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With emphasis being placed on the re-examining of mature petroleum basins and reduction of the negative impact of the in-
dustry on the environment, the use of archival data in geological exploration is essential. This is especially important in re-
gions where the old, Soviet-type tools were used in the past and which are now using modern, western logging equipment.
The application of archival geological, geochemical and geophysical data allows recognition of reservoir formations without
the use of modern measurements. For the purpose of this research, Jurassic sandy rocks identified in the archival borehole
Z-GN4 were analysed. They appear to be a perfect target for further petroleum and geothermal exploration in the Polish Ba-
sin; however, variable mineral composition and diagenetic features can cause difficulties while estimating their reservoir
properties. The difference between gamma ray and spontaneous potential shale volume parameter (clay difference) was ap-
plied together with gamma ray measurement to determine the impact of primary and diagenetic features on each sandy
petrofacies. Based on an integration of detailed petrographic analysis of available core samples from Z-GN4 borehole with
archival borehole logs, four different sandy petrofacies were distinguished. Moreover, deep resistivity and sonic logs were
used to highlight the carbonate-cemented intervals. This study shows how the application of petrofacies analysis in archival
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datasets can support the interpretation of uncored intervals and upgrade the level of reservoir characterization.

Key words: petrofacies analysis, Jurassic sandstones, resistivity log, gamma ray log, spontaneous potential log.

INTRODUCTION

As technology advances, the petroleum industry is increas-
ingly focusing on re-examining mature petroleum basins in or-
der to discover new fields and reduce the negative impact of the
industry on the environment. Therefore, using archival data as
much as possible is essential. This is especially important in
countries where many boreholes have been explored using So-
viet-type and where modern logging equipment is now com-
monly used (Harrison, 1995).

Many archival boreholes drilled from 1950 until 1990 were
partially or even fully cored. However, even if the core has been
subsequently discarded or destroyed, the borehole documenta-
tion is very often supplemented with petrographic and
palaeontological descriptions, laboratory data of porosity, den-
sity, permeability, and the results of XRD geochemical analy-
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ses. Sometimes thin section or cuttings samples are available.
Last but not least, well logging measurements were performed
for most of the boreholes. Thus, this kind of data is still of irre-
placeable geological value. Density and sonic logs are espe-
cially important, because of their role in the construction of syn-
thetic seismograms and their application in further seismic in-
terpretation. This is why for decades scientists have been strug-
gling to standardize Soviet-type logs to get useful information
from the immense quantity of existing data (Wiltgen, 1994; Har-
rison, 1995; 1997; Szewczyk, 2000; Furgat, 2003; Wréblewska
and Koztowska, 2019; Epov et al., 2020). While today’s trend is
to minimize the amount of the core taken, modern geophysical
methods like X-tended Range Micro Imaging (XRMI) or Ele-
mental Capture Spectroscopy Sonde (ECS) are more com-
monly used to identify the mineral composition and easily calcu-
late the petrophysical properties. This is why the integration of
diagenetic changes with the different modern well log re-
sponses is now being studied (Cui et al., 2017; Lai et al., 2018,
2020). However, there is still room for improvement in terms of
correlation with archival datasets by using the traditional meth-
ods and log recalculations to minimize the cost of exploration
and therefore make this process more efficient and less waste-
ful of resources.
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Fig. 1A — location of the research area in Poland (based on Narkiewicz and Dadlez, 2008);
B - geological sketch-map (500 m deep) of the Kuyavian segment of the Mid-Polish Swell
and the location of the core-section studied (based on Kotanski, 1997)

The type of data processing presented in this paper is
termed petrofacies analysis and can be used to recognize the
probable diagenetic features of reservoir and seal rocks when
modern geophysical and geochemical data are missing. Inte-
gration of available, archival geological data analysis combined
with well log interpretation is still the most accurate and widely
used method available, especially for archival datasets, and
can be applied by the oil and gas industry to minimize the explo-
ration cost (Ingersoll, 1990; Bhattacharya et al., 2005; De Ros
and Goldberg, 2007; Cui et al., 2017; Lai et al., 2018, 2020;
Wroblewska and Koztowska, 2019). This study shows the ap-
plication of petrofacies analysis to distinguish the best reservoir
and seal rock horizons among the not yet fully explored Lower
and Middle Jurassic deposits of the Kuyavian segment of the
Polish Basin, based on a Z-GN4 core-section.

The Z-GN4 borehole is located within the Kuyavian part of
the Mid-Polish Swell (Fig. 1A) which developed as a result of
Late Cretaceous—Paleogene regional uplift and inversion of the
tectonic unit termed the Mid-Polish Trough (Dadlez et al., 1997;
Gutowski et al., 2003; Krzywiec, 2006; Zelazniewicz et al.,
2011). The sandy Jurassic deposits analysed represent a part
of the thick, mainly clastic, carbonate, and evaporite infill of the
Permian-Mesozoic epicontinental basin. Development of the
Mesozoic deposits was governed by regional, thermal subsi-
dence and salt tectonics of the upper Permian (Zechstein)
evaporites which began in the Early Triassic (Dadlez et al.,
1995, 1998; Marek and Pajchlowa, 1997; Dadlez, 1998; Karn-

kowski, 1999; Stephenson et al., 2003; Krzywiec et al., 2003;
Krzywiec, 2006).

The Jurassic succession of the Kuyavian segment is mainly
composed of sandstones, mudstones, shales, and subordinate
calcareous sandstones. It has been shown that some of the Ju-
rassic sandstones are characterized by very good reservoir
properties, while the mudstones and claystones contain a satis-
fying amount of mixed oil- and gas-prone kerogen and can be
considered as prospective source rocks . However, the variable
primary mineral composition of the Jurassic sandstones and
therefore its different diagenetic features had a significant im-
pact on the reservoir's parameters as well as on its porosity
and/or permeability.

The Lower Jurassic sandy rocks have a continental and
shallow marine origin (Pienkowski, 2004). They are character-
ized by good reservoir properties; their porosity usually exceeds
~20% and ~1000 mD in permeability. The main factors deter-
mining the variation of reservoir parameters in reservoir rocks
are compaction, cementation of pore space, and secondary
grain dissolution  (Krystkiewicz, 1999; Koztowska and
Kuberska, 2014). The Middle Jurassic sandy rocks are repre-
sented by the interbedded sandstones, heterolithic deposits
and shales with an upwards-increasing carbonate content .
They are characterized by moderately good reservoir proper-
ties, with porosities usually ~20% and permeabilities varying
from 200 to 700 mD (Maliszewska, 1999). Among them, com-
mon carbonate-cemented condensed horizons were identified
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(Maliszewska, 1998). Similar rocks have been noted in core
sections from the North Sea Jurassic successions (Gibbons et
al., 1993; Bakke, 1996). Those clastic rocks are composed of
detrital material, reworked probably by strong currents associ-
ated with a transgressive episode, where the main source of
calcite cement was calcareous bioclastic material. Cemented
surfaces were also found to be controlled by the depositional
bounding surfaces. Because of their characteristic mineral
composition, the cemented horizons are clearly detectable on
geophysical logs. Moreover, because of their diagenetic fea-
tures, they may act as a secondary seal for porous, clastic suc-
cessions.

This study is based on the primary mineral composition of
the rocks, their alteration products, and on diagenetic features
visible in the thin section. These Jurassic deposits were se-
lected because of their high sandstone content of variable min-
eral composition which affects the intensity of the natural
gamma radiation. Moreover, the presence of kaolinite, as a
product of K-feldspar, lithic grains and glauconite alteration can
modify porosity and permeability without a significant increase
in the gamma ray intensity. The change in petrophysical proper-
ties can however be visible on a spontaneous potential curve.
The third factor was the presence of carbonate cementation
mostly in the upper part of the profile which can have a signifi-
cant impact on the reservoir properties and can even represent
a seal rock. The occurrence of carbonate cements prevents
possible fluid flow and usually causes a strong increase in resis-
tivity and decrease in the interval transit time of sonic waves vis-
ible on the logs (Bakke, 1996). Even though the cemented lay-
ers are only up to a few metres in thickness, their possible lat-
eral extent, associated with depositional bounding surfaces,
can have important implications as regards new hydrocarbon
discoveries in the Polish Lowland Mesozoic overburden.

GEOLOGICAL SETTING

Lower Jurassic strata in the Polish Basin were deposited in a
wide, shallow epicontinental basin surrounded by the
Fennoscandian Shield to the north, the Belorussian High and
Ukrainian Shield to the east, and the Bohemian Massif to the
south-west. Moreover, the land area termed the Pre-Carpathian
land was located in the south of the Polish Basin (Dadlez and
Marek, 1969; Ziegler, 1990; Deczkowski, 1997; Marek and
Pajchlowa, 1997; Dadlez, 1998; Pienkowski, 2004; Matyja, 2015).
Lower Jurassic deposits comprise mainly sandstones,
mudstones, and shales with thin, subordinate intercalations of car-
bonaceous sandstone, lignite, and siderite of continental and/or
shallow marine origin, mainly deposited in lacustrine, fluvial, la-
goonal, deltaic and/or estuary environments (Feldman-
Olszewska, 1997b, 1998; Pienkowski, 2004). The Middle Juras-
sic, however, is marked by successively developing transgres-
sions within an extensive epicontinental marine basin
(Dayczak-Calikowska, 1964; Dayczak-Calikowska and Moryc,
1988; Feldman-Olszewska, 1997a, 2006) with short regressive
episodes in the Early/Late Bajocian and in the Early Callovian
(Dayczak-Calikowska and Moryc, 1988; Dayczak- Calikowska,
1997; Kopik, 1998). It comprises mainly marine and subordinate
fluvial sandstones and marine, fine-grained deposits, associated
with the development of an anoxic shelf. Carbonates, deposited
on a shallow marine carbonate ramp and a nodular bed deposited
on a starved shelf also formed at the end of the Middle Jurassic.

The main source area of the terrigenous material for Lower
and Middle Jurassic sandy rocks of the Polish Basin were prob-
ably the Fennoscandian Shield, the Belorussian High and
Ukrainian Shield located to the NE. Slow subsidence of the
source area, and deepening and the widening of the Middle Ju-

rassic basin in the Callovian and beginning of the Oxfordian,
were the reasons why, from the the Early Oxfordian, carbonate
sedimention started to gradually dominate over clastic deposi-
tion in central Poland. Moreover, the maximum spread of Juras-
sic deposits across the Polish Basin in the Middle Callovian and
Early Oxfordian was the result of relative sea-level rise, proba-
bly caused by extensional tectonic movements related to the
opening of the Tethys and North Atlantic oceans (Lewandowski
et al., 2005; Matyja and Wierzbowski, 2006). The development
of carbonate deposition was inhibited by a dissolution process
that resulted in nodular, stratigraphically condensed layers and
geochemical anomalies in the Middle Callovian. Those rocks
are composed of nodular, carbonaceous sandstones and
sandy and/or marly limestones with glauconite and/or
chamosite and common marine fossils (Premik, 1933; Znosko,
1957, 1968; Feldman-Olszewska, 1997a). These characteristic
layers were initially mentioned by Michalski (1885) and infor-
mally distinguished as ,nodular beds”. These deposits domi-
nated carbonate deposition until the Early Oxfordian when the
carbonate sedimentation started to accelerate.

The Lower Jurassic sandstones are composed mainly of
quartz with a very small amount of feldspars, lithic grains,
and/or muscovite (Teofilak, 1960, 1961, 1962; Marek and
Pajchlowa, 1997; Krystkiewicz, 1999; Koztowska and
Kuberska, 2014). Clay matrix (if present) comprises illite,
kaolinite, quartz, iron hydroxides, and organic matter.
Authigenic minerals are represented mainly by kaolinite, quartz
overgrowths, and different types of early and late diagenetic
carbonates. According to Koztowska and Kuberska (2014) and
Krystkiewicz (1999), diagenesis of Lower Jurassic sandstones
in the Kuyavian segment of the Polish Basin took place in three
stages. In the first stage of diagenesis, early mechanical com-
paction and feldspar/muscovite dissolution began (Fig. 2). At
the same time the first generation of quartz, kaolinite, and
microcrystalline siderite cementation was initiated. During late
diagenesis, the next generations of siderite, calcite, ankerite
and fibrous illite started to form, while the dissolution of unstable
grains still continued. Among the major diagenetic processes
affecting the Jurassic sandstones are compaction, cementa-
tion, and dissolution. Authigenic quartz cementation is one of
the reasons why the primary porosity is still important in the total
Lower Jurassic sandstone porosity. Nevertheless, secondary
porosity caused by the kaolinization of feldspar grains also in-
creases the total rock porosity which usually exceeds 20% with
permeability exceeding 1000 mD (Koztowska and Kuberska,
2014).

Sandy strata of Middle Jurassic are represented by sand-
stones and heterolithic deposits. Siderite intercalations and/or
concretions were also noted together with highly calcareous
sandstones. (Maliszewska, 1999). Quartz is the main compo-
nent of the grain framework, but lithic grains and feldspars are
also common. Moreover, muscovite, biotite, pyrite, glauconite,
and heavy minerals are visible in smaller amounts. In the clay
matrix, kaolinite and locally chlorite are dominant (Teofilak,
1962; Teofilak-Maliszewska, 1968). An essential role in
lithification of the Middle Jurassic sandy rocks was played by
diagenetic processes such as compaction, cementation, disso-
lution, replacement and alteration. In the lower part of the Mid-
dle Jurassic succession, siliceous cementation is common and
carbonates occur only occasionally. However, in the upper part
of the Middle Jurassic deposits of the Bathonian and Callovian,
calcareous cement dominates and is represented by Mn-/Fe
calcite, siderite, dolomite and ankerite (Teofilak-Maliszewska,
1968; Maliszewska, 1999).

Most of these processes took place during eo- and
mesodiagenesis (Fig. 2). Highly mineralized fluids from
Zechstein salt are considered as the main source of elements
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that influenced the authigenic mineralization and recrystalli-
zation processes in the Middle Jurassic sandstones, in particu-
lar the carbonates, hematite, and feldspar overgrowths
(Znosko, 1957; Teofilak-Maliszewska, 1968). In the early burial
stage, the generation of calcite and microcrystalline siderite ce-
ment took place. Dissolution and recrystallization of calcareous
bioclasts are the main indicators of this generation of calcare-
ous cement. Secondly, primary calcite cementation was re-
placed by dolomite and/or ankerite. After regional uplift in the
Cretaceous/Paleogene, some of the processes, such as the
kaolinization of feldspars, were accentuated because of the in-
filtration of meteoric water (Maliszewska, 1999). Despite the
strong influence of diagenetic processes, the Middle Jurassic
rocks usually show moderately good reservoir properties — the
porosity values of sandstones usually exceed 10% and perme-
ability most frequently rises to 700 mD.

MATERIALS AND METHODS

The results described below were obtained based on
lithological description of the core material, petrographic analy-
sis of 11 available archival thin sections, and geophysical data
from the Z-GN4 borehole, located in the Kuyavian part of the
Mid-Polish Swell (Fig. 1). This core-section was chosen based
on the thickness (1152.5 m) of the clastic Jurassic succession
and the availability of archival core samples, geophysical well
log data, and documentation prepared by Karelus et al. (1992).
The borehole documentation includes a basic stratigraphic in-

terpretation (Marek et al., 1992), petrophysical measurements
(porosity, density and permeability), and results of geochemical
XRD analysis (Kopczynski et al., 1992).

The base of the Lower Jurassic deposits in the Z-GN4 bore-
hole was recognized at a depth of 2822.5 m (Karelus et al.,
1992) as a visible transition between reddish Upper Triassic
fine-grained deposits and an 81 m-thick sandstone succession.
The top of the Middle Jurassic is marked as a carbonate level at
a depth of 1670 m.

To properly correlate the well data, macroscopic analysis of
the available core samples was carried out. Lithology, grain size
of clastic rocks, colour, sedimentary structures, HCI reaction,
presence of charred plant detritus, and the visible mineralogical
components of the sandy rocks were taken into account. The
last of these have a significant influence on petrophysical pa-
rameters and/or disrupt the geophysical measurements, such
as muscovite, glauconite, kaolinite or potassium feldspars.

Petrographic analysis of available sandstone thin sections
(Table 1) focused on primary features such as grain size, pri-
mary mineral composition, the type and content of matrix, tex-
ture, and diagenetic features such as cements, the character
of grain contacts, and mineral alteration products, necessary
to define reservoir sandstone parameters. To classify the
sandstone, the percentage of quartz, feldspars, and lithic
grains were estimated using the grid-point counting method
based on 300 points per sample. Each sample was described
according to the sandstone classification of Pettijohn et al.
(1974). NIS-Elements software was used to take microphoto-
graphs of the samples.
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Table 1

Results of petrographic analysis of sandstone thin section samples from the Z-GN4 core section

Depth Q F L Other Cement / ¢ : Diagenetic
Sample [m] [%] [%] [%] [%] matrix [%] [%] Lithology features
heavy minerals kaoliniz?ltion of felti-
i ’ " ; spars, illitization o
37 1702.2 74 16.5 2 muscovite hematite (3) 2 heterolith muscovite, quartz
(2.5) overgrowths
calé:areoqs kaolinizati f feld
subarcosic aolinization of feld-
39 1703.25 24 8.5 3 - carb602nate 2.5 arenite / spars, quartz
(62) sandy lime- overgrowths
stone
: kaolinization of feld-
carbonate arkosic ;
42 1704.65 | 26.5 18 2.5 - 43) 10 arenite spars, Cﬁ?oe:t disso-
: bonat | -sand -
44 1815.25 | 39.75 0 2 bioclasts (5) Ca(%g%‘ € 1.25 | CAYSySandy siderite
57 2119.95 78 0.75 2.5 - claé'rgg;rix 15.5 | quartz arenite clay coatings
62 2122.75 80.5 0 2.5 - - 17 quartz arenite | quartz overgrowths
muscovite, ; PR
69 2260.45 | 60 35 | 11.25 | heavy minerals - 25 Sublith kaolinization of feld-
0.25) pars
92 2447.45 78 3 1 - psle(ﬁgg?rilt:trix 18 quartz arenite | kaolinite cementation
bark iIIitizatic:jnfolfdmusco-
: subarkosic vite and feldspars,
100 2539.45 66.5 20 1.5 muscovite (4) | carbonate (1) 7 arenite kaolinization of feld-
spars
quartz overgrowths,
subarkosic illitization of musco-
103 2652.25 | 72.5 22.5 0.5 muscovite (2) | carbonate (1) 1.5 arenite vite and feldspars,
kaolinization of feld-
spars
?Iuartz overgrowths,
. : illitization of musco-
104 2652.65 | 73.25 2.5 5.75 - carbonate (4) | 14.5 | sublitharenite vite, kfa%linization of
eldspars

Q — guartz, F —feldspars, L — lithic grains, ¢ - porosity

The archival geophysical data had to be converted and nor-
malized because of the different accuracies of the Soviet-type
tools used in the borehole analysed. The gamma ray intensity,
primarily measured in counts per minute (cpm), was converted
by the author into standard gamma ray units (API) according to
Harrison (1995) and Bolesta and Gatgzka (2014) using the li-
thology benchmark linear recalculation method. A maximum
gamma ray value was chosen for shales (200 API), and mini-
mum for quartz sandstones (5 API). This conversion was impor-
tant to estimate rock parameters and to integrate the gamma
ray intensity for further research (Jarzyna et al., 1999; Bolesta
and Gatgzka, 2014).

Porosity and permeability laboratory data together with ar-
chival XRD results were taken from the Z-GN4 borehole docu-
mentation prepared by Karelus et al. (1992). Geochemical anal-
ysis was performed by X-ray diffraction, with a copper x-ray tube
with a graphite crystal monochromator. The tube was charac-
terized by exposure parameters of 40kV of and 26mA. The
goniometer shift was 2°29’/min with the paper shift of 2 cm per
minute. Reinforcement for powder samples was 1 x 10° cpm.

The results of the petrographic analysis, especially primary
and secondary mineral composition, together with textural fea-
tures, were compared with geophysical parameters of the rocks
analysed and archival geochemical and petrophysical results

from the borehole documentation (Karelus et al., 1992). Firstly,
sandy rocks in uncored intervals of the Lower and Middle Juras-
sic succession in the Z-GN4 borehole were identified based on
cuttings samples and geophysics [low natural gamma radioac-
tivity, spontaneous potential, compressional slowness and
laterolog (resistivity) measurements]. Finally, four sandy
petrofacies were distinguished. The term petrofacies was used
to describe a sandy lithotype with specific petrographic,
petrophysical, and geophysical characteristics. Each of these is
characterized by the limits of geophysical measurements
based on the chemical and physical features of primary and
secondary rock components. The diverse primary and second-
ary mineral composition of the sandstones analysed was the
main reason to apply the difference between gamma ray and
spontaneous potential shale volume. The method was first ap-
plied by the author and termed as the clay difference calcula-
tion. Linear shale volume parameter (Vsh) in both cases was
calculated for the whole profile based on the maximum and
minimum measurements taken for quartz arenite and shale
which correspond to grain framework (GRgjean = 5 API; SPgjean =
1 mV) and clay matrix values (GRspae = 200 API; SPspae =
170 mV). Moreover, deep resistivity and sonic logs were used
to recognize the strongly carbonate-cemented intervals.
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SANDY ROCKS PETROGRAPHY

The sandstones from Z-GN4 borehole represent quartz,
subarkosic, arkosic, and sublith arenites (Table 1); quartz is the
main component. Most observed rock fragments are of quartz-
ite and sandstone represented by polycrystalline quartz. Alka-
line feldspars predominate over plagioclase content. Muscovite
grains, heavy minerals, and organic matter are rarely visible as
a grain framework components.

In the Z-GN4 thin sections, various types of diagenetic min-
eralization were observed which can both improve and deterio-
rate the petrophysical properties, and also modify the geophysi-
cal properties of the rock. Most commonly in the Jurassic sand-
stones, kaolinite derived from the alteration of feldspars,
glauconite, and/or lithic grains occur in the pore space (Fig. 3C)
or as a replacement of detrital grains, usually feldspars or un-
stable lithic clasts (Fig. 3B, D). lllitization of feldspars and/or
muscovite grains is visible in the deeper part of the profile
(Fig. 3B). In the top interval, carbonate cement is common
(Fig. 4) in some cases exceeding 50% of the rock. The grain
framework in the carbonate-cemented sandstones is usually
dispersed, which suggests early carbonate cementation
(Fig. 4). Moreover, some of the grain framework components
are replaced or corroded by the carbonate mineralization
(Fig. 4). Carbonates are represented mostly by dolomite and
siderite, as indicated by the archival XRD results from borehole
documentation (Kopczynski et al., 1992). Authigenic quartz ce-
ments are also visible in some parts of the profile (Fig. 3E).
Characteristic rhombohedral dolomite crystals shape can be
observed in sample 42 (Fig. 4B) and microcrystalline siderite in
sample 44 (Fig. 4D). Hematite mineralization was observed in
the uppermost part of the profile analysed which, together with
kaolinite, can be a result of glauconite alteration in mixed car-
bonate and clastic deposits (Fig. 3D).

The porosity of these Jurassic sandstones is usually high, in
Z-GN4 locally exceeding 25%. In thin sections, the high poros-
ity is usually secondary and appears as a microporosity be-
tween the kaolinite crystals substituting feldspar and/or lithic
grains. In places kaolinized grains can even form a
pseudomatrix between more resistant quartz grains (Fig. 3C).
Preservation of primary porosity was possible in less com-
pacted sandstones, where the clay coatings prevented the
quartz cementation of the pore space and in sandstones where
quartz overgrowths prevented the primary porosity from com-
paction. Heterolithic deposits commonly have very low porosity
but recognizable borrows can be treated as a possible pethway
of migration (Fig. 3A).

INTERPRETATION OF GEOPHYSICAL DATA

THE GAMMA RAY AND SPONTANEOUS POTENTIAL SHALE VOLUME
COMPILATION — CLAY DIFFERENCE LOG

Gamma ray and spontaneous potential logs are commonly
used in the petroleum industry to calculate the volume of shale
in sandy formations (Jahan et al., 2007; Adeoti et al., 2009;
Szabo, 2011). However, the mode of action of both measure-
ments varies and can be modified by different factors which can
dramatically disrupt the petrophysical calculations. This is es-
pecially important when the modern mineralogical logs are
missing.

Gamma ray measurement is a record of a formation’s radio-
activity which is emanated by naturally occurring uranium, tho-
rium, and potassium (Serra, 1986; Rider, 2002). Therefore, it is
an excellent estimator of shale volume in quartz arenite forma-
tions, where the shale content is associated mainly with primary

clay matrix rich in potassium-rich illite. However, many other
components can raise gamma ray measurements such as po-
tassium feldspar and muscovite, and thus overstate calculated
shale volume. Nevertheless, some clay minerals such as
kaolinite, chamosite and chlorite in their typical chemical state
emit very little or no radioactivity which usually makes them in-
visible or only slightly visible on gamma ray logs, thus for the
proper estimation of clay content an additional method needs to
be applied.

Spontaneous potential is a measurement of the natural dif-
ference of self-potentials between an electrode placed in the
borehole and on the surface (Serra, 1986; Rider, 2002). The
analysis of SP measurements is a perfect method to distinguish
permeable intervals in shaly/cemented sandstones, heterolithic
deposits and/or shales (Adeoti et al., 2009; Szabo, 2011; Willis
et al.,, 2017). However, to recognize the direction of the SP
curve deflection (negative or positive) between permeable and
impermeable layers, the relationship between the salinity of for-
mation water (~65 g/I) and mud filtrate must be considered. The
salinity of formation water in the interval analysed was higher
than the salinity of mud filtrate, and this relationship remained
stable. In this type of relation, clay layers show positive values,
while sandy layers indicate only negative. The formations ana-
lysed were fully saturated with reservoir water.

Combined calculations based on gamma ray and spontane-
ous potential measurements give important information on the
type of primary and/or secondary clay minerals in shaly/sandy
rocks rich in K-rich mineral components. For this study, the dif-
ference between gamma ray and spontaneous potential shale
volume was applied to recognize the primary and secondary
mineral composition of the sandstone.

The linear shale volume parameter (Vsh) in both cases was
calculated for the whole profile based on the maximum and min-
imum measurements taken for quartz arenite and shale which
correspond to grain framework (GRgjean = 5 API; SPeiean= 1 mV)
and clay matrix values (GRspae = 200API; SPspae = 170 mV).

GRLOG _GRcIean [1 ]

Vsh., =
" GR GR

shale — clean

SP,os—SP,

clean

SP,,.. —SP.

N clean

Vshg, =

where: GRLoc/ SPLoc — GR/SP log reading; GRean/SPcican — GR/SP
log reading measured for clean quartz arenite; GRshae/SPshae —
GR/SP log reading measured for shale.

There is a difference in shale volume calculated by the GR
and SP logs, and so the new method was applied. The variable
which is a subtraction result of Vshspand Vshgr was calculated
to make the comparison clearer and easily applicable in recog-
nizing the mineral composition and diagenetic features of the
sandstone (Fig. 5 and Table 2).

RESISTIVITY AND SONIC LOG RESPONSE
IN CARBONATE-CEMENTED SANDSTONES

The resistivity log shows the response of the formation and
its contained fluids to the passage of an electric current (Serra,
1986; Rider, 2002). Therefore, porosity and rock texture, geom-
etry of the pores filled with formation water, or more specifically,
the connections of the pore spaces, are the main factors that
determine the rock resistivity. Carbonate-cemented layers are
characterized by distinctly higher resistivity. In this study, the
15 ohmm value was taken to distinguish highly cemented sand-
stone layers.
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Fig. 3. Microphotographs of sandstones from the Z-GN4 borehole

A — burrows, sample 37, crossed polars, depth: 1702.2 m; B — alteration of feldspar and muscovite grains, sample 100, crossed polars,
depth: 2539.45 m; C — kaolinite derived from the alteration of feldspars, glauconite, and/or lithic grains, sample 92, plane parallel light, depth:
2447.45 m; D — hematite mineralization, sample 37, crossed polars, depth: 1702.2 m; E — quartz overgrowths, sample 103, crossed polars,
depth: 2625.25 m; F — grain corrosion by carbonate mineralization, sample 104, crossed polars, depth: 2652.65 m; Qm — monocrystalline
quartz, light blue arrow — calcareous cement, black arrow — kaolinite filling of pore-space / clay coating, light pink arrow — illitization of musco-
vite grains white arrow — kaolinite replacement of detrital grain, orange arrow — hematite mineralization, red arrow — grain corrosion
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Fig. 4. Microphotographs of calcareous sandstones from the Z-GN4 borehole

A — calcareous cement and grain corrosion in sample 39, crossed polars, depth: 1703.25 m; B — calcareous cement and
rhombohedral crystals in sample 42, crossed polars, depth: 1704.65 m; C, D — microcrystalline siderite, sample 44, crossed
polars, depth: 1815.25 m; P — pore space, yellow arrow — microcrystalline siderite, green arrow — dolomite rhombohedral crys-
tals, red arrow — grain corrosion, blue arrow — calcareous cement, white arrow — calcareous echinoderm microfossils

Table 2

Clay difference values compared with probable primary and/or diagenetic influential factors defined by author

GR values | Clay difference values Possible primary and/or diagenetic influential factors

— quartz arenites or quartzitic litharenites,
<(-0.15) - non-r_adloactlve clay mmerals,

— intense compaction,

0-30 API — quartz or carbonate .cementatlon

— quartz arenites,

>(=0.15) — high primary porosity saved by the presence of clay coatings which prevented the develop-
: ment of quartz overgrowths,

— the presence of quartz cementation has prevented the compaction process

— (sub-) arkosic and/or shaly sandstones, heterolithic deposits and clayey sandy siderites,
<(=0.15) . — muscovite, .
— intense carbonate cementation,

— condensed layers with high uranium content

— subarkosic/sublithic arenites and/or shaly sandstones,
— muscovite,

>(-0.15) — slight carbonate cementation,

— illitization,
— secondary porosity

30-70 API
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Fig. 5. Model of clay difference log generation from SP and GR shale volume

The sonic log is a second measurement highly sensitive to
subtle textural variations. It shows the formation’s capacity to
transmit sound waves by the measurement of the interval tran-
sit time (Af) in the formations: the reciprocal of the velocity
(Serra, 1986; Rider, 2002). The velocity of the rock is measured
as a sum of grain matrix velocity and velocity of the interstitial
fluid present in the pore space. Here, a maximum
compressional slowness of ~90 ps/ft (246 ys/m) for carbon-
ate-cemented layers was taken for a rock with a grain frame-
work composed of 40% quartz (55.5 ps/ft), 5% K-feldspars
(~47 ps/ft), 20% carbonate cement (47 ps/ft), 10% clay
(167 ps/ft) content and 25% secondary porosity filled with for-
mation water (200 ps/ft) calculated using the standard Wyllie’s
equation:

At=¢At, +(1-§)At,, 2]

where:-¢ — total porosity of the rock; At;— velocity of interstital fluids
(ft/sec); Atma — velocity of the rock matrix (ft/sec)

The carbonate-cemented rock samples analysed show
lower values of ~60/70 us/ft depending on the mineral composi-
tion, clay content and percentage of carbonate cementation.

RESULTS

The integration of petrographic rock features and log re-
sponses was the basis to distinguish four different sandy
petrofacies. For each petrofacies, representative intensities of
natural gamma ray and clay difference were determined (Ta-
ble 3 and Fig. 6).

Petrofacies have been categorized based firstly on gamma
ray values. 30 API was the limit value (boundary on the plot in
Figs. 6 and 7) chosen to divide clean quartz/sublithic from
sub-/arkosic sandstones and heterolithic deposits based on
available core samples and thin sections. Secondly, each
petrofacies was analysed for the effects of diagenetic pro-
cesses visible in thin sections and further compared with the
clay difference (positive/negative) values calculated from the

Table 3

Representative ranges of gamma ray intensity and clay difference values for sandy petrofacies

Influential factors Gamma ray
) Petrography of sandy Type N : Vsher— Core samples
Petrofacies rocks radioactive non-radioactive | ©f Porosity mEKrE’sl]lty Vshse numbers
quar;z |
_ overgrowths, cal- _
31 t § sublith. Careous cemen- secondary <(-0.15) 69, 92
quar gr%?witesg I tation, kaolinite 0-30
s2 clay coatings ovequgjgerlcg%ths primary >(-0.15) 57, 62,
kaolinite,
subarkosic sandstones, charﬁgslﬂleecal-
S3 heteroliths, calcareous K-feldspars careous cemen- | secondary <(-0.15) 42,44, 39, 37
sandstones tation 30-70
subarkosic and sublithic | = K-feldspars, kaolinite, various _
S4 ! sar:dstonesu M1 1 llite, muscovite cementation secondary >(-0.15) 103, 104, 100
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Fig. 6. Cross-plot of gamma ray and clay difference measurements with selected limit
values of GR and clay difference defined based on available core samples
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petrographic features
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logs. Based on that, the value —0.15 was chosen to divide
petrofacies S1 and S3 characterized by better petrophysical
properties from S2 and S4. In addition, the intensely carbon-
ate-cemented sandstone intervals were detected on the basis
of their low sonic and high resistivity values. Finally, the data
were integrated with archival petrophysical and XRD results
(Karelus et al., 1992).

Complete petrofacies analysis (Fig. 8) was fundamental to
characterizing the probable primary mineral composition and
diagenetic features representing the range of reservoir parame-
ters in these Jurassic sandstones.

DISCUSSION

In an era of global concern for our planet, it is our responsi-
bility to mitigate the environmental impact of natural resources
exploration. Moreover, the search for new deposits leads geol-
ogists to the most remote corners of the world, where access to
modern data is often limited. For these reasons, special atten-
tion should be paid to the maximum use of available geological
information to limit the drilling of new boreholes, which, apart
from environmental benefits, may bring great savings to explo-
ration companies.

Archival data analysis can be controversial because usu-
ally, it is impossible to support interpretations with modern geo-
chemical measurements. This insufficient reliability makes
them often neglected in advanced reservoir modeling pro-
cesses. However, apart from basic geophysical measure-
ments, very often archival borehole documentations contain
much additional information that can be used to support more
advanced interpretations. These are most often laboratory
measurements of porosity and permeability, usually supple-
mented with bulk density and carbonate content. In addition,
selective geochemical (XRD, SEM) and petrographic analyses
of geological samples collected from boreholes have often
been performed in the past. This information, especially geo-
chemical, is often overlooked or considered unreliable in the
context of modern analyses. However, study procedures often
have not changed significantly, with the only complication being
the unclear presentation of results.

Using archival geophysical and petrographic data from the
borehole Z-GN4, an analysis of sandstone petrofacies was
made, supplemented with laboratory data of porosity, permeabil-
ity, density and the results of XRD geochemical analyses. Based
on these results, conclusions were drawn about the primary min-
eral composition of sandstones, their secondary diagenetic
transformations, and associated reservoir properties.

INFLUENCE OF NON-RADIOACTIVE CLAY MINERALS ON GAMMA RAY
AND SPONTANEOUS POTENTIAL LOGS — S1 PETROFACIES

Cementation and grain-dissolution processes are common
in the Jurassic clastic successions in the Z-GN4 core-section,
with kaolinite a product of feldspar, lithic grains, and/or
glauconite alteration (Churchman et al., 2012). This rock com-
ponent does not emit such high natural radioactivity as do other
clay minerals and its presence cannot be observed on the
gamma ray log (Fig. 9), but is visible in XRD data from the sec-
tion analysed (Fig. 13). The residual feldspar and glauconite
fragments slightly increase the natural radioactivity of the sand-
stone. Kaolinite in the Z-GN4 sandstones is seen in
petrographic thin section as a grain replacement or as a
pseudomatrix filling pore space in quartz and/or sublithic,
quartzitic arenites (Fig. 9). In some Jurassic formations, chlorite
is also common. The presence of non-radioactive clay minerals

is probably the main reason for the shale volume calculated
from the SP log increase and causes the negative values in the
clay difference curve in the kaolinite-rich sandstones. However,
the porosity and permeability of the S1 petrofacies demonstrate
the highest values among the petrofacies recognised to locally
exceed 300 mD of permability and 25% of porosity
(Figs. 11-13). Moreover, the bulk density of the samples ana-
lysed is generally low (1.9-2.3 g/cm?®) which is typical for porous
sandstones. This is probably the result of secondary
microporosity ~ developed between  kaolinite  crystals
(Ulmer-Scholle et al., 2014). Nevertheless, some of the S1
sandstones are characterized by moderate petrophysical prop-
erties, most likely caused by cementation and/or compaction in
the clean quartz or quartzitic litharenites.

PRIMARY POROSITY PRESERVATION - S2 PETROFACIES

Some of the Lower and Middle Jurassic sandstones show
good reservoir properties. Petrofacies S2 is characterized by
low natural gamma radioactivity and positive values of clay dif-
ference. This is most likely caused by the low general shale
content in the quartz and quartzitic sandstones and moderately
high porosity (Figs. 9, 12 and 13). In some of the analysed sam-
ples of petrofacies S2, diagenetic processes such as a genera-
tion of quartz overgrowths (Fig. 10C) preserved the primary po-
rosity from mechanical compaction. In others, however, the
presence of primary clay coatings was the main reason why the
primary pore space was prevented from generating secondary
mineralization (Fig. 10A, B). These factors seem to be essential
for preserving the primary porosity. However, they also reduce
the connections between rock pores, which leads to a reduction
in the permeability, which is consistent with this petrofacies be-
ing characterized by moderate permeabilities ranging <25 to
50 mD (Fig. 14).

CONDENSED, CLAYEY SANDY SIDERITES, CARBONACEOUS
SANDSTONES AND HETEROLITHIC DEPOSITS — S3 PETROFACIES

The S3 petrofacies is characterized by the worst
petrophysical parameters (Figs. 13 and 14), being mostly repre-
sented by condensed, clayey siderites, carbonaceous sand-
stones and heterolithic deposits. Petrofacies S3 generates
higher natural gamma radioactivity, of from 30 to 70 API
(Fig. 11). This is probably caused by the high content of radio-
active clay minerals such as illite and/or glauconite. However,
some of the condensed layers can exhibit higher uranium con-
tents which can be the reason for the gamma ray increase (Vail
et al., 1984; Loutit et al., 1988).

Besides primary composition, the diagenetic features define
the value of clay difference. In the sandy siderites with clayey,
microcrystalline siderite occupying the pore space (Fig. 11) clay
difference shows negative values. Variable petrophysical pa-
rameters (Figs. 13 and 14) are caused by the secondary poros-
ity which is the result of cement dissolution (Fig. 12B) or the
bioturbation of heterolithic deposits (Fig. 12A). Petrofacies S3
mostly dominates the upper part of the Z-GN4 borehole, and in-
cludes siderite-rich layers and carbonaceous sandstones typi-
cal of the upper part of the Middle Jurassic succession.

CARBONACEOUS, SUBARKOSIC / SUBLITHIC SANDSTONES —
S4 PETROFACIES

The mineral composition of petrofacies S4 is the most di-
verse. High gamma ray values are caused by radioactive min-
erals such as potassium feldspars, glauconite, muscovite,
and/or illite, their presence being shown by XRD analysis



Sara Wréblewska / Geological Quarterly, 2022, 66: 24

13

DEPTH [m] GR clay difference
0 API 200 -0.65 0.65

2260

Fig. 9. Gamma ray and clay difference log response of petrofacies S1
compared with the primary mineral composition and diagenetic features
visible in thin section microphotographs

A, B —sample 69, crossed polars, depth: 2260.45 m; C — sample 92, crossed polars,
depth: 2447.45 m; D — sample 92, plane parallel light, depth: 2447.45 m; Qm —
monocrystalline quartz, Qp — polycrystalline quartz, black arrow — kaolinite filling
of the pore-space / clay coating, white arrow — kaolinite replacement of detrital grain
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Fig. 10. Gamma ray and clay difference log response of petrofacies S2 compared with
the primary mineral composition and diagenetic features visible in thin section
microphotographs

A — primary clay coatings, plane parallel light, sample 57, depth: 2119.95 m; B — sample 57,
crossed polars, depth: 2119.95 m; C, D — sample 62, crossed polars, depth: 2122.75 m; P — pore
space, dark blue arrow — authigenic quartz overgrowths, black arrow — kaolinite filling of the
pore-space / clay coating; other explanations as in Figure 9

DEPTH [m] GR clay difference RESISTIVITY DT
o] API 200 —0.65 0.651 Ohmm 100 140 us/ft 50

Fig. 11. Gamma ray, clay difference, deep resistivity and sonic log response of petrofacies S3 compared with the primary
mineral composition and diagenetic features visible in thin section microphotographs

A — calcareous fossil surrounded by microcrystalline siderite, grain replacement; B — microcrystalline siderite, grain replacement; C — calcar-
eous fossils surrounded by microcrystalline siderite, sample 44, crossed polars, depth: 1815.25 m: Fk — potassium feldspar, light blue arrow

— calcareous cement, yellow arrow — microcrystalline siderite, dark pink arrow — calcareous echinoderm microfossils; other explanations as
in Figure 9
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Fig. 12. Gamma ray, clay difference, deep resistivity, and sonic log response of petrofacies S3 and S4 compared
with the primary mineral composition and diagenetic features visible in thin section microphotographs

A — bioturbation of heterolithic deposit, sample 37, crossed polars, depth: 1702.2 m; B — kaolinization and calcareous cementation
in sandstone, sample 39, crossed polars, depth: 1703.25 m; C — calcareous cementation in sample 42, crossed polars, depth:
1704.65 m; Mc — microcline, light blue arrow — calcareous cement; other explanations as in Figure 11
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Fig. 14. Results of permeability, porosity and bulk density lab-measurements of core samples from borehole documentation
(Kopczynski et al., 1992) shown on histograms

(Kopczynski et al., 1992; Fig. 13). However, clay difference val-
ues over —0.15 and variable petrophysical properties (Figs. 13
and 14) is most likely the reason of the high secondary porosity
formed as a result of kaolinization or calcareous cement disso-
lution (Fig. 12C). Intercalations of petrofacies S4 are present
throughout the profile.

RECOGNITION OF CARBONATE-CEMENTED INTERVALS IN THE Z-GN4
BOREHOLE USING RESISTIVITY AND ACOUSTIC LOGS

Carbonate cementation is mostly common in sandstones in
the uppermost part of the profile (Fig. 8). It is dominant in
petrofacies S3, less common in S4. It also occasionally occurs
in petrofacies S1 (Fig. 7) as shown by XRD results (Karelus et
al., 1992; Fig. 13). Siderite and dolomite cements occupying the
pore space (Figs. 11 and 12B, C) are the reason for higher
tortuosity of the remaining pores, which can lead to full
impermeabilty to formation fluids. The influence of carbona-
ceous cementation in petrofacies S1 and S3 is visible in bulk
density lab-measurements which can rise until 2.7-2.8 g/cm3,
values typical of carbonates (Fig. 14). Petrographic analysis of
core samples confirmed the presence of intense carbonate ce-
mentation in layers of DT (<90 ps/ft) and higher (>15 ohmm) re-
sistivity values depending on the remaining porosity of the layer
(Fig. 13). This method additionally shows the increasing car-

bonate content towards the top of the clastic Middle Jurassic
succession in the Z-GN4 borehole.

CONCLUSIONS

The integration of various archival well data can help to indi-
cate sandy lithotypes with specific diagenetic and petrophysical
features in un-cored intervals which can be useful in further res-
ervoir characterization. The conclusions are as follows:

— The application of a clay difference log to the archival
dataset for borehole Z-GN4 was the basis for distin-
guishing sandy rocks rich in less-radioactive clay miner-
als, especially kaolinite which is a product of min-
eral/lithic grain alteration and which cannot be observed
by the most commonly used gamma ray clay volume cal-
culation. The presence of diagenetic kaolinite is even
more important because it can create secondary
microporosity which enhances the sandstone reservoir
parameters.

— Application of deep resistivity together with sonic mea-
surements helped to distinguish carbonate-cemented
intervals in the Z-GN4 borehole. This method seems to
be helpful to demonstrate the increase of carbonate con-
tent in sandy rocks toward the top of the Middle Jurassic



Sara Wroblewska / Geological Quarterly, 2022, 66: 24 17

succession in the Polish Basin. Moreover, the presence
of the calcareous fossils in sample 44 supports the the-
sis of the biogenic origin of cement in the condensed lay-
ers. The carbonate skeleton fragments provide the main
source of calcareous cement in shoreface sandstones,
carbonate cementation being the result of diffusion
(Bjerkum and Walderhaug, 1990; Maliszewska, 1998).
Strongly carbonate-cemented intervals can be a perfect
barrier for fluid flow and therefore can play the role of a
secondary seal in the petroleum system.

— The petrofacies analysis example of borehole Z-GN4
was the basis to distinguish four different sandy
petrofacies with different primary and diagenetic fea-
tures consistent with the archival geochemical and
petrophysical results.

— The application of petrofacies analysis can be helpful in
detailed interpretation of archival geological and geo-
physical datasets when the core is no longer available
but detailed correlation is necessary.
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