (z=0) which is called the impedance:
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E (10.15)
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In analogy:

where Zxy=-Zyx

Conductivity of the subsurface can also be obtained by measuring the elec-
tric and magnetic field components.

It is evident from Eq. 10.13 and 10.14 (A, = 0) that the amplitudes of the
fields decrease exponentially with increasing depth. A commonly used cri-
terion for the penetration of electromagnetic waves is the skin depth p, in
which the signal amplitude is attenuated by 1/e:

(10.16)
p= |—P z5()().\/2
Tf-u S

With p in m, p in Qm and f in Hz. In general, there exists a unique transfer
function (impedance tensor) between the horizontal electric and magnetic
fields for a given angular frequency .

E=Z(w)-H

E] [z, z,][H, (10.17)
Ey - Zyx Zyy ' H}’

For a layered, isotropic earth Z,, = Z,, = 0, the impedance tensor becomes
a scalar number.

Apparent resistivity and phase values can be derived from the imped-
ance tensor elements using the formula of Cagniard (1953):

Poy =2,

” (10.18)
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Im(Z o )

@ = arctan
Y Re(Z,,)

Plots of the phases and the logarithmic apparent resistivities against the
logarithmus of the decreasing or increasing signal frequency are com-
monly used to present radiomagnetotelluric studies.

For a 2D conductivity distribution with a strike direction chosen along
the x-axis and therefore Z,, = Z,, = 0 and Z,, # Z,,, the transfer function is
composed of two de-coupled principal components. They are determined
by two linear and independent polarisation azimuths of the primary mag-
netic field:

o The component of the transfer function whose electrical field is
along the strike of the structure is called the E-Polarisation or TE-
mode (TE) of the transfer function.

o The component of the transfer function whose electrical field is
normal to the strike of the structure is called the B-Polarisation or
TM-mode (TM) of the transfer function.

For a 3D conductivity distribution, the distinction between E-
Polarisation and B-Polarisation is no longer applicable.

For a 1D earth, the phases can be used to analyse the general conductivity
distribution: phase values below 45° indicate a resistor at depth; phases
above 45° indicate a conductor at depth.

In the radiomagnetotelluric method apparent resisitivity and phase values
are measured in the frequency range from 10 kHz to 1 MHz (Fig 10.1).
They will be interpreted by means of 1D and 2D inversion calculations in
order to derive the conductivity distribution with depth. There are different
types of RMT devices to estimate the impedance tensor and/or to measure
directly the apparent resistivity and phase values. The next paragraph gives
an overview about three commonly used instruments for near surface in-
vestigations.
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Fig. 10.1. The practical application of radiomagnetotellurics is to measure the
electrical and magnetic fields. The apparent resistivities and phases are derived
from using Eq. 10.18. A sounding information can be obtained by using different
transmitters with different frequencies according to the skin depth of electromag-
netic waves. Due to the skin effect, signals with lower frequency penetrate deeper
into the subsurface

10.3 RMT Devices

First successful scalar RMT measurements in the frequency domain were
carried out by using a system developed at the Centre of Hydrogeology at
the University of Neuchatel in Switzerland (CHYN). This device (Fig
10.2) weights 7 kg and only about 5 min. are required for measuring e.g.
four preselected frequencies at one station. Scalar RMT means that only
one polarization of the inducing horizontal magnetic field and only one po-
larization of the induced electric field are measured simultaneously thus
providing either Z,, and/or Z,, data. The off diagonal elements of the im-
pedance tensor are not measured. The device directly displayes apparent
resistivities and phases. Large areas can be mapped quickly with this in-
strument. The component of the magnetic field is obtained by using an air-
loop, whereas the electric field is sampled by two grounded electrodes
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with attached preamplifiers. A new version of this instrument allows mea-
suring the electric field with a set of capacitive electrodes. The air loop has
a diameter of 0.4 m and the distance between the electrodes can be chosen
to be 1 or 5 m. The frequency range of this instrument is limited to 10 kHz
- 240 kHz. No VLF transmitters are available below 10 kHz.

e
g i
i
-

Fig. 10.2. The scalar RMT instrument developed by the Centre of Hydrogeology
at the University of Neuchatel (CHYN)

The recently developed tensor RMT technique has additional high reso-
lution capabilities. Successful tensor RMT measurements were carried out
by Pedersen and his group (Pedersen et al. 2005) using the 5-channel Envi-
ro-MT system. In addition to the horizontal components of the magnetic
and electric fields the vertical component of the magnetic field can be
measured as well (Bastani 2001) allowing to estimate the full RMT im-
pedance tensor and to estimate transfer function for the vertical magnetic
field which is generally expressed as tipper or induction arrow data. All
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electromagnetic signals between 10 - 250 kHz with a signal to noise ratio
above 12 dB in the magnetic field are identified and stacked. The horizon-
tal and magnetic noise levels are defined as the median filtered horizon of
the ratio between the horizontal power and the estimated noise (Pedersen
et al., 1994). Transfer functions are estimated in the frequency range be-
tween 10 - 250 kHz following Bastani and Pedersen (2001).The standard
deviations are estimated, based on the signal to noise ratio of the inducing
signals from the identified transmitters (Linde 2005).

Similar to the Enviro-MT system, another 4-channel tensor RMT system
(RMT-F) was developed which records time series of the horizontal elec-
tric and magnetic fields. Compared to the other systems, the RMT-F de-
vice uses an extended frequency range from 10 kHz to 1 MHz simulta-
neously. (Fig. 10.3). The RMT transfer functions (e.g. expressed as
apparent resisitivity and phases) can be derived by a statistical spectral
analysis from the time series.

Fig. 10.3. The RMT-F system: Digital 4 channel receiver, electrical antennae,
magnetic coils and E-field preamplifier

The RMT-F system consists of a receiver unit, two electrical antennae to
observe the electric fields and two magnetic coils to measure the magnetic
fields in perpendicular directions (Tezkan and Saraev 2007).
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The measured time series contain all the frequencies from 10 kHz to
IMHz associated to powerful radio stations which are observable in the
survey area. Time series can be transferred in the field to a laptop, so that
they can be visualized. Auto and cross spectra densities can be calculated
using a newly developed RMT data processing software (Tezkan and Sa-
raev 2007). Specific radio transmitters are then easily identified in the
power spectra as strong spectra lines in the narrow frequency interval (Fig.
10.4).

Fig. 10.4. Auto spectra calculated from time series of the horizontal electric and
magnetic fields. H1 and H2 are showing the magnetic field in the northern and
eastern direction. E1 and E2 are showing the corresponding electric fields in the
eastern and northern directions respectively. The existing radio transmitters can
casily be seen in the spectra as dominant spectra lines

The correct determination of the azimuth of radio transmitters is very
important for a radiomagnetotelluric survey. All the azimuths of the radio
transmitters available in the survey area can be viewed on a display. Then
the user can define an azimuth range in which to select available transmit-
ters of various frequencies and he can define a coherency level for the cor-
responding electric and magnetic field components. Those coherency val-
ues are typically chosen as 0.8. Apparent resistivity and phases can be then
derived from the power and cross spectra.

RMT is an innovative and powerful technique for shallow subsurface in-
vestigations. However, the scalar and tensor devices are prototypes and
there is no commercial tensor RMT system available so far. The key speci-
fication of the instruments are listed in Table 10.1.
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Device Type Channels | Magnetic | Electric Frequency
Field sen- | Field sen- | range
sor sor

RMT Scalar H,,E, or Air loop or | 2 elec- 10 - 240

(CHYN) (rho-app & | Hy,E, coil trodes or kHz
phase) capacitive

coupling

ENVIRO- | Tensor Hy, Hy, H, | 3 coils 4 elec- 10 - 250

MT (time se- Ex E, trodes kHz
ries)

RMT-F Tensor Hy, Hy E,, 2 coils 4 elec- 10 kHz -
(time se- E, trodes or IMHz
ries) capacitive

coupling

Table 10.1. Key specification of the three RMT instruments

10.4 Interpretation of RMT data

The distribution of radio transmitters in Europe is dense enough for using
their plane waves to estimate RMT transfer functions in the 10kHz -1MHz
band (Pedersen et al. 2006). In addition, displacement currents can be neg-
lected for normal resitivity distribution, so that the well developed 2D in-
version software of magnetotellurics (MT) can be directly applied on RMT
data. (Smith and Booker 1991, Siripunvarapon and Egbert 2000, Mackie et
al. 1997).

The application of 2D inversion algorithms is the standard interpretation
of RMT data to derive the conductivity distribution of the subsurface.

The 2D inversion of RMT data is however ill posed and a regularisation
procedure must be implemented (Mackie et al. 1997) for example use of
Tikhanov’s method which defines a regularized solution of the inverse
problem as a model m that minimizes the objective function:

S(m)=(d = F(m)' Ryj(d = F(m)+7|[Lm-my)" (1019
Where d = observed data vector, F = forward modelling operator, m =
unknown model vector, Ryq = error covariance matrix, my = a priori model,

T = regularisation parameter. (Mackie et al. 1997) use a Laplacian operator
(L=A):
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|LGm = my)| = I(A(m(x) —m,(x)))’ dx (10.20)

An important parameter which influences the result of the inversion is
the regularisation parameter t. L curve criteria (e.g. Hansen and O’Leary
1993) can be used to determine its value. Mackie et al. (1997) suggested to
choose the value of T in such a way, that the RMS error:

RMS = /(d = F(m)" - Ry, -(d — F(m))/ N (10.21)
is between 1 and 1.5. N is the number of the data points. The 2D inversion
can be realized separately using the RMT data associated with the TE or
TM data. A joint inversion can also be carried out using both TE and TM
data. Pedersen et al. (2005) also suggests using the determinant of the im-
pedance tensor as input for a 2D inversion to suppress 3D effects.

In addition to 2D inversions, 3D inversions of RMT can be realized
which is, however, a very time consuming procedure and cannot be ap-
plied in a standard way. In the following section, selected RMT case stu-
dies will be shown demonstrating the efficiency of the 2D and 3D inver-
sion of the observed RMT data.

10.5 Case studies

Successful RMT studies have been reported in the literature to study spa-
tial changes in lithology (Turberg et al. 1994) to explore waste sites and
contaminated soils (Tezkan et al. 2000, 2005) and to map the depth of be-
drock (Beylich et al. 2004).

Well developed and tested 3D inversion software allows a quantitative
interpretation of RMT data. RMT case studies for a waste site exploration
(Newman et al. 2003) and for the study of contaminated soil (Tezkan et al.
2005) are presented in the following.

10.5.1 Contaminated site exploration

Scalar RMT measurements were carried out on a contaminated area close
to the Brazi refinery in Romania (Fig.10.5) in order to detect a 1m thick oil
layer expected at 3 m depth (Tezkan et al. 2005). Fig. 10.5 also shows the
variation of the thickness of the hydrocarbon contaminants as derived from
boreholes. Fig. 10.6 shows a cross section, which is also indicated in
Fig. 10.5.
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Radio transmitters broadcasting in the frequency range from 10 kHz to
250 kHz were selected to observe apparent resistivity and phase data asso-
ciated with TE and TM modes. They were located parallel and perpendicu-
lar to the assumed strike direction of the contamination plume (Fig. 10.6).

Fig. 10.7 shows the distribution of apparent resistivity and phase for a
selected frequency. The apparent resistivities decrease with increasing dis-
tance from the refinery. On the other hand, relative small phase variations
were observed for this frequency in the whole area. The variation of the
conductivity as a function of depth can be seen by considering all apparent
resistivity and phase values for different frequencies.

Fig. 10.8 shows the frequency dependence of apparent resistivities and
phases at selected stations. The location of the stations is indicated in Fig.

10.7. In addition, apparent resistivity and phase curves observed outside of
the contaminated area are shown.

# Reference area
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Fig. 10.5. Location of the RMT measurements on the contaminated survey area.
The contour lines indicate the variation in the thickness of the hydrocarbon con-
tamination above the groundwater table in meters. (Tezkan et al. 2005)
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Fig. 10.6. Geological cross section in NW-SE direction derived from the bore-
holes in the survey area. The location of the geological section is indicated in Fig.
10.5. Triangles mark the selected boreholes (Tezkan et al. 2005)
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Fig. 10.7. Spatial distribution of the apparent resistivity and phase for the frequen-

cy 198 kHz.

The markings indicate the location of the RMT stations and addition-

al RMT sounding points (Tezkan et al. 2005)
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Fig. 10.8. Frequency dependence of apparent resistivities and phases value at dif-
ferent locations in the contaminated area and in the reference field (Tezkan et al.
2005)

The apparent resistivity in the contaminated area increased with increas-
ing frequency while the phase decreased in both the reference and the con-
taminated area. Sounding data from the reference field show that the ap-
parent resistivity was almost frequency independent. The significant
difference in the apparent resistivities of the reference and contaminated
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areas may be interpreted as an indication of contamination at shallow
depth, since the apparent resistivities of the contaminated area increases
with increasing frequency. On the other hand, the apparent resistivity of
the reference field is almost constant for all frequencies.

Fig. 10.9 shows 2D inversion results for the profiles y = 0, 20 and 40
(Fig. 10.7). As expected from the observed data, there is a resistive layer
below a conductive surface layer from 3 - 13 m. Beneath the two layers a
conductive half space associated with a marl layer was observed and con-
firmed by borehole results. A highly resistive lens detected inside the mid-
dle resistive layer can be associated with hydrocarbon contamination. Ob-
servations at a large number of boreholes existing in this area show
relative thick (= 1m) oil layer at a depth of 5 m caused by many accidents
in the refinery.

In general RMT is effective in monitoring pollution but ineffective in
monitoring organic liquids, the method is very effective if the targets are
conductive (e.g.) waste sites as the following case study shows.

The experiment presented in this case study shows a possible applica-
tion of the RMT technique for the detection of oil contamination in the
earth.

10.5.2 Waste site exploration

A RMT field data set observed over a buried waste site near Cologne /
Germany has been interpreted successfully by using a 3D inversion
scheme (Newman et al. 2003). Fig.10.10 illustrates a surface map of the
site where the solid line indicates the border of the waste site. Fig. 10.10
also shows the location of the 320 RMT stations. Due to logistical reasons
not all the measurement profiles cross the boundary of the pit. Every mea-
surement used in scalar mode eight frequencies to cover the range between
234 kHz to 18.3 kHz.

Fig. 10.11 gives an overview of the lateral distribution of the apparent
resistivity and phases for a selected frequency of 234 kHz. The waste is
indicated when the apparent resistivity p, is less then 40 Qm. The lateral
border of the waste site with respect to undisturbed geology (p, >100 Qm)
can only be seen in the southern part of the area. The phase map shows the
crossing of the undisturbed geology to the waste pit with an increase in
phase from 35 degrees to more than 55 degrees.

The field data sets was inverted using 3D inversion schemes (Newman
et al 2003).First of all, a background geological model of the site was con-
structed which served as a starting model for the 3D inversion of the field
data (Newman et al. 2003). This two layered model consists of a 200 Qm
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Fig. 10.9. 2D resistivity distribution below the profiles y=0m, 20 m and 40 m
(Tezkan et al. 2005)

gravel layer, 20 m thick and a 25 Qm basal conductor. This background
model was derived from the 2D inversion of RMT measurements collected
along the reference profile (Fig. 10.10). Fig. 10.12 shows the 3D inversion
results using a two layered starting model based on the background geolo-
gy. A sharper image of the waste pit is obtained. The base of the pit is de-
rived to be near 13 m and is good agreement with borehole data. The result
of the 3D inversion can be also visualized in 3D spatial dimension. The pit
volume is estimated to be 603,600 cubic meters assuming p < 50 Qm.
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Fig. 10.10. Base map of the survey area. The black line indicates the boundary of
the pit. The grey area shows the region that corresponds to the apparent resistivity
and phase maps in Fig. 10.11 (Newman et al. 2003)
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Fig. 10.11. Apparent resistivity and phase maps over a part of the survey area,
corresponding to the grey area in Fig. 10.10 (Newman et al. 2003)
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3D Inversion, Profile y=-50m
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Fig. 10.12. 3D inversion results using a two layered model based on the back-
ground geology. The pit can be clearly seen in the three images of selected pro-
files as a good conductive body. (Newman et al. 2003)
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Fig. 10.13. 3D rendering of the waste pit. Resistivities greater than 50 Qm have
been rendered invisible.(Newman et al. 2003)
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