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Abstract: An open-source Python package is presented, ReMo3D, which allows the generation of synthetic 
normal and lateral resistivity logs for 2D and 3D models. The package is built around a  finite element mesh 
generator Gmsh and a  high-performance multiphysics finite element software Netgen/NGSolve and supports 
distributed-memory parallel computation. The examples included in the paper show that the developed software 
can accurately simulate the measurement process and produce detailed synthetic normal and lateral resistivity 
logs. In addition, basic information about normal and lateral tools such as tool configurations, measurement prin-
ciples, nomenclature and a brief history of utilization is included in the paper.
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INTRODUCTION

The resistivity of a given rock formation is one of 
the most important parameters that can be mea-
sured during well logging. Normal and lateral log-
ging tools were the first tools used to measure the 
resistivity of rock formations around boreholes. 
Throughout the years these tools have been exten-
sively used in hydrocarbon prospection, mineral 
exploration, and hydrogeological, geotechnical 
and environmental surveys (Keys 1970, 1990, Keys 
& MacCary 1971, Allaud & Martin 1977, IAEA 
2001, Asquith & Krygowski 2004, Acworth 2019). 
Therefore, many boreholes exist in which normal 
and lateral logs are the primary or sole source of 
information available about formation resistivity. 
Data from these boreholes are a very valuable and 
unique source of information that can be utilized 

in current and future studies. However, the reso-
lution and quality of normal and lateral resistivity 
logs are not on par with resistivity logs measured 
by modern, more advanced logging tools.

Numerical modelling plays a key role in mod-
ern interpretation techniques, such as iterative in-
version and machine learning. The utilization of 
those techniques allows to bring logs measured by 
older, less sophisticated tools (such as normal and 
lateral logging tools) closer to modern standards. 
The modelling and inversion of normal and later-
al resistivity logs have been extensively studied in 
the past (Yang & Ward 1984, Yuratich & Meger 
1984, Towle et al. 1988, Whitman et al. 1989, 1990, 
Imamura & Shima 1991, Imamura 1992, Bittar 
et al. 1995, Frenkel et al. 1997, Yang & Shi 1999, 
Frenkel 2003, Nam et  al. 2010, Ulugergerli 2011, 
Galsa et  al. 2016, Glinskikh et  al. 2017, Karataş 
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et al. 2019), but no software was provided together 
with those papers.

The main objective of the paper is to give the 
scientific community an open-source toolkit that 
allows for modelling normal and lateral resistiv-
ity logs and can be utilized to generate training 
datasets for machine learning algorithms or di-
rectly integrated into iterative inversion algo-
rithms. The code provided alongside this paper 
is written in Python and is built around a finite 
element mesh generator Gmsh (Geuzaine & 
Remacle 2009) and a  high-performance multi-
physics finite element software Netgen/NGSolve 
(Schöberl 1997, 2014). It allows the simulation 
of normal and lateral resistivity logs in 2D and 
3D formation models and supports distribut-
ed-memory parallel computation. In addition, 
basic information about normal and lateral resis-
tivity logs such as tool configurations, measure-
ment principles, nomenclature and a brief history 
of utilization is presented.

METHODS

Normal and lateral resistivity logging tools
Normal and lateral tools belong to the family of 
multi-electrode resistivity logging tools and are 
among the oldest logging tools to have been de-
veloped.

Tool configurations and measurement principles

Normal and lateral logging tools consists of two 
circuits  – the current circuit and the measuring 
one. By convention, current electrodes are desig-
nated A and B, and potential electrodes are desig-
nated M and N. Three electrodes are located rela-
tively close to each other and the fourth is placed 
far from them, in an effective infinity. In the nor-
mal tool configuration, the two closest electrodes 
are parts of different circuits. The tool spacing 
is equal to the distance between the two clos-
est electrodes. In the lateral tool configuration, 
the two closest electrodes are parts of the same 
circuit. The tool spacing is equal to the distance 
between the measurement point and the further 
electrode. Generally speaking, the increase of 
tool spacing increases the depth of investigation 

and reduces the vertical resolution of the tool. 
Therefore, logging tools with longer spacings are 
less affected by the borehole and filtration zone, 
and more affected by shoulder beds than their 
shorter counterparts (Serra 1984, Vincent & Wil-
liams 1995).

Normal and lateral tools can both exist in sev-
eral different configurations depending on the 
number of current electrodes present in the tool 
assembly and the localization of two electrodes 
from the same circuit in relation to the third 
one (Fig.  1). In the single-electrode tool config-
uration, one current electrode and two measur-
ing electrodes are located downhole while in the 
two-electrode tool configuration two current 
electrodes and one measuring electrode are locat-
ed downhole. In the inverted/top tool configura-
tion electrodes from the same circuit are located 
above the third one while in the standard/bottom 
tool configuration electrodes from the same cir-
cuit are located below the third one. In normal 
tools of Western design, a single measuring elec-
trode can also be located between two current 
electrodes (Tittman 1986, Vincent & Williams 
1995).

The electrodes are arranged in such a way that 
the measured parameter is the electric potential in 
the case of normal tools, and the difference of the 
electric potential in the case of lateral tools. The 
value of the measured apparent resistivity is given 
by the equation:

R K V
Ia
M= 	 (1)

in the case of a  two-electrode tool configuration 
and by the equation:

R K V V
Ia

M N= − 	 (2)

in the case of a single-electrode tool configuration, 
where K is a tool geometric factor, VM and VN are 
values of electric potential measured respectively 
by M and N electrodes, and I is the injected cur-
rent. Calculated apparent resistivity is assigned to 
the depth of the logging tool measurement point 
which is located halfway between the two closest 
electrodes (Serra 1984).
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History of utilization

The lateral logging tool was the very first tool to be 
developed and was first run on September 5, 1927, 
in a borehole in the Pechelbronn Field of France. 
The initial tests were followed by almost imme-
diate commercial applications all over the world 
(Allaud & Martin 1977).

Initially, a single lateral tool was run to charac-
terize the resistivity of the rock formation around 
the borehole. In 1932 a normal tool was developed 
and largely replaced the lateral tools, except for in 
the Soviet Union, where lateral tools with a spac-
ing between 7.5 and 12 feet were kept in favor of 
normal tools and run alongside a  self-potential 
(SP) log. In other parts of the world, a single nor-
mal tool was run alongside the SP log to character-
ize the resistivity of the rock formation around the 
borehole. The spacing of the tool was set in each 
region after a few tests and varied between 10 and 
20 inches. In addition, the lateral tool with spac-
ing between 12 and 24 feet was sometimes used in 
regions where more consolidated producing zones 
with deeper mud filtration zones occur. Utiliza-
tion of the lateral tool alongside the normal one 

became the standard procedure around 1937. By 
the end of 1938, a second normal tool was added 
and electrode spacings were standardized. Since 
then, the standard resistivity logging suite utilized 
in hydrocarbon prospection in Western coun-
tries consisted of the short normal (16-inch), the 
long normal (64-inch) and the lateral tool (18 feet 
8 inches) run alongside the SP log, although other 
spacings were also available. With the advent of 
laterologs and induction tools, the use of normal 
and lateral logging tools in the hydrocarbon pros-
pecting industry diminished in Western countries 
between 1955 and 1965 (Allaud & Martin 1977).

The utilization of well logs in the Soviet Un-
ion and other countries of the Eastern Bloc dif-
fers significantly from concepts known in the 
West. Here, the idea of characterizing the resistiv-
ity of the rock formation around the borehole us-
ing multiple normal and lateral tools with a wide 
range of electrode spacing was implemented (Al-
pin 1938, Dakhnov 1941). The two most popular 
sets used in the hydrocarbon prospecting indus-
try consisted of (1) five lateral logs and (2) two lat-
eral logs and two normal logs each characterized 
by different spacing and run alongside the SP log. 

Fig. 1. Different configurations of normal and lateral resistivity logging tools
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However, boreholes, where significantly larger re-
sistivity logging suites were run, can also be en-
countered. Laterologs and induction tools were 
known and utilized in those countries, but con-
trary to the Western countries normal and lateral 
tools were kept in favor and extensively used in 
the hydrocarbon prospecting industry until the 
1990s when they started to be replaced by logging 
tools of Western design (Wiltgen & Truman 1993, 
Wiltgen 1994, Jakubowicz 1995, Tingey et al. 1995, 
Vincent & Williams 1995).

Normal and lateral logging tools remained in 
use in hydrogeological, geotechnical and environ-
mental surveys as part of a standard and slim hole 
logging suites. Over the years, a  variety of tool 
configurations were utilized in those applications. 
Most popular suites utilized in the West consist of 
(1) the short normal (16-inch) and the long nor-
mal (64-inch) tools, (2) the short normal (16-inch), 
the long normal (64-inch) and the lateral (18 feet 
8 inches) tools, and (3) 8-, 16-, 32- and 64-inch 
normal tools, however different normal tools with 
spacing ranging from 8 to 84 inches and lateral 
tools with spacing ranging from 4 to 24 feet were 
also in use (Keys 1970, 1990, Keys & MacCary 
1971, Acworth 2019). In the Soviet Union and oth-
er countries of the Eastern Bloc, tool configura-
tions and interpretation techniques known from 
the hydrocarbon prospecting industry were uti-
lized in those applications (Ogilvy 1970).

Nomenclature
There are three distinctive naming schemes of 
normal and lateral logging tools that can be en-
countered in the literature and borehole datasets.

Normal and lateral tools of Western design are 
usually referenced by the name and the spacing 
(e.g. short normal (16-inch), lateral (18 feet 8 inch-
es)). In addition, a variety of mnemonics are used 
to specify those logs (e.g., R16, SN, or RESS for 
short normal, R64, LN, or RESD for long normal 
and R18, LT, or RLAT for lateral log).

In the Soviet Union and other countries of the 
Eastern Bloc, normal and lateral logging tools were 
characterized by symbols of three downhole elec-
trodes listed from the top of the tool and separat-
ed by two numbers that specify distances between 
them in meters (e.g., A4.0M0.5N, M2.0N0.5A) 
(Jakubowicz 1995, Vincent & Williams 1995).

The third nomenclature was developed after 
Western logging companies encountered the Rus-
sian style logs to adjust their naming scheme to 
the requirements of the Western digital Log In-
formation Standard (LIS) format which has a limit 
of four alphanumeric characters for curve mne-
monics. The codes given to normal and lateral logs 
consists of one or two letters that specify tool type 
(N or EN for normal and L or EL for lateral log) 
and digits that fill remaining places and specify 
the spacing of a tool. If one letter and three dig-
its are present in the code, the spacing is given in 
centimeters. If two letters and two digits are pres-
ent within the code, the spacing is given in inch-
es in the case of normal tools and feet in the case 
of lateral tools. In the case of direct/top tool con-
figuration, the letters are followed by the number  
(e.g., EL04, EN16, L045) while in the case of in-
verted/bottom tool configuration the number is 
put in front of the single letter or inserted between 
the letters (e.g., E04L, E16N, 045L) (Jakubowicz 
1995, Vincent & Williams 1995).

It is worth noting that each tool configuration 
is fully characterized by a distinctive name in the 
Eastern nomenclature while the other nomencla-
tures do not describe tool configuration fully and 
in a unique way (Tab. 1).

Table 1
Comparison of descriptions of selected normal and lateral 
tool configurations in different nomenclatures

Eastern Western Western 
descriptive

A2.0M0.5N
EL07 / L225

lateral 
(7 feet)

M2.0A0.5B
M0.5N2.0A

E07L / 225L
A0.5B2.0M
M2.0N0.5A

EN20 / 050N

normal 
(20 inches)

M6.0N0.5A
M8.0N0.5A
A0.5M2.0N

E20N / 050NA0.5M6.0N
A0.5M8.0N

Forward problem
The boundary value problem of 2D axisymmet-
ric DC resistivity problem with a point source of 
electric current located at position (0, zs) is given 
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by the following equation of continuity with Neu-
mann and Dirichlet boundary conditions:
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where s is a given conductivity distribution, V is 
the electrical potential, I is the current emitted 
from the electrode and d is a Dirac’s delta func-
tion.

The simulation domain is centered around 
the current electrode in the case of a  single-elec-
trode tool configuration or around the halfway 
point between current electrodes in the case of 

a two-electrode tool configuration. At the borehole 
axis GA, the Neumann boundary condition is ap-
plied to impose symmetry of the model across the 
axis. The other external boundaries GE are treated 
with the Dirichlet boundary condition (Fig. 2A).

The boundary value problem of 3D DC resis-
tivity problem with a point source of electric cur-
rent located at position (0, 0, zs) is given by the fol-
lowing equation of continuity with Neumann and 
Dirichlet boundary conditions:
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Fig. 2. An illustration of (A) the 2D model and (B) the 3D model including the electrode configuration, the conductivity distribu-
tion within the model, the boundary conditions and the center point of the simulation domain

A B
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Similarly to the 2D model, the simulation do-
main is centered around the current electrode in 
the case of a single-electrode tool configuration or 
around the halfway point between current elec-
trodes in the case of a  two-electrode tool config-
uration. The 3D model geometry considered with-
in the paper assumes that all layers are dipping in 
the same direction and under the same angle. Such 
a  model is symmetric across the plane that con-
tains the axis of the borehole and is parallel to the 
direction of the dip. Therefore, the model can be 
restricted to only one half of the sphere. The Neu-
mann boundary condition is applied at the sym-
metry plane GA to impose symmetry of the model 
across the plane. The other external boundaries GE 

are treated with the Dirichlet boundary condition 
(Fig. 2B). The value of the electric potential at the 
location of the measuring electrodes is retrieved 
from the model and used to calculate the value of 
measured apparent resistivity according to equa-
tion (1) or (2) depending on the configuration of 
the simulated logging tool. The calculated resistiv-
ity value is assigned to the depth at which the mea-
surement point is located.

Application
The finite element method was selected to solve 
the forward problem described above, as it is natu-
rally capable of handling complex geometries and 
boundary conditions.

Fig. 3. A sample code that allows to generate a suite of synthetic normal and lateral resistivity logs for a given model
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The ReMo3D package is written in Python and 
built around a finite element mesh generator Gmsh 
(Geuzaine & Remacle 2009) and a  high-perfor-
mance multiphysics finite element software Net-
gen/NGSolve (Schöberl 1997, 2014). The package 
is built with MPI support through mpi4py (Dal-
cin et  al. 2005, 2008, 2011, Dalcin & Fang 2021) 
and supports distributed-memory parallel com-
putation with up to nmp ⋅ nt + 1 processes, where 
nmp is a number of measurement points and nt is 

a number of simulated logging tools. The sample 
code is shown in Figure 3. The input data consists 
of a list of simulated logging tools in the Eastern 
nomenclature, the depths of measurement points, 
formation model parameters and borehole mod-
el parameters. In the example, both borehole and 
formation model data are imported from text files 
(Figs. 4, 5). However, they can also be easily cre-
ated and manipulated entirely within the Python 
code if necessary.

Fig. 4. The formation model file consists of five columns: DTOP  – depths at which tops of layers are located, DBTM  – depths at 
which bottoms of layers are located, RDFZ  – radii of filtration zones, RTFZ  – values of resistivity within filtration zones, and 
RTUZ  – values of resistivity within undisturbed zones. The file begins with the header where mnemonics and units are present-
ed. The NaN values are used in layers without a filtration zone. In the figure, some rows are omitted for the sake of maintaining 
visual clarity and keeping a reasonable image size

Fig. 5. The borehole model file consists of three columns: DEPT  – depth, CALI  – borehole diameter or radius, and RMUD  – 
resistivity of the drilling mud. The file begins with the header where mnemonics and units are presented. In the figure, some 
rows are omitted for the sake of maintaining visual clarity and a reasonable image size
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The modelling process is carried out in-
dependently for each tool and for each depth 
at which a  measurement was taken. The pro-
cess starts with selecting data relevant to build-
ing a model for a given tool, measurement depth 
and a given domain radius. If the available data-
set does not fill the simulation domain, the bore-
hole and top or/and bottom layers are expanded 
to fill the gaps. The code utilizes point-like elec-
trode approximation, therefore exact physical di-
mensions of the tool and electrodes are neglected. 
The verticality of the borehole is also assumed in 
the model. Selected data are passed to the Gmsh 
where the model is built. At the location of current 
electrodes, where the greatest variations of elec-
tric potential occur, a fine mesh is enforced, while 
in other parts of the model the mesh is allowed 
to expand according to constraints dictated by the 
model geometry. This allows the accuracy of the 
simulation to be increased while keeping compu-
tational cost at a reasonably low level. The model 
is then passed to NGSolve where a system of equa-
tions is assembled and solved. During computa-
tions, Lagrange P1 elements are used and a  lin-
ear system of equations is solved by the conjugate 
gradient method with a multigrid preconditioner. 
The result of modelling is the distribution of elec-
tric potential within the simulation domain from 
which values at the location of the measuring elec-
trodes are retrieved and used to calculate the val-
ue of the measured apparent resistivity.

RESULTS

The presentation of the results is split into two 
parts. In the first part, representative modelling 
results of normal and lateral logs in simple bench-
mark formation models are presented, where 
characteristic features of logs are easier to spot. In 
the second part, two sets of logs utilized in real ap-
plications were generated for a more complex for-
mation model. Presented models aim to show how 
resistivity values measured by different normal 
and lateral logging tools are affected by the bore-
hole, filtration zone, shoulder beds and dip of the 
rock formation. However, it should be noted that 
only a  few selected examples are included in the 
paper. A  more detailed and comprehensive dis-
cussion of that topic can be found in Serra (1984), 

Brock (1986), Jorden & Campbell (1986), Vincent 
& Williams (1995) and Anderson (2001).

All of the synthetic logs presented in this paper 
were generated using a default set of parameters 
chosen for the ReMo3D package. The simulation 
domain radius was set to 50 m. Generated mesh-
es contained between 9000 and 11,500 elements 
in the case of 2D models and between 90,000 and 
115,000 elements in the case of 3D models. The 
model parameters necessary to reproduce results 
are presented in an appendix and the GitHub re-
pository linked at the end of the paper.

Benchmark models
Figure 6 shows synthetic logs generated for a  se-
quence of high resistivity beds of various thickness-
es located in a relatively low resistivity background. 
The borehole diameter is kept at a constant value. 
A wide range of characteristics typical for normal 
and lateral resistivity logs crossing high resistivity 
beds can be seen in the presented examples. Op-
posite to thin layers tools characterized by short-
er spacing measure higher resistivity values than 
their longer counterparts. An extreme example 
of that can be seen opposite to the thinnest layer, 
where in the case of normal tool characterized by 
longer spacing an apparent resistivity minimum as 
a result of the thin layer effect can be observed. As 
the thickness of the layer goes up, the values mea-
sured by longer tools exceed the values measured by 
shorter tools. Observed results are due to a trade-
off between vertical resolution and depth of inves-
tigation of the tools. Tools with a greater depth of 
investigation are less affected by the low resistivity 
borehole mud. However, at the same time, they have 
lower vertical resolution and are more affected by 
low resistivity shoulder beds. As expected, normal 
tools give a symmetric response to layers with the 
peak value in the middle of the layer (except for the 
occurrence of an apparent resistivity minimum as 
a result of the thin layer effect) while lateral tools 
give an asymmetric response to layers with the peak 
value near the bottom boundary of the layer in the 
case of standard tool configuration and near the top 
boundary in the case of the inverted tool configu-
ration. Features like oil notch, decay zone, shadow 
zone and reflection peak can also be observed on 
lateral logs.
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Fig. 6. Results of modelling for a sequence of high resistivity beds of various thicknesses located in a relatively low resistivity 
background

Figure 7 shows synthetic logs generated for 
a  sequence of thick high resistivity beds with 
low resistivity filtration zones of different radii 

located in a relatively low resistivity background. 
The borehole diameter is kept at a  constant val-
ue. Apart from the features described above, the 
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impact of the filtration zone can be seen on gen-
erated data. As expected, logs characterized by 
shorter spacings are more affected by the presence 

of the borehole and filtration zone than their 
longer counterparts and measure lower resistivi-
ty values.

Fig. 7. Results of modelling for a sequence of thick high resistivity beds with low resistivity filtration zones of different radii located  
in a relatively low resistivity background
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Figure 8 shows synthetic logs generated for 
a model containing a single high resistivity layer 
located in a relatively low resistivity background. 
The borehole diameter and true thickness of the 
layer are kept at a constant value. Individual logs 
were generated for different values of the dip 

angle of the layer to show how the recorded val-
ues of resistivity change with the dip of the layer. 
The anomaly caused by the high resistivity layer 
is gradually widening with the increase of the dip 
angle of the layer. Measured resistivity values are 
also changing with the dip angle.

Fig. 8. Results of modelling for different dip angles (0°, 15°, 30°, 45°, and 60°) of a high resistivity layer located in a relatively low 
resistivity background
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Complex model

Two sets of logs were selected to show the results of 
the modelling in a complex model. The first one is 
a standard suite used in the West  – the short nor-
mal (16-inch), the long normal (64-inch) and the 
lateral tool (18 feet 8 inches). The second one rep-
resents a suite used in the countries of the Eastern 
Bloc and comprises five lateral tools characterized 
by different spacings  – M0.5A0.1B, M1.0A0.1B, 
M2.5A0.25B, M4.0A0.5B, M8.0A1.0B.

Figure 9 shows synthetic logs generated for 
a complex model with individual layers varying in 
thickness, resistivities, presence and radius of the 
filtration zone. The borehole diameter also varies 
with depth. 

The characteristic features of normal and later-
al logs are less visible due to the higher complexity 
of the model, but modelling results reflect interac-
tions between logging tools and different parts of 
the model well.

Fig. 9. Results of modelling for a complex formation model
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DISCUSSION

This paper presented a Python package that allows 
the generation of synthetic normal and lateral logs 
for complex 2D and 3D models. The examples in-
cluded in the paper showed that the software can ac-
curately simulate the physical processes that occur 
during measurement and produce detailed synthet-
ic logs. The package can be utilized as a standalone 
modelling tool or as a part of modern interpretation 
techniques, such as iterative inversion and machine 
learning. These procedures can address the main 
concerns related to the utilization of normal and 
lateral resistivity logs, bringing them closer to mod-
ern standards and better suited for utilization in 
current and future studies. On the other hand, the 
model geometry utilized within the software is rel-
atively simple. Therefore, the software might be not 
applicable in the studies where the exact physical di-
mensions of the logging tool or a more detailed and 
complex 3D models are necessary (e.g., studies con-
sidering layers dipping under various angles and/or 
with various dip directions, the eccentricity of the 
logging tool in the borehole or the exact geometry 
of the borehole).

The research was funded by the National Sci-
ence Centre, Poland, grant number 2020/37/N/
ST10/03230.

The author would like to thank Professor Jadwi-
ga Jarzyna for her help at all stages of the research 
and the anonymous reviewers for their valuable re-
marks and suggestions.

The code used in this paper is freely available at 
https://github.com/eMWu94/ReMo3D.
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APPENDIX  – MODEL PARAMETERS

Parameters of benchmark models presented in the paper are listed below:
–	 Benchmark model 1  – high resistivity layers of various thicknesses (Figs. A1, A2).
–	 Benchmark model 2  – high resistivity layers with filtration zones of various radii (Figs. A3, A4).
–	 Benchmark model 3  – high resistivity layer of constant true thickness and various dip angles 

(Figs. A5–A10).
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Fig. A2. The formation model file of the 1st benchmark model

Fig. A1. The borehole model file of the 1st benchmark model

Fig. A3. The borehole model file of the 2nd benchmark model



210

https://journals.agh.edu.pl/geol

Wilkosz M.

Fig. A4. The formation model file of the 2nd benchmark model

Fig. A5. The borehole model file of the 3rd benchmark model

Fig. A6. The formation model file of the 3rd benchmark model (0° dip)
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Fig. A7. The formation model file of the 3rd benchmark model (15° dip)

Fig. A8. The formation model file of the 3rd benchmark model (30° dip)

Fig. A9. The formation model file of the 3rd benchmark model (45° dip)

Fig. A10. The formation model file of the 3rd benchmark model (60° dip)


	_Hlk105590704
	_Hlk107818347
	_Hlk109199137
	_Hlk109126210

