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Abstract: An appropriate velocity model from well logs is a key issue in the processing and interpre-
tation of seismic data. In a deep borehole located in the central part of the Polish Outer Carpathians,
the sonic measurements were inadequate for seismic purposes due to the poor quality of data and
gaps in the logging. Multiple regression (MR) and a modified Faust equation were proposed to model
the velocity log. MR estimated the P-wave slowness as a dependent variable on the basis of sets
of various logs as independent variables. The solutions were verified by the interval velocity from
Check Shots (CS) and by the convergence of synthetic seismograms and the real seismic traces. MR
proved to be an effective method when a set of other logs was available. The modified Faust method
allowed computation of P-wave velocity based on the shallow resistivity logs, depth, and compaction
factor. Faust coefficients were determined according to the lithology and stratigraphy divisions and
were calibrated with the use of the velocity previously determined in the MR analysis. The modified
Faust equation may be applied in nearby old wells with limited logging data, particularly with no
sonic logs, where MR could not be successfully applied.

Keywords: seismic velocity model; Faust method; multiple regression; sonic logging; Polish Outer
Carpathians; hydrocarbon deposits

1. Introduction

Modern seismic processing and interpretation is focused on improving the evaluation
of hydrocarbon prospection on the basis of detecting lithology and fluid anomalies. Novel
seismic workflows combine AVO analysis and inversion technology, and derive relative
elastic property attributes—for example, P- and S-wave impedance and Vp/Vs ratio [1].
Seismic data after processing and structural interpretation are used in preparing recon-
structed models of petroleum systems based on paleogeological cross-sections [2]. Well
logging outcomes, i.e., measured logs and results of the petrophysical interpretation, as well
as geochemical information are also useful and included in the models. Continuous cooper-
ation between seismic and well logging teams is always related to including new concepts
in velocity model building, novelties in acoustic borehole measurements—modern, sophis-
ticated devices—and professional—commercial and specialized domestic—software. Chiu
and Stewart [3] developed a tomographic technique, i.e., travel time inversion, to determine
the 2D or 3D velocity structure of rock formation, combining well logs, vertical seismic
profiles, and surface seismic measurements. Silva and Stovas [4] used high-frequency sonic
log data to compare velocity estimation from methods using linear or quadratic models
from Taylor series to estimate velocity as a function of depth. The analysis showed that the
velocity models preserving the travel time parameters were better as regards accuracy than
others. Jarzyna et al. [5,6] proved that using novel acoustic devices for borehole measure-
ment and applying software dedicated to specialized processing provided more precise
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velocity information for seismic processing and interpretation. Huang and Zhang [7]
efficiently used statistical methods to automatically build an initial velocity model and
optimized the final result with quantified uncertainty.

Expectations for well logging in the face of modern seismic procedures are increasing.
Standard sonic and density or litho-density logs do not provide enough exact data for
requested velocity models, especially in poor borehole conditions, where great increases in
borehole diameter—caves or washouts—are observed.

In the deep D-1 borehole, located in the central part of the Polish Outer Carpathians
area of complex geological structure, a few sonic logs were available. They were as follows:
raw and corrected P-wave slowness from standard sonic logging—DT and DTc, respec-
tively; synthetic P-wave slowness based on the litho-porosity—saturation petrophysical
interpretation—sDT; P- and S-wave slowness from the full waveform sonic logging—DTP
and DTS, respectively. None of the available acoustic logs in the borehole fitted a regional
velocity model that had been constructed for the prospective area. The main problem
reported by the seismic group, who cooperate in the investigated area, was the quality of
the available acoustic logs in the D-1 borehole:

e  The velocity obtained from DTc and sDT curves in many depth intervals did not fit
the interval velocity from the Check Shot (CS) measurement.

e In the shallow part of the D-1 borehole, the DTIc log presented an overly low P-
wave velocity and also overly high contrasts at the boundaries between the reservoir
sandstones horizons and interbedded shales. These sections correlated with significant
caliper enlargements, so the problem with the DIc curve was related to the poor
borehole conditions and thus poor quality of sonic logging.

e  On the contrary, sDT log presented overly high P-wave velocity in comparison to the
interval velocity from the CS. This log was also very smoothed and gave overly low
contrasts of velocity between the sandstones and shales. As a result, the amplitudes
on the synthetic seismograms were either too high for DTc or too small for sDT, and
did not agree with the real seismic trace derived from the borehole location.

e DTP and DTS, although of very good quality, were performed only in the deeper
sections of the D-1 borehole.

The paper presents two methods, multiple regression (MR) and a modified Faust
equation, used for modeling a velocity log on the basis of available well logging data in
the D-1 borehole. Several approaches are described where well logging solutions are set
together with the geological information on lithology, stratigraphy, and tectonics. Velocity
determined from CS surveys, as well as synthetic seismograms computed from the velocity
models based on well logging data compared with the real seismic recordings, are also
included. The presented case study shows the importance of effective cooperation between
interpreters of seismic and well logging data. It also reveals that the proven statistical
techniques made the archival data still useful.

2. Geological Settings

Presented solutions were obtained in the D-1 borehole located in the central part
of the Silesian Unit, one of the main structural units of the Polish Outer Carpathians
(Figure 1). The Silesian Unit is composed of a sedimentary succession that is over 4000
m thick, encompassing the Lower Cretaceous to Miocene deposits. The sedimentary
succession includes mainly flysch formation—sandstones and shales. In Figure 1, attention
is focused on the tectonic units, assuming that the lithology is similar. Figure 2 presents
a regional seismic section along the T-2 profile. The D-1 borehole drilled two thrust-
folds of the Silesian Unit: the structurally upper Iwonicz Zdréj (IZ) Fold and structurally
lower Osobnica-Bébrka—Rogi (OBR) Fold. The lithostratigraphic profile of the borehole is
presented in Table 1.
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Figure 1. Geological map of the vicinity of the D-1 borehole with the Iwonicz Zdréj (IZ) and
Osobnica-Bébrka—Rogi (OBR) Folds and other tectonic units.
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Figure 2. Regional seismic section along the T-2 seismic line with the projected D-1 borehole: (a)
topography along the T-2 profile; (b) prestack depth migration seismic section. Arrow points to the
high amplitudes of seismic signal induced by the variegated shales and the Ciezkowice sandstones
of the IZ Fold. The green serrated line indicates the floor of the IZ thrust fold as inferred from the D-1

borehole data.
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Table 1. Lithostratigraphic profile of the D-1 borehole based on information from [8].

Stratigraphy Formation Name (Lithology) Abbreviation
Iwonicz Zdré6j Fold IZ Fold
Quaternary (clay, waste debris)
Oli Transitional Beds (shales, sandstones, mudstones) Tr Beds
igocene
Menilite Beds (shales, sandstones, mudstones, marls) M Beds
Shales interbedded with two layers of the Globigerine Sh; GIM
Marls
First Variegated Shales 1st V Sh
Eocene First Ciezkowice Sandstones 1st C'SS
Variegated shales and Second Variegated Shales 2nd V Sh
Ciezkowice sandstones Second Ciezkowice Sandstones 2nd C SS
(shales, sandstones,
mudstones) Third Variegated Shales 3rd V Sh
Third Ciezkowice Sandstones 3rd CSS
Fourth Variegated Shales 4th V Sh
Paleocene
Fourth Ciezkowice Sandstones 4th CSS
Paleocene/Upper Istebna Beds (shales, sandstones, mudstones) Ist Beds
Cretaceous
Osobnica-Borbka—Rogi Fold OBR Fold
Krosno Beds (shales, mudstones, sandstones, marls) Kr Beds
Oligocene .
Transitional Beds (shales, sandstones, mudstones) Tr Beds
Menilite Beds (shales, sandstones, mudstones, marls) M Beds
First Variegated Shales 1st V Sh
First Ciezkowice Sandstones 1st CSS
Eocene
Variegated shales and Second Variegated Shales 2nd V Sh
Cigzkowice sandstones Second Ciezkowice Sandstones 2nd C SS
(shales, sandstones,
mudstones) Third Variegated Shales 3rd V Sh
Third Ciezkowice Sandstones 3rd C SS
Paleocene Fourth Variegated Shales 4th V Sh
Fourth Ciezkowice Sandstones 4th CSS
Paleocene/Upper Istebna Beds (shales, sandstones, mudstones) Ist Beds
Cretaceous
Istebna Beds—dislocation zone Ist Beds DZ

The IZ Fold is the southernmost structural element of the Silesian Unit. The fold was
generated as a result of internal detachment in the middle part of the Silesian stratigraphic
sequence, encompassing the Istebna Beds and Eocene sediments, and this part of the
sequence is situated toward NE on the southern limb of the next thrust-fold, i.e., the OBR
Fold. The youngest, syn-orogenic deposits of the Silesian sequence, i.e., the Krosno Beds,
adapted to the growing folds and were deformed in a passive roof duplex [9-11]. The IZ
and OBR Folds have a NW-SE strike and are divided into several blocks by transverse faults
more or less perpendicular to the strike direction [12]. The folds have a well-developed
frontal anticline and southern limb displaying a homoclinal sequence of layers with only a
few internal deformations.

Both folds are composed of a similar sequence of sedimentary formations (Table 1).
A continuous sequence of their limbs is built of the Upper Cretaceous/Paleocene Istebna
Beds and the Paleocene-Eocene Ciezkowice Sandstones interbedded with the Variegated
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Shales, which are followed by the Oligocene Menilite and the Transitional Beds (Table 1).
The thickness of the Variegated Shales intervals in the upper and lower folds is comparable,
and the same applies to the Ciezkowice Sandstones intervals.

Several hydrocarbon horizons occur in the sandstone complexes of the Ciezkow-
ice Sandstones and the Istebna Beds, and both lithostratigraphic units are regarded as
the best reservoir formations of the Carpathians. Sealing is provided by the Variegated
Shales, which are mostly composed of clay shales, rarely intercalated by sandstones. The
hydrocarbon reservoirs are also partly tectonically sealed by faults and overthrusts [13].

The macroscopic description of cores [8] and mineral components from the petrophys-
ical interpretation of well logs revealed four main lithological types of the investigated
rocks, i.e., shales, sandstones, mudstones, and marls. The considered rocks represent
typical flysch sediments observed in the Carpathians, accumulated in the different parts of
the Silesian sedimentary basin and subjected to tectonic activity that resulted in different
petrophysical properties.

Various statistical analyses preceding these studies were performed in all lithostrati-
graphic units and predicted quantities were determined in the full geological profile of the
D-1 borehole to enhance the petrophysical recognition of the rocks. More detailed informa-
tion is presented in the paper for the Variegated Shales and the Ciezkowice Sandstones,
both consisting of four interlayered intervals. The precise analyses of these formations are
included in the following sections, because the depositional age, position, and facies type
influenced their petrophysical properties [14,15].

3. Data in the Study

Several groups of data were analyzed in this study. For this research, we selected the
logs described in Table 2. Our selection criteria were: good quality of the measurements,
availability in the full depth interval, and logs that had a mutual relationship with the
velocity logs (i.e., the most informative in the problem of velocity). Moreover, in the
analyses, we included the macroscopic description of cores retrieved from the borehole in
the drilling process, and results of laboratory measurements on plugs [8]. Check Shot data
were also analyzed, providing the independent seismic velocity model.

Table 2. Selected well logging data in the D-1 borehole.

Depth Interval, m Log Mnemonics Measured Parameters
30.0-300.0 GR; CALI; BSM; DT; Natural radioactivity; caliper; bit size; P-wave slowness;
' ’ NPHI; EL03; EL28 neutron porosity; resistivity—shallow and deep lateral logs
GR; CALIL BSM; DT; Natural radioactivity; caliper; bit size; P-wave slowness;
301.5-5480.0 NPHI; RHOB; neutron porosity; bulk density;
LLD; LLS; MSFL resistivity—deep, shallow, micro-laterolog

1547.0-5480.0

Total natural radioactivity from spectral gamma log;
uranium content—spectral gamma log;

GKUT; URAN; P-wave slowness—standard sonic log; P-wave
DT, DTP; slowness—full waveform sonic tool monopole source;
DTS; DTSx; DTSy S-wave slowness—full waveform sonic tool monopole

source; S-wave slowness measured in the XX and YY
directions—full waveform sonic tool cross-dipole source

3.1. Well Logging Data

Well logging data were acquired in depth intervals according to the drilling operation
in the borehole, with various bit sizes in each section. Information on selected well logs
measured in the D-1 borehole is presented in Table 2. All well logs were gathered with a
0.1 m sampling rate.

Well logging results are ideal for statistical analyses because of the large amount of
data. Raw log data were preprocessed to remove environmental influences such that they
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only reflected petrophysical properties. For instance, gamma ray and spectral gamma ray;,
neutron, and density logs were corrected for borehole conditions, and the transit interval
time from the sonic log was corrected for cycle skipping. The c letter added to the standard
mnemonics, e.g., GRc, indicates corrected values.

All logs were used in the full petrophysical interpretation to solve for mineral com-
position, porosity, and water/hydrocarbon saturation. Litho-porosity-saturation solution
was obtained on the basis of the mixed lithological components. The solution reflects the
difficulties in adopting an appropriate lithology in the geological profile of flysch sediments
and differentiating between shales, sandstones, mudstones, and marls. Qz, Ca, and Do
mean the presence of quartz as the main mineral of the framework component, calcite
and dolomite as important components of cement in sandstones and mudstones, and as
the main minerals in marls. Selection of correct minerals in the interpretation of well logs
allowed the adjustment of proper framework parameters. Next, the rock-frame parameters
were applied to the calculation of the synthetic sDT and sSRHOB quantities. The goal was
to create additional slowness and density logs better fitted to the geologically recognized
formations and free from the poor borehole conditions in comparison to measured and
corrected log data. In the subsequent tracks in Figure 3, the following logs are presented:
GRc, NPHIc, CALIL BSM, EL03; EL28, MSFL, LLS, LLD; mineral component volumes—
VCL, V(Qz + Ca), V(Qz + Ca + Do); porosity—PHI; and water saturation—SW. In the two
last tracks, the synthetic, raw, and corrected bulk density—sRHOB, RHOB, RHOBc, and
P-wave slowness logs—sDT, DT, DTc—are included. In the uppermost depth section, syn-
thetic slowness was the only log that could be used to build the velocity model because the
corrected curve—DTc—was still highly affected by the enlarged diameter of the borehole.
A distinct discrepancy observed in Figure 3 between the logged transit interval time from
the sonic device and the bulk density, after all possible corrections—DTc and RHOBc—and
synthetic parameters—sDT and sRHOB—calculated on the basis of the lithology solution,
is visible. It is partially caused by caverns, which are frequently observed in the borehole.
This difference, difficult to explain on the grounds of geological structure, was one of the
reasons that the additional works were undertaken to build an adequate velocity model.

3.2. Laboratory Data

Basic laboratory investigations (effective porosity, permeability, density, and bulk
density) were performed on the several hundreds of rock samples in the D-1 borehole [8].
In total, 217 sandstone samples were investigated in nine depth sections in the interval of
1105-4979.55 m. TOC laboratory tests from the Rock Eval pyrolysis were performed on the
36 rock samples. The laboratory results were compared with well logging data after the
depth matching procedure.

In terms of seismic processing and computation of synthetic seismograms, it was
important to evaluate the quality of the density curves. Detailed investigation of the RHOBc
and sRHOB curves together with the results of laboratory measurements in the entire
geological profile of the D-1 borehole revealed that both curves were in good agreement
with the lab data. This allowed us to assume that the density from the measurement after
corrections and the synthetic density curve can be used interchangeably in the synthetic
seismogram calculations.

P-wave velocity was available from the laboratory measurements using the ultra-
sonic 1 MHz method and static geomechanical tests in normal conditions of pressure and
temperature [8]. P- and S-wave velocities were also measured in the laboratory using
ultrasonic 200 kHz instruments in normal conditions of pressure and temperature. Both
types of laboratory results were not in agreement with values from the sonic logs. There
are many reasons explaining the discrepancy between these values. One of the important
reasons in the discussed case is a difference in the environment conditions—temperature
and pressure—in laboratory tests and logging in situ.
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Figure 3. Well logging data in the uppermost depth section of the D-1 borehole. GRc—natural radioactivity; NPHIc—
neutron porosity; CALI—caliper; BSM—bit size; EL03—shallow old type lateral log (flushed zone resistivity); EL28—deep
old type lateral log (virgin zone resistivity); MSFL—microspherically focused log (flushed zone resistivity); LLS—shallow
laterolog (transition zone resistivity); LLD—deep laterolog (virgin zone resistivity); PHI—porosity; VCL—clay volume;
V(Qz + Ca)—volume of quartz and calcite; V(Qz + Ca + Do)—volume of quartz, calcite, and dolomite; SW—water saturation;
sRHOB, RHOB, RHOBc—synthetic, raw, and corrected bulk density; sDT, DT, DTc—synthetic, raw, and corrected P-wave
slowness. The discrepancies between various sonic logs on the SLOWNESS track are distinctly visible.

Results of the laboratory experiments were included in summary plot of logs (Figure 4)
used for velocity model building to compare the well logging and CS survey with the
results of the direct rock plug measurements. There was a visible discrepancy between
laboratory and well logging results regarding compressional wave velocity.
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Figure 4. Well logging data with density and velocity lab measurements in the lower part of the OBR Fold depth section.
Well log mnemonics are the same as in Figure 3. DTP—P-wave slowness from the full waveform sonic tool, monopole
source. Last track presents P-wave velocity: Vp (DTc)—derived from DTc curve; Vint_CS—interval velocity from the
Check Shot (CS) survey; Vp Il and VP L —1 MHz ultrasonic test conducted parallel and perpendicular to the core axis;
Vp_CULT—200 kHz ultrasonic test.

3.3. Seismic and Check Shot Data

The D-1 borehole is located in the vicinity of the T-2 seismic line, which runs approxi-
mately in the S-N direction (Figure 1). The borehole site was projected onto the seismic
line (Figure 2). The seismic section (in prestack time migration version) was used at this
stage of the research and the real seismic trace was derived from the borehole location.

There are very high amplitudes in the upper part of the seismic section. These ampli-
tudes are induced by the high contrast of the acoustic impedance between the Ciezkowice
Sandstones and the Variegated Shales of the IZ Fold (Figure 2). The corresponding forma-
tions of the deeper OBR Fold do not reveal such strong differences in velocity and density
between sandstones and shales.

Additionally, there were available results of CS surveys in the D-1 borehole in the
depth interval of 285-5369 m. In the uppermost part of the borehole, there was no informa-
tion about the P-wave velocity. The interval velocity Vint_CS was used as the independent
information on compressional wave velocity. It should be noticed that the CS data had a
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much lower vertical resolution compared to the logging data. Thus, Vint_CS was used to
compare the velocity trend.

4. Criteria Defining Good Modeled Velocity Log

The seismic trace derived from the borehole location was compared with the synthetic
seismograms computed from the modeled P-wave velocity log and measured density
log. Ongoing results of P-wave modeling obtained by the petrophysicists (J.A.J. and
K.W.-G.) were successively retrieved via the seismic team (represented by K.P.). The
decision regarding which modeled velocity log was suitable for further processing and
interpretation of seismic data at the T-2 profile was based on the following criteria:

e  The derived velocity curve should be free from the influence of the enlarged borehole
diameter;

e  Velocity changes within the variegated shales and the Ciezkowice sandstones (espe-
cially in the IZ Fold) should reflect P-wave velocity values characteristic for shales and
sandstones and should be consistent with the high contrast of the acoustic impedance
observed on the seismic section;

e  Velocity trends vs. depth should be similar to the trends observed on the velocity
curve from CS survey.

Amplitude similarity of the synthetic seismogram and the real seismic trace was an
additional criterion when making the decision.

When the modeled velocity curve was evaluated, the standard procedures of well-to-
seismic-tie were applied. It was also checked whether the modeled velocity log fitted the
regional velocity model built for the whole investigated area.

5. Multiple Regression to Determine P- and S-Wave Slowness on the Basis of
Well Logs

MR [16-18] is a valuable statistical tool that can be successfully used in the discussed
case because of the great quantity of data, i.e., various petrophysical parameters from logs
along the borehole axis. MR is used when a predicted variable is obtained on the basis of
several independent variables. This method was selected because the velocity /slowness
of elastic waves and bulk density depend on many petrophysical parameters, which are
mutually related, such as the mineral composition and clay volume, porosity, kerogen
content, saturation, and type of formation fluid. These factors are reflected in other well
logs: natural radioactivity, neutron porosity—hydrogen index, resistivity, and others.
Simple linear regressions (SLR) between individual quantities work as indicators of the
usefulness of the selected variable. Moreover, analysis of the SLR results allows the
interpreter to avoid redundancy.

In the D-1 borehole, two ways of using the MR method to predict P-wave slowness
were proposed: prediction in the depth section of the same matrix composition, and
prediction based on the full waveform sonic log measurement. The first approach used
standard sonic log DTc as the dependent variable; the second one applied DTP log. Finally,
the same methodology was used to predict S-wave slowness to show the possible and
promising extension of the MR method to deliver information on shear wave velocity in
the full depth interval.

5.1. MR in the Depth Intervals of the Same Lithological Solution to P-Wave Slowness Prediction

The first approach was based on the division of the full geological profile (0-5480 m)
into depth sections of the same lithological solution obtained from the petrophysical in-
terpretation of well logs. Generally, two-component lithology solutions were considered:
the first component was always clay volume—VCL without discrimination between clay
minerals, the second one was the volume of quartz—VQz, quartz and calcite—V(Qz +
Ca), quartz, calcite, and dolomite—V(Qz + Ca + Do), a mixture of calcite and quartz—
V(Ca/QzMIX), or a mixture of calcite, dolomite, and quartz—V(Ca + Do)/QzMIX. The
presented mixtures reflect the difficulty in differentiating the lithological components of
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the discussed flysch formations defined as shales, sandstones, mudstones, and marls but
characterized with different petrophysical parameters and mineral components. Exem-
plary MR solutions in the depth sections of constant lithology are presented in Table 3.
Computations were done in the full geological profile of the D-1 well. However, there
were some gaps in the solution, where a lack of data or poor quality of data made the
calculations impossible. DT_reg was predicted on the basis of DTc as a dependent variable
and GRc, CALI, NPHIc, RHOBc, MSFL, LLS, LLD, GKUT, and URAN as independent
variables. Correlation coefficient R was a measure of the fitting between predicted DT_reg
versus measured and corrected DTc values. The results of MR in the individual depth
sections of constant lithology were added up so that the final DT_reg log was obtained for
the full depth interval.

Table 3. Example of MR relationships for predicting P-wave slowness in the selected depth intervals of constant lithology.

Depth Interval, m Stratigraphy Lithology L};ﬁziocg;gﬁz‘:?:n Independent Variables g?)r:fefi:itizltl
30.00-300.75 Oligocene Tr Bed VCL, VQz GRc, CALI, NPHIc 0.72
360.25-1090.00 Oligocene Gll\/[lvlf;ei?\?}gh VCL, V(Qz + Ca) RHOBe I 1S, 0.64
2055.25-2642.00 Palecorzet;‘g ;le;per Ist Beds VCL, V(Ca/QzMIX) Nfi{éf'ggg\?c' 0.81
2742.25-2906.00 Oligocene Kr Beds VCL, V(Ca + Do/QzMIX) GR(C;’I<CU[§FI:£]EJSL D, 0.77
3200.25-3897.75 Oligocene Tr Beds VCL, V(Qz + Ca) CAﬁg})gé%%%(ﬁNmS' 0.94
434825-4713.00 Eocene 1st V'Sh, 1st C S5, VCL, V(Qz + Ca) CALL NPHIc, RHOBc, 0.84

2nd V Sh, 2nd C SS LLS, LLD

5.2. MR Based on the P-Wave Full Waveform Sonic Log Measurement

In the second approach of MR, the recordings from the modern, high-quality acoustic
device—cross-dipole full waveform sonic tool—were used to predict P-wave slowness.
Some basic statistics—minimum, maximum, average, and median—were calculated to
compare the outcomes from the standard sonic log and the full waveform sonic log.
Examples of the results are presented in Table 4 for the 1st C SS and the 2nd V Sh of the
OBR Fold.

Table 4. Basic statistics for the P-wave slowness the measured and modeled by MR method, presented
for the 1st C SS and the 2nd V Sh of the OBR Fold.

Statistics DTc, us/m sDT, us/m DTP, us/m DT_reg, us/m
1st C SS (4505-4603 m)
Minimum 160 193 182 155
Maximum 235 227 252 240
Average 200 206 201 203
Median 201 206 200 202
2nd V Sh (4603-4646 m)
Minimum 163 185 170 152
Maximum 267 251 283 264
Average 218 214 225 221
Median 220 214 229 221

DTc—corrected P-wave slowness; sDT—synthetic P-wave slowness; DTP—P-wave slowness from full waveform
sonic tool; DT_reg—predicted P-wave slowness by MR.



Energies 2021, 14, 6300

11 of 27

P-wave slowness—DTc, synthetic slowness—sDT, the result of MR in the depth
sections of constant lithology—DT_reg, and P-wave slowness from the full waveform
sonic tool—DTP did not reveal significant differences in terms of basic statistics. In the
sandstone lithology, average values and medians were almost the same, which means
that the average presented good characteristics of the formation. In the shale lithology,
the median was slightly higher, which means that higher slowness values dominated.
The P-wave slowness similarity shown in Table 4, especially between DT_reg and DTP,
confirms that the proposed MR method may be applied to P-wave slowness prediction,
and this encouraged the authors to perform further analyses and improve the results.

The prediction of DTP as the dependent variable was based on the set of logs available
at most depth intervals of the borehole. Full waveform sonic logs were available in the
interval of 1573-5436 m. Taking into account the necessity to calculate the DTP_reg also in
the upper section of the borehole, and remembering that only a few logs were available
in the full profile of the borehole (Table 2), GRc, CALIL, BSM, DTc, NPHIc, RHOBc, LLD,
and LLS were selected as the independent variables. Spectral gamma logs—GKUT and
URAN—as well the micro-resistivity log MSFL were not included in this version of the MR
analyses because they were not available in the full depth interval.

In the described approach based on the full waveform sonic data, P-wave slowness—
DTP_reg—was primarily predicted in the interval of 1547-5005 m, eliminating two sections
of the Istebna Beds to avoid duplication of this formation. The number of cases (i.e.,
log samples) was equal to 34 501. The formula for DTP_reg obtained as a result in this
approach (Equation (1)) included all logs listed above. Caliper and bit size—CALI and BSM,
respectively—were used together as the subtraction dCALI = CALI-BSM. The correlation
coefficient R between DTP_reg versus DTP was equal to 0.82. Detailed analysis of the logs
and DTP_reg as the result of MR revealed the correlation between DTP_reg and CALL
Next, MR was computed, excluding dCALI as an independent variable. The result of the
second approach is presented as Equation (2). The correlation coefficient in this case equals
0.815. In Formulas (1) and (2), the same independent variables are present, apart from
dCALI in Equation (2). Two logs, DTP_reg and DTP_reg_dCALI_subtracted, run very close
to each other (Figures 5 and 6).

DTP_reg = 85.77517 4 0.1496-GRc — 0.16113-dCALI 4 1.07799-NPH Ic+ )
0.42798-DTc + 5.20747-RHOBc — 0.2336-LLD + 0.15638-LLS

DTP_reg_ dCALI_subtracted = 64.179466858 + 0.18258-GRc + 0.79447-NPHIc+ @)
0.44027-DTc + 11.7553-RHOBc — 0.2872-LLD + 0.2075-LLS

One of the goals in adopting the best estimate of the velocity curve in seismic pro-
cessing and interpretation was obtaining the amplitudes in synthetic seismograms that
were close to the real seismic traces. The two solutions proposed above did not fulfil
this condition according to the interpreter expectations. Thus, the third approach was
undertaken and P-wave slowness was predicted on the basis of DTP from the full available
depth section (1547-5479.9 m), including the Istebna Beds and information on calipers. The
number of cases in this approach was equal to 38 784. It was assumed that the larger the
number of cases, the better the prediction of the dependent variable. The obtained formula
for P-wave slowness prediction is as follows (3):

DTP_reg_full =101.7651 + 0.1328-GRc — 0.1892-dCALI + 1.2038- NPHIc + 0.4306-DTc 3)

The correlation coefficient R was equal to 0.815 but the density and resistivity logs
were excluded from the regression as they were not significant independent variables.

Equations (1)—(3) were used to predict P-wave slowness in the full depth interval of
the D-1 borehole, even though DTP, used in MR as the dependent variable, was available
only in the deeper section of the well. The slowness curves were sent to the seismic team
for synthetic seismogram computations and for verification of their consistency with the
regional velocity model.
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Figure 5. Results of MR in the Variegated Shales and the Ciezkowice Sandstones of the IZ Fold.

5.3. MR Used to Predict S-Wave Slowness

Full waveform sonic tool recordings were used once again, this time for S-wave slow-
ness prediction—DTS_reg—to show the possible extension of the MR method application.

DTS is the slowness of the converted refracted S-wave induced by the monopole
source. In the D-1, borehole the DTS log was available in the depth interval of 1547-5005
m and acted as the dependent variable in the MR analysis. Only logs available also in the
upper depth interval (Table 2) were considered as the independent variables (predictors).
The formula for DTS_reg was as follows:

DTS_reg = —10.5053 — 0.0031-H + 0.1049-GRc — 0.2132-dCALI + 3.3374-NPHIc @)
+1.1224-DTc + 44.8733-RHOBc + 0.0766-LLD — 0.1868-LLS

In Formula (4), the depth H is included to underline the influence of the present depth
in the prediction, assuming that the formation depth reflects the current conditions and
also compaction related to the burial history, which is also marked in other properties. The
correlation coefficient R between DTS and DTS_reg is equal to R = 91.4. Next, Equation
(4) was applied to S-wave slowness prediction in the interval of 300.3-5479.9 m (Figures
5 and 6). Although the full waveform sonic measurements were performed from the
depth of 1547 m to the bottom of the borehole, there were many sections in this interval in
which S-wave slowness was not determined (Figure 6). This was because so called “slow
formations” were present, where the S-wave could not be generated by the monopole
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source of the sonic tool. The S-wave velocity of such formations is lower than the P-wave
velocity of the drilling mud, so there is no critical angle for the converted shear wave and
the refraction does not happen [19-21]. The other reason for gaps in the DTS log was the
high attenuation and low quality of the signal. Such intervals were excluded from the MR
analyses. In such cases, the MR result (Equation (4)) provided a very effective method to
complete missing intervals of the measurements.
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Figure 6. Results of MR in the Variegated Shales and the Ciezkowice Sandstones of the OBR Fold.

The full waveform sonic tool provided also the shear wave slowness induced by
the cross-dipole source and measured in the XX and YY directions—DTSx and DTSy,
respectively (Figure 6). These logs are a source of information about the anisotropy of
elastic properties in the examined formation [22,23]. The differences between DTSx and
DTSy were minimal; for instance, the average values of DTSx and DTSy in the 1st V Sh
of the IZ Fold were equal to 509 and 505 ps/m, respectively. Relations between predicted
S-wave slowness—DTS_reg—with measured DTSx and DTSy logs had high correlation
coefficients. This was interpreted as confirmation of the proper MR prediction of S-wave
slowness based on the DTS log.
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5.4. Discussion of MR Results in Prediction of P- and S-Wave Slowness

The first approach for P-wave slowness prediction was performed in the intervals of
constant lithology. The final DT_reg log was composed of the results of the MR in the indi-
vidual depth sections. MR relationships in each depth interval (Table 3) revealed different
sets of independent variables (logs) in the depth sections reflecting the differentiation of
the sediments. The independent variables were selected automatically, and the number of
data—cases—depended on the length of depth sections of constant lithology. In all depth
sections, the number of cases was several times greater than the number of independent
variables.

In the second method, the results of full waveform logging were used as the dependent
variable. Three different approaches were tested: (i) excluding the formation that occurred
twice in the measured depth section, (ii) excluding information on calipers, and (iii) using
all available data. The last approach was the most general and was found to be the most
effective. This solution was finally accepted as the best for further seismic application.

Full waveform sonic logging provided also information on S-wave slowness. Thus,
it was possible to predict DTS in the full geological profile of the D-1 borehole. Having
P-and S-wave slowness and bulk density, the dynamic elastic parameters were computed,
but the results are not discussed in this paper. Young, shear, and bulk moduli, as well
as Poisson’s and Vp/Vs ratio, reflect in situ parameters available throughout the whole
depth section. These parameters are unique and valuable information in the petrophysical
characterization of rock formations used in advanced seismic processing and interpretation
or reservoir modeling.

The summary of the MR analysis towards P-wave and S-wave slowness prediction
is presented in Figures 5 and 6. Results are plotted for the Variegated Shales and the
Ciezkowice Sandstones within the IZ and the OBR Folds, which are regarded as the
characteristic formations in the Polish Outer Carpathians. Subsequent logs on the slowness
and P-wave and S-wave velocity tracks are as follows: DTc—measured and corrected
slowness log; DTP—slowness measured by full waveform sonic tool; DT (Vint_CS)—
slowness computed from the CS interval velocity; DT_reg—result of MR in the depth
sections of the same lithological solution, based on DTc; DTP_reg—result of MR without
the Istebna beds, based on DTP; DTP_reg dCALI_subtr—result of MR excluding dCALLI,
based on DTP; DTP_reg_full—result of MR in full depth sections, based on DTP; DTS,
DTSx, DTSy—S-wave slowness measured by the full waveform sonic log with monopole
source, the XX and YY cross-dipole source, respectively (there were no measurements
within the IZ Fold); DTS_reg—result of MR in full depth sections, based on DTS.

It can be noticed that the results of the MR prediction are especially valuable in the
upper part of the borehole (Figure 5), where the caliper had a huge influence on the sonic
log measurements and where the greatest differences between different versions of sonic
logs were noticed. P- and S-wave slowness prediction in the lower part of the borehole
(Figure 6) is consistent with the measurements, which proves the correct methodology and
ensures good results.

Finally, the synthetic seismograms were computed on the basis of predicted P-wave
velocity, and then compared with the seismic trace and tested as the velocity model by
the seismic team. DTP_reg_full was the best in the authors” opinion and was accepted for
further seismic purposes. Two quality criteria were taken into account: good differentiation
between the Variegated Shales and the Ciezkowice Sandstones in both folds and similarity
of the amplitudes between the synthetic seismogram and the real seismic trace (Figure 7).
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Figure 7. Comparison between synthetic seismogram—SS—calculated on the basis of DTc and DTp_reg_full P-wave
slowness curves using 20 Hz Ricker wavelet and the real seismic trace derived from the prestack time migration seismic
section—PreSTM—in the borehole location. Fragment for the IZ Fold depth interval.

6. Modified Faust Method to Determine P-Wave Velocity
6.1. Application of the Original Equation

The calculations of P-wave velocity with the use of the Faust method [24] were
performed in accordance with the methodology proposed in Crain’s Petrophysical Hand-
book [25]. The method uses the correlation between the sonic log and the shallow resistivity
log. A good methodology for modeling P-wave velocity with the use of the Faust method
would be advantageous, especially in old wells in the prospecting area, where a limited set
of well logging data are available and multiple regression results may be unsatisfactory.
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Additionally, this method could be used to correct fragments of low-quality sonic logs or
to complete gaps in the sonic measurements.

In the original approach, the Faust method is particularly useful for modeling the
velocity curve in shallow clastic formations, as it well reflects the rapid increase in velocity
associated with changes in the compaction of subsurface formations. The calculation of the
velocity log is performed according to Formula (5):

Vp_Faust_ori = KR1-RES_Sxke -(DEPTH) X5 ®)

In Equation (5), Vp_Faust_ori is the P-wave velocity log computed from the original
Faust method, ft/s; RES_S is the resistivity from the shallow investigation log, ohmm;
DEPTH is the measured depth, ft; KR1 is the Faust constant, which ranges from 2000 to
3400 for the depths in ft; KR2 and KR3 are the Faust coefficients, KR2 = KR3 = 6.0, or are
empirically adjusted.

The Faust method can be applied when the sonic log is missing, and should be
calibrated with offset well data or borehole geophysics data—for example, CS surveys, or
vertical seismic profiling (VSP). However, the method does not account for gas effects.

Calculations in the D-1 borehole were made on the composite resistivity curve EL03 +
LLS. A shallow laterolog log—LLS—was available from the depth of 303 m to the bottom of
the borehole and it was completed with the EL03 log in the upper part (Table 2, Figure 8).
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Figure 8. Composite shallow-range resistivity log ELO3 + LLS (a) and the results of preliminary modeling of P-wave velocity
by the original Faust method, Vp_Faust_ori, with the use of initial values of the coefficients: KR1 = 2000, KR2 = KR3 = 6.0 (b)
and KR1 = 3400, KR2 = KR3 = 6.0 (c). Vint_CS curve is P-wave interval velocity from the Check Shot survey.
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The original Faust formula with the KR1, KR2, and KR3 coefficients proposed in [25]
did not achieve velocity values that were consistent with the CS interval velocities and
the velocities obtained from DTc in sections of good borehole wall conditions, where the
washouts did not influence the sonic log measurements. Results of the test calculations
performed with the default values of the KR1-3 parameters (Equation (5)) are presented
in Figure 8b,c. For KR1 = 2000, KR2 = KR3 = 6.0 (Figure 8b), in the initial part of the
borehole, down to a depth of approximately 1100 m, the modeled velocity was too low
when compared to the interval velocity from CS—Vint_CS. On the other hand, from a
depth of approximately 3100 m, the velocity of Vp_Faust_ori was too high. The change in
the KR1 coefficient to 3400 (Figure 8c) resulted in overly high P-wave velocity, exceeding
the real values for the deposits occurring in the D-1 borehole profile. In both cases, the
calculated Vp_Faust_ori curves show, up to a depth of approximately 450 m, a clear and
rapid increase in velocity. This is because the Faust equation models the characteristic
velocity increase resulting from the increase in the degree of compaction controlled by the
DEPTH in Equation (5), which is significant for young and shallow clastic rocks.

6.2. Modified Faust Method to Account for Compacted Subsurface Formations

The uppermost formations in the D-1 borehole geological profile have undergone
the compaction process, and then have been uplifted as a result of folding processes, and
the adjacent rocks have been eroded. The P-wave velocity in shales, sandstones, and
mudstones, which build the Transitional and Menilite Beds of the IZ Fold in the D-1
borehole, is ca. 3000-3500 m/s, which is much higher than in the typical loose subsurface
rocks. The velocity of the P-wave in these layers was estimated from the good-quality
sonic log and from the CS survey. The compaction trend, demonstrated by the increase
in modeled P-wave velocity for the shallow depth interval, is exaggerated in the original
Faust equation (Equation (5)) and does not fully apply in the investigated area of the Polish
Outer Carpathians. Therefore, a modified Faust method that includes partial compactions
of the subsurface formations was proposed (Equation (6)). The value corresponding to
the original burial depth of the uppermost formations, which reflects the thickness of the
eroded overburden, was added to the DEPTH parameter:

1

Vp_Faust = KR1.RES_S¥k .(DEPTH + Cp_OVB) ¥ ©)

In Equation (6), Vp_Faust is the P-wave velocity log computed from the modified
Faust method, ft/s; KR1, KR2, and KR3 are empirically adjusted coefficients; Cp_OVB is
the compaction factor corresponding to the thickness of eroded overburden, ft; RES_S and
DEPTH are the same as in Equation (5).

At the depth at which the transitional beds of the IZ Fold in the D-1 borehole were
buried, the thickness of the Krosno Beds was taken. They represent the final stage of
sedimentation in the Silesian Basin and directly overlie the transitional beds. The thickness
of the Krosno Beds was constrained based on the 1:50,000 geological maps and cross-
sections from the region where the D-1 borehole is located [26,27]. It was estimated at
approximately 2800-3000 m. The thickness of the Krosno Beds measured on the geological
cross—sections represented the sediments that had already undergone the compaction
process. Originally, this thickness in the sedimentation basin may have been greater.

Another issue that should be considered is the influence of tectonics on the burial
depth of the subsurface formations. Some tectonic processes in this part of the Silesian Unit
may have buried the transition beds even deeper. In order to indirectly estimate the depth
of the sediment deposition, methods that determine the temperature to which the rock was
subjected can be used. Assuming a geothermal gradient, it is possible to estimate the depth
at which the rock could have been buried. For example, one can use the vitrinite reflectance
as a quantitative geothermometer to estimate the depth of hydrocarbon generation and
thermal maturity of organic matter [28-31], or the illite/smectite ratio, which is strongly
controlled by temperature and can be presented as a function of depth [32-35]. Based on
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the research carried out in the southeast part of the Polish Outer Carpathians [36,37], the
vitrinite reflectance tested from the surface samples is quite low and the organic matter
is immature, possibly in the early stage of the oil window. The immaturity of the organic
matter indicates that the burial depths were not very high. The menilite shales of the I1Z
Fold, currently located in the near-surface zone in the D-1 borehole, had been already
matured in the sedimentary basin and they were not buried deeper during the folding and
other tectonic processes. Thus, the parameter Cp_OVB (Equation (6)) in the D-1 borehole
was set at 3000 m (9840 ft).

6.3. Determining KR1-3 Coefficients According to the Lithology and Stratigraphy Divisions

The preliminary calculations (Figure 8) revealed that the modeling of the acoustic log
by the Faust method cannot be carried out with only one set of the coefficients KR1-3 in
the full geological profile of the deep borehole. Thus, the coefficients were determined
in relation to the lithostratigraphy divisions in the geological profile of the D-1 borehole
(Table 1). The goal was to investigate how the coefficients in the modified Faust equation
changed depending on the stratigraphy and lithology, and to check the limitations of the
method. The results of Faust modeling were compared to the velocity curve Vp_reg_full,
obtained from the DTP_reg_full log. This log was considered the best result of MR. The
Vp_reg_full curve was regarded in this research as the reference velocity. Seismic velocity
Vint_CS was used as the auxiliary information on velocity trends vs. depth.

The correlation of the EL03 + LLS log as the input data to model P-wave velocity
by the modified Faust method with the Vp_reg_full log as the reference velocity log was
analyzed. Figure 9 shows the cross-plot where the data for the IZ Fold and the OBR Fold are
differentiated. The regression lines for both folds have different slopes, which may suggest
modeling for each fold separately. The correlation coefficient R for the IZ Fold is quite high
and is equal to 0.87; for the OBR Fold, it is lower, at R = 0.69. Closer investigation revealed
that the large data dispersion for the individual formations is responsible for lowering
the R value, especially in the OBR Fold. In the IZ Fold, the Istebna beds have the highest
heterogeneity. In the OBR Fold, a large dispersion of points is observed for the transition
beds, the menilite beds, and the Istebna beds. The variability of the resistivity—velocity
relationship within the abovementioned formations indicates a change in geological or
petrophysical factors. The selection of coefficients in the modified Faust equation according
to the lithostratigraphic division only may turn out to be insufficient and fine adjustment
would be required.

Then, the influence of the individual Faust coefficients on the resulting velocity curve
was examined. The KR1-3 coefficients have a mutual influence on their role in the Faust
equation. In general, the coefficients KR1 and KR3 control the velocity trend with depth.
The higher the KR1 value is, the higher the velocity values are, and the velocity increases
faster with depth. However, a higher value of KR3 reduces the impact of KR1. The KR2
coefficient is responsible for the way in which the resistivity anomalies scale onto the
velocity trend curve.

Due to the interactions among the KR1-3 coefficients, various combinations of them
were tested. The value of KR1 was determined as the first, and then the value of KR3 was
empirically adjusted to obtain a similar shape of Vp_Faust to the Vp_reg_full curve. Finally,
to obtain the best match to the reference velocity curve in each lithostratigraphic unit, the
value of the KR2 coefficient was modified.

Test calculations were made for two cases: (1) KR1 = 3000 for the entire geological
profile in the D-1 borehole, and (2) KR1 = 3000 for the IZ Fold and KR1 = 3500 for the OBR
Fold. These two cases were considered because of the different correlation coefficients
R between Vp_reg_full and EL03 + LLS logs (Figure 9). However, it revealed that the
KR1-3 coefficient values can be chosen such that the resultant Vp_Faust is almost identical
in both cases. When KR1 had a higher value (3500 for the OBR Fold), the KR3 value
had to be increased. The fit between P-wave velocity modeled by the modified Faust
method Vp_Faust and the Vp_reg_full curve was measured by the correlation coefficient
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R computed for each lithostratigraphic unit. An example of a cross-plot with the results
for both cases for the 3rd C SS of the OBR Fold is shown in Figure 10. With appropriately
adjusted KR1-3 coefficient values, the differences between R were on the third or fourth

decimal place.
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Figure 9. Cross-plot of the velocity from the regression approach—Vp_reg_full—vs. resistivity
combined from the shallow lateral log EL03 in the uppermost part of the profile and shallow laterolog

LLS for the IZ and the OBR Folds with regression equations and corresponding correlation coefficients
R and the number of data points.
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Figure 10. Comparison of the modeling results with the modified Faust method for two sets of the
KR1-3 coefficients in the 3rd C SS: (a) KR1 in the OBR Fold had different value (KR1 = 3500) than in

the IZ Fold (KR1 = 3000), which resulted in KR3 adjustment (KR3 = 11); (b) KR1 in both folds had the
same values (KR1 = 3500).

Finally, the first option was selected, i.e., KR1 = 3000 for both folds, as the remaining
coefficients changed in a more consistent manner according to the lithology and stratigra-
phy. Table 5 presents an example of the final coefficients in the modified Faust equation
obtained for the corresponding Variegated Shales and the Ciezkowice Sandstones within
the IZ and the OBR Folds. The results of Vp_Faust modeling in these formations along
with the Vp_reg_full and Vint_CS curves are shown in Figures 11 and 12, respectively.
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Table 5. KR-3 coefficients in the modified Faust equation for the Variegated Shales and the Ciezkowice Sandstones in the
D-1 borehole. The correlation coefficients R were calculated between Vp_Faust (Equation (6)) and the reference velocity
Vp_reg_full from the MR.

. 1Z Fold OBR Fold
Stratigra F i
graphy ormation Name KR1 KR2 KR3 R KR1 KR2 KR3 R
1st V Sh 3000 37 10 0.42 3000 6 9 0.58
15t C SS 3000 37 10 0.46 3000 6 9 0.62
2nd V Sh 3000 37 10 0.65 3000 6 9 0.62
E
ocene 2nd C SS 3000 37 10 0.57 3000 6 9 0.26
3rd V Sh 3000 37 10 0.80 3000 6 9 0.38
3rd CSS 3000 37 10.5 032 3000 6 9 0.65
4th V Sh 3000 37 11 0.85 3000 6 9 0.76
Pal
aleocene 4th C S5 3000 37 11 0.83 3000 6 95 0.34
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Figure 11. Results of P-wave velocity modeling with the use of the modified Faust method in the
Variegated Shales and the Ciezkowice Sandstones of the IZ Fold.
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Figure 12. Results of P-wave velocity modeling with the use of the modified Faust method in the
Variegated Shales and the Ciezkowice Sandstones of the OBR Fold.

6.4. Discussion of Faust Modeling

Relatively low correlation coefficients (Table 5) in some formations revealed a possible
limitation of the modified Faust method. Closer investigation was carried out to understand
the misfit with the velocity curve. Firstly, the graphical representation of the curves was
examined. There were some spikes on the LLS + EL03 input resistivity curve that were
intensified on the Vp_Faust resulting curve—for example, at the depth of 1160 m or 1286
m in Figure 11. The misfit was also observed in short intervals (ca. a few meters) where
the modeled and referenced P-wave velocity curves were slightly separated, such as in
the interval of 1141-1157 m in Figure 11 or 4517-4540 m in Figure 12. However, there
were also more substantial misfits between these two curves, where the separation was
more significant and observed in longer intervals, such as in the interval of 4603-4679 m
(Figure 12). To comprehend the low value of the correlation coefficients R (Table 5), the
basic statistics were computed and the average values of Vp_Faust and Vp_reg_full were
compared. Results are presented in Figure 13.
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Figure 13. Comparison of the average values of Vp_Faust and Vp_reg_full in the Variegated Shales
and the Ciezkowice Sandstones in the D-1 borehole.

The correlation coefficients used as the only measure of fit can be misleading. For
example, in the 1st V Sh of the IZ Fold, R has a low value (R = 0.42) but the average values of
modeled and reference velocity are very close. Visual evaluation of both curves within this
formation (Figure 11) confirms the good and correct result of Faust modeling. The opposite
situation is observed in the 2nd V Sh of the OBR Fold. The correlation coefficient is higher
(R = 0.62) but the average values of both velocity curves are very different (Figure 13). The
underlying 2nd C SS formation of the OBR fold is characterized by a very low correlation
(R = 0.26) and different average values of modeled and reference velocity. The logging plot
(Figure 12) confirms the discrepancy in both curves in the upper part of the formation. Thus,
when the final values of Faust coefficient KR1-3 were set for each formation, the correlation
coefficients, average values of Vp_Faust and Vp_reg_full, as well as the compatibility of
both curves were taken into account.

Analysis of the final KR1-3 coefficients determined for the D-1 borehole revealed that
KR2 generally increases with depth and is quite a sensitive parameter. The values ranged
from 3.7 to 9.5. The KR3 coefficient generally decreases with depth and varies from 12 to 8.
Both coefficients needed slight adjustment in selected lithostratigraphic units to ensure the
best fit to the reference velocity curve.

The Faust coefficients for the IZ Fold had stable values. In all lithostratigraphic units,
the coefficient KR2 had a constant value, equal to 3.7. The exception was the Istebna Beds,
where a much higher value of KR2 = 5.5 had to be selected. The KR3 coefficient changed
gradually with depth through the subsequent stratigraphy units, from 12 in the Transitional
Beds to 9.5 in the Istebna Beds. The exceptions were the 3rd C SS, 4th V Sh, and 4th C SS
formations, where the KR3 coefficient needed to be slightly increased in order to obtain a
better match with the reference velocity (Table 5, Figure 14).

In the OBR Fold, achieving a good match with the reference velocity was more
challenging because the values of the Faust coefficients did not change in such a regular
manner as in the IZ Fold. The Faust coefficients were adjusted to obtain good results in the
largest possible interval within the lithostratigraphic units. For example, in the transition
beds of the OBR Fold, the misfit was observed in the uppermost and in the lowest part
of the formation. At the top, there was a higher contribution of carbonates in the rock
matrix compared to the bottom part. Different mineral compositions of the framework
changed the relation between resistivity and P-wave velocity. In such cases, different sets
of Faust coefficients within the lithostratigraphic unit would give better matching. In the
bottom of the Transition Beds and the top of the underlaying Menilite Beds, the resistivity
log and velocity log run differently. Similar situation was noticed in 2nd V Sh and 2nd C
SS formations of the OBR Fold. To explain the reason for this mismatch, the EL03 + LL3
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resistivity log was compared with the DTP_reg_full reference log, according the A log R
methodology described in [38]. A characteristic separation between these two curves was
observed, which is typical in the case of the presence of organic matter. In Figure 15, it
is marked as “TOC Passey”. This track also displays the results of the TOC laboratory
tests from the Rock Eval pyrolysis [8]. The presence of organic matter in rocks is a serious
limitation to the application of the Faust method since it significantly increases the values
of the modeled P-wave velocity.
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Figure 14. Effect of KR3 adjustment in the 3rd C SS, 4th V Sh, and 4th C SS formations of the I1Z
Fold on the modeled P-wave velocity: initial and final values of Faust coefficients (in tables) and the
corresponding resulting Vp_Faust_ini and Vp_Faust logs.



Energies 2021, 14, 6300

24 of 27

MINERAL
LOGS COMPOSITION S:’?I?S:’}‘T(\),N AlogR P-WAVE VELOCITY
POROSITY
Washouts PHI TOC Passey
GRc ;
0 APL 200
o V(Qz+Cz o
il E (Qz+Ca) Rock matrix o T0C o
= )00
= V(Qz+Ca+Do) 0 wtpercent 10
CALI § PHI —_ DTP_reg_full Vp_reg_full
= E -
100 mm 600 = a VQz 20 % 0 = 200 us/ft -501 2000 m/s 7000
BSM S = PHIXSW e EL03+LLS Vint_CS
100 mm 600 & S |100 % 020 % 0 a 0.2 ohmm 2000({2000 m/s 7000

4000 1

OLIGOCENE

4200 7

4400 ]

4600 1

|5a]
Z
23]
Q
=]
23]

3rd V S|

3rd CSS

Figure 15. Mismatch between Vp_Faust and Vp_reg_full in the intervals of presence of organic
matter indicated by the slowness and resistivity curves’ separation according the A log R Passey
methodology [38] and confirmed by the TOC laboratory tests.

7. Summary and Conclusions

In the article, several approaches to obtain a suitable velocity model from well logging
for seismic processing and interpretation were proposed. We sought to determine the most
“suitable” option in situations when the interpreter does not know the real solution. The
authors expected that the synthetic seismograms built on the basis of the modeled velocity
log and density log would show the boundaries between lithostratigraphic formations well
known from the surface outcrops, macroscopic descriptions of cores, mud logging, and
general geological knowledge. The second criterion was similarity of the amplitudes from
the synthetic seismograms and the real seismic traces. The most important aspects were
the sequences of amplitudes, not their absolute values.

The solutions were based on the available logs. Mutual relationships between petro-
physical properties influencing the velocity and density were taken into account. Many
of these relations are well-documented on the basis of laboratory experiments and the
interpretation of well logs, but there is also a group of corresponding parameters that are
only recognized intuitively. Such fuzzy data were included in the MR analysis, where the
selection of independent variables was done automatically. Well logging allows reliable
results to be obtained using statistical methods due to large sets of cases and large numbers
of variables. In the shallowest borehole section, where the data set was scanty, the result
from the MR method was of the lowest credibility. A larger log data set enabled better
estimation of the predicted variables. In a data set of many logs, the positive selection of
logs—predictors can be achieved. The best situation occurred when the same parameter
was measured twice using different logging tools. This was the case for P-wave slowness
obtained primarily in a standard sonic log and secondly when a modern full waveform
sonic tool with a monopole source was used. The only disadvantage was the limited depth
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interval in which both measurements were taken. An important obstacle in the presented
results was washouts—differences between caliper and bit size—observed in all sections
of the geological profile, which influenced all logs, especially the sonic and density logs.
MSFL, which is also very susceptible to diameter enlargement, was excluded from the MR
analyses due to the incomplete data in the full depth interval.

The authors discussed several approaches to modeling the velocity/slowness log.
All were verified by comparison with the CS velocity model and by comparing synthetic
seismograms with the real seismic recording. The best solution was based on the MR result
and included data from the full waveform sonic device. It is indisputable that the modern
tools provided multi-parameter records of high quality. Moreover, full waveform sonic
logs and MR outcomes estimated on the basis of recorded DTP and DTS slowness enabled
the calculation of dynamic elastic properties in the full geological profile.

Bulk density logged and corrected, calculated on the basis of mineral volumes and
porosity, or measured in the laboratory showed similar results, which means that they can
be used interchangeably. It was different in the case of velocity, where the slowness logs
from different measurements presented significantly different values. Moreover, results
of the velocity laboratory measurements performed at room temperature and pressure on
the samples from deep formations turned out not to be useful. Modern ultrasonic and
geomechanical laboratory experiments at temperature and pressure equal to the deposit
conditions can provide values that may be decisive.

Another approach to obtain a proper velocity model was based on the Faust method,
which uses a shallow resistivity log to predict P-wave velocity. However, we found that
the geological conditions of the Polish Outer Carpathians made it necessary to modify
the method. The compacted uppermost formations needed to be taken into account
to comprehend different velocity trends with depth in such formations. The Cp_OVB
parameter, which indicates the overburden thickness, was proposed to account for the
compaction effect.

Another issue that may appear in Faust modeling in deep boreholes is the necessity of
changing the KR1-3 coefficients with depth and adjusting their values for rocks of different
ages and lithology. One set of coefficients is insufficient for the full geological profile.
Obtaining proper results requires careful calibration with the use of the reference velocity
log, acquired either in the same borehole or from nearby located wells. In the presented
case, the P-wave slowness regarded as the best solution of MR analyses performed in the
same borehole was the primary source of the reference velocity. However, there are other
pitfalls that the interpreter should be aware of. If the reference velocity is available only in
some depth intervals of the borehole or from a distant well, such detailed calibration of the
coefficients due to the lithology changes may be a difficult task, but the results still should
be satisfactory.

A more significant limitation is the presence of organic matter, which changes the
resistivity—velocity relationship. Without additional and independent information on TOC
or kerogen volume, it is impossible to select the intervals, which would require correction
for organic matter influence.

Despite the abovementioned difficulties, the modified Faust method is a very effective
method to compute P-wave velocity based on the resistivity log with geological information
about the analyzed rock formations. The method can be used in old boreholes, where only
a few logging data are available. Usually, in such boreholes, the resistivity log is present
and the modified Faust method would give a satisfactory solution, even if the resistivity
log is the old type. Another advantage is the method’s application to complement the
missing part of the velocity log. The modified Faust method can be used as a quick method
to compute P-wave velocity in intervals where the sonic log was not run or has low quality
because of poor borehole conditions.

The proposed solutions, based on various parameters and approaches, can be used
in situations where the interpreters have access to only limited sets of logs. The article
also presents methodological aspects suggesting how to use old logs or scarce data sets
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in the area of complicated geology. However, to obtain satisfactory solutions, discussions
and cooperation between specialists of different fields—geologists, geophysicists, and
petrophysicists—are required.
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