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Prop er ties of se lected Pre cam brian and Pa leo zoic sed i men tary clastic rocks were analysed with re spect to their res er voir
po ten tial. Mul ti di men sional anal y sis of lab o ra tory re sults and bore hole log ging data was used to con struct dig i tal mod els of
pre-Me so zoic, deeply bur ied for ma tions, pres ent as tight, low-po ros ity and low-per me abil ity rocks. This mod ern sta tis ti cal
and de ter min is tic ap proach as ap plied to lab o ra tory and bore hole log ging re sults worked to in te grate data at dif fer ent scales.
The re sults ob tained are use ful not only in fur ther sci en tific re search but also found a use in in dus trial ap pli ca tion. As a first
step, sta tis ti cal meth ods, in clud ing clus ter ing and sep a ra tion of ho mo ge neous groups, en abled dig i tal rock model cre ation
on the ba sis of the re sults of such lab o ra tory mea sure ments as pycnometry, mer cury porosimetry, nu clear mag netic res o -
nance spec tros copy or com puted X-ray to mog ra phy. Next, the mod els con structed were ap plied in bore hole log ging in ter -
pre ta tion to find in ter vals with sim i lar petrophysical prop er ties within the group and dif fer ent prop er ties be tween the groups.
This ap proach al lowed im ple men ta tion of upscaling pro ce dures of lab o ra tory ex per i ments at mi cro- and nano-scale to bore -
hole log ging scale. High cor re la tions were es tab lished be tween the log petrophysical pa ram e ters within the dig i tal mod els.
This ap proach can be used to di vide the suc ces sion cored into in ter vals with dif fer ent petrophysical pa ram e ters.

Key words: dig i tal rock mod els, Pre cam brian and Pa leo zoic sed i men tary rocks, petrophysical pa ram e ters, sta tis ti cal anal y -
sis of petrophysical data.

INTRODUCTION

Pre cam brian and Pa leo zoic sed i men tary rocks may re veal
res er voir po ten tial, i.e. the abil ity to ac cu mu late hy dro car bons
or wa ter in eco nom i cally vi a bil ity amounts (Kotarba, 2010;
Semyrka et al., 2010). Cur rently in Po land, the low-po ros ity and
low-per me abil ity Rotliegend for ma tion is the sub ject of in tense
re search as a tight gas res er voir (Kiersnowski et al., 2010; Such 
et al., 2010; Jarzyna et al., 2013). Si lu rian and Or do vi cian shale
gas for ma tions are the sub ject of the most in tense stud ies as
re gards anal y sis of oil or gas con tained in micropores (Poprawa 
and Kiersnowski, 2008; Poprawa, 2010; Porêbski et al., 2013).
More over, Cam brian and Car bon if er ous tight sand stones are
un der care ful con sid er ation in re search on prospectivity and ex -
plo ra tion (Botor et al., 2013; Wójcicki et. al., 2014).

Pre cam brian and Pa leo zoic sed i men tary rocks are al ready
stud ied as sed i men tary bas ins and as re gards rec og ni tion of
lithospheric struc ture (Bakun-Czubarow, 1984), and may re veal
res er voir po ten tial, which in many as pects and ap pli ca tions, is
the key-pa ram e ter and de sired char ac ter is tics of rock for ma -
tions. In ves ti ga tions of tight gas res er voirs, shale gas for ma tions
and other low-po ros ity and low-per me abil ity rocks pres ent a
great chal lenge for petrophysicists be cause the stan dard lab o ra -

tory and sta tis ti cal meth ods ap plied to rec og nize geo log i cal prop -
er ties are of ten in ad e quate. The method de scribed in this pa per
can en rich the geo log i cal in ter pre ta tion of tight rocks in us ing an
un con ven tional ap proach in petrophysical anal y sis. The de vel -
op ment of a com pre hen sive geo log i cal and non-stan dard
petrophysical in ter pre ta tion may help eval u ate res er voir in ter vals 
in tight for ma tions. There is a need to build a co her ent meth od ol -
ogy for the study of var i ous rock prop er ties and con nect ing the
dif fer ent fea tures into char ac ter is tics, al low ing rock clus ter ing
(Szabó, 2011; Puskarczyk et al., 2015; Jarzyna et al., 2015).

In this pa per stan dard lab o ra tory re sults (he lium pycnometry,
elec tric, ul tra sonic and nat u ral ra dio ac tiv ity tests, XRD anal y sis,
mer cury porosimetry, uni ax ial com pres sion strength tests, per -
me abil ity mea sure ments) were linked with the out comes of the
new est lab o ra tory tech niques (nu clear mag netic res o nance
spec tros copy, com puted X-ray to mog ra phy). The main goal of
the re search was to con struct a mul ti di men sional data set, to
con struct ad e quate dig i tal mod els of the rocks based on lab o ra -
tory mea sure ment re sults, and to com bine this ap proach with
bore hole log in for ma tion. Dig i tal mod els of low-po ros ity and
low-per me abil ity tight rocks were con structed based on the re -
sults of lab o ra tory mea sure ments of min er al og i cal and
petrophysical pa ram e ters us ing sta tis ti cal meth ods of clas si fi ca -
tion. These mod els are the rep re sen ta tion of 3 groups of rocks
with poor, me dium and good res er voir po ten tial. Next, the mod -
els, de ter mined on the ba sis of lab o ra tory data, were ap plied to
bore hole log ging data re gard ing the same ranges of vari a tion of
se lected pa ram e ters. This ap proach en abled fo cus on de tailed
anal y sis of the best and the worst res er voir pa ram e ters in rep re -
sen ta tive sec tions of the geo log i cal pro files.
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MATERIALS

Geo log i cal sam ples were taken from 28 bore hole cores
(Fig. 1), with par tic u lar re gard for low val ues of po ros ity and per -
me abil ity in the sam ples. Then, the rock sam ples were se -
lected, com ply ing with four con di tions:

– depth of the rocks >3000 m, and thus at sim i lar tem per a -
ture and pres sure con di tions in which ma te rial was oc -
curred re gard ing pres ent depth of de po si tion;

– rock age – Pre cam brian or Pa leo zoic. The study was
con cen trated on anal y sis of po ten tially gas or oil-bear ing 
for ma tions that are older than Me so zoic. Es pe cially in
age, when shale gas ap peared to be po ten tially res er voir 
rock and ex plo ra tion may be ended in fu ture with suc -
cess;

– li thol ogy – siliciclastic (sand stones and mudstones);

– ac ces si bil ity of geo log i cal ma te rial from cores. Sev eral
mea sure ments were planned that de mand a de fined
amount of ma te rial. Bore holes were se lected for anal y -
sis from the Pol ish Geo log i cal In sti tute – Na tional Re -
search In sti tute, Cen tral Geo log i cal Da ta base (CBDG).
Fur ther more, avail able rock ma te rial from bore holes
was checked re gard ing the pos si bil ity to probe core
sam ples of 10 cm length and 1/4 core di am e ter.

Rock sam ples con sisted of 22 sand stones and 6
mudstones be ing po ten tially res er voir low po ros ity and low per -
me abil ity rocks (Ap pen di ces 1 and 2*).

The sam ples an a lysed were very di verse lithologically, and
hence in prop er ties. This di ver sity of ma te rial meets the cri te ria
of pa ram e ter ran dom ness as needed in sta tis ti cal jus ti fi ca tion.
There fore, sam ples could be an a lysed in or der to find sim i lar i -
ties in petrophysical fea tures, even though they dif fered in age.
Petrophysical anal y sis di vides the rocks into the groups of sim i -
lar prop er ties. Par a dox i cally, geo log i cally dif fer ent ma te rial can
re veal sim i lar petrophysical prop er ties and ow ing to this can be
treated sim i larly in terms of ex plo ra tion and pro duc tion.

The re search ma te rial was also char ac ter ized in terms of
lithostratigraphic unit af fin ity (Marcinowski, 2004a, b). Sam ple
868 (Ap pen dix 1) rep re sents the Polesie For ma tion (Pro tero -
zoic) as the old est sed i men tary rock suc ces sion in the Polesie
and Wo³yñ re gion with a thick ness of up to 300 m. The Cam -
brian sam ple 878 is from the Smo³dzino For ma tion (Lower
Cam brian) with a thick ness of up to 87 m in the Bal tic Syneclise, 
The £eba area pro vided sam ple 874 of the Kostrzyñ For ma tion
(Mid dle Cam brian) com pris ing mainly quartz sand stones in the
Lublin area. The Si lu rian sam ple 879 be longs to the Pelplin
Claystones For ma tion (Llandoverian) rich in graptolites and oc -
cur ring in the Bal tic Syneclise (Modliñski et al., 2006). De vo nian 
for ma tions are rep re sented by sam ples 886 and 130: the
Zwoleñ For ma tion (Lower De vo nian, Emsian) de pos ited in the
Radom and Lublin area and reach ing a thick ness of up to
1300 m; sam ple 881 of the Czarnolas For ma tion (Lower De vo -
nian, Lochkovian) which oc curs in the Radom area and con sists 
of mudstones and lam i nated claystones with quartz sand -
stones; and sam ple 139, of the Telatyñ For ma tion (Mid dle De -
vo nian, Eifelian) from the Lublin area with a thick ness of up to
250 m. Sam ple 137 is from the Gozd For ma tion (Lower Car bon -
if er ous, Tournaisian) of the Laska–Czaplinek zone and com -
posed of dark grey claystones; sam ple 887 is of the Drzewiany
Sand stones For ma tion oc cur ring in the Koszalin–Wierzchowo
zone with a thick ness of up to 300 m; sam ple 890 is of the
£ob¿onka Claystones For ma tion (Lower Car bon if er ous,

Visean) con sist ing of black claystones, dark grey mudstones
and quartz sand stones; and sam ples 129 and 141 are of the
Lublin Coal For ma tion (Up per Car bon if er ous, Westphalian) in
the area of Lublin and com posed of sand stones and
mudstones. To the clastic Rotliegend For ma tion, oc cur ring in
the Perm ian Ba sin of Po land and Ger many, be long sev eral
sam ples: 891, 892 and 893 (Perm ian). Sam ples 869, 870, 871,
872, 873, 876, 877, 883, 888, 889, 894 and 896 were not as -
signed to lithostratigraphic for ma tions based on geo log i cal de -
scrip tions (ac cord ing to the CBDG) but met the cri te ria for
low-po ros ity and per me abil ity.

The sam ples thus dif fer in age, li thol ogy (sand stones or
mudstones) and depositional area but all of them ful filled the re -
quire ments of low po ros ity and per me abil ity val ues, as con -
firmed by the lab o ra tory mea sure ments. Petrophysical stud ies
re vealed sim i lar ity in sam ple fea tures, im por tant for de ter mi na -
tion of res er voir po ten tial, de spite not tak ing into con sid er ation
the de tailed geo log i cal char ac ter is tics of the sam ples (de tail
mac ro scopic de scrip tion, fa cies etc.).

METHODS

Lab o ra tory mea sure ments were car ried out on the core
sam ples to pro vide com pre hen sive anal y sis of the phys i cal pa -
ram e ters, with par tic u lar em pha sis on the res er voir and elas tic
prop er ties of the Pre cam brian and Pa leo zoic sed i men tary
rocks. Res er voir pa ram e ters: po ros ity and per me abil ity were
es sen tial ob jects of the lab o ra tory anal y sis de ter min ing the res -
er voir po ten tial. To tal po ros ity (Kp) was es ti mated us ing he lium
pycnometry, while ef fec tive po ros ity was es ti mated us ing mer -
cury in jec tion porosimetry (Kp mp ef), nu clear mag netic res o -
nance ex per i ments (the sum of clay-bound wa ter Kp1, cap il -
lary-bound wa ter Kp2 and free wa ter Kp3) and X-ray com puted
microtomography (Kp µ-CT). The as sess ment of phys i cal per -
me abil ity (k) was car ried out us ing a permeameter.

Sev eral lab o ra tory mea sure ments were ap plied to study the 
core sam ples. Lab o ra tory mea sure ments were se lected based
on the in for ma tion they pro vide (each method is based on dif -
fer ent phys i cal law) and ap pli ca tions of mod ern meth ods (nu -
clear mag netic res o nance spec tros copy and com puted X-ray
to mog ra phy) to low po ros ity and low per me abil ity rocks in or der
to re trieve the most de tailed rock de scrip tions. Bulk den sity (db)
and to tal po ros ity (Kp) were de ter mined us ing two de vices: a
gas pycnometer AccuPyc 1330 and a den sity an a lyzer GeoPyc
1360. Per me abil ity (k) was es ti mated on the ba sis of a Gas
Permeameter Temco tak ing into con sid er ation the Klinkenberg
ef fect (Klinkenberg, 1941). An Es cort ELC 3131D de vice pro -
vided val ues of the ce men ta tion fac tor (m), while an ul tra sonic
flow de tec tor UMT-17 Ultramet Co. pro vided P- and S- wave
ve loc ity val ues (Vp/Vs ra tio). Nat u ral ra dio ac tiv ity, po tas sium
(K), ura nium (U) and tho rium (Th) con tent, were de tected us ing
a three-chan nel gamma spec trom e ter MAZAR. De ter mi na tion
of shaliness (Vcl) was con ducted by an X-ray diffractometer
X’Pert MPD Philips Co. Nu clear mag netic res o nance anal y sis
(NMR Maran-7, field in ten sity 0.186 T) pro vided clay-bound wa -
ter (Kp1), cap il lary-bound wa ter (Kp2) and move able wa ter
(Kp3) (Coates et al., 1999). On the ba sis of NMR re sults log a -
rith mic T2 mean (T2ML) was cal cu lated (Straley et al., 1997).
Noninvasive com puted X-ray microtomography (Bench top
CT160 tomograph) gave in for ma tion about the to tal po ros ity
(Kp µ-CT) and ho mo ge ne ity pa ram e ter (J) by de tailed 2D and
3D im age anal y sis (Stock, 2009; Bielecki et al., 2009; Dohnalik,
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2013). In the case of the ho mo ge ne ity pa ram e ter a ref er ence
value for the rel a tive stan dard de vi a tion of 0.16 was adopted,
which has been des ig nated for the white Szyd³owiec sand stone
(rec og nized in the Oil and Gas In sti tute in Krakow, Po land as a
stan dard for uni form pore space). More over, CT mea sure ments 
pro vided in for ma tion about the qual ity of pore space de vel op -
ment (pore chan nel con nec tiv ity). Poor de vel op ment of pore
space in sam ples 887, 888, 891, 129 and 141 al lowed in clu sion
of these sam ples to the anal y sis, de spite the po ros ity val ues ex -
ceed ing 10%. Mer cury in jec tion porosimetry (Pittman, 1992),
us ing an AutoPore II 9220 Micrometrics Co., gave in for ma tion
on ef fec tive po ros ity (Kp mp ef) and av er age pore di am e ter
(D av). The Swanson pa ram e ter (S1) for the first po rous sys tem 
was de ter mined on the ba sis of mer cury in jec tion pres sure ver -
sus mer cury vol ume and was re lated to rock fil tra tion abil ity
(Swanson, 1981). Compressional strength (Rc) was es ti mated
us ing a Verkstoffprufmachinen Leip zig test ing ma chine 400kN
with max i mum force and ap ply ing a uni ax ial com pres sion test
(Brace, 1966). Min er al og i cal (XRD anal y sis in the Oil and Gas
In sti tute – Na tional Re search In sti tute, Kraków) and
petrophysical char ac ter is tics of the re search ma te rial are given
in Ap pen di ces 1 and 2.

The com bi na tion of dif fer ent meth ods used in es ti mat ing
po ros ity pro vided pa ram e ters con nected with dif fer ent pore
sizes and types be cause of dif fer ences in the phys i cal phe nom -
ena used in the mea sure ments and the spe cific res o lu tion of the 
de vices. Hence, res o lu tion of microtomography re sults are
within the range of gas bub bles and oil drops (micrometres), so
the ex tracted po ros ity informs about the pore space con sist ing
of pores with spe cific di am e ters, both con nected and closed.
Con nected pores can be ex tracted from the CT im ages and be
ef fi ciently used in ef fec tive fluid flow mod el ing. On the other
hand, mer cury porosimetry pro vides po ros ity re gard ing pores
with di am e ters above 3 nm but only if they are con nected.

Sta tis ti cal meth ods, i.e. clus ter ing and sep a ra tion of ho mo -
ge neous groups, en abled cre ation of dig i tal rock mod els on the
ba sis of the re sults of lab o ra tory mea sure ments and con sisted
of dif fer ent petrophysical pa ram e ters (Krakowska et al., 2016).
In or der to ex tend the point in for ma tion from lab o ra tory mea -
sure ments, cor re la tions be tween lab o ra tory re sults and bore -
hole log data were made. Bore hole log data, mostly ar chi val,
was pro cessed and in ter preted with the use of spe cial ist soft -
ware (Techlog, Schlumberger) and pro vided rock pa ram e ters in 
their nat u ral hab i tat con di tions (pres sure and tem per a ture).
Next, es tab lished dig i tal mod els were used in the sec ond ary
pro cess ing and in ter pre ta tion of bore hole log ging re sults. Cor -
re spond ing petrophysical pa ram e ters from lab o ra tory mea sure -
ments and from bore hole logs were com pared, e.g. sum of clay
min er als (lab) and shaliness (log); to tal po ros ity from lab and
log; tho rium, ura nium and po tas sium con cen tra tion from lab
and spec tral gamma ray log. Hence, spe cific in ter vals in bore -
holes were se lected on the ba sis of char ac ter is tic pa ram e ters
val ues for dig i tal mod els 1, 2 and 3. This ap proach al lowed for
the im ple men ta tion of upscaling pro ce dures on re sults from
mea sure ments con ducted in the lab o ra tory, at the mi cro (and
nano) scale and bore hole log ging in the meso scale (Dvorkin et. 
al., 2008). New tech nol ogy ap plied to the dif fer ent scale re sults
en abled in te gra tion and de tailed char ac ter iza tion of res er voir
pore space and al lowed ex ten sion of the con cept of res er voir
rocks be yond the cri te ria used to date (Krakowska and
Puskarczyk, 2015). The re sults ob tained are use ful in fur ther
con cep tual stud ies.

Dig i tal rock model con struc tion was ini ti ated by clus ter ing
the data into ho mo ge neous groups, with sim i lar petrophysical
pa ram e ters within each group (Tryon, 1939). Clus ter Anal y sis
with Gen er al ized k-Mean Method in Statistica soft ware was ap -

plied to se lected pa ram e ters to en able data di vi sion into groups
(clus ters) dis tinctly dif fer ent from each other. Groups of sim i lar
val ues of pa ram e ters were de tected, each with dif fer ent val ues
in re la tion to the rest of the groups de tected (StatSoft, 2011).
V-Fold Cross-Val i da tion was ap plied to the Clas si cal k-Means
Al go rithm, which al lowed iden ti fi ca tion of the op ti mal num ber of
mod els within the given li thol ogy (Hartigan and Wong, 1978).
The user has to ap prove the num ber of clus ters by an a lyz ing
the re sults and can mod ify these num bers if the re sults are not
suf fi cient, i.e. if there are too many clus ters or too many de -
tached pa ram e ter val ues in clus ters. A clas si cal al go rithm was
se lected be cause it al lowed clus ter con struc tion in the ab sence
of sev eral pa ram e ters for any given sam ples. Fi nally, three
groups of pa ram e ters (clus ters) were cho sen and ap plied to
petrophysical in ter pre ta tion as the 1st, 2nd and 3rd dig i tal rock
mod els re flect ing me dium, poor and good res er voir po ten tial re -
spec tively.

Par al lel ef forts were made to re duce the num ber of pa ram e -
ters in the clus ters and to ob tain the op ti mal num ber of clus ters
(mod els). It was nec es sary to se lect the pa ram e ters on which the 
in flu ence on de scrip tion of tight rock po ten tial is the stron gest.
More over, the anal y sis was per formed sev eral times for dif fer ent
sets of pa ram e ters, as sess ing the value of the er ror func tion and
study ing the cor re la tion graphs for se lected pa ram e ters within
the groups. Fi nally, a group of pa ram e ters was es tab lished for
clus ter anal y sis that con sisted of: bulk den sity, to tal po ros ity
(pycnometer), ab so lute per me abil ity, P- and S-wave ve loc ity ra -
tio, ce men ta tion fac tor, con tent of po tas sium, tho rium and ura -
nium, shaliness, ef fec tive po ros ity, av er age pore di am e ter,
Swanson pa ram e ter for the first po rous sys tem re spond ing to the 
high est in jec tion pres sure and high est pore di am e ter from mer -
cury porosimetry, clay-bound wa ter, cap il lary-bound wa ter and
move able wa ter con tent, log a rith mic T2 mean from the whole
NMR sig nal, to tal po ros ity, ho mo ge ne ity pa ram e ter from com -
puted microtomography and com pres sive strength from uni ax ial
compressional tests (Fig. 2 and Ap pen dix 2).

Stan dard petrophysical in ter pre ta tion of bore hole logs (e.g., 
gamma ray, sonic and re sis tiv ity log) was car ried out in or der to
ob tain shaliness, po ros ity and wa ter/hy dro car bon sat u ra tion
from the bore holes ana lysed. Firstly, petrophysical pro files of
the bore holes, con sist ing of sev eral log char ac ters such as
shaliness, po ros ity, tran sit travel time (DT), were di vided into in -
ter vals on the ba sis of pa ram e ter com par i son be tween dig i tal
rock mod els (min i mum, max i mum, av er age val ues of pa ram e -
ters in each model) and logs. In the in ter vals, which cover the
depth of the mod els se lected, mu tual re la tion ships be tween log
pa ram e ters were es tab lished. Hence, the pa ram e ters from the
logs in clude the ranges of lab pa ram e ters in mod els within
bore hole in ter vals. All the re la tions de rived helped in de tailed
anal y sis of the rocks as re gards hy dro car bon sat u rated zone
de ter mi na tion and li thol ogy rec og ni tion (Dudek and
Stadtmuller, 2010). This ap proach in con struct ing the dig i tal
rock mod els from lab mea sure ments and their ap pli ca tion to
bore hole logs en abled re strict ing fo cus of the de tailed anal y sis
only to rep re sen ta tive sec tions of the geo log i cal pro files. This
can also sup port the de ci sion of core typ ing and limit the
amount of cor ing in ter vals only to those with in ter est ing, dif fer -
ent phys i cal pa ram e ters, e.g. in ter est ing res er voir pa ram e ters.
Re gard ing the spe cific res er voir, this ap proach can be car ried
out on one pro spec tive well and transfered to other wells. The
whole in ter val rep re sented in the form of bore hole logs (mea -
sured and as re sult of in ter pre ta tion) can be di vided into sec -
tions which cor re spond to the dig i tal rock mod els. The dig i tal
rock mod els were ob tained from lab o ra tory mea sure ments so
the ac cu racy of petrophysical pa ram e ter de ter mi na tion is
higher than from bore hole logs, e.g. to tal po ros ity from he lium
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pycnometer and sonic log. So, the in ter vals with the best and
the worst res er voir pa ram e ters can be eas ily de ter mined. Sum -
ma riz ing, the nano and mi cro scale re sults of lab o ra tory mea -
sure ments in dig i tal rock mod els were trans ferred into the meso 
scale re sults ob tained from bore hole log ging.

Bore hole log ging anal y sis was con ducted to in clude the re -
sults of lab o ra tory mea sure ments. Depth fit ting of both types of
data was car ried out be fore the anal y sis. A slight depth shift
was nec es sary be cause of the dif fer ent ver ti cal res o lu tion of
point data from lab o ra tory mea sure ments in com par i son to
bore hole log ging re sults and this was achieved by com par i son
of gamma ray log, compressional slow ness, cores de scrip tions
and lab o ra tory mea sure ment re sults with depth. There was
also con sid ered the in flu ence of poor depth es ti ma tion of very
old core sam ples, that were not well pre served.

RESULTS

The most im por tant petrophysical pa ram e ters, de rived from 
lab o ra tory mea sure ments con trib ut ing key in for ma tion about
the res er voir po ten tial of tight res er voirs, were se lected to con -
struct the dig i tal mod els (Fig. 2). Con se quently, the re sults
shown (Ta ble 1) en com passed the clus ters that were sep a -
rated on the ba sis of the pa ram e ters of the high est vari abil ity.
The clus ters cre ated cor re sponded with the three dig i tal rock
mod els of tight for ma tions, char ac ter ized by dis tinct val ues of
phys i cal pa ram e ters. Fig ure 2 pre sented the scheme of dig i tal
rock model clas si fi ca tion based on clus ter anal y sis with di vi sion
into 3 mod els and Ap pen dix 3 con tained ba sic sta tis tics for the
mod els dis tin guished.

The clastic tight for ma tions were di vided into three groups
through ob tain ing the low est er ror func tion of clus ter anal y sis.
The groups rep re sent three dif fer ent dig i tal mod els. The qual i -
ta tive char ac ter is tics of the mod els are shown in Ta ble 2.

Model 2 was char ac ter ized by the high est val ues of bulk
den sity com pared to the rest of the groups, with the low est val -
ues of to tal po ros ity from pycnometer re sults to gether with the
low est m-CT po ros ity and ef fec tive po ros ity from mer cury
porosimetry (Fig. 3). Fig ure 3 shows 3 mod els. Model 2 is re -
vealed through high bulk den sity and low to tal po ros ity val ues.
How ever, the points clus tered into two ar eas con nected with
dif fer ent li thol ogy, not with dif fer ence in petrophysical pa ram e -

ters. The low est val ues of bulk den sity and high est po ros ity sin -
gled out model 3. Pa ram e ters char ac ter is tic for model 1 show
val ues in be tween those of mod els 2 and 3.

Full quan ti ta tive anal y sis of all mod els is given in Ap pen dix 3 
and Ta ble 2. Max i mum ab so lute per me abil ity val ues were in
model 3 and the low est in model 2. Im per me able rocks were as -
signed to model 1. Clay-bound wa ter showed the high est val -
ues in mod els 1 and 3 and the low est in model 2 whereas the
move able wa ter was high est in model 3 with mod els 1 and 2
hav ing com pa ra ble amounts. The pa ram e ter re flect ing the per -
cent age of clay-bound wa ter, cap il lary-bound and move able
wa ter was the log a rith mic T2 mean, which had the high est val -
ues in model 3 and low est in model 1. The high est value of to tal
po ros ity from m-CT and ef fec tive po ros ity from mer cury
porosimetry was char ac ter is tic for model 3 and the low est for
model 2. Model 3 was de fined by the low est shaliness com -
pared to mod els 1 and 2, as so ci ated with the low est con tent of
ra dio ac tive el e ments. The high est val ues of av er age pore di am -
e ter were ob tained in model 3 and the low est in model 2. This
rule was also re flected in val ues of the Swanson pa ram e ter: the
low est for model 3 and high in the mod els 1 and 2. The ho mo -
ge ne ity pa ram e ter from m-CT had the high est val ues in model 1, 
and the low est in model 3. This re sult showed the in flu ence of
grain size, round ness and sort ing on the res er voir prop er ties,
es pe cially on per me abil ity. Uni ax ial com pres sive strength
proved that the most re sis tant rocks be longed to model 2 and
the least re sis tant to model 3. This re sult cor re lated well with po -
ros ity (higher po ros ity, lower strength to uni ax ial com pres sion).

The best res er voir prop er ties were as signed to model 3 and
the worst prop er ties to model 2. The best res er voir prop er ties
were de scribed for in stance by high to tal and ef fec tive po ros ity
and per me abil ity, low bulk den sity, low shaliness, high av er age
pore di am e ter and the worse prop er ties for in stance by low po -
ros ity and per me abil ity, high shaliness, high Swanson pa ram e -
ter. Model 3 was cre ated from sand stones, mainly Car bon if er -
ous and Cam brian (2 sam ples – Cm, 1 sam ple – O, 1 sam ple –
D, 4 sam ples – C, 1 sam ple – P), how ever, in model 2 there
were sand stone and mudstone sam ples of dif fer ent ages (2
sam ples – Cm, 1 sam ple – S, 2 sam ples – D, 1 sam ple – C, 2
sam ples – P). Model 1 was rep re sented mainly by Car bon if er -
ous and Cam brian sand stones (1 sam ple – Pt, 3 sam ples – Cm, 
1 sam ple – S, 2 sam ples – D, 4 sam ples – C). On the ba sis of
dig i tal mod els in the Car bon if er ous and Cam brian sand stones
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Fig. 2. Scheme of digital rock model construction

Symbols are explained in Table 2
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Model Sam ple no. Bore hole Age Li thol ogy Depth Geo logic unit

1

889 Brudzewek-1 C c 3818 Fore-Sudetic Homocline

894 Zabartowo-2 C s 4500 Pom er a nian Anticlinorium

890 Moracz IG 1 Cwi s 4650 Pom er a nian Anticlinorium

896 Opoczno PIG 2 Cwi s 3045 Holy Cross Mts. Anticlinorium

881 Maciejowice IG 1 D1 s 4374 War saw Synclinorium

130 Krêpiec-1 Dem c 4501 Lublin Synclinorium

872 S³upsk IG 1 Sw c 3546 Peri-Bal tic Syneclise

874 £opiennik IG 1 Cm2 s 4588 Lublin Synclinorium

869 Hel IG 1 Cm1 s 3457 Peri-Bal tic Syneclise

876 Siedliska IG 1 Cm1 s 3007 Mazovia-Lublin Graben

868 Busówno IG 1 Pt s 4153 Lublin Synclinorium

2

892 Czaplinek IG 2 P1 s 4016 Pom er a nian Anticlinorium

893 Zabartowo-1 P1 c 3956 Pom er a nian Anticlinorium

137 Dygowo-1 Ct s 3790 Pom er a nian Anticlinorium

139 Radawiec Ma³y-1 De c 4304 Lublin Synclinorium

886 Ulhówek IG 1 Dem s 3037 Lublin Synclinorium

879 Lêbork IG 1 Sla c 3247 Peri-Bal tic Syneclise

873 Gocza³kowice IG 1 Cm s 3012 Up per Silesian Trough

871 Prabuty IG 1 Cm2 s 3460 Peri-Bal tic Syneclise

3

891 Zakrzyn IG 1 P1 s 4425 Fore-Sudetic Homocline

129 Bielsk-2 Cw s 4545 War saw Synclinorium

141 Bielsk-2 Cw s 4589 War saw Synclinorium

887 Koszalin IG 1 Cwi s 3008 Pom er a nian Synclinorium

888 Ustronie IG 1 Ct s 3154 Pom er a nian Anticlinorium

883 Lublin IG 1 D2 s 4508 Lublin Synclinorium

877 Terebin IG 5 Ot s 3034 Lublin Synclinorium

878 ¯arnowiec IG 1 Cm1 s 3233 Peri-Bal tic Syneclise

870 Okuniew IG 1 Cm1 s 4106 War saw Synclinorium

s – sand stone, c – claystone, Pt – Pre cam brian, Cm1 – Lower Cam brian, Cm2 – Mid dle Cam brian, Cm – Cam brian, Ot – Or -
do vi cian, Tremadoc, Sla – Si lu rian, Llandoverian, Sw – Si lu rian, Wen lock, D1 – Lower De vo nian, D2 – Mid dle De vo nian,
Dem – De vo nian, Emsian, De – De vo nian, Eifelian, Cwi – Car bon if er ous, Visean, Ct – Car bon if er ous, Tournaisian, Cw –
Car bon if er ous, Westphalian, C – Carbonifereous, P1 – Lower Perm ian

T a  b l e  1

Re sults of clus ter anal y sis – se lec tion of sam ples

Pa ram e ter Model 1 Model 2 Model 3

Bulk den sity (db) me dium high est low est

To tal po ros ity (Kp) me dium low est high est

Ab so lute per me abil ity (k) im per me able low est high est

Ce men ta tion fac tor (m) com pa ra ble com pa ra ble high est

P- and S-wave ve loc ity ra tio (Vp/Vs ra tio) high est low est me dium

Clay-bound wa ter (Kp1) me dium low est high est

Cap il lary-bound wa ter (Kp2) me dium low est high est

Move able wa ter (Kp3) com pa ra ble com pa ra ble high est

Log a rith mic T2 mean (T2ML) low est me dium high est

To tal po ros ity (Kp m-CT) me dium low est high est

Ho mo ge ne ity pa ram e ter (J) high est me dium low est

Ef fec tive po ros ity (Kp mp ef) me dium low est high est

Av er age pore di am e ter (D av) me dium low est high est

Swanson pa ram e ter (S1) high est me dium low est

Clay con tent (Vc) me dium high est low est

Po tas sium con tent (K) high est me dium low est

Ura nium con tent (U) high est me dium low est

Tho rium con tent (Th) high est me dium low est

Compressional strength (Rc) me dium high est low est

T a  b l e  2

Clas si fi ca tion of the dig i tal model pa ram e ters, and qual i ta tive de scrip tion 
of pa ram e ter val ues in the model spec i fied



two sep a rate groups were se lected, the first (model 3) of good
res er voir prop er ties, i.e. ex cel lent res er voir po ten tial and the
sec ond (model 1) of mod er ate res er voir prop er ties (mod er ate
res er voir po ten tial).

Petrophysical pa ram e ters de rived from both meth ods for all
bore holes and mod els were com pared and some dis crep an cies 
were ob served (Figs. 4–6). There are only a few points out of 28 
be cause suit able logs were not avail able for all bore holes. One
point on each fig ure rep re sents one core sam ple as signed to
bore hole log in for ma tion.

In ter vals with pa ram e ters (shaliness, po ros ity, tran sit travel
time) cor re spond ing to the dig i tal mod els were an a lysed in de -
tail in the bore holes Bielsk-2, Me³giew-9, Maciejowice IG 1,
Dygowo-1 and Terebin IG 5. These bore holes were se lected as
ex em plary with full bore hole log in for ma tion from dif fer ent log -
ging meth ods such as re sis tiv ity logs. The ranges of pa ram e -
ters (for in stance to tal po ros ity, shaliness) ob tained from the
char ac ter is tics of the dig i tal mod els were as signed to bore hole
logs. Se lec tion of pa ram e ters was con nected with the ac ces si -
bil ity of se lected bore hole logs and com pat i bil ity of bore hole log -
ging data with the lab o ra tory re sults. In ter vals that met the cri te -
ria con nected with the pa ram e ters from logs in cluded in mod els
from lab o ra tory mea sure ments were searched and high lighted,
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Fig. 3. Bulk density (db) vs. total porosity (Kp) 

Model 1 – blue, model 2 – red, model 3 – green

Fig. 4. Interval transit time from lab measurements (DTlab) vs. 
acoustic log (DT)

Fig. 5. Total porosity from lab measurements (Kp) vs. total
porosity from borehole log interpretations (PHI)

Fig. 6. Shaliness from lab measurements (Vcl) vs. borehole
log interpretations (VSH)



al low ing for proper as sign ment of rocks to the dig i tal mod els
dis tin guished. Cor re la tions be tween pa ram e ters de ter mined
from bore hole logs were cal cu lated in those in ter vals. Cor re la -
tion co ef fi cients >0.6 at the se lected model in ter vals sup ported
the af fil i a tion of rock in ter vals to the dig i tal mod els.

The re la tion of the to tal po ros ity and spec tral gamma ray
data with sub tracted counts from the ura nium win dow in
Bielsk-2 bore hole showed sat is fac tory (model 1) and un sat is -
fac tory (model 3) fits (Fig. 7) ac cord ing to sta tis ti cal in ter pre ta -
tion of the de ter mi na tion co ef fi cient (R2adj).

The re la tion ship be tween neu tron po ros ity and ap par ent re -
sis tiv ity in the Me³giew-9 bore hole in the De vo nian and Car bon -
if er ous for ma tions dis tin guished al lowed the se lec tion of in ter -
vals in which the data matched model 3 (Fig. 8). In ter vals were
sep a rated to dis tin guish zones with sim i lar petrophysical prop -
er ties. More over, sat is fac tory fit ting was ob served in the high -
lighted ar eas. Log sam ples from model 3 clus tered in two
groups with high re sis tiv ity, low neu tron po ros ity (1 group) and
low re sis tiv ity and high neu tron po ros ity (2 group) which is con -
nected with change in li thol ogy: gas-bear ing sand stones
(1 group) and gas-bear ing mudstones (2 group). How ever, this
is dif fer ence only in rock li thol ogy, with sim i lar ity in petrophysical 
pa ram e ters as re flected by af fil i a tion to model 3.

Sat is fac tory fit was also noted for petrophysical pa ram e ters
of model 1 based on in ter val tran sit time and nat u ral ra dio ac tiv -
ity for Pre cam brian rocks in the Terebin IG 5 bore hole. The de -
ter mi na tion co ef fi cient was equal to 0.68 (Fig. 9). Only 5 sam -

ples were as signed to model 2 (red). Sam ples from model 3
(green) oc curred in the zone of high in ter val tran sit times and
low nat u ral ra dio ac tiv ity.

In ter vals of the geo log i cal pro file cor re spond ing to the pre -
ferred dig i tal mod els were iden ti fied in the Maciejowice IG 1
bore hole. The re la tion ship be tween shaliness cal cu lated on the
ba sis of GR log (VSH) and in ter val tran sit time (DT) re vealed al -
most lin ear de pend ence for mod els 1 and 2 marked in blue and
red col ors, re spec tively. Model 3 com prised for ma tions with the
low est shaliness (Fig. 10).

The com bi na tion of nat u ral ra dio ac tiv ity and the in ter val
tran sit time (Fig. 11) in bore hole Dygowo-1 al lowed dem on stra -
tion of the re la tion ship be tween the high lighted mod els. A lin ear
re verse re la tion ship was ob served for mod els 1 and 2, and a
non-lin ear re la tion ship for model 3. It is shown in this ex am ple
that only for nat u ral ra dio ac tiv ity and in ter val tran sit time, points
from model 1 com prise points from model 2. For dif fer ent pa -
ram e ters these kinds of ef fect can ap pear and be ap par ent be -
cause model 1 con tains in for ma tion from rocks with mod er ate
res er voir pa ram e ters, so it can in clude some pa ram e ters with
the worst char ac ter is tics.

DISCUSSION

The re sults of lab o ra tory mea sure ments on the core sam -
ples pro vided phys i cal prop er ties of Pre cam brian and Pa leo -
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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

Fig. 8. Neutron porosity (NPHI) vs. apparent resistivity (LLD) for model 3

Me³giew-9 borehole; Devonian and Carboniferous rocks; colours as in Figure 3



904 Paulina Izabela Krakowska

Fig. 9. Interval transit time (DT) vs. natural radioactivity (GR)

Precambrian samples; Terebin IG 5 borehole; colours as in Figure 3; black dots – Precambrian borehole log data without
affiliation to the models

Fig. 10. Shaliness (VSH) vs. interval transit time (DT) for the rock models distinguished

Maciejowice IG 1 borehole; colours as in Figure 3; black dots – borehole log data without affiliation to the models

Fig. 11. Natural radioactivity (GR) vs. interval transit time (DT) for the rock models distinguished

Dygowo-1 borehole; Carboniferous and Devonian formations; colours as in Figure 3; black dots – Carboniferous and Devonian
borehole log data without affiliation to the models



zoic clastic rocks which formed the ba sis for the dig i tal rock
model con struc tion (Ma donna et al., 2012; Andrä et al., 2013).

Dig i tal rock mod els con cen trated the rock sam ples with sim -
i lar res er voir and elas tic prop er ties. Sam ples with better res er -
voir and elas tic prop er ties were ex tracted from all ma te rial an a -
lysed. The dig i tal mod els dis tin guished formed the ba sis for the
cor re la tion of lab o ra tory and bore hole log ging re sults.

The dig i tal model ap proach ap plied to the bore hole log data
also en abled the scal ing of lab o ra tory mea sure ments and bore -
hole log ging re sults. Trans fer ring the lab o ra tory in for ma tion of
mi cro (or nano) scale to the meso scale (re sults of bore hole
logs) as well as macro scale (seismics) is an im por tant is sue
from the point of view of de tailed res er voir rock anal y sis and
also for a global ap proach in sed i men tary ba sin anal y sis. Scal -
ing of lab o ra tory mea sure ments and bore hole log ging re sults
was de rived by use of mod els from clus ter anal y sis in in ves ti -
gat ing in ter vals equiv a lent in pa ram e ter char ac ter iza tion in the
bore hole logs pro files.

An in ter est ing re sult of the dig i tal mod els is the fact that
model 2 (the worst res er voir po ten tial) con sists not only of
mudstones but also of sand stones. It emerged that these sand -
stones, dif fer ent in age, are char ac ter ized by very poor
petrophysical prop er ties, e.g. low po ros ity, small pore di am e -
ters. The sand stone sam ples an a lysed were al most sim i lar re -
gard ing their min eral con tents, other than sam ple 137. To tal
and ef fec tive po ros ity had the low est val ues. Prob a bly, these ef -
fects are con nected with the high lev els of com pac tion and ce -
men ta tion and the tec tonic re gime. More over, model 3 (the best 
res er voir po ten tial) is rep re sented only by sand stones that are
mainly Cam brian and Car bon if er ous in age. Most of the sam -
ples came from the War saw and Lublin synclinoria. To tal and
ef fec tive po ros ity was rel a tively the high est in these sam ples. In
con clu sion, the an a lysed sand stones from model 3 ex pe ri -
enced better con di tions of diagenesis and tec tonic re gime.

Con sid er ing Fig ures 4–6, many points had higher val ues of
pa ram e ters ob tained from bore hole logs than in the lab o ra tory.
The dis crep ancy is con nected with the spec i fic ity of the mea -
sure ments. Lab o ra tory mea sure ments are usu ally con ducted
on core sam ples sam pled from cores de pos ited in the core ar -
chives and geo log i cal sam ples, free of nat u ral mois ture and the
in flu ence of res er voir con di tions: pres sure (stress re lief af ter
tak ing out the core from the bore hole) and tem per a ture. By way
of ex am ple, compressional ve loc ity can be larger in nat u ral con -
di tions in clastic rocks (sonic logs) in com par i son to lab o ra tory
mea sure ments of compressional ve loc ity on core sam ples.
Bore hole log re sults rep re sent rocks in the phys i cal fields of
their nat u ral hab i tat (e.g., res er voir pres sure and tem per a ture).
The white point in Fig ure 6 rep re sents a sand stone sam ple. The 
dis crep ancy in shaliness val ues from bore hole log ging (VSH)
and lab o ra tory mea sure ments (Vcl) is re lated to the meth od ol -
ogy of the mea sure ment re sults com pared. The bore hole log -
ging in ter pre ta tion show ing high shaliness pro vides av er aged
in for ma tion about the rock from lay ers of about 30 cm in thick -
ness, due to the ver ti cal res o lu tion of the gamma ray log (GR).
Di rect lab o ra tory mea sure ment was made on the small part of
core in which a high amount of anhydrite was de tected (about
78% of quartz, 20% of anhydrite and only 2% of clay min er als),
which is why a con sid er able dif fer ence was ob served be tween
the re sults. Higher val ues from lab o ra tory mea sure ments were
ob served for sev eral po ros ity val ues. This ef fect is con nected
with the sonic log use for po ros ity cal cu la tion, which does not
de tect sec ond ary po ros ity, while lab o ra tory mea sure ments pro -
vide to tal po ros ity.

In some bore holes it was im pos si ble to dis tin guish in ter vals
with the pa ram e ters as set out in the dig i tal mod els, when the lab -
o ra tory re sults dif fered sig nif i cantly from the re sults from bore -

hole logs. This was re lated to the spec i fic ity of the meth ods. Lab -
o ra tory mea sure ments pro vided point in for ma tion ob tained di -
rectly from the rock sam ple, while bore hole log ging ob tains av er -
age petrophysical pa ram e ters due to the ver ti cal res o lu tion of
bore hole log ging de vices and the in di rect means of ob tain ing
mea sure ments. The dis crep an cies be tween the re sults of lab o -
ra tory mea sure ments and bore hole log ging re sulted in the lack of 
in ter vals as sign ment to ap pro pri ate rock mod els.

The data from bore hole in ter vals of char ac ter is tic pa ram e -
ters cor re spond ing to the dig i tal mod els built on the ba sis of lab o -
ra tory mea sure ments were grouped to gether in spite of dif fer ent
rock ages in or der to find the sim i lar i ties and dif fer ences in
petrophysical pa ram e ters of rocks. This ap proach al lows find ing
and lim it ing the cor ing in ter vals which dif fer in these pa ram e ters.
Within the groups of data as signed to dig i tal mod els, de tailed
cor re la tions be tween cru cial pa ram e ters from logs and from lab -
o ra tory re sults were es tab lished. An a lyz ing the re sults ob tained
from lab o ra tory mea sure ments and bore hole log ging it ap peared 
that Pre cam brian and Palaeozoic sed i men tary rocks re vealed
res er voir po ten tial. High cor re la tions be tween log pa ram e ters
were es tab lished within the log in ter vals cor re spond ing to pa -
ram e ter char ac ter iza tion from 3 mod els from lab o ra tory mea -
sure ments. This showed that im ple men ta tion of lab o ra tory re -
sults clus ter ing to log in ter vals al lows the group ing of
petrophysical pa ram e ters of Pre cam brian and Palaeozoic rocks,
ob tained by in situ mea sure ments, into high-cor re la tive in ter vals.

CONCLUSIONS

Dig i tal mod els of Pre cam brian and Pa leo zoic sed i men tary
rocks were fo cused on sim i lar i ties and dif fer ences in their phys -
i cal prop er ties. A large amount of lab o ra tory data was con sid -
ered to pro vide the max i mum pos si ble in for ma tion from the
rocks an a lysed, was com pared with ar chi val bore hole log ging
data, lim ited in num ber of petrophysical pa ram e ters. Nev er the -
less, these ex am ples showed that it was pos si ble to se lect suf fi -
cient in for ma tion from the logs, that were com pat i ble with the
lab o ra tory re sults.

Sev eral con clu sions can be drawn:

– The dig i tal rock mod els di vided the ma te rial an a lysed
with re spect to petrophysical pa ram e ters, im por tant to
ex plo ra tion and pro duc tion, into 3 groups (clus ters) of
pa ram e ter char ac ter iza tions.

– Dig i tal mod els were the ba sis for upscaling of the mi cro
and nano scale lab o ra tory re sults and bore hole log ging
data rep re sent ing the meso scale. This pro ce dure was
con nected with clus ter anal y sis which re sulted in dig i tal
model (groups, clus ters) con struc tion. Groups were
char ac ter ized by dif fer ent petrophysical val ues of pa -
ram e ters. Then, the ap pli ca tion of dig i tal mod els was ap -
plied to bore hole log ging in ter vals, re sult ing in the se lec -
tion of log in ter vals within the dig i tal mod els from lab o ra -
tory mea sure ments.

– High cor re la tions were es tab lished be tween the log
petrophysical pa ram e ters in se lected mod els (dig i tal
rock mod els).

– The best res er voir prop er ties were re vealed in clastic
rocks clas si fied to the dig i tal model that con sisted
mainly of Car bon if er ous and Cam brian sand stones
(model 3). The poor est res er voir prop er ties were typ i -
cal of rocks as signed to sand stone and mudstone sam -
ples of dif fer ent ages (model 2), which in di cates that
the ma te rial is also di verse as re gards their orig i nal
sed i men ta tion en vi ron ments.
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– The ap proach de vised al lows more pre cise in ter pre ta -
tion of ar chi val and mod ern bore hole log ging and can be 
used to de crease cor ing in ter vals into in ter vals with dif -
fer ent petrophysical pa ram e ters.

– The mod els or dered the ma te rial with re spect to the ef -
fec tive ness of the diagenesis pro cesses which in flu -
enced pore space de vel op ment.

The cred i bil ity of the dig i tal mod els was im proved by us ing
very large and di verse lab o ra tory dataset of pa ram e ters. The
dif fer ent ages of the rock sam ples was taken into ac count in the
re search but the main role in dig i tal model con struc tion was
played by the pa ram e ter val ues and the aim of an a lyz ing
low-po ros ity and low-per me abil ity, tight rocks.

These tech niques of lab o ra tory and bore hole log ging data
pro cess ing and the re sul tant dig i tal mod els of rock char ac ter -
iza tion may be re garded as an ex am ple of spe cial ist in ter pre ta -
tion of ar chi val data. This ap proach al lows the applyication of
high-cor re la tive re la tions be tween log pa ram e ters of dif fer ent
in ter vals and bore holes.
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