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Properties of selected Precambrian and Paleozoic sedimentary clastic rocks were analysed with respect to their reservoir
potential. Multidimensional analysis of laboratory results and borehole logging data was used to construct digital models of
pre-Mesozoic, deeply buried formations, present as tight, low-porosity and low-permeability rocks. This modern statistical
and deterministic approach as applied to laboratory and borehole logging results worked to integrate data at different scales.
The results obtained are useful not only in further scientific research but also found a use in industrial application. As a first
step, statistical methods, including clustering and separation of homogeneous groups, enabled digital rock model creation
on the basis of the results of such laboratory measurements as pycnometry, mercury porosimetry, nuclear magnetic reso-
nance spectroscopy or computed X-ray tomography. Next, the models constructed were applied in borehole logging inter-
pretation to find intervals with similar petrophysical properties within the group and different properties between the groups.
This approach allowed implementation of upscaling procedures of laboratory experiments at micro- and nano-scale to bore-
hole logging scale. High correlations were established between the log petrophysical parameters within the digital models.
This approach can be used to divide the succession cored into intervals with different petrophysical parameters.
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INTRODUCTION

Precambrian and Paleozoic sedimentary rocks may reveal
reservoir potential, i.e. the ability to accumulate hydrocarbons
or water in economically viability amounts (Kotarba, 2010;
Semyrka et al., 2010). Currently in Poland, the low-porosity and
low-permeability Rotliegend formation is the subject of intense
research as a tight gas reservoir (Kiersnowski et al., 2010; Such
etal., 2010; Jarzyna et al., 2013). Silurian and Ordovician shale
gas formations are the subject of the most intense studies as
regards analysis of oil or gas contained in micropores (Poprawa
and Kiersnowski, 2008; Poprawa, 2010; Porebski et al., 2013).
Moreover, Cambrian and Carboniferous tight sandstones are
under careful consideration in research on prospectivity and ex-
ploration (Botor et al., 2013; Wojcicki et. al., 2014).

Precambrian and Paleozoic sedimentary rocks are already
studied as sedimentary basins and as regards recognition of
lithospheric structure (Bakun-Czubarow, 1984), and may reveal
reservoir potential, which in many aspects and applications, is
the key-parameter and desired characteristics of rock forma-
tions. Investigations of tight gas reservoirs, shale gas formations
and other low-porosity and low-permeability rocks present a
great challenge for petrophysicists because the standard labora-
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tory and statistical methods applied to recognize geological prop-
erties are often inadequate. The method described in this paper
can enrich the geological interpretation of tight rocks in using an
unconventional approach in petrophysical analysis. The devel-
opment of a comprehensive geological and non-standard
petrophysical interpretation may help evaluate reservoir intervals
in tight formations. There is a need to build a coherent methodol-
ogy for the study of various rock properties and connecting the
different features into characteristics, allowing rock clustering
(Szabo, 2011; Puskarczyk et al., 2015; Jarzyna et al., 2015).

In this paper standard laboratory results (helium pycnometry,
electric, ultrasonic and natural radioactivity tests, XRD analysis,
mercury porosimetry, uniaxial compression strength tests, per-
meability measurements) were linked with the outcomes of the
newest laboratory techniques (nuclear magnetic resonance
spectroscopy, computed X-ray tomography). The main goal of
the research was to construct a multidimensional data set, to
construct adequate digital models of the rocks based on labora-
tory measurement results, and to combine this approach with
borehole log information. Digital models of low-porosity and
low-permeability tight rocks were constructed based on the re-
sults of laboratory measurements of mineralogical and
petrophysical parameters using statistical methods of classifica-
tion. These models are the representation of 3 groups of rocks
with poor, medium and good reservoir potential. Next, the mod-
els, determined on the basis of laboratory data, were applied to
borehole logging data regarding the same ranges of variation of
selected parameters. This approach enabled focus on detailed
analysis of the best and the worst reservoir parameters in repre-
sentative sections of the geological profiles.
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MATERIALS

Geological samples were taken from 28 borehole cores
(Fig. 1), with particular regard for low values of porosity and per-
meability in the samples. Then, the rock samples were se-
lected, complying with four conditions:

— depth of the rocks >3000 m, and thus at similar tempera-
ture and pressure conditions in which material was oc-
curred regarding present depth of deposition;

— rock age — Precambrian or Paleozoic. The study was
concentrated on analysis of potentially gas or oil-bearing
formations that are older than Mesozoic. Especially in
age, when shale gas appeared to be potentially reservoir
rock and exploration may be ended in future with suc-
cess;

— lithology — siliciclastic (sandstones and mudstones);

— accessibility of geological material from cores. Several
measurements were planned that demand a defined
amount of material. Boreholes were selected for analy-
sis from the Polish Geological Institute — National Re-
search Institute, Central Geological Database (CBDG).
Furthermore, available rock material from boreholes
was checked regarding the possibility to probe core
samples of 10 cm length and 1/4 core diameter.

Rock samples consisted of 22 sandstones and 6
mudstones being potentially reservoir low porosity and low per-
meability rocks (Appendices 1 and 2¥).

The samples analysed were very diverse lithologically, and
hence in properties. This diversity of material meets the criteria
of parameter randomness as needed in statistical justification.
Therefore, samples could be analysed in order to find similari-
ties in petrophysical features, even though they differed in age.
Petrophysical analysis divides the rocks into the groups of simi-
lar properties. Paradoxically, geologically different material can
reveal similar petrophysical properties and owing to this can be
treated similarly in terms of exploration and production.

The research material was also characterized in terms of
lithostratigraphic unit affinity (Marcinowski, 2004a, b). Sample
868 (Appendix 1) represents the Polesie Formation (Protero-
zoic) as the oldest sedimentary rock succession in the Polesie
and Wolyn region with a thickness of up to 300 m. The Cam-
brian sample 878 is from the Smotdzino Formation (Lower
Cambrian) with a thickness of up to 87 m in the Baltic Syneclise,
The teba area provided sample 874 of the Kostrzyn Formation
(Middle Cambrian) comprising mainly quartz sandstones in the
Lublin area. The Silurian sample 879 belongs to the Pelplin
Claystones Formation (Llandoverian) rich in graptolites and oc-
curring in the Baltic Syneclise (Modlinski et al., 2006). Devonian
formations are represented by samples 886 and 130: the
Zwolen Formation (Lower Devonian, Emsian) deposited in the
Radom and Lublin area and reaching a thickness of up to
1300 m; sample 881 of the Czarnolas Formation (Lower Devo-
nian, Lochkovian) which occurs in the Radom area and consists
of mudstones and laminated claystones with quartz sand-
stones; and sample 139, of the Telatyh Formation (Middle De-
vonian, Eifelian) from the Lublin area with a thickness of up to
250 m. Sample 137 is from the Gozd Formation (Lower Carbon-
iferous, Tournaisian) of the Laska—Czaplinek zone and com-
posed of dark grey claystones; sample 887 is of the Drzewiany
Sandstones Formation occurring in the Koszalin-Wierzchowo
zone with a thickness of up to 300 m; sample 890 is of the
tobzonka Claystones Formation (Lower Carboniferous,

Visean) consisting of black claystones, dark grey mudstones
and quartz sandstones; and samples 129 and 141 are of the
Lublin Coal Formation (Upper Carboniferous, Westphalian) in
the area of Lublin and composed of sandstones and
mudstones. To the clastic Rotliegend Formation, occurring in
the Permian Basin of Poland and Germany, belong several
samples: 891, 892 and 893 (Permian). Samples 869, 870, 871,
872, 873, 876, 877, 883, 888, 889, 894 and 896 were not as-
signed to lithostratigraphic formations based on geological de-
scriptions (according to the CBDG) but met the criteria for
low-porosity and permeability.

The samples thus differ in age, lithology (sandstones or
mudstones) and depositional area but all of them fulfilled the re-
quirements of low porosity and permeability values, as con-
firmed by the laboratory measurements. Petrophysical studies
revealed similarity in sample features, important for determina-
tion of reservoir potential, despite not taking into consideration
the detailed geological characteristics of the samples (detail
macroscopic description, facies etc.).

METHODS

Laboratory measurements were carried out on the core
samples to provide comprehensive analysis of the physical pa-
rameters, with particular emphasis on the reservoir and elastic
properties of the Precambrian and Paleozoic sedimentary
rocks. Reservoir parameters: porosity and permeability were
essential objects of the laboratory analysis determining the res-
ervoir potential. Total porosity (Kp) was estimated using helium
pycnometry, while effective porosity was estimated using mer-
cury injection porosimetry (Kp mp ef), nuclear magnetic reso-
nance experiments (the sum of clay-bound water Kp1, capil-
lary-bound water Kp2 and free water Kp3) and X-ray computed
microtomography (Kp u-CT). The assessment of physical per-
meability (k) was carried out using a permeameter.

Several laboratory measurements were applied to study the
core samples. Laboratory measurements were selected based
on the information they provide (each method is based on dif-
ferent physical law) and applications of modern methods (nu-
clear magnetic resonance spectroscopy and computed X-ray
tomography) to low porosity and low permeability rocks in order
to retrieve the most detailed rock descriptions. Bulk density (6b)
and total porosity (Kp) were determined using two devices: a
gas pycnometer AccuPyc 1330 and a density analyzer GeoPyc
1360. Permeability (k) was estimated on the basis of a Gas
Permeameter Temco taking into consideration the Klinkenberg
effect (Klinkenberg, 1941). An Escort ELC 3131D device pro-
vided values of the cementation factor (m), while an ultrasonic
flow detector UMT-17 Ultramet Co. provided P- and S- wave
velocity values (Vp/Vs ratio). Natural radioactivity, potassium
(K), uranium (U) and thorium (Th) content, were detected using
a three-channel gamma spectrometer MAZAR. Determination
of shaliness (Vcl) was conducted by an X-ray diffractometer
X’Pert MPD Philips Co. Nuclear magnetic resonance analysis
(NMR Maran-7, field intensity 0.186 T) provided clay-bound wa-
ter (Kp1), capillary-bound water (Kp2) and moveable water
(Kp3) (Coates et al., 1999). On the basis of NMR results loga-
rithmic T, mean (T,ML) was calculated (Straley et al., 1997).
Noninvasive computed X-ray microtomography (Benchtop
CT160 tomograph) gave information about the total porosity
(Kp u-CT) and homogeneity parameter (J) by detailed 2D and
3D image analysis (Stock, 2009; Bielecki et al., 2009; Dohnalik,

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/g9q.1386
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2013). In the case of the homogeneity parameter a reference
value for the relative standard deviation of 0.16 was adopted,
which has been designated for the white Szydtowiec sandstone
(recognized in the Oil and Gas Institute in Krakow, Poland as a
standard for uniform pore space). Moreover, CT measurements
provided information about the quality of pore space develop-
ment (pore channel connectivity). Poor development of pore
space in samples 887, 888, 891, 129 and 141 allowed inclusion
of these samples to the analysis, despite the porosity values ex-
ceeding 10%. Mercury injection porosimetry (Pittman, 1992),
using an AutoPore Il 9220 Micrometrics Co., gave information
on effective porosity (Kp mp ef) and average pore diameter
(D av). The Swanson parameter (S7) for the first porous system
was determined on the basis of mercury injection pressure ver-
sus mercury volume and was related to rock filtration ability
(Swanson, 1981). Compressional strength (Rc) was estimated
using a Verkstoffprufmachinen Leipzig testing machine 400kN
with maximum force and applying a uniaxial compression test
(Brace, 1966). Mineralogical (XRD analysis in the Oil and Gas
Institute — National Research Institute, Krakéw) and
petrophysical characteristics of the research material are given
in Appendices 1 and 2.

The combination of different methods used in estimating
porosity provided parameters connected with different pore
sizes and types because of differences in the physical phenom-
ena used in the measurements and the specific resolution of the
devices. Hence, resolution of microtomography results are
within the range of gas bubbles and oil drops (micrometres), so
the extracted porosity informs about the pore space consisting
of pores with specific diameters, both connected and closed.
Connected pores can be extracted from the CT images and be
efficiently used in effective fluid flow modeling. On the other
hand, mercury porosimetry provides porosity regarding pores
with diameters above 3 nm but only if they are connected.

Statistical methods, i.e. clustering and separation of homo-
geneous groups, enabled creation of digital rock models on the
basis of the results of laboratory measurements and consisted
of different petrophysical parameters (Krakowska et al., 2016).
In order to extend the point information from laboratory mea-
surements, correlations between laboratory results and bore-
hole log data were made. Borehole log data, mostly archival,
was processed and interpreted with the use of specialist soft-
ware (Techlog, Schlumberger) and provided rock parameters in
their natural habitat conditions (pressure and temperature).
Next, established digital models were used in the secondary
processing and interpretation of borehole logging results. Cor-
responding petrophysical parameters from laboratory measure-
ments and from borehole logs were compared, e.g. sum of clay
minerals (lab) and shaliness (log); total porosity from lab and
log; thorium, uranium and potassium concentration from lab
and spectral gamma ray log. Hence, specific intervals in bore-
holes were selected on the basis of characteristic parameters
values for digital models 1, 2 and 3. This approach allowed for
the implementation of upscaling procedures on results from
measurements conducted in the laboratory, at the micro (and
nano) scale and borehole logging in the meso scale (Dvorkin et.
al., 2008). New technology applied to the different scale results
enabled integration and detailed characterization of reservoir
pore space and allowed extension of the concept of reservoir
rocks beyond the criteria used to date (Krakowska and
Puskarczyk, 2015). The results obtained are useful in further
conceptual studies.

Digital rock model construction was initiated by clustering
the data into homogeneous groups, with similar petrophysical
parameters within each group (Tryon, 1939). Cluster Analysis
with Generalized k-Mean Method in Statistica software was ap-

plied to selected parameters to enable data division into groups
(clusters) distinctly different from each other. Groups of similar
values of parameters were detected, each with different values
in relation to the rest of the groups detected (StatSoft, 2011).
V-Fold Cross-Validation was applied to the Classical k-Means
Algorithm, which allowed identification of the optimal number of
models within the given lithology (Hartigan and Wong, 1978).
The user has to approve the number of clusters by analyzing
the results and can modify these numbers if the results are not
sufficient, i.e. if there are too many clusters or too many de-
tached parameter values in clusters. A classical algorithm was
selected because it allowed cluster construction in the absence
of several parameters for any given samples. Finally, three
groups of parameters (clusters) were chosen and applied to
petrophysical interpretation as the 1st, 2nd and 3rd digital rock
models reflecting medium, poor and good reservoir potential re-
spectively.

Parallel efforts were made to reduce the number of parame-
ters in the clusters and to obtain the optimal number of clusters
(models). It was necessary to select the parameters on which the
influence on description of tight rock potential is the strongest.
Moreover, the analysis was performed several times for different
sets of parameters, assessing the value of the error function and
studying the correlation graphs for selected parameters within
the groups. Finally, a group of parameters was established for
cluster analysis that consisted of: bulk density, total porosity
(pycnometer), absolute permeability, P- and S-wave velocity ra-
tio, cementation factor, content of potassium, thorium and ura-
nium, shaliness, effective porosity, average pore diameter,
Swanson parameter for the first porous system responding to the
highest injection pressure and highest pore diameter from mer-
cury porosimetry, clay-bound water, capillary-bound water and
moveable water content, logarithmic T, mean from the whole
NMR signal, total porosity, homogeneity parameter from com-
puted microtomography and compressive strength from uniaxial
compressional tests (Fig. 2 and Appendix 2).

Standard petrophysical interpretation of borehole logs (e.g.,
gamma ray, sonic and resistivity log) was carried out in order to
obtain shaliness, porosity and water/hydrocarbon saturation
from the boreholes analysed. Firstly, petrophysical profiles of
the boreholes, consisting of several log characters such as
shaliness, porosity, transit travel time (DT), were divided into in-
tervals on the basis of parameter comparison between digital
rock models (minimum, maximum, average values of parame-
ters in each model) and logs. In the intervals, which cover the
depth of the models selected, mutual relationships between log
parameters were established. Hence, the parameters from the
logs include the ranges of lab parameters in models within
borehole intervals. All the relations derived helped in detailed
analysis of the rocks as regards hydrocarbon saturated zone
determination and lithology recognition (Dudek and
Stadtmuller, 2010). This approach in constructing the digital
rock models from lab measurements and their application to
borehole logs enabled restricting focus of the detailed analysis
only to representative sections of the geological profiles. This
can also support the decision of core typing and limit the
amount of coring intervals only to those with interesting, differ-
ent physical parameters, e.g. interesting reservoir parameters.
Regarding the specific reservoir, this approach can be carried
out on one prospective well and transfered to other wells. The
whole interval represented in the form of borehole logs (mea-
sured and as result of interpretation) can be divided into sec-
tions which correspond to the digital rock models. The digital
rock models were obtained from laboratory measurements so
the accuracy of petrophysical parameter determination is
higher than from borehole logs, e.g. total porosity from helium
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Digital rock models
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Input parameters for cluster analysis:

&b, Kp, k, m, Vp/Vsratio, Kp1, Kp2, Kp3, Kp u-CT, Kp mpef, Vel, K, U, Th, Dav, T,ML, J, S1, Re

Model 1 Model 2 Model 3
medium poor good

reservoir properties

reservoir properties

reservoir properties

Fig. 2. Scheme of digital rock model construction

Symbols are explained in Table 2

pycnometer and sonic log. So, the intervals with the best and
the worst reservoir parameters can be easily determined. Sum-
marizing, the nano and micro scale results of laboratory mea-
surements in digital rock models were transferred into the meso
scale results obtained from borehole logging.

Borehole logging analysis was conducted to include the re-
sults of laboratory measurements. Depth fitting of both types of
data was carried out before the analysis. A slight depth shift
was necessary because of the different vertical resolution of
point data from laboratory measurements in comparison to
borehole logging results and this was achieved by comparison
of gamma ray log, compressional slowness, cores descriptions
and laboratory measurement results with depth. There was
also considered the influence of poor depth estimation of very
old core samples, that were not well preserved.

RESULTS

The most important petrophysical parameters, derived from
laboratory measurements contributing key information about
the reservoir potential of tight reservoirs, were selected to con-
struct the digital models (Fig. 2). Consequently, the results
shown (Table 1) encompassed the clusters that were sepa-
rated on the basis of the parameters of the highest variability.
The clusters created corresponded with the three digital rock
models of tight formations, characterized by distinct values of
physical parameters. Figure 2 presented the scheme of digital
rock model classification based on cluster analysis with division
into 3 models and Appendix 3 contained basic statistics for the
models distinguished.

The clastic tight formations were divided into three groups
through obtaining the lowest error function of cluster analysis.
The groups represent three different digital models. The quali-
tative characteristics of the models are shown in Table 2.

Model 2 was characterized by the highest values of bulk
density compared to the rest of the groups, with the lowest val-
ues of total porosity from pycnometer results together with the
lowest p-CT porosity and effective porosity from mercury
porosimetry (Fig. 3). Figure 3 shows 3 models. Model 2 is re-
vealed through high bulk density and low total porosity values.
However, the points clustered into two areas connected with
different lithology, not with difference in petrophysical parame-

ters. The lowest values of bulk density and highest porosity sin-
gled out model 3. Parameters characteristic for model 1 show
values in between those of models 2 and 3.

Full quantitative analysis of all models is given in Appendix 3
and Table 2. Maximum absolute permeability values were in
model 3 and the lowest in model 2. Impermeable rocks were as-
signed to model 1. Clay-bound water showed the highest val-
ues in models 1 and 3 and the lowest in model 2 whereas the
moveable water was highest in model 3 with models 1 and 2
having comparable amounts. The parameter reflecting the per-
centage of clay-bound water, capillary-bound and moveable
water was the logarithmic T, mean, which had the highest val-
ues in model 3 and lowest in model 1. The highest value of total
porosity from u-CT and effective porosity from mercury
porosimetry was characteristic for model 3 and the lowest for
model 2. Model 3 was defined by the lowest shaliness com-
pared to models 1 and 2, associated with the lowest content of
radioactive elements. The highest values of average pore diam-
eter were obtained in model 3 and the lowest in model 2. This
rule was also reflected in values of the Swanson parameter: the
lowest for model 3 and high in the models 1 and 2. The homo-
geneity parameter from p-CT had the highest values in model 1,
and the lowest in model 3. This result showed the influence of
grain size, roundness and sorting on the reservoir properties,
especially on permeability. Uniaxial compressive strength
proved that the most resistant rocks belonged to model 2 and
the least resistant to model 3. This result correlated well with po-
rosity (higher porosity, lower strength to uniaxial compression).

The best reservoir properties were assigned to model 3 and
the worst properties to model 2. The best reservoir properties
were described for instance by high total and effective porosity
and permeability, low bulk density, low shaliness, high average
pore diameter and the worse properties for instance by low po-
rosity and permeability, high shaliness, high Swanson parame-
ter. Model 3 was created from sandstones, mainly Carbonifer-
ous and Cambrian (2 samples — Cm, 1 sample — O, 1 sample —
D, 4 samples — C, 1 sample — P), however, in model 2 there
were sandstone and mudstone samples of different ages (2
samples — Cm, 1 sample — S, 2 samples — D, 1 sample — C, 2
samples — P). Model 1 was represented mainly by Carbonifer-
ous and Cambrian sandstones (1 sample — Pt, 3 samples —Cm,
1 sample — S, 2 samples — D, 4 samples — C). On the basis of
digital models in the Carboniferous and Cambrian sandstones
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Results of cluster analysis — selection of samples

Table 1

Model | Sample no. Borehole Age Lithology Depth Geologic unit

889 Brudzewek-1 C c 3818 Fore-Sudetic Homocline
894 Zabartowo-2 C s 4500 Pomeranian Anticlinorium
890 Moracz IG 1 Cwi s 4650 Pomeranian Anticlinorium
896 Opoczno PIG 2 Cwi s 3045 Holy Cross Mts. Anticlinorium
881 Maciejowice IG 1 D1 s 4374 Warsaw Synclinorium

1 130 Krepiec-1 Dem c 4501 Lublin Synclinorium
872 Stupsk IG 1 Sw c 3546 Peri-Baltic Syneclise
874 topiennik IG 1 Cm2 s 4588 Lublin Synclinorium
869 Hel IG 1 Cm1 s 3457 Peri-Baltic Syneclise
876 Siedliska 1G 1 Cm1 s 3007 Mazovia-Lublin Graben
868 Buséwno IG 1 Pt s 4153 Lublin Synclinorium
892 Czaplinek IG 2 P1 s 4016 Pomeranian Anticlinorium
893 Zabartowo-1 P1 [ 3956 Pomeranian Anticlinorium
137 Dygowo-1 Ct S 3790 Pomeranian Anticlinorium

9 139 Radawiec Maty-1 De c 4304 Lublin Synclinorium
886 Ulhowek 1G 1 Dem s 3037 Lublin Synclinorium
879 Lebork IG 1 Sla c 3247 Peri-Baltic Syneclise
873 Goczatkowice IG 1 Cm S 3012 Upper Silesian Trough
871 Prabuty 1G 1 Cm2 S 3460 Peri-Baltic Syneclise
891 Zakrzyn IG 1 P1 s 4425 Fore-Sudetic Homocline
129 Bielsk-2 Cw S 4545 Warsaw Synclinorium
141 Bielsk-2 Cw S 4589 Warsaw Synclinorium
887 Koszalin IG 1 Cwi s 3008 Pomeranian Synclinorium

3 888 Ustronie IG 1 Ct s 3154 Pomeranian Anticlinorium
883 Lublin IG 1 D2 s 4508 Lublin Synclinorium
877 Terebin IG 5 Ot s 3034 Lublin Synclinorium
878 Zarnowiec IG 1 Cm1 s 3233 Peri-Baltic Syneclise
870 Okuniew IG 1 Cm1 s 4106 Warsaw Synclinorium

s — sandstone, ¢ — claystone, Pt — Precambrian, Cm1 — Lower Cambrian, Cm2 — Middle Cambrian, Cm — Cambrian, Ot — Or-
dovician, Tremadoc, Sla — Silurian, Llandoverian, Sw — Silurian, Wenlock, D1 — Lower Devonian, D2 — Middle Devonian,
Dem — Devonian, Emsian, De — Devonian, Eifelian, Cwi — Carboniferous, Visean, Ct — Carboniferous, Tournaisian, Cw —

Carboniferous, Westphalian, C — Carbonifereous, P1 — Lower Permian

Table 2

Classification of the digital model parameters, and qualitative description

of parameter values in the model specified

Parameter Model 1 Model 2 Model 3
Bulk density (8b) medium highest lowest
Total porosity (Kp) medium lowest highest
Absolute permeability (k) impermeable lowest highest
Cementation factor (m) comparable comparable | highest
P- and S-wave velocity ratio (Vp/Vs ratio) highest lowest medium
Clay-bound water (Kp1) medium lowest highest
Capillary-bound water (Kp2) medium lowest highest
Moveable water (Kp3) comparable comparable | highest
Logarithmic T, mean (T,ML) lowest medium highest
Total porosity (Kp u-CT) medium lowest highest
Homogeneity parameter (J) highest medium lowest
Effective porosity (Kp mp ef) medium lowest highest
Average pore diameter (D av) medium lowest highest
Swanson parameter (S17) highest medium lowest
Clay content (Vc) medium highest lowest
Potassium content (K) highest medium lowest
Uranium content (U) highest medium lowest
Thorium content (Th) highest medium lowest
Compressional strength (Rc) medium highest lowest
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Fig. 6. Shaliness from lab measurements (Vcl) vs. borehole
log interpretations (VSH)

two separate groups were selected, the first (model 3) of good
reservoir properties, i.e. excellent reservoir potential and the
second (model 1) of moderate reservoir properties (moderate
reservoir potential).

Petrophysical parameters derived from both methods for all
boreholes and models were compared and some discrepancies
were observed (Figs. 4-6). There are only a few points out of 28
because suitable logs were not available for all boreholes. One
point on each figure represents one core sample assigned to
borehole log information.

Intervals with parameters (shaliness, porosity, transit travel
time) corresponding to the digital models were analysed in de-
tail in the boreholes Bielsk-2, Metgiew-9, Maciejowice I1G 1,
Dygowo-1 and Terebin IG 5. These boreholes were selected as
exemplary with full borehole log information from different log-
ging methods such as resistivity logs. The ranges of parame-
ters (for instance total porosity, shaliness) obtained from the
characteristics of the digital models were assigned to borehole
logs. Selection of parameters was connected with the accessi-
bility of selected borehole logs and compatibility of borehole log-
ging data with the laboratory results. Intervals that met the crite-
ria connected with the parameters from logs included in models
from laboratory measurements were searched and highlighted,
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allowing for proper assignment of rocks to the digital models
distinguished. Correlations between parameters determined
from borehole logs were calculated in those intervals. Correla-
tion coefficients >0.6 at the selected model intervals supported
the affiliation of rock intervals to the digital models.

The relation of the total porosity and spectral gamma ray
data with subtracted counts from the uranium window in
Bielsk-2 borehole showed satisfactory (model 1) and unsatis-
factory (model 3) fits (Fig. 7) according to statistical interpreta-
tion of the determination coefficient (R*adj).

The relationship between neutron porosity and apparent re-
sistivity in the Metgiew-9 borehole in the Devonian and Carbon-
iferous formations distinguished allowed the selection of inter-
vals in which the data matched model 3 (Fig. 8). Intervals were
separated to distinguish zones with similar petrophysical prop-
erties. Moreover, satisfactory fitting was observed in the high-
lighted areas. Log samples from model 3 clustered in two
groups with high resistivity, low neutron porosity (1 group) and
low resistivity and high neutron porosity (2 group) which is con-
nected with change in lithology: gas-bearing sandstones
(1 group) and gas-bearing mudstones (2 group). However, this
is difference only in rock lithology, with similarity in petrophysical
parameters as reflected by affiliation to model 3.

Satisfactory fit was also noted for petrophysical parameters
of model 1 based on interval transit time and natural radioactiv-
ity for Precambrian rocks in the Terebin IG 5 borehole. The de-
termination coefficient was equal to 0.68 (Fig. 9). Only 5 sam-

ples were assigned to model 2 (red). Samples from model 3
(green) occurred in the zone of high interval transit times and
low natural radioactivity.

Intervals of the geological profile corresponding to the pre-
ferred digital models were identified in the Maciejowice IG 1
borehole. The relationship between shaliness calculated on the
basis of GR log (VSH) and interval transit time (DT) revealed al-
most linear dependence for models 1 and 2 marked in blue and
red colors, respectively. Model 3 comprised formations with the
lowest shaliness (Fig. 10).

The combination of natural radioactivity and the interval
transit time (Fig. 11) in borehole Dygowo-1 allowed demonstra-
tion of the relationship between the highlighted models. A linear
reverse relationship was observed for models 1 and 2, and a
non-linear relationship for model 3. It is shown in this example
that only for natural radioactivity and interval transit time, points
from model 1 comprise points from model 2. For different pa-
rameters these kinds of effect can appear and be apparent be-
cause model 1 contains information from rocks with moderate
reservoir parameters, so it can include some parameters with
the worst characteristics.

DISCUSSION

The results of laboratory measurements on the core sam-
ples provided physical properties of Precambrian and Paleo-
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Fig. 7. Total porosity calculated from compressional slowness (PHI) vs. intensity of natural radioactivity
(uranium subtracted spectral gamma ray; GRS) for distinguished rock models
Bielsk-2 borehole; colours as in Figure 3
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Fig. 8. Neutron porosity (NPHI) vs. apparent resistivity (LLD) for model 3

Metgiew-9 borehole; Devonian and Carboniferous rocks; colours as in Figure 3
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zoic clastic rocks which formed the basis for the digital rock
model construction (Madonna et al., 2012; Andra et al., 2013).

Digital rock models concentrated the rock samples with sim-
ilar reservoir and elastic properties. Samples with better reser-
voir and elastic properties were extracted from all material ana-
lysed. The digital models distinguished formed the basis for the
correlation of laboratory and borehole logging results.

The digital model approach applied to the borehole log data
also enabled the scaling of laboratory measurements and bore-
hole logging results. Transferring the laboratory information of
micro (or nano) scale to the meso scale (results of borehole
logs) as well as macro scale (seismics) is an important issue
from the point of view of detailed reservoir rock analysis and
also for a global approach in sedimentary basin analysis. Scal-
ing of laboratory measurements and borehole logging results
was derived by use of models from cluster analysis in investi-
gating intervals equivalent in parameter characterization in the
borehole logs profiles.

An interesting result of the digital models is the fact that
model 2 (the worst reservoir potential) consists not only of
mudstones but also of sandstones. It emerged that these sand-
stones, different in age, are characterized by very poor
petrophysical properties, e.g. low porosity, small pore diame-
ters. The sandstone samples analysed were almost similar re-
garding their mineral contents, other than sample 137. Total
and effective porosity had the lowest values. Probably, these ef-
fects are connected with the high levels of compaction and ce-
mentation and the tectonic regime. Moreover, model 3 (the best
reservoir potential) is represented only by sandstones that are
mainly Cambrian and Carboniferous in age. Most of the sam-
ples came from the Warsaw and Lublin synclinoria. Total and
effective porosity was relatively the highest in these samples. In
conclusion, the analysed sandstones from model 3 experi-
enced better conditions of diagenesis and tectonic regime.

Considering Figures 4-6, many points had higher values of
parameters obtained from borehole logs than in the laboratory.
The discrepancy is connected with the specificity of the mea-
surements. Laboratory measurements are usually conducted
on core samples sampled from cores deposited in the core ar-
chives and geological samples, free of natural moisture and the
influence of reservoir conditions: pressure (stress relief after
taking out the core from the borehole) and temperature. By way
of example, compressional velocity can be larger in natural con-
ditions in clastic rocks (sonic logs) in comparison to laboratory
measurements of compressional velocity on core samples.
Borehole log results represent rocks in the physical fields of
their natural habitat (e.g., reservoir pressure and temperature).
The white pointin Figure 6 represents a sandstone sample. The
discrepancy in shaliness values from borehole logging (VSH)
and laboratory measurements (Vcl) is related to the methodol-
ogy of the measurement results compared. The borehole log-
ging interpretation showing high shaliness provides averaged
information about the rock from layers of about 30 cm in thick-
ness, due to the vertical resolution of the gamma ray log (GR).
Direct laboratory measurement was made on the small part of
core in which a high amount of anhydrite was detected (about
78% of quartz, 20% of anhydrite and only 2% of clay minerals),
which is why a considerable difference was observed between
the results. Higher values from laboratory measurements were
observed for several porosity values. This effect is connected
with the sonic log use for porosity calculation, which does not
detect secondary porosity, while laboratory measurements pro-
vide total porosity.

In some boreholes it was impossible to distinguish intervals
with the parameters as set out in the digital models, when the lab-
oratory results differed significantly from the results from bore-

hole logs. This was related to the specificity of the methods. Lab-
oratory measurements provided point information obtained di-
rectly from the rock sample, while borehole logging obtains aver-
age petrophysical parameters due to the vertical resolution of
borehole logging devices and the indirect means of obtaining
measurements. The discrepancies between the results of labo-
ratory measurements and borehole logging resulted in the lack of
intervals assignment to appropriate rock models.

The data from borehole intervals of characteristic parame-
ters corresponding to the digital models built on the basis of labo-
ratory measurements were grouped together in spite of different
rock ages in order to find the similarites and differences in
petrophysical parameters of rocks. This approach allows finding
and limiting the coring intervals which differ in these parameters.
Within the groups of data assigned to digital models, detailed
correlations between crucial parameters from logs and from lab-
oratory results were established. Analyzing the results obtained
from laboratory measurements and borehole logging it appeared
that Precambrian and Palaeozoic sedimentary rocks revealed
reservoir potential. High correlations between log parameters
were established within the log intervals corresponding to pa-
rameter characterization from 3 models from laboratory mea-
surements. This showed that implementation of laboratory re-
sults clustering to log intervals allows the grouping of
petrophysical parameters of Precambrian and Palaeozoic rocks,
obtained by in situ measurements, into high-correlative intervals.

CONCLUSIONS

Digital models of Precambrian and Paleozoic sedimentary
rocks were focused on similarities and differences in their phys-
ical properties. A large amount of laboratory data was consid-
ered to provide the maximum possible information from the
rocks analysed, was compared with archival borehole logging
data, limited in number of petrophysical parameters. Neverthe-
less, these examples showed that it was possible to select suffi-
cient information from the logs, that were compatible with the
laboratory results.

Several conclusions can be drawn:

— The digital rock models divided the material analysed
with respect to petrophysical parameters, important to
exploration and production, into 3 groups (clusters) of
parameter characterizations.

— Digital models were the basis for upscaling of the micro
and nano scale laboratory results and borehole logging
data representing the meso scale. This procedure was
connected with cluster analysis which resulted in digital
model (groups, clusters) construction. Groups were
characterized by different petrophysical values of pa-
rameters. Then, the application of digital models was ap-
plied to borehole logging intervals, resulting in the selec-
tion of log intervals within the digital models from labora-
tory measurements.

— High correlations were established between the log
petrophysical parameters in selected models (digital
rock models).

— The best reservoir properties were revealed in clastic
rocks classified to the digital model that consisted
mainly of Carboniferous and Cambrian sandstones
(model 3). The poorest reservoir properties were typi-
cal of rocks assigned to sandstone and mudstone sam-
ples of different ages (model 2), which indicates that
the material is also diverse as regards their original
sedimentation environments.
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— The approach devised allows more precise interpreta-
tion of archival and modern borehole logging and can be
used to decrease coring intervals into intervals with dif-
ferent petrophysical parameters.

— The models ordered the material with respect to the ef-
fectiveness of the diagenesis processes which influ-
enced pore space development.

The credibility of the digital models was improved by using
very large and diverse laboratory dataset of parameters. The
different ages of the rock samples was taken into account in the
research but the main role in digital model construction was
played by the parameter values and the aim of analyzing
low-porosity and low-permeability, tight rocks.

These techniques of laboratory and borehole logging data
processing and the resultant digital models of rock character-
ization may be regarded as an example of specialist interpreta-
tion of archival data. This approach allows the applyication of
high-correlative relations between log parameters of different
intervals and boreholes.
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