





the area, 9 Electrical Image Profiles (EIP)
are systematically recorded to cover entire
accessible region. These profiles were
arranged serially from north to south. The
exact location and orientation of these
profiles are shown in Fig. 1. EIP-1, 2 and 8
are oriented nearly perpendicular to the
Pathri-rao river whereas others are oriented
almost along and on either side of the river
bed. In 8 EIP lines, 72 electrodes are placed
at 10 m intervals making a total length of
each profile 710 m and the last profile (EIP -
9) is recorded at 5 m electrode spacing with
a total profile length of 355 m. The data

were recorded using IRIS resistivity meter in
a sequence generated using Schlumberger —
Wenner configuration with 895 quadripoles
(data points) in each sequence. Surface
topographical elevations have been recorded
using handheld GPS system along the
profile line to define topographic elevation.
The data were processed initially to
eliminate spiky and error prone data.
Subsequently, 2D inversion has been
performed on EIP data set using RES2DINV
(Loke, 1997) code, with smooth constrained
least square method to delineate resistivity
depth image along the profile line.
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Fig.3: Interpreted resistivity depth sections along Electrical image profiles (EIP). Vertical scale
represents the height above mean sea level (msl) and horizontal scale is the distance in meters

along the profile line.



Fig 3 shows the 2D model representing
resistivity-depth section along nine EIP’s
lines. The absolute root mean square error
between the observed apparent resistivity
data and the modelled one is less than 1.7 in
all cases (Fig. 3). These geoelectrical
sections present a systematic variation of
electrical resistivity with depth along each
profile line. In the northern area
unconsolidated  coarse  materials  and
boulders transported from Siwalik Hills are
characterized by very high resistivity (900
Qm) for near surface unsaturated layer. At a
depth of about 30 m, the resistivity is low
(50 Qm) indicating saturated sand below the
river channel (Harnaul Rao). Further
southward, EIP-2 indicates comparatively
low resistivity (600 Qm) of near surface
formation. Underneath the top resistive layer
a consistent aquifer zone dipping towards
southwest is  delineated, which is
characterized by low resistivity range (50-
100 Qm). EIP-3 is also located near to EIP-2
oriented approximately along the river bed.
A very low resistivity (18 Qm) zone is
present underneath the ends of the profile;
these low resistivity zones are discontinuous
in the middle of the profile (EIP-3). Further
south to it, in EIP-4 and EIP-5, the low
resistivity zone extends almost all along the
entire profile line. EIP-5 represents a typical
example of the existence of two aquifer
system (shallow at about 10 m depth and
deeper at nearly 30 m depth) separated by a
thick clay layer. Further towards south, as
indicated by EIP-6 to 9, the saturated zone is
at shallower depths, which finally intersects
the ground surface as manifested by the
spring line (Israil et al, 2006). Thus the
profiles oriented in different directions show
the configuration of aquifer zone and its
elevation along the profile line. The aquifer
zones are normally dipping southward,
indicating local groundwater flow direction
from north to south in the area. The
direction of groundwater flow delineated

from electrical images is consistent with the
local hydrogeological setting. The middle
part of study area is a typical example of
two aquifers separated by a thick
impermeable clay layer (EIP-5). Similar
hydrogeological conditions are also revealed
on the eastern side of the Pathri Rao River
(Fig. 3).

In the study area, unconsolidated,
and unsaturated coarse material transported
from the Siwalik Hills, is represented by a
high resistivity (900 Qm), saturated sand
with pebbles by a resistivity range of 30-
100Q2m and saturated clay by a resistivity
range of 10-25 Qm.

The time domain electromagnetic
(TEM) data along two profiles (A & B) is
shown in Fig. 1. Zonge GDP-32 NanoTEM
system has been used to record data from 25
stations along two profiles (10 stations in
profile A and 15 stations in profile B) with a
station spacing of 20 m. The TEM
technique does not require galvanic contact
of electrode with the ground and hence it
can be used in a very high resistivity ground
also. Here our purpose is to improve the
interpretation by comparing the dc and TEM
results. The depth of investigation of TEM
data is determined by the time at which the
signal decays to noise level, the source
strength, loop size and the earth’s resistivity
(Spies, 1989). In the present investigations,
we have used 20x20 m’ transmitter loop
powered by 12 volts battery and 5x5 m’
receiver loop placed in the centre of the
transmitter. The data collected from the field
are processed and interpreted to generate
resistivity-depth image from the decay
curve. For this purpose we used the
STEMINV software package (Maclnnes &
Raymond, 2001), which is a smooth model
inversion technique. The inversion results
are presented as the isolines of resistivity
values along the two profiles in Fig. 4(A &
B). The resistivity section obtained from
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TEM profile A & B can be compared with
the EIP profiles EIP-8 & Eip-3 respectively.
The interpreted TEM section along profile
‘A’ and EIP-8 both are showing the resistive
layer at the top up to the depth of 10 m and
below this resistive layer, there is a
conductive layer which is approximately 20
m thick. Resistivity starts increasing again
beneath this conductive layer. The
interpreted section along TEM profile ‘B’
shows approximately 40 m thick resistive
layer at the top and below this layer
resistivity starts decreasing. Hence, the
resistivity depth section obtained from TEM
data at shallow depth broadly agrees with
the corresponding resistivity depth section
obtained by imaging and VES data.
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Fig. 4: Smoothed resistivity depth section
obtained from Time domain
Electromagnetic (TEM) data along
two profiles (A & B).

Conclusion:

Aquifer geometry and groundwater
flow direction in a complex geological
environment of Himalayan foothills regions
are defined on the basis of integrated VES,
EIP and TEM geo-electrical techniques. The

study indicates high resistivity of
unsaturated unconsolidated and porous
coarse material of Bhabhar formation. Finer
subsurface material in saturated condition
towards the southern part is indicated by low
resistivity. Two aquifers separated by a clay
formation are inferred in the middle part of
the area. The clay layer is discontinuous in
some areas indicating interconnection
between the two aquifers.
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Detection of subsurface salinity and conductive
structures in Inche-boroon, Golestan, Iran, using
magnetotelluric method

Javaheri, A. H.", Oskooi, B." and Behroozmand, A. A.'
! Institute of Geophysics, University of Tehran, P.O.Box 14155-6466, Tehran, Iran.

1. Introduction

Magnetotelluric (MT) method is an important passive surface geophysical method which
uses the Earth’s natural EM fields to investigate the electrical resistivity of the
subsurface. The depth of investigation of MT is much higher than other electromagnetic
(EM) methods. The electrical conductivity of upper few kilometers of the Earth’s upper
crust is controlled by many parameters among them salinity of the subsurface structures.
Very conductive lodine structures are one of the subsurface salinity structures which can
be formed at upper few hundred meters of the crust. Thus to study those kind of
structures, magnetotelluric (MT) is the most effective method.

Gorgan plain is located in the northern Iran. In Feb-March 2006, an MT survey was
conducted in the area. Data were collected along four east-west profiles (37 sites in total).
Sites distances are 1 km and profiles distances are 1.5 km (Fig. 1 & 2).
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Figure 1. Geographic location of study area.
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Figure 2. Location of profiles and sites
2. Magnetotelluric concepts

Measurements of the horizontal components of the natural electromagnetic field are used
to construct the full complex impedance tensor, Z, as a function of frequency,

Z (ZXX ny j
Zyx Zyy
indicating the lateral and vertical variations of the subsurface electrical conductivity at a
given measurement site. Apparent resistivity, p, , and phase, ¢, are the desired quantities

calculated through the following relations,

1 |Zi|2

Pai = .
M@ i=xx,xy,yx,yy, DET

@, = phase(Z,)
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Where, 1, is the permeability of free space,®, is the angular frequency and ,DET,

denotes the determinant data. Time series measurements collected in various frequency
ranges are transformed into frequency domain, and cross power spectra are computed to
estimate the impedance tensor as a function of frequency.

The determinant of impedance tensor which is also called the effective impedance, Z,,,,

(Pedersen and Engels, 2005), is defined as,

ZDET = \/Zxeyy - nyZyx
Using the effective impedance, determinant apparent resistivities and phases are
computed. The advantage of using the determinant data is that it provides a useful
average of the impedance for all current directions. Furthermore, no mode identifications
(transverse electric, TE mode: current in parallel with the strike; or transverse magnetic,
TM-mode: current perpendicular to the strike) are required, static shift corrections are not
made, and the dimensionality of the data is not considered, since the effective impedance
is believed to represent an average that provides robust 1D and 2D models.

3. Dimensionality analysis

The Swift’s (1967) skew, defined as,S = ‘(Zxx +Z )NZ,-Z,), indicates the

dimensionality. Where Swift’s skews are generally below 0.2, the structures can be
regarded as undistorted 1D or 2D, otherwise, the structures are defined as distorted 1D
and 2D structures or 3D structures. Dimensionality analysis of the MT data of the area
shows that the assumption of undistorted 1D and 2D structures is correct. Figure 3 shows
skew values for all sites measured across the profiles.
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Figure 3. Swift’s skew values for all sites measured across the profiles

4. Processing and 1D inversion of the MT data

Processing of the data was done using Smirnov’s (2003) approach. 1D inversion of the
determinant (DET) data using a code from Pedersen (2004) was performed. The MT data
in apparent resistivity and phase are given as inputs to inversion program. For instance, in
figures 4a and 4b these data for site C9 are shown in blue. Red symbols are 1D model
responses derived from data inversion. 1D model derived from data inversion of each site
shows variation in Earth’s layers conductivity in sites locations. 1D model of site C9 is
shown in Fig. 4d. Also, to verify structure dimensionality assumption, Swift’s skew
values of site C9 are shown in Fig. 4c. By study of the resistivity sections (such as Fig.
4d) of the measured sites, it is concluded that although the area is conductive, two
extremely conductive layers do exist between depths from 100m to 1300m. By separation
of these two layers, isodepth maps and also isopach maps of them have been derived that
are shown in figures from 5a to 5d. According to the isodepth maps, depths of the top of
the first and second conductive layers from earth surface are estimated from 90m to 190m
and from 250m to 650m, respectively. The thicknesses of the first and second layers are
also distinguished from 5m to 30m and from 10m to 120m, respectively.
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Figure 4. Data curve for site C9: a) Apparent resistivity, b) Phase, ¢) Swift's skew, d) 1D model
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5. Comparison between borehole information and results of 1D inversion of
the MT data

Subsurface electrical resistivity was verified by the information from a borehole in the
vicinity of the area. According to the borehole log, there is a conductive layer consisting
salt water at the depth of 670m to 840m. A schematic of the borehole log and the closeby
resistivity section of the MT data are shown in Fig. 6.
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6. 2D inversion of the MT date

A 2D inversion routine ( Siripunvaraporn and Egbert, 2000) was used here to model the
determinant data. We prepared initial models for 2D inversion of data based upon the
results of 1D inversion. Observed, calculated and residuals of apparent resistivity and
phase data along profiles are shown in Fig. 7. Final 2D resistivity models along four
profiles are illustrated in Fig. 8.
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Figure 7. Observed, calculated and residuals of apparent resistivity and phase data along
profiles A, B, C and D.

22. Kolloguium Elektromagnetische Tiefenforschung, Hotel Maxi¢ky, Déc&in, Czech Republic, October 1-5, 2007
287



Observed log10 P, (c) Observed o,

0.001 2 —
L
0.004 200 o
o 0ol 1.5 = =
E 0.031 =1 300 &
£ 0.088 1 = P
40.0
£ o250 < =
0.5 =
0.707 500 &
2,000
Calculated log10 P, Calculated b,
0.001 2 —
[
0.004 200 @
. oon 1.5 = 2
g 0031 7 300 3
5 0088 1 = 200 U
& 0250 a &
0.707 05 500 3
2.000
Residual log10 P, Residual o,
0.001 6 s —
L
0.004 4 o
— 001 — o =]
= 2 = 7]
= 0.031 = =
£ ooss 0 2 =5 >
& 0250 R e 10 =
0.707 - s
2.000 oo a4 -1s
2 4 6 8 P 2 4 6 8 10
Statlons No. Lo(g I;.'Slstl;ﬂty Statlons No.
ohmm
Observed log10 P, (D) Observed ¢a
2 -
00 T
2
= 1.5 e
= = 200 T
g 1 2 2
2 & 200 ¥
<
0.5 s
60.0
2 00 o
2
i L i 00 £
3 ; 3 s
& & 400 2
0.5 H=
S
60.0
Residual b,
6 &
<
4 o L1
= = =
e 2 2 -0y
& ) & 20 <
=) iz= o
-4
2 4 6 8 w s 2 4 3 8 10
Stations No. LOQ F:SISKIVITV Stations No.
(ohmm)

Figure 7. Continued.

22. Kolloguium Elektromagnetische Tiefenforschung, Hotel Maxi¢ky, Décin, Czech Republic, October 1-5, 2007
288



Profile D

Profile C

Profile B

Profile A

s1 2 3 4 5 6 7 8 9 10
[o . S X, | A— — VAN v
E =
= —1000 - ==
o
& ="
—2000 -
0 1 2 3 4 5 6 7 8 9
52 3 4 5 7 8 9 10
0¥ e Vo YV X —
E =]
£ e
=4 1000 ESSER DSSER /]
] =
—2000 - .q ' ' T
0 1 2 3 4 6 7 8
E
=
=
[}
0
E
'augj_ —1000
(=}

—2000
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7. Discussion and conclusions
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Models of the MT data across the profiles, considerably express conductivity of the area
that shows the MT advantage compared with other electromagnetic (EM) methods which
aren’t able to penetrate very deep in such a very conductive area. There is a good
agreement between observed data and the model responses along profiles.
Derived resistivity models illustrate the presence of two conductors in the area. These
layers are attributed to layers consisting salt water and are presumably reported as a

reservoir for lodine minerals.
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As a final result, we suggest drilling an exploration well down to the depth of about 1000
meter at either site of ¢4 or ¢9.
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Abstract

A detailed standard Magnetotelluric (MT) study was conducted to recognize brine bearing layers
in depths of less than 1200 m in northeast of Iran close to southeastern shore of Caspian sea. Long
and medium period natural-field MT method has proved very useful for subsurface mapping
purpose by determining the resistivity of the near surface structure.

MT data were analyzed and modeled using a 1D inversion scheme. Then corresponding data on
eight profiles were inverted using 2D inversion schemes. To have the best possible interpretation all
possible modes (TE-, TM-, TE+TM- and DET-data) were examined.

Down to 2 km, the resistivity model obtained from the MT data is consistent with the geological
information from a 1200 m borehole in the area. Analysis of the MT data-set suggests signatures of
salt water reservoirs in the area which are distinguished potentially positive to contain Iodine. Due
to the very conductive nature of the sediments regardless of all difficulties in the interpretation stage
because of the lack of a considerable resistivity contrast we could recognize the more conductive

zones in the less conductive host as layers of saline water.

Key words. conductivity, lodine, magnetotelluric, 1D and 2D inversion, resistivity.

1. Introduction

Conductive structures are ideal targets for Magnetotelluric method when located in a

considerably resistive host. They produce strong variations in underground electrical resistivity. In

cases where the electrical resistivity of the target is not substantially different from that of it would
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be quite difficult to reach a promising result. Despite this limitation, we could get some useful
results in our study.

Dashli-Boroon area is located in Golestan province in northeastern part of Iran right at the border
with Turkmenistan. Geologically it is a part of Kopeh-Dagh sedimentary basin. Kopeh-Dagh has
been formed by the last orogeny phase of Alpine and the erosion followed. Topography relief is
very smooth and basically it is a flat plain consisting loesses occurring naturally between the Elburz
mountain range and the desert of Turkmenistan. Quaternary sediments including clay and
evaporates and particularly salt are impenetrable.

An MT survey was carried out using GMS05 (Metronix, Germany) and MTU2000 (Uppsala
University, Sweden) systems in February 2007. MT data were collected at 60 sites in a network of 2
by 2 km meshes along eight EW profiles (Fig. 1).

For data processing a code from Smirnov (2003) was used. 1D and 2D inversions are conducted
to resolve the conductive structures. 1D inversion of the determinant (DET) data using a code from
Pedersen (2004) as well as the 2D inversion of TE-, TM-, TE+TM- and DET-mode data using a
code from Siripunvaraporn and Egbert (2000) were performed.

A supplementary goal of this work is to evaluate the possibility of using surface MT
measurements on the very conductive sediments to monitor the underground salt water bearing
layers or bodies. Our concern which is followed in the current paper, only in the frame of one- and
two- dimensional (1D and 2D) interpretation, is to emphasis on the characteristics of the extremely
conductive structures which are supposed to bear lodine in economic meanings. Based upon the MT
results some sites were proposed for detail exploration by excavating deep exploration boreholes. As
results the resistivity sections show a clear picture of the resistivity changes both laterally and with

depth.

2. MT data acquisition

In February 2007, an MT survey was carried out at 60 sites in Dashli-Boroon area. All MT-sites
are marked on the location map of Fig. 1. The magnetic declination in the area is less than 4° i.e. in
the range of error of the array setup so that the geographic north is approximately the same as the
magnetic north. The MT sites were projected onto eight EW lines for later 2D modeling. A regular
grid mesh of 2 km was organized for the sites due to easy transportation in the plain. The study area
has a topographic relief of about maximum +10 m which can be disregarded when using 2D

inversion scheme compared with the 2 km depth of investigation.
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In this study, data within a period range of 0.001-1000 s were analyzed. MT data were processed
using a modern robust technique to obtain complete impedance tensor. The vertical magnetic
components from various sites are not available due to an unknown source of noise which
contaminated the data, therefore, we missed induction arrows which would be used to confirm the
dimensionality analysis of the data. Overnight MT recording for minimum 12 hours per site have
been arranged. Long time data collection was necessary to recover the proper signals from noise
using statistical approaches. The problem with the unexpected noise could be dealt only by
removing the noisy stacks manually since remote reference systems were not used for data

acquisition.

3. MT data processing

MT data were processed as single sites using a robust routine from Smirnov (2003). The final
results of processing for data from most sites were of a reasonable quality. For some sites very bad
electric field data were gathered in either x or y direction most probably due to the currents directed
from some power-lines in the area. Only one main component of the impedance was used for

further analysis for such sites.

4. Dimensionality of the subsurface structures in the region

General morphology of the quaternary deposits shows no tendency to judge about the
dimensionality. From the data itself Swift's skew (Swift, 1967) were estimated in order to analyze
the dimensionality of the data. Swift's skew, defined as the ratio of the on- and off-diagonal
impedance elements, approaches zero when the medium is 1D or 2D. In the case of our data, Swift's
skews shown in Fig. 2 are generally less than 0.2, which shows a good indicator for almost 1D or
2D structures.

The regional strike of the survey area was calculated by applying a routine from Smirnov (2003).
Relatively stable regional strike estimates defined a principle direction of about 90° from magnetic
north at most of the sites at period range 10 to 100 s. This would correspond to both NS and EW
strike directions. Since we do not have the tipper data due to the noisy vertical component of the
magnetic field we cannot approve the either strike direction, therefore we would take the

determinant data in the inversion stage.

22. Kolloguium Elektromagnetische Tiefenforschung, Hotel Maxi¢ky, Déc&in, Czech Republic, October 1-5, 2007
293



In the following section, results of 1D inversion of the determinant data and 2D inversion of the

determinant data, TE-, TM-mode data and joint inversion of TE- and TM-mode data are described.

5. Near-surface distortions in EM induction

The static shift of MT apparent resistivity sounding curves is a classic example of the galvanic
effect. MT sounding curves are shifted upward when measuring directly over surficial resistive
bodies and they are depressed over conductive patches. The physical principles governing
electromagnetic (EM) distortions due to near-surface inhomogenities have been understood for
several decades and several methods appeared to correct these distortions. Two of these methods
are: use of invariant response parameters like the determinant data (Pedersen and Engels, 2005) and
curve shifting (Jiracek, 1990).

We did try to conduct DC-Electrical sounding in the region with no success due to extremely
strong EM coupling which arose because of very highly conductive surface layer. That is why we

used only the determinant data to proceed with the inversion.

6. Inversion

Depending on the dimensionality of the field structure defined by the geology, tectonics and MT
data 1D, 2D and 3D modeling can be applied on the data. Models explain the data if their responses
fit the measured data within their errors. Generally, the better the fit between measured and
predicted data, the better the model resolution.

1D as well as 2D inversion of the determinant (DET) data were performed using a code from
Pedersen (2004) and a code from Siripunvaraporn and Egbert (2000), respectively. The data were
calculated as apparent resistivities and phases. To avoid of probable unrealistic small errors on the
data for the 2D approximation an error floor of 5% on the apparent resistivity was defined.

MT data were collected in the period range 0.001 — 1000 which by taking into account that the
average resistivity of the area is extremely low we consider a maximum depth penetration of about

2 km for our models.

6.1. One dimensional inversion
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1D inversion of the determinant data (DET) was performed. The determinant provides a useful
average of the impedance for all current directions. Furthermore it is unique and independent of the
strike direction. Regardless of the true dimensionality 1D inversion of MT data and, in particular,
inversion of rotationally invariant data like the determinants, provides an overview of the
subsurface conductivity in a feasible sense. Based on the results of 1D inversion, a reasonable
starting model and strategy can be constructed for higher order inversions of 2D or 3D. An

examples of 1D modeling together with the data and calculated model responses is shown in Fig. 3.

6.2. Two dimensional inversion

Data along eight profiles were corrected were taken for 2D inversion purpose. Apparent
resistivity and phase data exhibit fairly different characteristics in TE- and TM-mode and 2D
modeling would therefore be expected to provide a more reasonable approximation of the true
subsurface structure. Moreover, the results of the data analysis with respect to the dimensionality
and the surface and deep geology of the area indicate that a 2D inversion of the MT data is required.
2D inversions of the determinant data (DET) profiles are performed in using the code of
Siripunvaraporn and Egbert (2000).

Starting with a half-space or a priori model as the initial model, for all models, convergence to a
possible minimum RMS misfit was achieved after limited numbers of iterations. Root mean squared
(RMS) of data misfit normalized by data error is used to control the data-fit. The resulting models
using the determinant data, data-fit and residuals along profiles E2 and E3 are shown in Figs. 4 and
5. The residuals are simply the arithmetic difference between the observed and calculated data. In
some cases there is a large misfit which most probably is due to 3D structures, since outliers in the
residuals are seen quite frequently.

A shallow conductor is identified as a horizontal layer in all resistivity sections at depth about
300 m. Sites 4 and 6 along the profile E2 and sites 3 and 6 along profile E3 show conductive bodies
in larger depths. Data, model responses and residuals are plotted as a function of station in
corresponding figures. For an easy comparison resistivity sections along all profiles are shown in

Fig. 6.
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7. Conclusions

1D and 2D modelling of the MT data at various sites and along profiles revealed remarkable
signatures of the conductivity structures down to the depth of 2 km. Our MT investigation resolved
the area very conductive which could be expected considering the common geology of the area. By
depth we discovered even higher conductivities which somehow prove the idea of salt water
bearing layers possibly containing lodine minerals. Two very conductive layers are resolved in
depth from 300 m to 400 m and from 800 m. The bottom of the second conductor could not be

estimated accurately due to the problem of limitation on the penetration depth.
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Fig. 1. A sketch of the MT-sites in Dashli-Boroon, north of Iran.
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Abstract

During year 2006 wide frequency range magnetotelluric measurements was carried
out at the western part of Arak city in Iran to understand the crustal electrical
conductivity of the region by putting emphasis on relocating the fault zones. The
electric and magnetic field components were acquired from along a profile across the
geological trend at 15 stations. A robust single site processing followed by the
inversion and one dimensional as well as two dimensional modeling was performed.
The inversion results revealed electrical conductivity structures in good correlation
with geological features. As significant results, true locations of two major faults,

Talkhab and Tabarteh Faults, were recognized in Arak area.

Keywords: Magnetotellurics, geoelectrical resistivity, Talkhab Fault, Arak, Iran.

1. Introduction

Because of the reflection and refraction of EM waves at vertical interfaces
separating media of different electrical parameters, geoelectromagnetic methods have
been developed and employed to recognize the fault zones in many regions. Due to its
lateral resolution and also greater depth penetration MT method is one of the effective

electromagnetic techniques to electrically image the subsurface structures.
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Magnetotelluric (MT) transfer functions are calculated from measurements of
horizontal electric and magnetic fields at the surface of the earth and could image the
subsurface electrical resistivity in Arak area located in west central Iran (Fig. 1).

From the tectonostructure point of view the area of study is in the west of two NW-
SE compressional strike-slip fault systems which are located in the border of the
Central-Iran and Sanandaj-Sirjan zones. The faults are hidden under Quaternary
alluviums. The seismicity of the area is controlled by these two parallel faults,
especially Talkhab Fault which is the source of the slight seismicity of the region.
Small magnitudes earthquakes on these long faults suggest an ambiguity in that; these
faults are capable of producing great earthquakes. There are great numbers of
earthquakes occurred in this area with ambiguous seismicity characteristics. The
recurrence intervals of these faults are so long that can not be determined by
instrumental seismicity. Therefore, identifying the characteristics of these faults must
be dealt with first degree priority.

In this paper we present a case study of magnetotelluric survey conducted in 15
stations with site spacing varying from 5 to 10 kilometers to image the subsurface

structures related to fault zones in Arak area.

2. Geological setting

The area of study is a part of Arak watershed located in the two Central-Iran and
Sanandaj-Sirjan Zones. A simplified geological map of Arak area is shown in Fig. 1.
The presence of folded mountains and pressure ridges are the main characteristics of
this region. Two parallel faults named Talkhab and Tabarteh Faults pass through the
region and divide it in to three blocks. These blocks are “Ashtian-Naragh” (ANB),
“Haftad-Gholeh” (HGB) and “Sanandaj-Sirjan” Blocks (SSB). The Talkhab Fault
separates ANB from HGB while Tabarteh Fault separates HGB from SSB. The
amount of water discharge in HGB, SSB and ANB are different and decrease
respectively. Talkhab and Tabarteh Faults control the seismicity of the region.
Talkhab spring, travertine and the emanation of gas from some wells are the reasons
indicating the activity of Talkhab Fault in Quternary. Statistical analysis regarding the
hypocenters of earthquakes shows that most of the events are located near Talkhab
Fault. The oldest block in this region is SSB which involves crystallized limestones,

slates from the Jurassic to cretaceous period that underwent faulting and
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metamorphism without any volcanic activity. The HGB contains shale, Jurassic
sandstones and cretaceous limestone with no metamorphism but severely folded and

has a sequence of anticline and syncline without any volcanism.
3.Methodology

Magnetotelluric method is a passive electromagnetic technique that uses the
natural, time varying electric and magnetic fields components measured at right
angles at the surface of the earth to make inferences about the earth’s electrical
structure which, in turn, can be related to the geology tectonics and subsurface
conditions. The depth of investigation of MT method is much higher than that of other
electromagnetic methods. Measurements of the horizontal components of the natural
electromagnetic field are used to construct the full complex impedance tensor, Z, as a

function of frequency,

Zxx ny
Z= 7 7 (1)

yx vy

The principal values of the tensor Z are two complex quantities which expressed
in terms of rotational invariants, and, hence are independent of the direction of the
axes (Berdichevsky and Dimitriev, 2002). For a 1D structure in which the resistivity
of the earth varies only with depth, the diagonal elements of above matrix are equal to
zero, whilst the off-diagonal components are equal in magnitude and have apposite
signs. In a 2D case, wherein X or Y are aligned along the geoelectric strike, the
diagonal element of Z would be zero again. We can define the geometric mean of
this principal values as effective impedance which is a simplest approximation of the

Tikhonov-Cagniard impedance,

2
ZDET :Zeﬁ’ :\/Zxxzyy _Z Z ( )

Xy ¥X

The advantage of using determinant data is that it provides a useful average of the
impedance for all current directions. Furthermore, it is unique and independent of the
strike direction. Using the effective impedance, determinant apparent resistivities and

phases are computed and used for the inversion.

4. Data processing and analysis of the MT data
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Time series measurements collected and cross power spectra computed to estimate
the impedance tensor as a function of frequency. MT data were processed using a
processing code from Smirnov (2003) aiming at a robust single site estimates of
electromagnetic transfer function. As the area of measurements is populated and close
to cultural noise sources, the recorded data were not with good quality which justify
the low coherency between electric and magnetic channels. The parameter Swift's
(1967) skew which is called a measure of asymmetry of a medium (Berdichevsky and
Dimitriev, 2002) showed us dominant 1D and/or 2D structures in the area (Fig. 2).
Swift's Skew values for the majority of sites are generally below 0.2. Some signatures
of 3D effects are disturbing our modeling which could not be avoided due to lack of a

3D code at our disposal.

5. Inversion

5.1. One-dimensional inversion

One-dimensional (1D) inversion of the data carried out showing a good fit between
the measured data and the responses of the models. Generally speaking the better the
fit between measured and predicted data result in better resolution for model. We
performed 1D inversion of the determinant data using a code from Pedersen (2004)
for all sites. The resistivity model at site 2, located at the northeastern end of the
profile, together with data and model responses is shown in Fig. 3. A transition from a
less resistive formation (about 150 Qm) at surface to a moderately resistive structure
(about 500 Qm) at 1500 m depth is resolved. By 10 km depth a consequence of

conductive-resistive-conductive structure is provided by the 1D model.

5.2. Two-dimensional inversion

Regardless of the true dimensionality it is practicable to earn an overview of the
subsurface resistivity with 1D inversion of MT data and actually, inversion of
rotationally invariant data like the determinant data. Based on the results of the 1D
inversion, a reasonable starting model and strategy can be constructed for two-

dimensional (2D) inversion. Since the quality of the determinant data was acceptable,
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we performed 2D inversions of determinant data using a code from Siripunvaraporn
and Egbert (2000).

Due to relief topography compared with the depth of investigation, a flat
topography is assumed. The final model, data, model responses and the residuals are
shown in Fig. 4. Along with the profile at sites 1, 2, 3 and 4 a high resistive structure
is resolved which corresponds to the red conglomerate (shown in Fig. 1 in red). A low
resistive zone at the location of site 5 is a good signature of Quaternary clay
formation. The data from site 6 is not involved in the inversion due to bad quality.
Site 7 which is located on Talkhab fault shows a resistive thin layer at the surface
which converts to a less resistive body towards the deeper parts of the ground. Site 8
is located on a resistive body which most probably is missed to be located on the
geological map of Fig. 1. Site 9 at the border of the clay and limestone formations
show a conductor from surface to the depth of a few kilometers. We measure this
location as a probable hidden fault. Patches of limestone with clay at sites 10 and 11
show an intermediate resistivity structure. Site 12 located on Talkhab fault clearly
shows a conductive zone spreading down to 3-4 km depth. At sites 13 to 15 again

more resistive formations of garvel fans and travertine appeared.

6. Conclusions

The magnetotelluric technique is an influential method for recognizing fault zones.
The case study presented here proved the efficiency of this method and the geological
structures and formations are well recognized by interpretation of the MT data.

Highly resistive formations like conglomerate and limestone, a clay formation and
two major fault zones were resolved along the profile. The 2D model significantly
illustrate two highly conductive zones hidden under the Quaternary alluviums.

As significant results, in collaboration with geological information about the
presence of Talkhab and Tabarteh faults the conductivity features can be attributed to

the faults. Besides, a probable hidden fault is also recognizable.
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Fig.1. A simplified geological map of Arak and adjacent areas illustrating the major
geologic and tectonic features. Location of the MT sites and Talkhab and Tabarteh faults

are also shown on the map. I :
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Fig 4. (a) Data, model responses and the residuals of 2D inversion of the determinant data along
MT-profile. (b) Resistivity Depth Section of 2D modeling.
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Inversion for Transient ElectroMagnetic
(TEM) under inclusion of chebyshev series
expansions and lateral constraints

S. Frommel, S. L. Helwig, J. Loehken, T. Hanstein

Institute of Geophysics and Meteorology, University of Cologne

Abstract

In general TEM data are evaluated by inversion calculations. The found conduc-
tivity distributions are commonly ambiguous, especially concerning the noise of the
measured data. The use of chebyshev polynomials for the description of the layer
boundary and lateral constraints to connect conductivities within one layer can help
solving these ambiguities through the assumption of an layered haf space. The inves-
tigated methods use an 1D forward calculation, but the inversion algorithm is quasi

2D.

Introduction

Sedimentary soils are often provide an lay-
ered subsurface. These subsurfaces are
mapped in profile orienteted data and nat-
urally invites a 2D interpretation. Unfor-
tunately 2D forward calculations use huge
amounts of computer recources and there-
fore inversion with this method is time in-
tensive. In many cases where an layered
subsurface is suspected, one can force the
inversion method into this scheme. A pos-
sibility to achieve such results is a Lat-
eral Constrained Inversion (LCI). Often
a 1D forward solution with lateral con-
straints is sufficient to investigate an quasi-
layered sedimentary environment (Auken

and Christiansen (2004)).  An alterna-
tive, that also requires an layered subsur-
face, is an inversion with series expansion,
where the layer bounderies can be discribed
by chebyshev polynomials as basis func-
tions(Kis (2002)).The model thicknesses in
the model vector substitude with the coef-
ficients of the used polinomials. Chebyshev
polynomials have appreciable numerical ad-
vantages and are often used in geophysi-
cal applications, but the choice of the basis
functions mainly depends on the geological
model. This work compares the results for
these two methods on examples for 1D and
2D synthetic data. The appropriate order
of the polinomials and the importance of
the profile length will be discussed.
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100-400m

LOOP

t>0

Figure 1: Field setup for Central Loop. right: Propagation of ring currents (smoking

rings).

TEM

Transient ElectroMagnetic (TEM) is a geo-
physical method that is capable to de-
rive the conductivity distribution of a sub-
surface with high resolution. The field
setup cosists of a transmitter, driven by an
electric current that is suddently switched
off, and a reciever that measures the in-
duced voltage of the subsurface currents,
caused by the change of the magnetic
field (Helwig (2003)). Theoretically the
switch off process can be described by a
Dirac Deltafunction, which contains, apply-
ing a Fourier Transformation, all frequen-
cies. Unfortunately, practice relativates this
fact. The recieved signal is called tran-
sient. Fig. 1 shows the central loop field
setup, with a transmitter coil and a reciever
coil in the center of the transmitter. Here
the current system diffuse down and side-
warts, through smoking rings (Nabighian
and Macnae (1991)). The setup is called
Short Offset TEM (SHOTEM) and has an
sheer inductive source. All results in this
work referes to this setup. Another setup is

the Long Offset TEM (LOTEM), it is e.g.
described by Strack (1992)

LCI

Geophysical inversion minimizes the mis-
fit between measured and calculated data.
The derived cunductivity models are in gen-
eral ambiguous whitin the data errors. A
way to invert TEM data is the Marquardt-
Levenberg method.

s = (JJT + M) JTsd

m model vector
myp initial model vector

— — - —

d.q calculated data vector

—

dops Observed data vector

Where the model vectors m,mg contain
the resistivities p; and the layer thicknesses
D;, and the data vectors cﬁbs,cfcal contain
the voltages. The damping factor A\ stabi-
lizes the inversion and determine the step
length of one iteration. J is the Jaco-
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Figure 2: Three sites where the adjacent
conuctivities are connected

bian matrix and I the Identity matrix. In
this work the LCI, which is developed by
Auken and Christiansen (2004), applies the
Marquardt-Levenberg method to invert a
profile, but uses a 1D forward calculation
on each site. This is often called 1.5D In-
version. The main idea in LCI is the intro-
duction of the roughening martix R, that is
capable to connect model parameters in the
inversion scheme:

1 0 -1 0
_ 0 - 1 -1 0
Rnxm - . .

0 - 1 —1

In this manner all parameters can be con-
nected, e.g. vertical parameters as well.
With the background of an sedimentary
quasi-layered subsurface, it is reasonable to
apply lateral constraints for adjacent coduc-
tivities within one layer, shown in Fig. 2.
The invesion problem can than be written:

{ 5dobs €obs
R |om=| oF, 1 &
I &ﬁpri Epri
where
or, = —Rmy

The first line describes the the inversion
as normal with the observation errors €.
The second line brings the lateral con-
straints into play, where ¢, determines the
strenght of the constraint. The third line
can be used for a priori information, with
OMypri = My — 1Mo Where m,,; contains in-
formations from e.g boreholes and €,,; sets
the strength for the a priori informations.

Inversion with series
expansion

In the inversion with series expansion for
chebyshev basis functions the Levenberg-
Marquardt method is apllied as well. It also
requires a quasi-layered subsurface and in-
verts profiles in a quasi 2D manner, with 1D
forward calculations on each site. But reg-
ularisation for the inversion is different. In-
stead of connecting adjacent conductivities,
layer boundaries are described by polinomi-
als (Kis (2002)), shown in Fig. 3, therefore
the inversion scheme is merely capable to
find solutions for an layered subsurface.

hy(x)

hylx) e

Figure 3: Boundaries are described by poly-
nomials h;(z). The z; indicates the mea-
surement sites
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The chebyshev polinomials are defined by
(Bronstein et al. (1993)):

T, (z) = cos(n-arccos(x))
or can derived by the recursion formula.

Tn(ﬂi) = 2.’11'Tn71 — Tn,Q
for Ty(z) =1
and Ti(z)==x

The new model vector m contains the co-
efficients C; for the chebyshev polinomials
in the series expansion on each boundary:

m:(plla'” y Pily "y Pigs
Cllv”' 7CIK7'.' 7C(m71)07"' 7C(m71)K)

7pmn;

where:

e =1,---,m is the number of the
layers and therefore m — 1 the number
of the boundaries.

e j = 1,---.n is the number of the
sites in the profile.

ek = 0,---,K is the order of the
chebyshev polinomials and therefore
K + 1 is the number of coefficients for
each polinomial.

1D Syntehetic Data

To verify the LCI and the chebyshev inver-
sions 1D TEM data were generated using
the program Emuplus (Scholl (2005)). The
distances between the sites are assumed to
be equidistant. The data errors are 5% gau-
sian disstributed and increase strongly for

with 2 € [—1,1]

20m 150 Ohmm 20m

10 m
50 Ohmm

50 m

50 m

150 Ohmm

£10m
10 Ohmm

Figure 4: Four layers with five sites (green)
and a dipping layer.

late times, as in field measurements. The
misfit is calculated by y, where:

N (diobs - dzgal)2

1
N Z €obs

i=1 3

X:

Fig. 5 shows the result for an inversion
without constrains. It shows, that the re-
sistivities p;, especially in layer 3 are hardly
represented. The depth on sites 3,4,5 are
too low. But within the data errors the
model is fitted well. Fig. 6 shows the re-
sult after applying lateral constrains. Al-
though the resistivities p; are still too low,
the course of the dipping layer is repre-
sented much better. The initial model were
po = (180,80,100,20)2m and D, =
(30,30,30)m in both cases and the inver-
sion was stopped, when y < 1. Like in this
example the LCI was always capable to im-
prove the results of 1D data compared to
an inversion without constraints.

To apply the chebyshev inversions it is
important find out which order of the poli-
nomials is appropriate for inversion prob-
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Figure 5: LCI without constraints, resistiv-
ity values p; in Om. y = 1.00; 5 iterations.

39

12

Figure 6: LCI with costraints of adjacent
resistivities, resistivity values p; in Qm. x =
0.93; 6 iterations.

lems like this. In Fig. 7 and 8 a fit is-
shown for polynomials of the order 5 and
12. The synthetic data has no errors. Com-
paring the results, the course of the nonlin-
ear boundary is already fitted well by the
polinomial of order 5. In Fig. 8 appears an
extrem misfit at the borders. This happens,
because the higher the order of the polyno-
mials, the more unknown the inversion has
to determine, compared to the length of the
measurement lines. It turns out, that orders
from 4 to 7 are acceptable, where higher or-
ders do not improve the results. Inverting
the model from Fig. 4 with a series expan-

Tschebyscheff Inversion 5. Ordnung  Iteration 4 RMS=0.14

res
Startmodell der
Startmodell Tschebys

Tief

100 -

-120

Figure 7: Chebyshev fit with polinomials of
order 5 (red) for a 2 layer boundary (blue),
initial depth (green) and initial polynomial
(yellow).

Tschebyscheff Inversion 12. Ordnung ~ lteration 4 RMS=0.13

un;
lodell
Startm fen
Startmodell Tschebyscheff

A

Tief

100 -

-120

Figure 8: Chebyshev fit with polinomials of
order 12 (red) for a 2 layer boundary (blue),
initial depth (green) and initial polynomial
(yellow).

sion of order 5 does not succeed, because the
misfit creeps without appreciable progress
over the iterations and does not converge.
A reason is, that the chebyshev inversion
has more parameters to determine (18 co-
efficents and 20 resistivities) than the LCI
(15 thicknesses and 20 resistivities) for the
same data information. Unfortunately the
parameter dependencies for the chebyshev
inversion are also more difficult to solve. An
approach for this problem is to enhance the
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Figure 9: Chebyshev fit with polinomials of
order 5 (red) reference model (blue), initial
depth (yellow) described by a cubic spline.

Tecretyeched Imersion 3, g Twanion

Thhat et rghtburd

Figure 10: Chebyshev fit with polinomials
of order 5 (red) reference model (blue). 6
iterations.

line of measurements or decrease the order
of the polynomials. Fig. 9 and 10 show
a result for a four layer model with fifteen
sites, and no data error. In the initial model
the resistivities are kept the same as in the
reference model, only the depth are varied
(Fig. 9). This shows, that the chebyshev in-
version needs much more data information
to achieve satisfying results.

2D synthetic data

The data for 2D models was generated with
the program sldmema3t, that was written by

Figure 11: 2D Model with dipping layer and
9 central loop sites.

Druskin and Knizhnerman (1988) and base
on finite differences. To test the ability of
the inversions to compensate the slightly
different transients for a 2D case with the
regularisations based on a 1D forward cal-
culation the data for a two layer subsurface
with dipping layer of 7,2° was calculated
(Fig. 11). The data was inverted without
constraints (Fig. 13) and with constraints
on adjacent resistivities (Fig. 14). The ini-
tial model is shown in Fig. 12. The in-
version was stoped, when x could not im-
prove anymore. The data misfit is 1% gaus-
sian distributed, increasing for late times.

The inversion without constrains is not ca-
pable to resolve the reference model on site
6 and 7 (iteration 6; y = 20.2), more iter-
ations does not improve this result and the
resistivity and depth values become even
worse, whereas the inversion with lateral
constraints retrieve the values of the refer-
ence model well (iteration 5; x = 1.87.).
Comparing this two inversions the lateral
constraints have an clear advantage here,
because the outliers on site 6 and 7 can be
balanced by the constraints. In Fig. 15 the
results of the chebyshev inversion can be
seen. They are almost as good, as the LCI

22. Kolloguium Elektromagnetische Tiefenforschung, Hotel Maxi¢ky, Déc&in, Czech Republic, October 1-5, 2007

316



Iteration O

_s0 Ohm m

|
N
o
8

88 8

Tiefe[m]
g
8% 8 8 8

N
N
>
H

'
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Figure 13:
x = 20.2

Inversion without constraints,

results (iteration 9; x = 1.72.) , but the re-
sistivities on site 1 are slightly too low and
the chebyshev inversion needed 9 iteration
for this result.

Conclusion

Assuming a quasi-layered subsurface, both
methods are capable of achieving results
from 1D and 2D synthetic data. LCI has
proved as a reliable tool, that has short cal-
culation times. The results are in genenal
preferable to an inversion of a profile with-
out constraints.

The Chebyshev inversion needs large pro-
files for a convergence on the misfit. The
numerical efford is more expensive and

Iteration 5

- |
1 2 3 4 5 6 7 8 9
Messstationen

Figure 14: Inversion with lateral
straints, x = 1.87

ohm m

&

g

con-

Iteration 8
Ohm m
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_40 2

_so s
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_80 "

—e0 o
0

1 2 3 4 5 6 7 8 9
Messstotionen

Figure 15: Chebyshev inversion, xy = 1.72

Tiefe[m]

therefore the calculation time is larger than
for the LCI, but both methods need just
fractions of time compared to a full 2D in-
version. The advantages of the chebyshev
inversion should futher be tested for long
measurement lines.
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Einleitung

Die Bestimmung von spezifischen elektrischen Widerstdnden bzw. Leitfahigkeiten im
Untergrund erfolgt nach wie vor tberwiegend mit Strom- und Messelektroden, die in
den Boden gesteckt werden (galvanische Ankopplung). Insbesondere bei
Oberflachen mit sehr hohen spezifischen Widerstanden (z. B. trockene Sande) ist die
Ankopplung der Elektroden jedoch mit erheblichen Schwierigkeiten verbunden oder —
wie beispielsweise auf versiegelten Flachen — nahezu unmdéglich. Dieses Problem
ergab sich auch bei der Untersuchung von Permafrostbédden und flhrte dazu, dass
vor knapp 40 Jahren intensiv damit begonnen wurde, geoelektrische Messsysteme
ohne galvanische Ankopplung an den Untergrund zu entwickeln (TIMOFEEV 1973,
1974). Hierfur bot sich die Ubertragung des elektrischen Feldes auf kapazitivem Weg
an im Gegensatz zur galvanischen Ankopplung wie in der klassischen Gleichstrom-
geoelektrik. Dieses Prinzip macht sich neben wenigen anderen Herstellern auch die
Fa. Geometrics (USA) beim OhmMapper™ zunutze, dessen erste Version vor etwa
10 Jahren auf dem Markt erschien.

In Anbetracht der schnellen Datengewinnung und der Md&glichkeit zu Messungen auf
versiegelten Flachen (urbane Gebiete) erscheint der OhmMapper™ als eine interes-
sante Erganzung zu herkémmlichen Gleichstromgeoelektrik-Systemen (DC).

Der OhmMapper™

In der einfachsten Ausfiihrung besteht der OhmMapper™ aus einem Sender mit zwei
Koaxialkabeln zu beiden Seiten und einem Empfénger, der ebenfalls mit zwei
Koaxialkabeln versehen ist (Abb. 1). Sowohl im Sender- als auch im Empféangerge-
hause befinden sich neben der entsprechenden Elektronik je zwei Batterien fur die
Stromversorgung. Die Verbindung zwischen Sender- und Empféangerkabel stellt ein
nichtleitendes Zugseil variabler Ldnge dar. Vom Sender wird ein elektrisches Feld
erzeugt, das sich im Untergrund in Abhangigkeit von der Leitfahigkeit ausbreitet und
vom Empfanger gemessen wird. Die Daten werden Uber ein Kabel, das vom
Empfangerkabel galvanisch getrennt ist, zur Messkonsole Ubertragen und gespei-
chert. Die Speicherkapazitat der Konsole betragt tber 2 GB.

Transmi@ter Receivgr Registrier-
(EEI,ektronlk + Nichtleitendes (il)el;trqu; Kabel Konsole
tteri atterien
# [ ] lle;jlgll(I?E)lelll [ .
Dipolkabel Dipolkabel Dipolkabel ——Dipolkabel Cewicht

Abb. 1: Aufbau des OhmMappers™
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Der vom Sender erzeugte Wechselstrom von 16,5 kHz wird an die Abschirmung der
beiden Koaxialkabel angelegt (Abb. 2a). Die Abschirmung wirkt als Platte eines
Kondensators und die Isolierung der Kabel als Dielektrikum, in dem Ladungsver-
schiebungen stattfinden. Der Erdboden stellt die andere Kondensatorplatte dar.

Auf der Empfangerseite wird umgekehrt die Spannung im Untergrund kapazitiv auf-
genommen und an der Abschirmung gemessen. Der auf der Senderseite einge-
speiste Strom variiert zwischen 0,125 mA und 16 mA und wird automatisch den
Untergrundbedingungen angepasst und dem Empfanger Uber ein aufmoduliertes
4-Hz-Signal mitgeteilt.

Die Vorgénge auf Sender- und Empféangerseite sind in Abb. 2b in Form von Schalt-
bildern verdeutlicht.

Koaxialkabel

Abschirmung

Innenleiter

Untergrund

Abb. 2a: Prinzip der kapazitiven Ankopplung beim OhmMapper™ (nach Geometrics)

Transmitter Receiver
© W)
_/ U

CT1 CRzl’T‘ylylylylylle’Tl
< U

cTz-rgnylylylylyll ‘l'l/‘prll

RUntergrund

Cri

>
>

Abb. 2b: Schematische Darstellung in Schaltbildern

Die Veranderung des Abstandes zwischen Sender und Empfénger durch unter-
schiedliche Seillangen ermdéglicht die Erfassung unterschiedlicher Tiefen. Die
Erkundungstiefe wird mit maximal ca. 20 m angegeben und entspricht damit dem
Bereich, der i. a. auch mit dem Georadar erfasst werden kann. Die Tiefe ist dartiber
hinaus auch von den Kabellangen abhé&ngig.

Standardmé&Rig sind die Koaxialkabel in Langen von 2,5 m und 5 m erhéltlich und
sorgen Uber die gesamte Lange fur Ankopplung, so dass sie auch als Linien-
Elektroden zu bezeichnen sind. Die Kapazitat der 2,5 m langen Kabel wurde zu 205
bis 210 pF und die der 5 m langen zu 505 bis 510 pF ermittelt.
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Der OhmMapper™ kann nach Aussage des Herstellers spezifische Widerstande im
Bereich zwischen 1 Ohmm und 100.000 Ohmm erfassen. Die Signale kénnen mit
einer Zyklusrate von maximal 0,5 sec (2 Hz) aufgenommen werden.

Fur den Betrieb von Sender und Empfanger werden jeweils 12 V DC und fir die
Konsole 28 V DC bendétigt.

Die neueste Gerateausfihrung ermdglicht den gleichzeitigen Einsatz von maximal
funf Empféngern.

Datenqualitat

Der OhmMapper™ wurde in sechs unterschiedlichen Gebieten getestet. Das Haupt-
augenmerk lag hier auf der Reproduzierbarkeit der gemessenen Daten und dem
Vergleich mit Werten, wie sie die klassische Geoelektrik liefert. Fir die DC-Messun-
gen wurde eine Resecs-Apparatur eingesetzt.

Das OhmMapper™-System wurde Uberall von einem Fahrzeug gezogen, wodurch
die Daten im Abstand von ca. 1,5 m (laterale Aufldsung) registriert wurden mit einer
Zyklusrate von 1 Hz.

Zur Unterscheidung von DC-Messungen wird im Folgenden fir die Messungen mit
dem OhmMapper™ auch die Bezeichnung CR fir ,capacitive resistivity® (KURAS
2002) verwendet.

a) Reproduzierbarkeit

Zur Uberpriifung der Reproduzierbarkeit wurden in drei Gebieten Testserien durch-
gefihrt, bei denen das Profil jeweils in beide Richtungen mit demselben Sender-
Empfanger-Abstand gemessen wurde. Abb. 3 zeigt die Pseudosektionen der Roh-
daten des scheinbaren spezifischen Widerstandes aus dem Gebiet Schillerslage.

Alle Messﬁr]:fen von, West nach Osi;;

= A —= & | Schillerslage
_ _ \ [ 26.06.07
= -2
S <]
% i log(Rhoa)
2 4 4.7
L 7 AN 4.4
9 -5: 4
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EFON i VIY) i | F
P2 e aYy)
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R i |
& h H.N rd\k"\ d -
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Abb. 3: Reproduzierbarkeitstest mit 5m-Dipolen in entgegen gesetzter Richtung
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Beide Darstellungen haben die Form eines Parallelogramms.

Bis zur Pseudotiefe n=5 ist eine sehr zufriedenstellende Ubereinstimmung gegeben,
insbesondere vor dem Hintergrund, dass ein bewegtes System nicht exakt dieselbe
Spur trifft. Mit zunehmender Tiefe ist dann der Einfluss gestérter Signale erkennbar,
die zu einem sehr diffusen Bild fihren.
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Abb. 4: Scheinbare spezifische Widerstdnde mit 5m-Dipolen fir drei unterschiedliche
Sender-Empfanger-Abstande

In Abb. 4 sind die scheinbaren spezifischen Widerstdnde des Profils fiir drei
unterschiedliche Sender-Empfénger-Abstande (n=1, 5 und 6) dargestellt, was den
Seillangen 5 m, 25 m und 30 m entspricht. Die Ergebnisse zeigen neben der guten
Reproduzierbarkeit im oberen Bereich auch, dass Strukturen, die nur durch wenige
Werte in Erscheinung treten, gut reproduzierbar sind. Der scheinbare spezifische
Widerstand nimmt mit zunehmender Tiefe ab und relativ plétzlich, bei n=6, ist die
Reproduzierbarkeit im Bereich der hochohmigen Struktur zwischen 60 m und 150 m
zwar noch gut, verschlechtert sich aber in 6stlicher Richtung erheblich. Der Grund
liegt in der Zunahme von gestdrten Signalen, deren Ursache in einem zunehmend
schlechter werdenden Signal-Noise-Verhaltnis zu sehen ist. Auch in anderen Mess-
gebieten wurde eine Verschlechterung beobachtet, die mit zunehmender Leitfahig-
keit im Untergrund korreliert. Der Verstarkung kleiner Signale ist durch den
Batteriebetrieb eine Obergrenze gesetzt, da die Stromeinspeisung maximal bis
16 mA mdglich ist.

Auch die Ergebnisse aus den beiden anderen Messgebieten lassen eine gute Repro-
duzierbarkeit erkennen.
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b) Vergleich mit DC-Messungen

Die Vergleichsmessungen mit der Resecs-Apparatur konnten wegen des Zeitauf-
wandes nicht Uberall auf den gesamten Profillangen durchgefihrt werden. Fir einen
optimalen Vergleich wurden nach Md&glichkeit die drei Sonden-Elektroden-Kombi-
nationen Wenner-Alpha, Wenner-Beta und Dipol-Dipol verwendet.

Hier werden die Ergebnisse aus zwei Gebieten vorgestellt, die sich im spezifischen
Widerstand signifikant unterscheiden. Im Raum Marwede sind in den Sanden der
Sidheide tief reichend sehr hohe spezifische Widerstdnde von tber 10.000 Ohmm
bekannt. Bei Hdmelerwald reichen machtige Tone der Unterkreide mit ihren niedrigen
Widerstanden bis dicht unter die Oberflaiche. Daher misste sich dieses Gebiet fur
den Einsatz des OhmMappers™ als duf3erst ungiinstig erweisen.
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Abb. 5: Pseudosektionen der scheinbaren spezifischen Widerstande fir CR- und DC-Messungen

Abb. 5 zeigt die Pseudosektionen aus dem Gebiet Marwede. Fur die DC-Messungen
wurde ein Dipolabstand von 5 m gewahlt. Im unteren Teil der Abbildung sind die
Ergebnisse der Dipol-Dipol-Messungen dargestellt und im oberen Teil die CR-Mes-
sungen mit Dipollangen von 5 m. Der zeitliche Abstand der Messungen betrug ca.
sechs Wochen. Beide Ergebnisse zeigen im nérdlichen Profilabschnitt tief reichend
hohe scheinbare spezifische Widerstdande um 5.000 Ohmm. In sidlicher Richtung
treten Werte Gber 10.000 Ohmm auf. Gleichzeitig verlieren die hohen Widerstédnde
aber an Machtigkeit, so dass im sldlichen Bereich des Profils deutlich niedrigere
Widerstdande um 1.000 Ohmm schon in geringerer Tiefe anzutreffen sind. Beide
Verfahren zeigen zwar eine sehr gute Ubereinstimmung in der Tendenz, allerdings
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differieren sie beziiglich der Machtigkeiten. Die DC-Pseudosektion liefert geringere
Machtigkeiten.

Fur dieses Profil sind in Abb. 6 die Einzelwerte des scheinbaren spezifischen
Widerstandes fur zwei Pseudotiefen (n=1 oben, n=4 unten) gegeniber gestellt. Fir
die Pseudotiefe n=1 liegen die Werte der CR-Messungen uber denen der DC-
Messungen. Dagegen ist in der Pseudotiefe n=4 eine wesentlich bessere
Ubereinstimmung gegeben. Die Abweichungen in Oberflichennéhe sind mit gréRter
Wahrscheinlichkeit auf unterschiedliche Durchfeuchtung infolge der zeitlichen
Differenz der Messungen zuriickzufuhren.
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Abb. 6: Scheinbare spezifische Widerstadnde der CR- und DC-Messungen fir die Tiefen n=1 und n=4

Bei den Messungen im stark leitfahigen Gebiet Hdmelerwald (Pseudosektionen in
Abb. 7) sind erwartungsgemal die Grenzen des OhmMappers™ sehr schnell deutlich
geworden. Bereits mit einer Seilldange von 10 m (n=2) konnten auf dem 900 m langen
Profil nur noch an sehr wenigen Stellen Signale empfangen werden. In Materialien
mit niedrigen spezifischen Widerstdnden kommen nur sehr kleine Signale am
Empfénger an, da der Sender den eingespeisten Strom nur begrenzt erhéhen kann,
wie bereits oben erwahnt. Auch mit Dipolldngen von 10 m konnte hier nur eine unwe-
sentlich grélRere Eindringtiefe erreicht werden.

Die Kreidetone mit spezifischen Widerstdnden um 10 Ohmm und weniger werden
von einer geringmachtigen Deckschicht Uberlagert, die streckenweise scheinbare
spezifische Widerstdnde um 100 Ohmm aufweist. Diese Bereiche sind in den DC-
Ergebnissen, von denen hier die Pseudosektionen der Dipol-Dipol- und der Wenner-
Alpha-Messungen dargestellt sind (Abb. 7 Mitte und unten), ebenfalls gut zu erken-
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nen. Der Elektrodenabstand betrug 2 m. Aus der Wenner-Alpha-Darstellung ist
ersichtlich, dass die Tone in beachtlicher Machtigkeit vorhanden sind.
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b= o7
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Abb. 7: Pseudosektionen der scheinbaren spezifischen Widerstande
fur einen gut leitenden Untergrund
Erkundungstiefe

Bezlglich der Erkundungstiefe h werden vom Hersteller lediglich die folgenden
Angaben gemacht: Fir n=1 betragt h=0,416*Dipollange und fur n=3 entspricht h der
vollen Dipollange, wobei n der Separationsfaktor ist (Sender-Empfanger-Abstand/Di-
pollange). Dartber hinaus existieren keine weiteren Angaben.

Da kein linearer Zusammenhang zwischen der Tiefe und dem n-Faktor besteht, ist
eine Grobabschétzung wie in der DC-Methode hier nicht mdglich. Nur Uber eine
Inversion der Daten sind Angaben zur Erkundungstiefe erhaltlich. Hierfir wurde das
Programm DC2dInvRes (GUNTHER 2007) benutzt. Es ist, wie die kommerziellen
Programme auch, speziell fir gleichstromgeoelektrische Messungen entwickelt
worden. In Abb. 8 sind die invertierten Daten fir beide Verfahren aus dem
Messgebiet Marwede dargestellt. Bei den CR-Messungen wurden Dipole von 5 m
Lange eingesetzt. Fur die DC-Messungen ist hier das Ergebnis der Dipol-Dipol-
Messungen mit einem Elektrodenabstand a von 5 m gezeigt (Abb. 8 unten). Bei
letzteren wurde eine Tiefe von ca. 12,5 m erreicht, wahrend die CR-Messungen bei
ca. 22,5 m enden. Zum besseren Vergleich ist die Untergrenze der DC-Ergebnisse
im oberen Tiefenschnitt gestrichelt markiert. In beiden Darstellungen ist die deutliche
Machtigkeitsabnahme des hochohmigen Schichtpaketes in sildlicher Richtung zu
erkennen. In den CR-Ergebnissen ist dieses Paket Uber die gesamte Profilldnge
hinweg machtiger ausgepragt. Widerstdnde um 1000 Ohmm werden in den DC-
Ergebnissen in geringerer Tiefe angetroffen. Die untersten Meter sind in beiden
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Abbildungen von Artefakten gepragt. In den CR-Messungen treten sie noch erheblich
starker hervor. Dabei ist der Einfluss der unkorrigierten Daten nicht zu ver-
nachlassigen. Fir den obersten Bereich zeigen die DC-Ergebnisse eine bessere
Auflésung.

Marwede
c 1 1 1 1 1 1 1 1 1 1 1 1 1

log(Rho)

Tiefe (m)

~

Tiefe (m)

N < Entfernung (m) >8

Abb. 8: Inversionsergebnisse von CR-Messungen (oben) und DC-Messungen (unten)

Bei der Benutzung der Inversionsprogramme und der Beurteilung der Ergebnisse
muss bedacht werden, dass diese CR-Messungen zum einen mit einem bewegten
System durchgefihrt werden und zum anderen ein Wechselstrom von 16,5 kHz
benutzt wird, so dass auch Induktionseffekte auftreten.

Signalverhalten

Durch eine Langzeitregistrierung (Abb. 9) sollte das Verhalten des Signals Uber
mehrere Stunden ermittelt werden und zugleich festgestellt werden, nach welcher
Zeit ein batteriebedingter Spannungsabfall eintritt. Die Datenaufnahme erfolgte mit 1
Hz. Nach fast achtstiindiger Registrierung sackte die Spannung innerhalb von vier
Sekunden auf den fast Null ab. Wahrend der gesamten Registrierdauer zeigte das
Signal eine beachtliche Stabilitat. Der geringfigige Anstieg nach ca. 12 Stunden ist
derzeit noch nicht zu erkldren. Méglicherweise beruht er auf Fremdeinwirkung. Uber
die gesamte Zeit betrachtet ergibt sich der Mittelwert zu 302 Ohmm, Minimum und
Maximum betragen 280 Ohmm und 312 Ohmm. Die gesamte Registrierung ist frei
von Stdrsignalen, Peaks o. &. sind nicht erkennbar.
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Abb. 9: Langzeitregistrierung: Datenaufnahme im Abstand von einer Sekunde

Beurteilung des OhmMappers™

Die Datengewinnung ist ein Vielfaches schneller als mit der konventionellen
DC-Methode. Somit sind grof¥flachige Messungen in einem zeitlich vertret-
baren Rahmen mdglich, mit denen eine schnelle Ubersicht in einem Gebiet
gewonnen werden kann und DC-Messungen ggf. gezielter angesetzt werden
kénnen.

Durch Anpassung der Fahrgeschwindigkeit ist mit diesem bewegten System
eine dichte Datenaufnahme mdglich.

Das System ist sehr robust und leicht zu handhaben und mit Ausnahme von
kleinen Flachen bzw. kurzen Profilen nahezu Uberall einsetzbar.

Die Erkundungstiefe ist auf ca. 10 bis 20 m begrenzt und entspricht damit dem
Tiefenbereich, der i. a. auch mit dem Georadar erfasst werden kann.

Durch die Moéglichkeit der Erzeugung von kontinuierlichen Tiefensektionen des
spezifischen Widerstandes stellt der OhmMapper™ eine wertvolle Ergdnzung
und Interpretationshilfe fir Georadaruntersuchungen dar.

Wesentliche Nachteile liegen in der begrenzten Erkundungstiefe gegeniber
dem Multielektrodensystem und der nur auf hochohmige Gebiete beschrank-
ten Einsatzmdglichkeit.

Das System gestattet nur die Kartierung mit der Dipol-Dipol-Anordnung.

Die Anwendbarkeit von DC-Interpretationsprogrammen (Inversion) ist méglich,
wirft derzeit aber noch zahlreiche Fragen auf, wie z. B. die Wahl der Para-
meter fUr die Inversionsrechnung (HAUCK & KNEISEL 2006).

Die Modifikation der Ausgabedatei durch den Hersteller ware im Hinblick auf
zusatzliche Informationen wiinschenswert.

Ausblick

Neben einigen weiteren systematischen Untersuchungen sollen in naher Zukunft die
Einsatzmdglichkeiten des Systems flr spezielle Fragestellungen (z. B. geologische
Kartierung, Grundwassererkundung, Lagerstattenerkundung u. &.) durch Testmes-
sungen betrachtet und beurteilt werden.
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Abstract

The major task of the presented study is to answer geomorphologic issues concerning the
evolutionary history of the terraces of the river Rhine in the Lower Rhine Bay. More
precisely the task is to map the two boundaries between tertiary sands, fluvial gravel and
loess. The second task is the realisation of the first measurements in Germany, using the
new Radiomagnetotelluric-device of the Institute. The main technical improvement of
this device is the enlarged frequency range from 10 kHz to 1MHz.

Geology of the survey area

The survey area is part of the terraces
of the river Rhine, which are arranged
in steps.  More precisely, the area is
characterized by the transition from the
Niederterrasse (lowest terrace) to the
Mittelterrasse (middle terrace), which is
covered with loess. The location of this
area is accentuated in Fig.1. Two main
causes formed today’s geological situation,
namely the terraces arranged in steps and
a complex system of valleys:

1. During the pleistozaen there was an

alternation of Ice Ages and Interglazial
periodes. In geomorphological terms,
Ice Ages represent glazial erosion. In the
interglazial periodes accumulation of fluvial
sediments took place.

2. Since the miozaen (Savische Bruchbil-
dung) the whole Lower Rhine Bay descents.

In Fig.1 a section of the middle terraces
at the Lower Rhine north of Cologne is pre-
sented. As it can be easily seen, gravel and
Loess cover the tertiary terraces. Therefore
the original shape of the terrace can not
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Mittelterrasse

Niederterrasse
L oo o

survey area

Figure 1:
Section of the Middleterraces north of Cologne |Brunnacker et al., 1978|. Colorindex:
Red = Tertiary sands. Blue = Fluvial gravel from Rhine. Violet = Loess.

be recognized. The tertiary topography
is not traceable from today’s topography.
The Geomorphological questions concern
the location of the tertiary terraces and the
spreading of the loess.

Geomorphologic questions

There are two main geomorphologic ques-
tions examined with RMT. See Fig.4 for
the location of the two profiles given as
examples below. The two tasks are:

1. The evolutionary history of a valley.
First question is, whether the valley
emerged before (Fig.2A) or after (Fig2.B)
the covering with sediments.

2. Fluvial gravel and Loess cover the
tertiary sands and pretend a wrong shape
of the original terraces (cp. Fig.2C): The
tertiary topography is not traceable from

today’s topography. The fact that today’s
top ground surface is not at the same
place as the tertiary top ground surface
can be seen in Fig.2C: it’s shifted to the left.

Figure 2: Schematic scetch of the studied
geomorphologic questions. Shown is the
covering of the tertiary sands with fluvial
sediments. A and B deal with the evo-
lutionary history of a valley. C is about
today’s wrong shape of the original ter-
race.

Physical background

The theory of radiomagnetotellurics
(RMT) is similar to the well-known MT
(Cagniard [1953]). Radiotransmitters
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located far away are used as transmitters.
Planewave approximation is valid and
displacement currents can be ignored for
used frequencies and resistivities situated
in the survey area. The relation of the
incoming electric and magnetic fields is
specified by the complex impedance tensor
Z (eq.1). In the case of two-dimensional
distribution of conductivity, the Maxwell
equations can be devided into the two
modi tangential electric and tangential
magnetic. Two physical parameters can
now be derived from Z for each mode. Eq.2
and eq.3 show the formulas for apparent
resistivity p, and phase ¢ for one mode.
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Measurement device

The 4-channel measurement device RMT-F
(Fig.3) records time series of all four hori-
zontal field components (E,, E,, H,, H,) si-
multaneously. The processing software, ap-
pendant to the device, calculates the trans-
fer functions from the recorded time series
by using spectral analysis. One can select
the correct transmitters for each mode via
the selected transmitter-azimuth and the
qualitativly best transmitter-signals via the
coherence level between electric and mag-
netic fields in x and y direction.

One technical improvement of the new
measurement device of the institute is the

Figure 3: 4-channel measurement device

RMT-F

enlarged frequency range up to 1MHz.
From the higher frequencies one gets exclu-
sive information about the upper layers of
the earth. The effects on the inversion of
this additional information are examined
by Wiebe [2007]. Apparent resistivities
(Eq.2) and Phases (Eq.3) as a function
of frequency are shown in Fig. 9 as an
example to demonstrate the data quality
of the new RMT device.

Survey area

The survey area is located north-west of
Cologne near the town Stommeln. The
measured profiles are shown in Fig.4. For
each geomorphologic question, given above,
one example profile is picked and accentu-
ated in the map.
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Figure 4: Map of the survey area. The
two presented profiles are marked. The
profile numbers correspond to the geo-
morphological questions above.

Further studies

As a part of the presented study conduc-
tivity measurements at drilling samples
from the survey area were done by using
a laboratory geoelectric measuring setup
(Fig.5).  Current electrodes are at top
and bottom of the sample. Four potential
electrodes in the middle allow several
configurations.

Figure 5: Laboratory geoelectric mea-
suring setup.

The drilling compresses the drilling core
differently, depending on the position in
the core. The core was sampled every
~0.7m and the arithmetic mean of the
measured p, was calculated out of differ-
ently compressed samples and of different
electrode positions in the measuring setup.
The result is presented in Fig.6. This
study provides an informative basis of the
resistivities situated in the survey area.
There is a strong contrast in resistivity
between the near surface sediments (30€2m)
and the deeper fluvial gravel (600Q2m).
The resistivity contrast between tertiary
sands (900Q2m) and the upper gravel is not
distinct.
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. ~ 30 Chm*m
— 5L °
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£ BE +
Q —
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© 7r * I sand, clay
.
sl N L
of :
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0L N ‘ sand, gravel
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11k "
- + T tertiary sand
10 100 1000 ~ 900 Ohm*m
P, lom)
Figure 6: Results of the conductivity

measurements at drilling samples and soil
identification.
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Inversion results

For the inversion of the RMT data
the 2D-inversioncode by  Mackie &
Rodi [2001] was used. It uses a non-
linear-conjugate-gradient algorithm with
Tikhonov-regularization and a finite dif-
ferences forward calculation. To get the
optimal regularization parameter 7, every
dataset was inverted seperately for several
7, and after that the optimal 7 was choosen
via a log-log L-Curve according to Hansen
& O’Leary [1993]. This procedure was very
time-consuming for the big amount of sta-
tions (230) and the big amount of inverted
frequencies (up to 20 in some datasets).
The inversion was done for the TE and the
TM mode separately and a joint inversion
for both modes. As a quality control for
the results normalised sensitivity values
are calculated for every cell. A comparison
with the maximal depth of investigation
according to Spies [1989] shows that both
methods give similar depths for reliable
results.

Model calculations showed that the effect
of topography can be ignored.

As one can see in the inversion-results
(e.g. Fig.7b) the boundary between the
two resistive layers tertiary sands and
gravel from the terrace is not very well
reproduced: the boundary blurs to a region
with lateral increasing p values. Whereas
the two layers resistive gravel and covering
conductive sediments are well separated.
This fact was also observed in synthetical
modeling with typical transmitter frequen-
cies and resistivities situated in the survey
area.
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Figure 7: Profile 2 (cp. Fig.4): Compari-
sion of Geoelectric and RMT inversion re-
sults: (a) Geoelectric, Schlumberger array
(RMS = 17,5%) and (b) RMT (RMS =
4,48%). Both methods produce a similar
image of the subsurface.

The RMT inversion results were com-
pared with inversion results of geoelectric
data. Both methods produce comparable
images of the subsurface (cp. Fig.7). Also
in Fig.7, one can compare the drilling and
laboratory results by P. Fischer [2003]
done in this area. Not every pedologic
result can be reproduced by this two geo-
physical methods, but the main features,
like tertiary sands and covering sediments
are principally solved. Tertiary sands are
presented in red in the drilling core, the
covering sediments are black (Loess) and
white (Kolluvium).

As an example in Fig.9 two stations are
shown. Their locations are marked in Fig.8.
The solid lines are the results from the in-
version, which fit the measured data well.
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Figure 8:
Profile 1 (cp. Fig.4): RMT joint-inversion of both modes. RMS = 1,81%. Areas below
the mazimal depth of investigation [Spies [1989]] are whitened.
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Figure 9: Data of two stations (cp. Fig.8).
cross: measured data, line: calculated
data.

Geomorphologic questions answered
with Radiomagnetotellurics

By mapping the upper border of the
resistive tertiary sands, RMT can answer

the asked geomorphologic questions:

1. The evolutionary history of a valley
can be revealed. In the RMT section
presented in Fig.8 one can see that in this
case the valley existed before the covering
with sediments: one can see the original
valley carved in the resistive tertiary sands.
Furthermore one can see the asymmetric
shape of today’s valley, which differs from
the tertiary valley. This asymmetric shape
is typical for valleys emerged in glazial
times (cp. e.g. Fischer [2003]).

2. The tertiary shape of the terraces
can be mapped, although covered with sed-
iments. An example therefor is the profile
in Fig.7, where today’s top ground surface
doesn’t correspond to the tertiary one.

Summary

The geophysical methods RMT and Geo-
electric can be applied for some geomorpho-
logical issues. Concerning the mapping of
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the terraces, the results are comparable to wvon Geoelektrik und Radiomagnetotellurik.,
drilling results. Of course, RMT can not diplom-thesis, University of Cologne.
substitute percussion drilling together with

pedological laboratory studies. But RMT

and Geoelectric give an adequate geolog-

ical overview and can perfectly assist the

choice of new drilling spots. The advantage

is the measuring speed and the nondestruc-

tive measurement.

References

Brunnacker et al [1978]: Die Mittel-
terrassen am Niederrhein zwischen Koln
und Monchengladbach., Fortschr.  Geol.
Rheinland und Westfalen, 28, Krefeld.
Cagniard, L. [1953]: Basic theory of
the Magnetotelluric Method of geophysical
prospecting., Geophysics, 18.

Fischer, P. [2003]: Pleistozine und
holozine Relief- und Bodenentwicklung
in der mittleren Niederrheinischen Bucht
am Beispiel des Vinkenpiitzer Grundes
nordwestlich wvon Kéln., diplom-thesis,
University of Cologne.

Hansen, P. and O’Leary, P. [1993]:
The use of the L-curve in the requlariza-
tion of discrete ill-posed problems., SIAM
Journal of Scientific Computing, 14.
Lippert, K. [2007]: Anwendung Geo-
physikalischer Methoden auf Geomorphol-
ogische  Fragestellungen., diplom-thesis,
University of Cologne.

Mackie, R. L. and Rodi, W. [2001]:
Nonlinear conjugate gradients algorithm for
2-d magnetotelluric inversion., (Geophysics,
66.

Spies, B. R. [1989]: Depth of investiga-
tion in electromagnetic sounding methods,
Geophysics , 54.

Wiebe, H. [2007]|: 1D-Joint-Inversion

22. Kolloguium Elektromagnetische Tiefenforschung, Hotel Maxi¢ky, Décin, Czech Republic, October 1-5, 2007
335





