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Abstract

Interpretation of resistivity cross sections may be in many cases unreliable due to the presence of artifacts left by the
inversion process. One way to avoid erroneous conclusions about geological structure is creation of Depth of Investi-
gation (DOI) index maps, which describe durability of prepared model with respect to variable parameters of inver-
sion. To assess the usefulness of this interpretation methodology in resistivity imaging method over quaternary sedi-
ments, it has been used to one synthetic data set and three investigation sites. Two of the study areas were placed in the
Upper Silesian Industrial District region: Bytom—Karb, Chorzow—Chorzéw Stary; and one in the Southern Pomera-
nian Lake District across Pitawa River Valley. Basing on the available geological information the results show high
utility of DOI index in analysis of received resistivity models, on which areas poorly constrained by data has been des-

ignated.
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INTRODUCTION

Nowadays resistivity imaging method is commonly used
in investigation of quaternary sediments for a number of pur-
poses, from structural, geotechnical, hydrogeological envi-
ronmental studies. Basing on apparent resistivity measure-
ments on site of investigation, a model that would generate
those data is tried to be found. It is achieved through solving
the inverse problem. Because it is nonunique issue, modern
strategies cope with this by using optimization techniques, so
that among all available models choose those that in realistic
way may represent geological structure. Resistivity imaging
surveys do not give satisfactory results in areas where the
thickness of layers is small and resistivity variations are low
(Kowalczyk et al., 2014). Furthermore, model obtained in
this way may possess numerical artifacts associated with
minimization of objective function and caused by complex
structure of earth, high resistivity contrast of bodies etc. To
avoid misleading interpretations Oldenburg and Li (1999)
proposed the use of Depth of Investigation (DOI) Index.
They have characterized DOI as a persistence of a model
while inversion parameters vary. Quantitatively it is made by
comparing two inversion models created by utilization of dif-
ferent reference models in the optimalization function. This

approach has been used in the works of, among others,
Marescot et al. (2003), Hilbich ez al. (2009), Deceuster et al.
(2014).

SITE CHARACTERISTIC

Four of the analyzed resistivity profiles were used as the
verification of applicability of DOI index to study shallow
geological structure. First three profiles were located in the
Upper Silesia Industrial District in city areas of Bytom and
Chorzéw. Fourth investigation site was placed in the South
Pomeranian Lake District, northwestern Poland, in the vicin-
ity of the Pile Lake and Dhugie Lake. The purpose of those
measurements was to identify the localization of the depth of
Miocene-Pleistocene boundary which in this area is very
variable (Lewandowski et al., 2000).

In Bytom, surveys were carried out in district of Karb near
the cross-road of the main route 88 & 94. Quaternary deposits
in this place were formed as sands, loamy sands and sandy loam.
They are covering bedrock represented by the thick layer of
Triassic (the Buntsandstein and the Muschelkalk) lying on Car-
boniferous (Razowska-Jaworek & Brodzinski, 2009).

Second site has been placed in Chorzéw, district Cho-
rzow Stary, contiguous to Siemianowicka Street and close to
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Maximum pseudodepth is 20.0
Minimum pseudodepth is 1.82
Number of electrodes is 41

Number of model blocks 880
Number of datum points 314
Unit electrode spacing 3.50 m.

Arrangement of the model cells used in the DOI calculation and location of the data points in the apparent resistivity pseudosection

for Bytom—Karb profile. As the geometrical dimensions are dependent on electrode spacing the length and depth are expressed in terms of

pseudolenght and pseudodepth.

the Silesia Park. Quaternary consists of sands, loam sands,
and dusty clays which are product of Carboniferous layer
erosion. It covers Carboniferous mudstones and sandstones
(Wyczotkowski, 1597, Cudak & Wantuch, 2009).

Last area of study includes headwaters of the Pilawa
river valley and neighboring areas, located west from the
center of Borne Sulinowo town. The Miocene deposits were
developed as a sands, clays and silts. The maximum thick-
ness of the Miocene deposits is about 160 meters (Dobracka,
Piotrowski,2002; Lewandowski et al., 2000). It is covered by
a Pleistocen complex in which five glacial horizons com-
posed of tills formed during the glaciation can be distin-
guished. The Pleistocene sediments range from 70 to 200 m
(Lewandowski et al., 2000; Zogata et al., 2008; Idziak, Wy-
sowska-Swiebodzinska, 2008). In this area glaciotectonic
deformation of the substratum and erosion of pre-Pleistocene
structures cause large variations of formation and intensive
disturbances within the roof layers of the Miocene. The
egzaration depressions of subglacial tunnels and geotectonic
elevations occurs (Lewandowski ef al., 2000). Structures of
the Holocene are mainly developed in the form of sand, river
gravels, silts, gyttja, lacustrine chalk and peat (Zogala et al.,
2008).

METHODOLOGY

The resistivity imaging measurements were performed
with the ABEM Lund Imaging System. Depending on the
area of studies and its purpose different electrode spacings
have been applied. At all sites the Wenner-Schlumberger
protocol has been used as a compromise for lateral and per-
pendicular sensitivity (Loke, 2014). The inversion of resis-
tivity data was carried out in RES2DINVx64 ver. 4.03.13
program. Routine inversion formulation used in this software
is based on the Gauss-Newton smoothness-constrained least-
squares (l,-norm) optimization method that gives smooth
changes in spatial resistivity of models. Depending on the sit-
uation user can modify it to I;-norm where the absolute dif-
ference between the measured and calculated apparent resis-
tivity values is minimized. This will result in searching for a
model with sharp boundaries (Loke ef al., 2003). With the

exception of Pilawa River Valley, all measurements have
been carried out on flat terrain.

To estimate the reliability of prepared resistivity models
depth of investigation (DOI) index method has been used. It
was introduced by Oldenburg and Li (1999) and at first used
for mountain permafrost studies by Merescot ef al. (2003). It
is the empirical method based on comparison two different
inversions of the same data set using various values of the
reference model. According to Oldenburg and Jones (2007)
the DOI value for a model cell is given by:
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where g4(x, z) and qg(x, z) are the model cell resistivities ob-
tained from the first and second inversions, ¢4 and g are the
first and second reference models resistivities values. All of
them are expressed in terms of logarithm of resistivity (Dece-
uster et al., 2014). Merescot et al. (2003) recommended us-
ing the reference models set at 0.1 and 10 times arithmetic
mean of the measured apparent resistivity. This is known as
two sides difference. In regions where the result depend
strongly on data DOI will take values near zero, while in re-
gions where values depend more on objective function param-
eters, in this case the reference model, DOI will rise to one.
Vertical position of the data point (Fig.1) is set at the me-
dian depth of investigation of the electrode configuration
(Edwards, 1977). To ensure that the data have minimal infor-
mation about the resistivity of the cells in the lowest layer, the
depth range of the inversion model is extended of about three
to five times the median depth of investigation of largest ar-
ray spacing used (Loke, 2014). In theory, the bottom cells in
this arrangement have DOI values of almost 1.0 but in prac-
tice it depends on the damping factor that controls the degree
of influence of the given reference model to inversion model.
To reduce the effect of chosen damping factor Oldenburg
and Li (1999) and Marescot et al. (2003) proposed to scale
the DOI through its maximum value. Hilbich et al. (2009)
suggested to normalize it by the use of DOI value at the bot-
tom of the model. In this paper all profiles were extended
fivefold but only those parts that overlap with interpretable
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Fig. 2.
index map.

models are presented, moreover all profiles at their bottom
cell row showed DOI values approaching 1. Only Chorzéw
Stary diverged from that and was scaled by max DOl index of
the bottom row. In RES2DINV software DOI preparation
routine, damping factor u (RES2DINV manual, 2014) which
responsible for impact on the reference model has been cho-
sen to set it to its greatest value. To check applied methodolo-
gies synthetic model has been created in RES2DMOD soft-
ware using wenner-schlumberger array with 1m electrode
spacing and subsequently analyzed with DOI index. As a cut-
off value of DOI index (i.e. value of DOI index that above
which we have to be very cautious with interpretacion of re-
sistivity models) Oldenburg and Li (1999) firstly suggested
to be 0.1 or 0.2. Caterina et al. (2013) proposed to use the
maximum gradient line of the DOI rather than a predefined
value to determine depth of investigation. In turn Oldenburg
and Jones (2007) prefered index of 0.3. In these works cut-
off value is determined individually for every profile.

RESULTS — THEORETICAL MODELING

Constructed model (Fig. 2) represents a high resistivity
lens of 0.2 m thickness and 6.5 m length buried at depth 0.5m.
Its resistivity was set to 1000 Ohmm while its background
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High resistivity lens synthetic model and its inversion model generated from obtained response over the earth overlapped with DOI

has 10 Ohmm. Underneath resides a body of 100 Ohmm re-
sistivity. Imposed map of DOI index shows high variations at
the bottom of this anomaly reaching values of 0.5. Two sym-
metric variabilities can be observed at both sides of profile
with maximum DOI of 0.3. They coincide with slight resis-
tivity anomalies from the background level.

RESULTS — PRACTICAL EXAMPLES

Bytom—Karb

Three main geological formations can be distinguished
on resistivity cross-section on Fig. 3. Near surface there is
discontinuous anomaly with resistivity values range from 40
to 60 Ohmm which are assigned to dry sands. They cover
layer of very low resistivity, 1040 Ohmm, interpreted as
loamy sands. Relatively high resistivity values from 60 up to
200 Ohmm that can be found on the bottom of profile are in-
terpreted as Triassic strata.

DOI index takes very small values on this profile. In
most of its area it does not exceed 0.075. Only at the depth of
10-15m below 0—15m of profile length it range from 0.1 to
0.125.
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Fig. 3. Resistivity cross-section from Bytom — Karb investigation site, overlapped with DOI index map.
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Chorzow Stary

On Fig. 4 the 200-meter-long resistivity profile from
Chorzéw Stary is presented. Near surface there is a Quater-
nary sand insert 200-500 Ohmm. It lays on weathered Car-
boniferous dusty clays and its resistivity range from 10 to 100
Ohmm. This overburdes covers the Carboniferous rigid
strata with resistivities above 300 Ohmm. Beneath this high
resistivity anomaly, sudden decline in the value of resistivity,
down to 100 Ohmm, is observed.

Map of DOI index shows sudden increase of its values,
up to 0.35, that corresponds to low resistivity anomaly under
top of Carboniferous.

Pilawa River Valley

Only resistivity imaging method has been used in this
study area, nevertheless good correlation has been achieved
with documentacion from nearby hydrogeologic borehole.
On geoelectrical model presented at Fig. 5. four different re-
sistivity layers can be distinguished. Upper layer varies from
700 to 3000 Ohmm. Its maximum thickness is 20 m. This
complex do not show itself on entire profile but only at dis-
tances 0—130 m, 320410 m and 510 up to the end. It is well
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Profile lenght 200m

Resistivity cross-section from Chorzow Stary investigation site, overlapped with DOI index map.

correlated with sands from sandur plane, however its middle
part may have different, fluvial or limnoglacial, origin. Atthe
distances 230-330 and 370-570 m, partially under the first
complex, there can be separated second one with resistivity
changes from 100 to 300 Ohm. Basing on works of Klimek
and Lewandowski (2002), it is related to sands, gravels and
sandy and clayey sediments. Its floor undulates in range 10 to
30m. Underneath rests separate complex characterized by re-
sistivity values variable from 30 to 90 Ohmm. It contains pre-
dominantly tills with sand and gravel interbeddings. Its floor
falls gently to the west, up to the distance 440m where it rap-
idly goes down. The floor is considered as a Miocene—Pleis-
tocene boundary. Similar zone of distinct lowering, north
from this profile, was confirmed by Zogata et al. (2008) that
is correlated with assumable ice-sheet margin range of Po-
merian phase of North-Polish Glacial. It is thought that it is
an outcome of two factors: subglacial tunnel slope and un-
consolidated sediments compaction The Miocene sedimen-
tary complex is composed of sands, silts and dusts. Its resis-
tivity values are higher than Pleistocene tills and range from
200 to 1500 Ohmm. DOI index values generally stay under
0.3 above 130m of depth. Under this horizon they start to in-
crease drastically. Exception from that is area at profile dis-
tance-215 and depth of 60m. Here DOl increases up to 0.4.
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Fig. 5. Resistivity cross-section across Pitawa River Valley, overlapped with DOI index map.

DISCUSSION AND CONCLUSIONS

Two inversion models obtained with different reference
models will look similar in regions affected directly by data
set, while in other regions they will approach their reference
resistivity. Comparison of those two inversion models gives
us direct information about how large was the influence of
objective function that has been used.

In inversion model obtained from synthetic data set (Fig. 2.)
real body that cause high resistivity anomaly is very thin (0.2 m)
and lies just below the surface. The effect of its presence is
that resistivity imaging method “scope of vision” is blocked
not only just below but it in serious way affect the possibili-
ties to distinguish geological structure lying much deeper.
Depth of Investigation index helps to determine reliability of
achieved high resistivity anomaly. In this case the cut-off fac-
tor can be set at 0.3 we can assume cut-off factor. It is worth
to pay attention to symmetrical DOI anomalies on both sides
of high resistivity lens and caused by it.

On Bytom—Karb profile all values of DOI are very low.
It means that gathered data set constrain generated inversion
model very well. Although slight variations can be observed
near highly deformed ceiling of Triassic strata.

In case of investigation site in Chorzéw Stary, high in-
crease DOI index can be spotted below ceiling of Carbonifer-
ous rigid strata. This fact calls into question generated resisti-
vity values of the bottom of inversion model. It may be that
thin but high resistivity layer of the carboniferous lies on
layer with relatively lower resistivities or high contrast be-
tween dusty clay—bedrock and insufficient amount of data
from this depths causes extortion, by optimalization equa-
tion, of low resistivity layer.

Resistivity cross-section across Pitawa River Valley
shows high values below 130 m depth. It should be consid-
ered not to interpret DOI above 0.3. Area at profile distance
-215 and depth of 60 m is exceptionally interesting because
high DOI over there may suggest that there is no vertical con-
nection between highly resistivity layers at the top and bot-
tom of the profile and this structure is only “artifact” of
inversion.

Depth of Investigation index proved to be very helpful to
determine reliability of generated inversion models for Qua-

ternary resistivity imaging studies. This methodology should
be incorporated into the standard processing and interpreting
procedures of resistivity data.
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