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Abstract: Generally, all electrode arrays are able to delineate the contact of two lithos-
tratigraphic units especially with very high resistivity contrast. However, the image res-
olution for the location of vertical and dipping structures is different. The responses of
dipole-dipole (DD), Wenner alpha (WA), Schlumberger (SCH) and combined pole-dipole
(PD) arrays have been computed using the finite difference method. Comparison of the
responses indicates that: (1) The dipole-dipole array usually gives the best resolution
and is the most detailed method especially for the detection of vertical structures. This
array has shown the best resolution to recognize the geometrical characterisation of the
fault. (2) The pole-dipole has shown the second best result in our test. The PD is an
effective method for detection of vertical structures with a high depth range, but the
deepest parts are deformed. (3) Wenner alpha shows a low resolution, inconvenient for
detailed investigation of dip structures. (4) The Schlumberger array gives a good and
sharp resolution to assess the contact between two lithological units but gives poor result
for imaging geometry of dipping contact.

Key words: electrical resistivity tomography, L2 norm inversion method, L; norm
inversion method, vertical and dipping contact

1. Introduction

The resistivity tomography is a common method to indicate vertical struc-
tures (Caputo et al., 2003; Wise et al., 2003; Rizzo et al., 2004; Nguyen et
al., 2005 and Fazzito et al., 2009) and others, but what is the possibility
of the method to determine angle of the dipping contact? For investigation
of this problem we defined 2D subsurface model with three different angles
60°, 90° and 120° which were investigated through a numerical modelling. A
variety of electrode arrays are available for exploration using the resistivity
tomography. Comparison of the responses of dipole-dipole (DD), Wenner
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alpha (WA), Schlumberger (SCH), combined pole-dipole (PD) arrays have
been computed using the finite difference method.

The choice of the “best” array for a field resistivity survey depends on
the type of structure to be mapped, the sensitivity of the resistivity meter
and the background noise level. Each type of combination has advantages
and limitations in terms of lateral resolution and vertical penetration for
instance.

2. The synthetic test

The main goal of this study is the ability of electrical tomography to make
a visual estimation for direction and slope of vertical contact. In order to
assess the trend of dip, the following has been carried out to compare the
effect of the inversion method.

The synthetic data are computed using the forward modelling program
RES2DMOD (Loke and Barker, 1996), with no Gaussian noise added to
the data sets. The synthetic models used in this work represent the three
geometrical settings of the contact of two geological environments (a vertical
90° and a dipping 60° and 120°) and they represent a simplified geological
and structural sketch along the profile (Fig. 3a, 6a, 9a). These models have
been saved as the data of the apparent resistivity without topographic infor-
mation. Synthetic data sets were generated for dipole-dipole (DD), Wenner
alpha (WA), Schlumberger (SCH), combined pole-dipole (PD) arrays with
an electrode spacing of 5.5 m.

Firstly, three models with a difference in the thickness and number of
the model layers were compared (Fig. 1b,¢,d). The RES2DINV (Loke and
Barker, 1996) program generated size and positions of the model blocks
(Loke, 1997). The model (Fig. la) has subdivided the subsurface into
rectangular blocks with varying resistivity (Loke and Barker, 1995), the
overview of the main parameters of models is compiled in Table 1.

For inversion process the software RES2DINV among others use inver-
sion methods as L norm, L; norm with standard horizontal and vertical
roughness filter and L norm with diagonal roughness filter.

The L2 norm inversion method gives optimal results where the subsur-
face geology exhibits a smooth variation, such as the diffusion boundary of
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Table 1. Model parameters of the three models used in the synthetic test

Model | Model | Model

A B C
Number of data points 1035 1035 1035
Ratio of thickness of the 1.5 0.8 0.3

first layer
Factor to increase layer
thickness with depth

Number of blocks 206 310 1506

1.1 1.1 1.1

Number of models layers 6 10 23

a chemical plume. However, in cases where the subsurface consists of bodies
that are internally homogeneous with sharp boundaries (such as an igneous
dyke), this method tends to smear out the boundaries. The L; norm or
blocky optimisation method tends to produce models that are piecewise
constant (Ellis and Oldenburg, 1994). The data sets have been inverted
using the Lz norm inversion method (Fig. 1h,1,j), L1 norm with standard
horizontal and vertical roughness filter (Fig. le, f, g), and L1 norm with di-
agonal roughness filter (Fig. 1k,1,m).

The results show that for the L norm inversion method it is better
to use a model where the number of model cells exceeds the number of
data points (Loke et al., 2003), what eliminates the effect of the block
(Fig. 1g, m). The robust inversion with wide model blocks gave images that
were too ‘blocky’ (Fig. le,f, k,1). In case of the Lg norm inversion method
very wide cells reduce the effect of smoothness (Fig. 1h,1i,j).

In the next work phase a model C has been used (Fig. 1d, Table 1).
During further analysis the effect of three different factors able to influence
the result was tested:

1. resistivity contact of two different lithological units with varying angle
of the dip (60, 90 and 120 degrees),

2. type of electrode array to investigate the imaging capabilities of these
electrode configurations,

3. effect of the inversion method (L2 norm inversion method, L; norm
with standard horizontal and vertical roughness filter and L; norm
with diagonal roughness filter) to define the dip of tectonic fault (60,
90 and 120 degrees).
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Fig. 1. The effect of models with different methods to subdivide the subsurface into
rectangular prisms on the inversion result: a) geometry of synthetic model; b, ¢, d)
arrangement of model blocks and apparent resistivity data points; e, f, g) inverse model
using the L1 norm with standard horizontal and vertical roughness filter; h, i, j) inverse
model using the Lz norm inversion method; k, 1, m) inverse model using the L; norm
with diagonal roughness filter.
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The results of the work are shown in Fig. 3-11. The pictures show a set of
inversion models with different arrays configuration and different inversion
parameters. The inversion models are calculated from synthetic data with
vertical contact (90 degrees — Fig. 3,4,5) and dipping contact (60 degrees
— Fig. 6,7,8 or 120 degrees — Fig. 9,10, 11).

3. Electrical arrays

Generally, all tested electrode arrays (Fig. 2) are able to delineate the contact
of two lithostratigraphic units especially with very high resistivity contrast.
However, the image resolution for the location of vertical and dipping struc-
tures is different.

Based on the numerical simulations, it is possible to summarize the main
advantages and disadvantages of these arrays when assessing the dip of the
fault. These electrode configurations were also investigated using robust
(L1 norm) inversion and smoothness-constrained least-squares (L norm)
inversion (Farquharson, 2008) for the three synthetic models.

Dipole-Dipole (DD) is the most detailed method especially for the de-
tection of vertical structures. This array has shown the best resolution to
recognize the geometrical characterisation of the fault. The depth range of
this array is about 1/5 of the maximum C2P2 distance used. The effective
depth range is strongly limited by a rapid decrease of the measured potential
at larger dipole distance. Artificial electric noise causes additional signif-
icant limitation on the use of this method. The highest resolution allows

Wenner Alpha Dipole - Dipole
c1T 4, P 4, P2 , C2 C2 , C1 ,, P1 , P2
e ——>e<— > L S>el———>e<———>e
Schlumberger Pole - Dipole
Cl na Pl aP2 na C2 C1 na Pl g P2
C1, C2 - current electrodes a - dipole length
P1, P2 - potential electrodes n - dipole separation factor

Fig. 2. The arrays used in resistivity test and their geometric factors.
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the maximum possible differentiation of deeper situated structures, but the
deeper structures may be deformed (Fig. 3b-11b).

The combined Pole-Dipole (PD) array has shown the second best result
in our test. The PD is an effective method for detection of vertical struc-
tures with a high depth range, but the deepest parts are deformed. Section
coverage is about 1/3 of the used length of the electrode array. The accu-
racy of positions in section decreases (side shift) with depth Fig. 3c-11c.
This array requires the installation of an external current electrode C2 (C1
in case of a reverse way) — called the infinite electrode. The place of the
infinite electrode must be at least at the distance of fivefold of the maximum
length of the used electrode array. Its optimum position should be in the
perpendicular direction from the electrode array. The long distance of the
infinite current electrode requires a maximum power of the transmitter and
a careful installation of such an electrode (or even electrode nest) to reach
its lowest possible ground resistance.

The Wenner alpha (WA) array has a low depth range (about 1/6 of the
maximum used C1C2 distance) and a low side covering. The results of this
array show a low resolution, inconvenient for detailed investigation of dip
structures because all models show more or less vertical contact without the
geometry of dip Fig. 3d-11d.

Schlumberger (SCH) is suited especially for depicting horizontal and sub-
horizontal (declined) layers. Detection of larger inhomogeneities of various
shape and direction like wider crackles, tectonic zones and contacts of layers
with difference of resistivities is also effective. This array gives a good and
sharp resolution to assess the contact between two lithological units but a
poor result of imaging geometry of dipping contact (Fig. 3e-11e). Section
covering of this array is about 1/5 of the maximum used C1C2 distance
and the resolution is medium sufficient, rather for detailed investigation of
shallow structures.

4. Test results

The Ly norm smoothness-constrained optimization method produces a mod-
el with a smooth variation of resistivity values. After the comparison of
DD, PD, WA and WS results, it is possible to say that the contact be-
tween the lithological units is not sharp enough to assess the exact dip
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Fig. 3. Inverse model resistivity sections from synthetic data set (using the Lz norm

inversion method): a) geometry of the synthetic model, b) dipole-dipole array, c) pole-
dipole array, d) Wenner-alpha array, e) Schlumberger array.

167



Putiska R. et al.: Determination of dipping contacts using. .. (161-180)

E'g‘s 0.0 44.0 132.0 220.0

20.0

40.0

60.0
Bl 60 Ohmm [ 150 Ohm.m|[ ] 1000 Ohm.m [ 5000 Ohm.m

Elev. 0.0

0.0 —==

44.0

132.0 220.0

20.0

40.0 b)

Dipole - Dipole Array

60.0 ! Inverse Model Resistivity Section Iteration 7 Abs. error = 0.78

Elev. g o 44.0 220.0

00—

20.0

40.0

c)

Pole - Dipole Array
Inverse Model Resistivity Sectiol

60.0

Iteration 7 Abs. error = 1.57

Elev. o
0.0

d)

Wenner-alpha Array
Inverse Model Resistivity Section Iteration 7 Abs. error = 0.84

40.0

60.0

Elev. 5.
0.0

20.0
e)

Schlumberger Array
Inverse Model Resistivity Section

40.0

Iteration 7 Abs. error = 1.05

60.0

I D DN N (N [ (R (T DN (] [ [T N N R

20 40 60 80 100 200 250 300 350 400 1000 2000 5000 10000 15000 20000
Resistivity in Ohm.m

Fig. 4. Inverse model resistivity sections from synthetic data set (using the L1 norm with

standard horizontal and vertical roughness filter): a) geometry of the synthetic model,
b) dipole-dipole array, c) pole-dipole array, d) Wenner-alpha array, e) Schlumberger array.
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Fig. 5. Inverse model resistivity sections from synthetic data set (using the Li norm

with diagonal roughness filter): a) geometry of the synthetic model, b) dipole-dipole
array, c) pole-dipole array, d) Wenner-alpha array, e) Schlumberger array.
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Fig. 6. Inverse model resistivity sections from synthetic data set (using the Lz norm
inversion method): a) geometry of the synthetic model, b) dipole-dipole array, c) pole-

dipole array,
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Fig. 7. Inverse model resistivity sections from synthetic data set (using the L1 norm with

standard horizontal and vertical roughness filter): a) geometry of the synthetic model,
b) dipole-dipole array, c) pole-dipole array, d) Wenner-alpha array, e) Schlumberger array.
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Fig. 8. Inverse model resistivity sections from synthetic data set (using the Li norm

with diagonal roughness filter): a) geometry of the synthetic model, b) dipole-dipole
array, c) pole-dipole array, d) Wenner-alpha array, e) Schlumberger array.
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Fig. 9. Inverse model resistivity sections from synthetic data set (using the Lz norm

inversion method): a) geometry of synthetic the model, b) dipole-dipole array, c) pole-
dipole array, d) Wenner-alpha array, e) Schlumberger array.
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Fig. 10. Inverse model resistivity sections from synthetic data set (using the L1 norm with

standard horizontal and vertical roughness filter): a) geometry of the synthetic model,
b) dipole-dipole array, c) pole-dipole array, d) Wenner-alpha array, e) Schlumberger array.
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Fig. 11. Inverse model resistivity sections from synthetic data set (using the Li norm

with diagonal roughness filter): a) geometry of the synthetic model, b) dipole-dipole array,
c¢) pole-dipole array, d) Wenner-alpha array, e) Schlumberger array.
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of the fault, even if the number of model cells exceeds the number of data
points. The Ly norm smooth inversion method is not optimal for such data
sets (Fig. 3,6,9). The Lo norm inversion method gives the optimal results
where the subsurface geology shows a smooth variation, such as the diffu-
sion boundary of a chemical plume. However, in cases where the subsurface
consists of bodies that are internally homogeneous with sharp boundaries
(such as an igneous dyke), this method tends to smear out the boundaries
(Loke et al., 2010).

In this case the L; norm with standard horizontal and vertical rough-
ness filter (Fig. 4,7,10) gave different results for each of the arrays used.
For DD (Fig. 4b, 7b, 10b) and PD (Fig. 4c, 7c, 10c) the model contains sharp
dipping and vertical interface with some deformations on the bottom. The
WA (Fig. 4d, 7d, 10d) and SCH (Fig. 4e, 7e, 10e) result show a sharp vertical
interface but these two arrays are not able to recognize the geometry of dip.

In case of the L1 norm with diagonal roughness filter the finite-element
method with triangular elements was used for the forward modelling calcu-
lation (Fig. 5,8,11). On the Fig. 1 are shown models with different number
of blocks but with the same number of data points (Table 1).

The RMS error resulting from the inverse model calculation for all three
mentioned inverse methods has been used as a quantitative tool to compare
the suitability of the inversion method (Fig. 12). An RMS error parameter
has been normalized to 1000 points of the input model.

The model A arrangement shows 206 numbers of blocks. This model has
been inverted using the L norm inversion method (Fig. 1h), the L1 norm
with standard horizontal and vertical roughness filter (Fig. le) and the
L norm with diagonal roughness filter (Fig. 1k). Figure 1k shows the
resulting model, when the diagonal finite elements were given more impor-
tance than the horizontal and vertical differences (Fig. le).

The third model arrangement shows 1506 numbers of blocks. In this case
the number of model cells exceeds the number of data points. The differ-
ences between the L; norm with standard horizontal and vertical roughness
filter (Fig. 1g) and the L1 norm with diagonal roughness filter (Fig. 1m) are
not significant — both methods give very similar results (Fig. 4,5, 7, 8,10, 11).

From the results of the test we can state several outputs:

1. each of the involved electrical arrays is able to identify resistivity con-
tact between two lithological layers, but with increasing depth the reso-
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Fig. 12. RMS error comparison resulted from the inversion of the models. The error
is normalised per 1000 points of the model for all electrical arrays involved in test —
the Dipole-Dipole (DD), combined Pole-Dipole (PD), Wenner alpha (WA) and Wenner-
Schlumberger (SCH). All three contact variants with 90 degrees, 60 degrees and 120
degrees angle of the dip were calculated using L2 norm and Li norm with standard
settings and also with diagonal filter components (L1 norm, DFC).

lution of the inverse model does not allow to recognize sharp boundary
between the layers. The effect is caused by the lower density of the
measured points in deeper parts of the image.

2. reliable quantitative estimation of the angle between the lithological
layers combined Pole-Dipole (PD) and Dipole-Dipole shows best results
unlike WA and SCH do.

3. effect of the selected inversion method is significant to the final inver-
sion model as the L; norm with diagonal filter components gives in
most of the cases best results (Fig. 12).
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Table 2. Summarized results from the synthetic test for each electrode array

Array
Wenner-Schlumberger Wenner alpha Dipole-Dipole combined Pole-Dipole
Description
Detection of larger
inhomogenities of various The most frequent variant The most detailed method
shape and direction like wider called s\m::% aloha is close | €SPEC lly for detection of The most effective method for
Purpose crackles, tectonic zones, ore P vertical structures (including | detection of all vertical structures

veins and contacts of layers
with big difference of
resistivities is also effective.

to Schlumberger with similar
range of applications.

slimmer fissures, ore veins)
and cavities.

with high depth range.

Section covering

Medium depth range - of
about 1/4 of the maximum
used C1C2 distance. Medium
side covering.

Low depth range — of about
1/6 of the maximum used
C1C2 distance. Low side
covering.

Medium depth range — of
about 1/5 of the maximum
used C1C2 distance. Medium
side covering.

High depth range - of about 1/3
of the used length of the
electrode array. Higher side
covering.

Medium resolution —
inconvenient for detailed

Low resolution — inconvenient

The highest resolution —
allows the maximum possible

Higher resolution. The accuracy
of positions in section is

Resolution investigation of deeper M_quam\m“ﬁm.“ﬁm_\_\mmmmﬁ_@mﬁ_o: of tinguishing of deeper decreased (side shift) as the
structures. P ' situated structures. method is non symmetric.
The effective depth range is
: . . ’ . . . strongly limited by rapid Installation of external current
\Smmm.: \..S.Q High _”mm_mﬁ.m:nm against High qmm_mﬁ.m:om against decrease of measured electrod C2 (C1) — called infinite
conditions electric noise. electric noise.

potential at larger dipole
distance.

— is necessary.
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5. Conclusions

A synthetic test allows us to compare the capabilities of the selected elec-
trode array and inversion settings to identify a dipped contact of two ge-
ological layers and estimate the real angle between them. The data have
been calculated by the L norm inversion method, the L1 norm with stan-
dard horizontal and vertical roughness filter and the L1 norm with diagonal
roughness filter. The 2D inversion result of the resistivity profile correlated
with synthetic models. From these synthetic models it is possible to summa-
rize the main advantages or disadvantages of these arrays for 2D resistivity
imaging compiled in Table 2.
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