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Abstract: This paper was made using geological and well logging data from the Cuban oilfield area and the Polish
Carpathian Foredeep gas deposit to compare the interpretation process and underline similarities and differences
between data analysis from two reservoir rocks of different lithology. Data from conventional hydrocarbon de-
posits, i.e. the Mesozoic Cuban carbonate formation and Miocene shaly-sandy sediments were processed and in-
terpreted using Techlog (Schlumberger Co.) software. Selected approaches were used to determine the step by step
volume of shale, total and effective porosity, water/hydrocarbon saturation (Quanti) and for the comprehensive
interpretation of well logs (Quanti Elan). Brief characteristics of the carbonate and siliciclastic formations were
presented to indicate that the interpretation methodology oriented to the determination of petrophysical proper-
ties depends strongly on the type of reservoir. Cross-plots were presented for primary mineral composition rec-
ognition, determination of m exponent and resistivity of formation water in the Archie equation. Effective inter-
vals for the carbonate reservoir were calculated according to the Cumulative Hydrocarbon Column methodology.
Finally, the results of the interpretation of well logs were presented as continuous curves of mineral composition,
including shaliness, porosity and hydrocarbon saturation. The conclusions included recommendations for the ef-
fective comprehensive interpretation of well logs in the carbonate and siliciclastic reservoirs.

Keywords: comprehensive interpretation of well logs, carbonates, siliciclastic rocks, Cuban oilfield area, Car-
pathian Foredeep

INTRODUCTION

Interpretation of well logging data in various rock
formations is based on the same physical princi-
ples but, because of differences in geological and
reservoir conditions influencing the recorded logs,
especially petrophysical parameters, the results
may be dissimilar. A correct interpretation allows

a reservoir and its production potential to be rec-
ognized and mistakes resulting in a large econom-
ic failure to be avoided. Determination of the res-
ervoir parameters of selected beds is carried out
through qualitative and quantitative interpretation
and is heavily dependent on lithology in both cases.

Carbonate and siliciclastic formations are main
goals in hydrocarbon prospecting due to their
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reservoir properties, i.e. porosity and permeability
characterizing hydrocarbons cumulating and pro-
ducing ability. The geological construction of res-
ervoirs is mainly related to the origin conditions
which have influenced the petrophysical parame-
ters in a specific way. The considered reservoirs dif-
fer not only in terms of mineral composition but
also in the type and volume of porosity and volume
and distribution of clay minerals in the rock matrix
and pore space. The mentioned differences result-
ed in special approaches to interpretation. They led
to different rock matrix models being adopted and
required different equations to be employed in or-
der to calculate shaliness, total and effective poros-
ity, absolute, phase and relative permeability and,
most importantly, water/hydrocarbons saturation,
i.e. the volume of residual and movable hydrocar-
bons (Serra 1984, Jarzyna et al. 1999, Asquith &
Krygowski 2004). The petrophysical properties ob-
tained in well logging interpretations are impor-
tant components in various geophysical and geo-
logical applications, for instance seismic modelling
or recognition in details rock formation adopted
for gas or CO, storage (Niepsuj & Krakowska 2012,
Nosal & Semyrka 2012), so in many cases the fur-
ther results depend on the accuracy of their initial
determination.

Usually, the interpretation of well log data is re-
alized in a two-step process. Firstly, there is a qual-
itative interpretation based on the combination/
comparison of well logging traces at the proper
scale. At that stage, lithology identification and
bed thickness determination were made, togeth-
er with the pre-selection of hydrocarbon-saturat-
ed formations. In addition, cross-plots (2D or 3D)
have a wide range of applications at this stage.
Constructing cross-plots means visualizing well
logging data in 2D or 3D dimensions. Applying
special overlays fitted to records of used logging
tools and implementing cross-plots reveals even
more information about a formation than a stand-
ard log vs. depth display.

The main aim of the quantitative interpreta-
tion is the determination of the volume of min-
eral components and calculating the reser-
voir parameters of the formation in question. In
many computer systems used by service compa-
nies in the hydrocarbon prospecting industry
(ULTRA in Halliburton Co., Quanti Elan in

Schlumberger Co., Interactive Petrophysics by
Lloyd’s Register and others), the inverse problem
is solved on the basis of a model which combines
the volume of mineral components and porosity
saturated with hydrocarbons and formation water.
To solve this problem, a set of linear or linearized
equations is built where on the left hand side there
is an outcome of well log, for instance bulk den-
sity (RHOB) and on the right - sum of products
of volumes of mineral constituents selected by in-
terpreter multiplied by specific parameters relat-
ed to the physical property which is the basis of
the well log (i.e. the specific density of the min-
erals) and porosity partially filled with formation
water and hydrocarbons. In the majority of cas-
es, error minimizing methods are applied to solve
a determined or over-determined set of equations
and obtain the best model fitted to the mineral-
ogical and saturation expectations, in agreement
with laboratory measurements or borehole tests.
The number of equations depends on a number of
unknown aspects, i.e. rock mineral components
and available logs. For example, for four compo-
nent model in which the unknowns are: volumes
of two minerals, shale volume and porosity and
measured logs are neutron, density and sonic, sys-
tem of equation looks as follows (1) assuming that
it refers to the flushed zone and the porosity is ful-
ly filled with mud filtrate:

Oy =V O, +V5 - On, + VO, +0

Po =V Punat TV Pz + Ve P + 0P 1)
DT=V,.-DT,,, +V,-DT,,, +V,, -DT, +¢-DT,

1=V +V,+V, +6

where:
V, V,, V. — volumes of the 1 and 2™ miner-
als and shale,
Oy, ,» Oy, — Deutron porosity of the 1* and 2"
minerals and shale,
Prmarr Puw Pr — specific density of the 1% and 2"
minerals, shale and pore fluids,
DT,, - sonic travel time of the 1" and 2™

DT sh>
minerals, shale and pore fluids.

mal,2’

DT,
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The last equation (balance equation):
1=V 4V, +V +0

is always present. It informs about the occurrence
of individual components in the model. Then, in
software using optimization algorithms, the mod-
el is fitted to the true formation by minimizing the
error function. It is calculated as the square root
of the sum of squares of differences between log
responses in well and synthetic data computed as
the output of the equation set solution (model pa-
rameters).

Depending on the software, the algorithms for
solving the system of equations and the systems
of equations themselves may differ. In most cases,
also in Techlog (Schlumberger Co.), probabilistic
models are used based on a matrix connecting the
log responses with volumes of mineral contents
and porosity. Additionally, all models include
other parameters describing the formation as well
as the measurement environment. Although the
general principles used in commercial systems are
similar, they differ in terms of the method of im-
plementation and determination of uncertainty.

SHORT PETROPHYSICAL
CHARACTERISTICS OF
CARBONATE

AND SILICICLASTIC ROCKS

Carbonates are a mixture of limestone and do-
lomite rocks in various proportions (Folk 1980).
They are mainly composed of calcite and dolomite
minerals. Like other sedimentary rocks, most car-
bonates are built of grains. Part of the grains pres-
ent in limestone are skeletal fragments of marine
organisms. Other carbonate grains are ooids or
onkoids, sometimes also calcite mud. The great
variety of grain forms in carbonate reservoirs
leads to various pore types, from the microscop-
ic level to vuggy pores of several cm in diameter.
After the sedimentation of particles, a diversity of
physical and chemical processes starts to modify
the rock structure, changing main characteris-
tics as porosity and permeability in terms of com-
paction, diagenesis and others (Montaron 2005).

Porosity in carbonates can be grouped into three
types: matrix porosity existing between grains,
vug porosity due to the dissolution of calcite in
water during diagenesis and fracture porosi-
ty caused by stress on the consolidated particles.
A good petrophysical interpretation in these rocks
depends on the application of more suitable mod-
els and the correct estimation of parameters.

Clean sandstones (without clay minerals) usu-
ally show high porosity and permeability (Folk
1980). They are frequently the goals in hydrocar-
bon and water prospection. Sandstones are built
of clasts from different mineral material depend-
ing on depositional conditions. They are mainly
composed of quartz, plagioclase, alkali feldspars,
micas and various cements, like silica, clay, car-
bonate or irony. Sandstone clasts are of various
size, shape, roundness and sorting. Porosity in
sandstones is mainly primary and intergranular.
Sandstones allow the filtration of water and other
fluids and their effective porosity allows the stor-
age of large volumes of hydrocarbons, as well as
thermal or table waters. The petrophysical inter-
pretation of clean sandstones is relatively easy and
most theoretical and empirical equations are de-
termined by scientists and engineers in reference
to these formations. The presence of accessory
minerals and clay ones lead to difficulties (Ballay
et al. 2005).

Role of clay minerals

The correct determination of shaliness is neces-
sary in the quantitative interpretation of well logs
in terms of the determination of porosity and hy-
drocarbon saturation. Shale volume has an impact
on the determined parameters and may distort the
interpretation process. Shale is an imprecise term
which refers to fine-grained, clastic, sedimenta-
ry rock composed of a mixture of clay minerals
and tiny fragments (pelite size) of other minerals
like quartz, dolomite or calcite. Also, bound wa-
ter volume in most of the models used is calculat-
ed together with shale volume. Various types of
clay minerals and shale distributions in rock have
different effects on well log records. From the well
logging interpretation point of view, it is impor-
tant to distinguish between four main minerals/
groups of clay minerals: kaolinite, smectite, illite
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and chlorite (Plewa & Plewa 1992, Schon 2011).
The above-mentioned clay minerals have vari-
ous elemental compositions, structures and tex-
tures, leading to differences in resistivity, ability
to polarization, volume of bound water, density
and others. The volume of selected clay minerals
in rock formation can be approximated using ap-
propriate cross-plots. Shale distribution in sand-
stones is variable and three different models of
shale occurrence are defined as shown in Figure 1.

Laminar Structural Dispersed
shaliness shaliness shaliness
_‘_DQ_Q
¢ (b ¢ Vsh

Vsk Vsk Vsk

Fig. 1. Models of shale distribution in sandstones (Schlum-
berger 1989, modified)

In laminar forms of shaliness, clay minerals
(V) built the specific laminas with very low po-
rosity (¢), different from sandy laminas, thus to-
tal porosity of sandy-shaly formation is lowered
because part of the rock volume is occupied by
clays. Structural shale means the presence of clay
minerals in the skeleton (V,), so porosity remains
unchanged. In dispersed shaliness, clay minerals
occupy part of the pore space, so porosity is dis-
tinctly reduced. Shale content causes reductions
in effective porosity, permeability and decreases
resistivity. Further clay presence complicates the
proper determination of the volume and produc-
tion of hydrocarbons.

In carbonates, clay volume is rather low but in-
terpreters encounter its effects when estimating
porosity and water saturation of limestone and
dolomite reservoirs. The clay volume of the inves-
tigated Cuban reservoir formation was relatively
low, and its presence was concentrated in the pore
space. Schematic representation of different shale
distributions in the Cuban carbonate reservoirs is
presented in Figure 2. The high shale content ob-
served in the Carpathian Foredeep formation was
a mixture of the models presented in Figure 1 and
it was not possible to differentiate the occurrence
of forms on the basis of well logs.
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Fig. 2. Schematic presentation of different forms of shaliness distribution in the Cuban carbonate reservoirs (Castro 1992)
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PREPARING DATA

Well logging measurements made in a specif-
ic environment are influenced by various factors
and require correction. Nowadays, corrections
are usually made during data acquisition but be-
fore interpretation it is necessary to ensure good
data quality. To fulfil this requirement, appropri-
ate corrections were made (automatically or man-
ually). Merging logs was done because measure-
ments were made in different runs and the depths
for equivalent position in the wellbore could be
different. Run overlaps were investigated because
they allowed the comparison of log results from
the same point in the formation which were made
in different wellbore parameters (resistivity and
density of mud, well diameter etc.). Logs were ed-
ited to eliminate invalid data and a conversion to
the same units was made. Core and log data were
depth matched.

Measurements in the Cuban oilfield area were
made using Schlumberger Co. tools, while in the
Carpathian Foredeep gas deposit, Halliburton
Co. tools were applied. An inventory of logs is pre-
sented in Table 1. Basic logs, i.e. resistivity, stand-
ard and spectral version of natural radioactivity
measurement, bulk density, photoelectric absorp-
tion index and neutron porosity were measured

Table 1
Well logs used in the interpretation

in both cases, providing a platform for credible,
comprehensive interpretation. In both cases, each
of the five resistivity logs of different radii of in-
vestigation (RLA1, RLA2,... - high resolution lat-
erolog array and HOO1, HOO03,... - high resolu-
tion array induction) were available and used in
the qualitative interpretation to recognize porous
and permeable formations. In the quantitative in-
terpretation, resistivity logs of the smallest radi-
us of investigation, RLA1 and HOO1 were used for
the water saturation (S,) calculation in the flushed
zone, while resistivity values from the log of the
deepest radius of investigation, RLA5 and HO12,
were used for S determination in the virgin zone.
In the carbonate rocks, the photoelectric absorp-
tion index played an important role as a factor
enabling differentiation between carbonate com-
ponents, because limestone and dolomite of high
resistivity and low or very low natural radioactiv-
ity are not very diverse in bulk density, especial-
ly in the discussed case of the presence of organic
matter. Spectral gamma ray, i.e. THOR and POTA
curves in the A-1 well enabled the recognition
of clay minerals. The transit interval time in the
acoustic log, measured only in A-1 well in the Car-
pathian Foredeep gas deposit, provided addition-
al information on gas saturation, important in the
thinly-bedded, highly shaly Miocene reservoir.

Well Depth interval [m] Log Mnemonic
Cuban oilfield area
Caliper CAL
Thermic TEM
V-01X 3844-5823
V-02X 4190-6004 Electrical RLA], RLAZ, RLA3, RLA4, RLA5S
Radioactive SGR, CGR, NPHI, RHOB, PEF, THOR,
v URAN, POTA
Carpathian Foredeep gas deposit
Caliper CAL
Electrical HOO01, HO03, HO06, HO09, HO12
Al 200-2230 o GR, GRS, GG, NPHI, RHOB, PEF, THOR,
Radioactive
URAN, POTA
Acoustic DT

Geology, Geophysics and Environment, 2019, 45 (3): 163-182




168

Waszkiewicz S., Alvarez R.B., Jarzyna J.

GEOLOGICAL SETTING

The lithology and stratigraphy of formations were
briefly described in order to present the geological
background and sedimentary conditions in which
the studied reservoirs were recognized.

Cuban oilfield area

The Cuban oilfield area is located in the Heavy Oil
Northern Belt, in the eastern part of the Havana
and Matanzas provinces, a place where more than
15 oilfields have been discovered. The discussed
investigation only concerns West Varadero, locat-
ed at N-NW of Hicacos peninsula as an enlarged
structure in the form of a belt that continues from
the town of Camarioca to Varadero. From all of
the wells drilled in this part of the oilfield, only
one (presented in the paper as V-02X) drilled Up-
per Paleocene-Lower Eocene clay sediments af-
ter the Upper Jurassic (Fig. 3A). Traps in this area
are of the structural type, with folds and thrust-
ing faults (Fig. 3B). This is the Cuban Thrust-
Belt and is built of several thrusting mantles or
sheets, belonging to the same tectonostratigraph-
ic unit (Placetas) (Lopez et al. 2012, Lopez et al.
2015). The same situation, but on a more general
scale, is observed in Figure 3B (Moretti et al 2003).
It is distinctly visible here how units 2, 3 and 4

(Cretaceous and Jurassic) sometimes lie upon
unit 1 (Tertiary-Paleocene, Eocene). The picture
presented in Figure 3A results from the specific
geological structure (thrusting) and the trajecto-
ry of the well, because the potential hydrocarbon
accumulations are in the thrust mantles or sheets.
A simplified structure is presented after analyzing
geological cross sections, seismic and well logging
results. Litho-stratigraphy of the presented units
is included in Table 2.

According to the investigations, which were based
on 3D seismic data and the existing well log-
ging results of the Cuban Oil Investigation Cen-
tre (CEINPET) in 2012, it was concluded that the
region is made up of several grand units or for-
mations, that feature throughout the whole of
the Cuban Thrust-Belt (Lopez et al. 2012). Rocks
forming these units are considered to be the fol-
lowing ones: 1) post-orogenic, 2) syn-orogenic
Lower Eocene, 3) ophiolites (Cretaceous Volcanic
Arc), 4) syn-orogenic Lower Cretaceous, 5) Me-
dium Cretaceous continental margin carbonates,
6) Upper Paleocene-Lower Eocene syn-orogenic
rocks, 7) Upper Jurassic-Neocomian (Lower Cre-
taceous) continental margin carbonates (Fig. 3A,
Tab. 2). The last unit (Upper Jurassic-Oxford-
ian) is formed of syn-rift clastic rocks (claystones,
sandstones, very heterogenous limestones).

THRUST BELT

FORELAND

[ 1 [ 1. T2 3 |4

| 11 | ]2 HEE 4 S

NS Mo N 72 I 7 I 7 c

Fig. 3. Simplified structure of the Cuban Oilfield area (Lopez et al. 2015, modified) (A); explanations are included in Table 2;
synthesis of the play concept of the northwest off shore Cuba petroleum system (B): 1 - Tertiary, 2 — Cretaceous, 3 - Jurassic -
mainly carbonates, 4 - Jurassic - mainly clastics, 5 - potential accumulation (Moretti et al. 2003, modified)

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



Results of the comprehensive interpretation of well logs in carbonate and siliciclastic rocks...

169

Table 2
Litho-stratigraphy of formations presented in Figure 3A
Formation Stratigraphy Lithology
land la Postorogenic Phosilypheros limestones, dolomites, marls

2 Syn-orogenic Lower Eocene Argillites and some carbonate fragments
3 Ophiolites (Cretaceous Volcanic Arc) Serpentinite mélanges and ophiolites
4 Syn-orogenic Lower Cretaceous Compact carbonates (hard limestones)
5 Medium Cretaceous Continental margin carbonates
6 Syn-orogenic Upper Paleocene-Lower Eocene Claystone, mainly argillite
7a Upper Jurassic-Neocomian (Lower Cretaceous) Continental margin carbonates
7b Upper Jurassic, Tithonian Carbonates, naturally fractured and lixiviated
7c Upper Jurassic Kimmeridgian Carbonates, naturally fractured and lixiviated

Units 6 and 7 are found in the profiles of wells
studied in this research. The presented oilfield
constitution responded to a typical geology of du-
plex structures or scales that repeat themselves
through faults and horsts. Upper Jurassic reser-
voirs are carbonates, naturally fractured and lix-
iviated.

Seal rocks consist of Paleogene clays placed as
an unconformity above the grand units. A geolog-
ical section over the V-02X well made from the
seismic data shows all of the sheets that repeat
themselves from south to north, starting with
ophiolites, Upper Cretaceous syn-orogenic for-
mation, Medium Cretaceous sheets also separat-
ed by Upper Cretaceous clays, until reaching the
Upper Jurassic-Neocomian (Lower Cretaceous)
sheets that continue repeating through the horsts
and faults, without the presence of Upper Pa-
leocene-Lower Eocene clays between the sheets
(Lopez et al. 2015).

Carpathian Foredeep gas deposit

Siliciclastic Miocene formations are presented on
the basis of an exemplary geological profile of well
A-1. The borehole, located in the middle part of
the Carpathian Foredeep, drilled the Miocene,
Jurassic, Triassic, Carboniferous and Precambri-
an formations to a depth interval of 200-2551 m
(Syrek-Moryc 2006, Filo 2006-2007). The Mio-
cene sandy-shaly, thin-bedded formations and
Carpathians flysch marginal zone reservoirs were
the goals of hydrocarbon prospection for decades

in Eastern-Southern Poland (Karnkowski 1999).
Exploration works were focused on the Miocene,
Early Cretaceous and Jurassic formations.

In the discussed case, prospecting attention
was directed on the autochthonous Miocene for-
mations (200-2028 m), built of the Sarmatian
and Badenian beds. The full profile of the au-
tochthonous Miocene consisted of the Sarmatian
and Upper Badenian thinly bedded sand-, mud-
and claystones, Middle Badenian anhydrites in-
tercalated with shale layers and Lower Badenian
mudstones and marly mudstones. Mesozoic sedi-
ments represented by the Jurassic deposits (202 m
of thickness) are composed of Malm limestones
and dolomites and Dogger sandstone-mudstone
deposits. In the primary (cross-plots) and com-
prehensive interpretation, the Dogger deposits
are not included.

TECHLOG PROCEDURES
USED IN THE INTERPRETATION

In both cases, the interpretation was made using
Techlog (Schlumberger Co.) software. Procedures
of the Quanti module were adopted for the Cuban
oilfield data of the V-01X and V-02X wells, Quanti
Elan module was applied for the Miocene gas field
data interpretation of the A-1 well.

Qualitative interpretation

Before conducting the quantitative interpretation,
parameters were determined that might improve

Geology, Geophysics and Environment, 2019, 45 (3): 163-182



170 Waszkiewicz S., Alvarez R.B., Jarzyna J.

results. The primary mineral composition of the specific minerals were helpful in the selection of
rock matrix model was built on the basis of the ge-  rock types.

ological macroscopic description of cores and cut- Cross-plots of Figure 4 were generated assuming
tings obtained during the drilling process. In ad-  mud filtrate density equal to 1 g/cm’ in the Cuban
dition, the cross plots turned out to be very useful  data case and 1.16 g/cm’ in the Carpathian Fore-
for rough lithology identification. In both cases, deep data. Visible differences in the overlays shape
bulk density (RHOB) vs. neutron porosity (NPHI)  of Figure 4A, B resulted from the data being record-
cross plots were constructed (Fig. 4A, B). They al-  ed by different logging devices and density of mud
lowed for the preselection of the dominant lithol-  filtrate. In Figure 4A, the litho-stratigraphy zona-
ogy types. Comparison of the plots showed a more  tion is presented using colours and all the units in
distinct differentiation in the Cuban carbonate the discussed reservoir zone can be observed: unit
units (Fig. 4A). Within the Carpathian Foredeep A depicts a geological formation from the Upper
log data (Fig. 4B), the Miocene siliciclastic rocks  Cretaceous, B, C, E, F, G, H, I and ] illustrate forma-
dominated but the division between them and  tions of the Upper Jurassic and D representing syn-
the Jurassic sediments was not very precise, de-  rift clastic (shaly) rocks. In the discussed case, in the
spite the lithology overlay. Another log data cross-  majority of data, a shift over the limestone line is the
plot of bulk density (RHOB) vs. transit interval result of the mentioned clastic lithology. The reser-
time (DT) helped with the determination of the voir was mainly built of carbonates with some clay
mineral composition (Fig. 5). The position of the  content. Unit D is the exception because it is a very
data between lithology lines and marked points of  heterogeneous formation with high clay content.

1'0 H H H H H H 17 10
A BB EC WD ENCECEY
HE EF WG IH
ml M)

1.5 1.5

0«‘/.‘
Lo
(7

RHOB (g/ccm)
E
o

RHOB (g/ccm)
S

2.5 2.5

3.0

i [ 30 | | | :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 04 0.5 0.6 07

NPHI (v/v) NPHI (v/v})

Fig. 4. RHOB vs. NPHI cross-plot: A) Cuban carbonate formation; A-J - formations/units according to Figures 3 and explana-
tions in the text; B) Carpathian Foredeep siliciclastic formation: I - Miocene, Sarmatian and Upper Badenian shaly sandstones,
2 - Jurassic, Malm carbonates, 3 - Middle Badenian anhydrites, 4 — Lower Badenian mudstones and marly mudstones
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The shift of the Miocene, Sarmatian and Up-
per Badenian sandstone data in the Carpathi-
an Foredeep to the higher NPHI values resulted
from the high shaliness of the formation (Fig. 4B).
The position of the group of Sarmatian and Up-
per Badenian (yellow) data over the sandstone
line in Figure 4B can be explained by gas satura-
tion. Middle Badenian anhydrites are visible with
high bulk density and very low neutron porosity
in the left lower corner of the cross-plot (Fig. 4B).
Lower Badenian mudstones and marly mud-
stones fit well into shaly-sandy samples without
any gas saturation (Figs. 4B, 5). A small group of
the Sarmatian and Upper Badenian data located

over the upper line presented in the RHOB vs. DT
cross-plot (Fig. 5) also confirmed low gas satura-
tion obtained in the next interpretation step. Il-
lite and micas shown as dominated clay miner-
als that is in Figure 6 also explain the lowering of
bulk density. The presented cross-plots (Figs. 4, 5)
confirmed carbonate formation in the Cuban oil
field and revealed a heterogeneous Miocene for-
mation composed of quartz, high volume of clay
minerals and carbonate cements proved in labo-
ratory results (Filo 2006-2007). The approximate
total porosity ranged from 5 to even 30% in the
carbonates and showed even 45% in the Miocene
sandstones.

1.0
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Fig. 5. RHOB vs. DT cross-plot for the Carpathian Foredeep formations with lithology identification overlay: 1 - Miocene, Sar-
matian and Upper Badenian shaly sandstones, 2 - Jurassic, Malm carbonates, 3 - Middle Badenian anhydrites, 4 - Lower Bad-

enian mudstones and marly mudstones
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Fig. 6. Clay mineral identification cross-plot, Carpathian Foredeep sample, A-1 well: 1 - Miocene, Sarmatian and Upper Bad-
enian shaly sandstones, 2 - Jurassic, Malm carbonates, 3 — Middle Badenian anhydrites, 4 - Lower Badenian mudstones and

marly mudstones

Quantitative interpretation

Techlog software allowed the quantitative inter-
pretation to be made in two different ways. Us-
ing the Quanti module, the calculation of shale
volume, porosity and saturation was made step
by step. Quanti Elan module provided the sto-
chastic solution based on probabilistic, multi-
component model proposed by interpreter. All
petrophysical parameters were the outcomes of
the comprehensive interpretation. Generally, the
interpretation of the carbonate formation was
done using Quanti module procedures, while the

solution in the sandy-shaly Miocene formation
was obtained using Quanti Elan module. Inter-
pretation in the carbonate formation was also the
guide showing how the procedures in the Quan-
ti module work, while Quanti Elan revealed abil-
ities and difficulties in the siliciclastic rocks in-
terpretation. The sequence of shaliness, porosity,
saturation and lithology determination is de-
scribed and illustrated by means of the Cuban
data samples. The Quanti Elan interpretation was
applied for the Carpathian Foredeep Miocene
formations.
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Shale or clay volume

Information about shaliness in a formation is cru-
cial for selecting the proper parameters for the in-
terpretation. Clay minerals impact on the matrix
composition and reservoir parameters depends
on their morphology, structure and texture, cat-
ion exchange capacity and elemental composition
(Akhir et al. 2015). Shale volume estimation was
made on the basis of natural gamma radioactivi-
ty curve (GR). In both cases, the computed gam-
ma ray curves (from the spectral gamma log SGR)
were used in order to not take the presence of ura-
nium into account. This was because the uranium
volume curve was treated as an indicator of the
presence of organic matter (also, fractures with
collected uranium compounds), while the other
two components of the natural gamma radiation,
potassium and thorium volume curves (POTA,
THOR) were perceived as the main indicators of
clay radioactivity.

The linear model is best suited for the Cuban
carbonate formations:

_ CGRlog—-CGRmin [ / ]

V= —|V/V
CGRmax — CGRmin

@

where:
V,, - shale or clay volume [v/v],
CGRIlog - current values of the computed GRlog
(API),

CGRmin - minimum value selected from the
curve of the computed GRlog, it rep-
resented a rock with no clay content
(API),

CGRmax - maximum value selected from the
computed GRlog, it represented a clay
rock or a rock with high clay content
(API).

Dominating clay minerals were determined
using cross-plot of thorium vs. potassium (Klaja
& Dudek 2016). The Miocene sandy-shaly forma-
tion sample is presented in Figure 6. The exam-
ple showed that the Miocene formation is mostly
composed of illite and micas.

Porosity

Total porosity for the Cuban data was directly ob-
tained from the neutron log because the measur-
ing tool was calibrated in porosity units. On the

other hand, the recorded density values, RHOB
were transformed into total porosity using the
Quanti module equation:

¢d - pma - pf (3)
where:
¢, — porosity estimated from the density log
[v/vl,

p... — rock matrix density [g/cm’],
RHOB - bulk density from density log [g/cm’],
p; — density of fluid in pores (mud filtrate)
[g/em’].

Total porosity (¢,) was assumed as the average
between ¢, and the values of neutron log of poros-
ity (9,)-

Effective porosity was obtained by the subtrac-
tion of shaliness, i.e. clay occupying the pore space
from the total porosity:

0. =0 =V Oy 4)
where:
¢, - effective porosity [v/v],

¢, — total porosity [v/v],
V,, - shale or clay volume [v/v],
0, - porosity of shale [v/v].

Other formulas are proposed in the Quan-
ti module for total and effective porosity calcu-
lations using other logs. In the presented Cuban
data, the neutron and density logs were only used
because of the non-existence of sonic logs. In the
interpreted geological profiles, the number of
available cores was limited, so there were no reli-
able laboratory results to make the confirmation.

Fluid saturation

Due to the nature of electrical current flow in
rocks, the majority of saturation models applied
in reservoir interpretation use resistivity logs. In
any equation, water/ hydrocarbon saturation is
a function of resistivity of the formation and there
are a series of parameters that need to be prop-
erly evaluated: formation temperature, water for-
mation resistivity, mud filtrate resistivity, tor-
tuosity coefficient, cementation and saturation
exponents. Computer systems propose some de-
fault values that work in most cases, but precise
values should be obtained by means of laboratory
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measurements. The proper formation water resis-
tivity and the cementation exponent was found on
the basis of Pickett plot (Aguliera 1995, Asquith &
Krygowski 2004). This methodology is based on
the Archie equation for a clean formation (Archie
1942). In a simple way, in the cross-plot of ¢, (to-
tal porosity) vs. R, (formation resistivity) in two
logarithmic scales the line that fits the lower re-
sistivity edge of cloud of data points represents
the 100% water saturation and the intercept with
the line of 100% porosity, represents the forma-
tion water resistivity. Cementation exponent (1)
was determined from the slope of the above-men-
tioned line. A theoretical plot illustrating Pickett
methodology utilization is presented in Figure 7.
Analytically, Equation (5) describes the process
of m exponent determination:

Log(R )= -m Log(¢,)+Log(a-R,)+ 5)
+Log(R,/R,)

where:
R, - formation resistivity [Q2-m] when partial-
ly water, partially hydrocarbon saturated,
R, - formation resistivity [(Q-m] when fully
water saturated,

R, - formation water resistivity [Q2-m],
m - cementation factor [-],
0, - total porosity [v/v],

a - tortuosity coeflicient [-], usually equal
to 1.

Cementation factor m values resulting in the
Cuban reservoir interpretation in wells V-01X and
V-02X are presented in Table 3. The obtained val-
ues are lower in comparison to the Archie solution
(m = 2 is recommended for clean carbonates). This
is related to the level of fracturing in these rocks.
Once R, temperature and m were known, it was
accordingly checked that they matched known
water salinity. This was known in the Cuban area
due to previous studies: 40,000-60,000 ppm. The
mud filtrate resistivity and its temperature were
taken from the well reports.

Table 3
Temperature, formation water resistivity and cementation
exponent for wells in study

Average Re515t1v1.t ¥ Cementation
of formation
Well | temperature factor
°C] water [m]
(Q-m]
V-01X 55.0 0.100 1.6
V-02X 50.0 0.085 1.5
A-1 50.2 0.07 1.7

Pickett plot was also prepared for the Carpathi-
an Foredeep data (Fig. 8) to determine the cemen-
tation factor m and formation water resistivity R,
these were important for the correct water/gas sat-
uration calculation. The high shale content of for-
mations and the mix of clay minerals resulted in
a low value of m = 1.7 (Tab. 3).
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Fig. 7. Pickett methodology utilization

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



Results of the comprehensive interpretation of well logs in carbonate and siliciclastic rocks...

175

1.0 g
7]
T
_ 3
8 o
=
z
w
£
(=]
(=W
=
2
0.1
)
M~
0.1 1.0 10

Fig. 8. Pickett plot for the Carpathian Foredeep data

Saturation models

In the presented carbonate and siliciclastic rocks,
the best results for water/hydrocarbon saturation
were estimated using the Archie equation for the
Cuban profiles, assuming their almost clean for-
mations (6) (Archie 1942), and a modified Siman-
doux formula for Carpathian profile as for sha-
ly deposits (7) (Crain 2002). Within the Archie
model, it was simply assumed that water satura-
tion S, was a function of formation resistivity R,
and water formation resistivity R, while modified
Simandoux model included the clay resistivity im-
pact:

S ©)

(for symbols see above).

v, (Vd ] ‘0
s - Ry Ry Rtm a-R,-(1-Vy) 7)
7. ¢
aR,-(1-7,)
where:
R, - clay resistivity [Q-m],

V, - clay volume.

. [Q-m]

Effective intervals

In general, the production properties of a reservoir
rock are a function of its ability and capacity to
store hydrocarbons. The saturation ability/ storage
capacity and the permeablity/ fluid flow of the pore
space s crucial. Also, shaliness plays and the type of
fluids filling the pore space play an important role
in determining reservoir/ production properties.

In order to find the effective intervals, it was
necessary to determine the cut off values of clay
volume, effective porosity and water saturation.
The Cumulative Hydrocarbon Column technique
(Computing Petrophysical cut oft 2015) was used
at one well (V-01X). The presented elbow points
were very important because they defined the cut
off values to store hydrocarbons. With increasing
shaliness, the possibility of storing and transport-
ing hydrocarbons is not possible.

The concept of the hydrocarbon column
(HCOL) calculation in a formation was based on
the equation:

HCOL = ¢, - (1-S,) - AH ®)

where:
HCOL - hydrocarbon column [m],
AH - height interval [m].
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Total hydrocarbon column, THCOL [%], was
defined according to the formula (9):
THCOL= HCOL/HCOLA )

where HCOLA - hydrocarbon column for the
whole interval [m].

It was the equivalent height of the pure hydro-
carbon column contained in a zone of thickness
AH > HCOL.

To calculate the cut off value for V_, the top and
base of the interest zone were defined, THCOL
was computed for all the values without restric-
tions. Then a regular decreasing of values for V
cut oft was applied, that is V, cut off = (100%, 95%,
90%, ..., 0%) and THCOL was computed, rejecting
rocks for which V, > V, cut off. Using this, a set
of points of V, cut off and THCOL was obtained,
these points were plotted (Fig. 9A), and the elbow
point (i.e. the point where the total HCOL started
to not having variations) was the ultimate cut off
value for the V.

Cutoft value for the effective porosity, PHIE,
was calculated in the same way as the porosity val-
ues, where V, <V cut off and PHIE > PHIE cut off,
making variation of the effective porosity from 0.4
to 0 regarding to the total HCOL (Fig. 9B).

Water saturation S cut off value was deter-
mined, keeping cut off values of V, and PHIE
fixed and making variations of S from 1 to 0 re-
garding total HCOL (therefore V < V, cut off,
PHIE > PHIE cut offand S, < S, cut off). Finally,
again the elbow point was taken as the water satu-
ration cut off value (Fig. 9C).

After this analysis of the well V-01X of the Cu-
ban oilfield, the cut off values were assumed as
V., = 25%, PHIE = 6% and S, = 40%.

Lithology model

In the case of the Cuban oilfield, a lithology model
was estimated using the Lithology Computation
tool of the Quanti module. This is designed to cal-
culate up to four lithologies based on the follow-
ing input parameters: consistent to above effective
porosity, shale volume, water saturation and bulk
density. The relative proportions of the different
lithologies were based on the lithology cross-plots
DT_, vs. RHOB,_, and U_, vs. RHOB,_. First the
apparent matrix properties RHOB_, DT, Uma
were calculated. With the minimum input param-
eters only, two lithologies were calculated based
on RHOB_ only, with an additional input (DT or
PEF/U) a third lithology can be estimated while it
is possible to calculate a fourth one by using both.
In the presented case, shale volume, water satu-
ration, bulk density and photoelectric absorption
index with its volumetric cross section (U) were
used as inputs because of the lack of a transit in-
terval time.

The following matrix parameters were used:
sandstone: PEF = 1.8 barn/electron;

U = 4.8 barn/cm’; RHOB = 2.65 g/cm’

— limestone: PEF = 5.1 barn/electron;

U = 13.8 barn/cm’; RHOB = 2.71 g/cm’
dolostone: PEF = 3.1 barn/electron;

U =9 barn/cm’; RHOB = 2.85 g/cm’.

Finally, the lithology model was built of: dolo-
mite (V},,), limestone (V,, ) and sandstone (V,__,).

ime
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Fig. 9. Results of the selection of the cut off value in well V-01X: A) clay volume cut off; B) effective porosity cut off; C) water sat-

uration cut off
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Quanti Elan

Comprehensive interpretation of the well A-1 well
logs at the Carpathian Foredeep was done using
the Quanti Elan module. This is a statistic model
method based on a probabilistic and multicompo-
nent approach. (Fig. 10).

In the presented matrix A, B, C, D, E, F and G
mean unknowns, i.e. mineral component volumes
and pore fluids volumes. 1, 2, 3, 4, 5, 6, 7 are log re-
sponses from rock formation measurements, o,
are matrix parameters typical for each mineral
and also parameters of pore fluid.

Models declared by sets of equations (Fig. 10)
were defined several times in the interpretation
zone of 1000-2000 m. The number of model com-
ponents was equal or smaller than the available

o

o

(X‘a,l (Xb,l (X‘c,l (X‘d,l o
aa,Z (X‘b,Z ac,Z (xd,Z (Xe,
aa,3 (X’b,3 u’c,S ad,3 ae,
0(’a,4 a‘b 4 O(‘c,4 O(‘d 4 o
(xa,S (xb,S (XC,S (xd,S (xe,
(Xa,6 ab,G (X’c,ﬁ (xd,ﬁ (xe,
| (X’a,7 ab,7 (X’c,7 (X’d,7 o

e

logs. The selection of minerals of the model was
made on the basis of a qualitative interpretation,
core samples and cuttings analyses and infor-
mation from mud logging. The best model adop-
tion was done using the trial and error method.
Quartz, feldspar, calcite, dolomite and shale as
a group of clay minerals were considered as suita-
ble mineral components for the Carpathian Fore-
deep sandy-shaly rocks. Some tests with various
mineral composition were done. The best solution
was based on quartz, calcite and shale, built of il-
lite. The formation was saturated with formation
water, the parameters of which were determined
using a Pickett plot (Tab. 3). Based on the analysis
of nearby wells, gas was chosen as a possibly oc-
curring hydrocarbon.

o, A 1
o, B 2
05 C 3
o, D 4
Ol E 5
Ol F 6
o, G 7

1=A+B+C+D+E+F+G

Fig. 10. Matrix of equation system using in Techlog Software (Techlog Online Help 2015, modified)

RESULTS

Results of the interpretation made using Quanti
module (Techlog) in V-02X well in the Cuban oil-
field are presented in Figure 11. Track configurations
are described as follows: the first track contains cali-
per, second - zonation symbols, third - CGR (com-
puted gamma ray), SGR (standard gamma ray), PEF
(photoelectric absorption index), fourth - resistiv-
ity curves of high resolution laterolog array tool
(HRLA), with a different investigation radius, fifth -
RHOB (bulk density) and NPHI (neutron porosity)
curves, sixth — uranium, URAN, thorium, THOR
and potassium, POTA contents, seventh — track

contains the lithology model, eighth - total, PHIT
and effective, PHIE porosities, ninth - track shows
water saturation S, and the last one contains the pay
zones or effective intervals (presented in red color).
Clay volume is pretty low in all of the reservoir
zones (units), rarely exceeding 25%, except of zone
D which is built as a shale layer. All reservoir zones
(units) identified in Figure 11 (marked with blue
and green colors) are also visible in Figure 4A. To-
tal and effective porosity values are relatively high
for carbonates, total porosity ranges from between
3-23%, with the average value equal to 15%, while
effective porosity ranges from between 1-20%, with
the average equaling 10%.
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The last track presents saturation, colored in
blue for water and in green for oil. In the reser-
voir water, saturation almost never exceeds 40%,
in general being around 30%, and showing good
potential for oil production in the area.

Figure 12 shows the results of the comprehen-
sive interpretation of well logs in the Miocene for-
mation in well A-1 at the Carpathian Foredeep. The
track description is quite similar to Figure 11. DT in
the fifth track means show the acoustic log transit
interval time and HRAI in the sixth track show re-
sistivity curves from high resolution array induc-
tion tool. Clay volume is even higher than 50%, in
some intervals and is represented by illite. Shali-
ness causes a distinct decrease in effective porosi-
ty, PHIE, which is relative to total porosity, PHIT,
and leads to low value of movable fluids. The vol-
ume of calcite was interpreted by the algorithm as
insignificant (just invisible in the plot). Gas satura-
tion presented in the last track is very low and oc-
curs only in the upper part of interval. There is no
potential for hydrocarbon production in this area.

SIMILARITIES AND DIFFERENCES

Techlog turned to be very useful software for the
interpretation of carbonate and siliciclastic reser-
voirs, despite their differences in geological struc-
ture and the sedimentological environment of the
rocks. Litho-porosity and saturation interpreta-
tion in the Mesozoic carbonates and sandy-sha-
ly Miocene formations was done on the basis of
similar sets of logs. The difference was related to
resistivity logs — an array laterolog in carbonates
case and array induction logs in shaly formations.
This was in accordance with the physical basis and
a pattern of current flow of both types of measure-
ments. First, the laterologs were most suitable as
resistivity logs for high resistivity formations and
relatively low water-based mud resistivity. Sec-
ondly, induction logs were well suited for low re-
sistivity sandy-shaly formations drilled with wa-
ter-based mud of relatively high resistivity.
Differences between the interpretation of car-
bonate and siliciclastic rocks based on matrix pa-
rameters were mainly the consequence of mineral
composition. In carbonates, calcite, dolomite and

shale were adopted as constituents, while in si-
liciclastic formations the main role was played by
quartz and illite.

Total porosities in both formations were sim-
ilar; average values were about 15%. Effective
porosity was more or less similar to the total in
carbonates, and distinctly lower in siliciclastic
formations. Effective porosity in sandstone for-
mations decreased because of high volumes and
dispersed forms of clay minerals in the layer by
volume. However, in carbonates, the shaliness was
present in the pore space, fractures and matrix.

It was necessary to use different saturation
models in shaly sandstones because of the high
amount of clay minerals (even up to 60%), com-
pared to carbonate formations where shale vol-
ume was between 10-15%.

Particularly important were differences of the
saturation type - in the Cuban reservoirs, the pore
space was highly saturated with oil while in the
Carpathian Foredeep, gas presence was very low.

Error analysis was interesting when assessing
the quality of the interpretation. Techlog soft-
ware presents errors in a separate track (Fig. 12 -
last track). It is the sum of differences between
measured logs and reconstructed logs divided
by standard deviations. The error that occurs is
largely dependent on the type of lithology. In the
case of carbonate formations, which are more ho-
mogeneous, the estimated error is smaller than in
thin bed formations or formations with high an-
isotropy. This is related to the resolution of the
tools, which is larger than the thickness of the
shale and sand laminas. The error determined for
the interpretation of the carbonate formation was
small and constant for the entire interval, there-
fore it was not placed in Figure 11. As can be seen
in Figure 12, which shows the results of the inter-
pretation in well A-1, the largest error was calcu-
lated for the upper part of the interval, where thin
laminas occurred which were slightly saturated
with gas. The error occurring in the thin bed for-
mations can be lowered by using high resolution
tools which helps to better adjust the interpreta-
tion model to real geological conditions. How-
ever, the obtained model is a mathematical solu-
tion and therefore reducing the error cannot be
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a drawback for adjusting the results to laboratory
measurements.

CONCLUSIONS

Comprehensive interpretation of the well logging
data was a complex process in which the trial and
error method turned out to be both useful and
effective. Obtaining the correct results required
a lot of geological, petrological and mineralogical
information from the literature, core laboratory
measurements and mud logging. Also, interpreta-
tion outcomes from other wells in the vicinity of
the study area were also useful. The most impor-
tant stage of the interpretation was the construc-
tion of a proper model of the matrix constituents
and the description of pore fluids. The pre-calcu-
lations and preliminary models obtained by using
cross-plots were helpful in adopting proper sets
of mineral components. In each case, the analy-
sis was performed individually with individually
adopted parameters because comprehensive in-
terpretation in different geological environments
and lithology required individual approaches.
This outcome was finally applied within the ap-
plied matrix model, the recognition of shale vol-
ume and shale minerals and, finally, to the imple-
mentation of adequate saturation equations.
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