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Ab stract: The Flow Zone In dex, FZI, ap plied to or der re la tions be tween the ef fec tive po ros ity and per me abil ity of 
the Rot lieg end sand stones in the Pol ish part of the South ern Per mian Ba sin turns out to be a use ful and ef fec tive
fac tor to evalu ate abil ity of me dia flow in a rock for ma tion. A da ta set of over 2000 sam ples from 78 wells was
ana lysed. Based only on po ros ity and per me abil ity, FZI in cludes all non- parameterized fea tures of rocks as
tor tu os ity and di ame ters of po rous chan nels, vol ume of trapped parts of cap il lary roads, spe cific sur face of pore
space, and oth ers. When FZI in creases, the abil ity of fluid to move through the po rous space in creases. In most
cases, the Rot lieg end sand stones re veal FZI in the range of 0.5–2.0. The high est FZI, ca. 100, is re lated to
frac tured part of the stud ied for ma tion. The com bi na tion of FZI and fa cies in for ma tion from sev eral wells in the
study area (over 1200 sam ples) showed a good cor re la tion. On the ba sis of FZI we can di vide a set of sam ples of
the Rot lieg end sand stone into groups of de fined fluid flow abili ties and re late them to fa cies. Also, we show the
way of es ti ma tion of the re li able val ues of per me abil ity in full geo logi cal log of a bore hole on the ba sis of FZI, and 
the to tal po ros ity de ter mined from well log ging in ter pre ta tion.
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IN TRO DUC TION

A de pend ence be tween per me abil ity and po ros ity has
been the sub ject of dis cus sion in the petro physi cal lit era ture
for many years. A widely used log- linear re la tion ship be -
tween the two men tioned res er voir pa rame ters does not cor -
rectly com prise the whole in for ma tion de liv ered by such
fac tors, as: the size and shape of min eral grains, ori en ta tion
of grains, pack ing of grains in the rock mass, de gree of sort -
ing, and other fac tors that strongly in flu ence per me abil ity.
Us ing the sim ple log- linear re la tion ship for rocks with var -
ied li thol ogy, one can pa rame ter ize nei ther the shape of the
pore space, nor the pore tor tu os ity and the size of throats in
the pore space. The re la tion be tween po ros ity and per me -
abil ity com prises also in for ma tion on dia gene sis and me -
chani cal pro cesses dur ing trans por ta tion, depo si tion and
com pac tion, and de for ma tion of sedi men tary ma te rial.
How ever, those re la tions have not yet been mathe mati cally
de scribed. The ap pli ca tion of the Flow Zone In dex (FZI) for 
de scrib ing rock me dium ca pa bil ity to fluid trans port im -
proves the ac cu racy of evalu at ing res er voir pa rame ters. Ap -
ply ing the FZI, a given de posit can be di vided into smaller

parts show ing simi lar hy drau lic prop er ties. Also, more ac -
cu rate re la tion ships be tween po ros ity and per me abil ity can
be ob tained for small units (Sa lem, 1993; Prasad, 2000;
Tiab & Don ald son, 2000; Mo ham med & Cor bett, 2003;
Ba³a et al., 2003; Ba³a & Jarzyna, 2004; At tia, 2005;
Jarzyna & Ba³a, 2005).

The ob jec tive of the pa per is to eval u ate proper per me -
abil ity vs. po ros ity re la tions for the Rotliegend sand stones
of var i ous fa cies based on lab o ra tory mea sure ments for
sam ples from se lected bore holes in the Pol ish part of the
South ern Perm ian Ba sin. A method of con tin u ous de ter mi -
na tion of per me abil ity in a ver ti cal sec tion of bore hole ac -
cord ing to FZI di vi sion us ing po ros ity from well log in ter -
pre ta tion is also given here.

GEO LOG I CAL SET TING

The Rot lieg end for ma tions oc cur ring in Cen tral and
West ern Europe in the South ern Per mian Ba sin were de pos -
ited in a con ti nen tal ba sin dis play ing fea tures of a tec tonic
half- graben (Pok or ski, 1998). The shape of the ba sin and



pa laeo cli mate con di tions caused thick ness and fa cies dis tri -
bu tion in the ba sin to be mark edly asym met ric (Kiers-
nowski, 1998). The maxi mum thick ness of the Rot lieg end
sedi ments, ex ceed ing 1,200 m, is ob served in the zone of
maximal sub si dence ex tend ing along the NE edge of the ba -
sin.

The ba sin fill con sists of sandy- muddy- shaly sedi -
ments, which be long to three main des ert de po si tional sys -
tems. The de pos its of sea sonal riv ers (al lu vial fans and flu -
vial chan nels) form the flu vial sys tem. The de pos its of dune
and in ter dune en vi ron ments form the aeo lian sys tem. The
larg est thick ness is noted in the cen tral part of the ba sin
domi nated by shaly- sandy li tho fa cies and mar ginal playa
fa cies of the la cus trine sys tem.

A number of pa laeo geo graphic units are dis tin guished
in the Pol ish part of the Rot lieg end ba sin (Pok or ski, 1981;
Karn kowski, 1987). The larg est unit is the Cen tral Ba sin
(Pok or ski, 1997). Playa and flu vial de pos its pre vail in the
north east ern part of the Cen tral Ba sin. Aeolian de pos its
form there sparse in ter ca la tions of small thick ness, there. In
the south east ern part of the Cen tral Ba sin, flu vial de pos its
domi nate. Aeolian and playa rocks con sti tute here mi nor ad -
mix tures. Along the south ern mar gin of the Cen tral Ba sin,
aeolian sand stones build the dune area re ferred to as the
East ern Erg (Ki ersnowski, 1997; Ki ersnowski & Buniak,
2006). An other pa laeo geo graphic unit im por tant to pe tro -
leum pros pect ing is the Sile sian Ba sin that ex tends in the
south ern part of the Fore- Sudetic Homocline. In this broad
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Fig. 1. Lo ca tion map of the Rotliegend res er voirs and fa cies dis tri bu tion: 1 – ex tent of the Rotliegend de pos its; 2 – aeolian fa cies (res -
er voir); 3 – flu vial fa cies (res er voir); 4 – non res er voir playa fa cies; 5 – gas fields



zone, flu vial and aeo lian sedi men tary sys tems co- exist. The
Wolsz tyn High sepa rates the Cen tral Ba sin and the Sile sian
Ba sin. It is sur rounded by a nar row belt of flu vial fa cies,
which in ter fin ger with the aeo lian sand stones.

The pre sented in ves ti ga tions con cen trate mainly on po -
ten tial sand stone res er voirs, rep re sent ing a va ri ety of fa cies
of the above men tioned de po si tional sys tems. The qual ity of 
the data and nec es sary clar ity of the text re sult in some ter -
mi no logi cal sim pli fi ca tions. De pos its be long ing to the aeo -
lian de po si tional sys tem com prise in ter dune and dune sand -
stones. In the text they are re ferred to as aeo lian fa cies. In
the col lected data set, flu vial sys tem de pos its are rep re -
sented mainly by flu vial chan nel sand stones, mud stones and 
con glom er ates, and to some ex tent by al lu vial sheet- flood
fa cies. All these sedi ments are gath ered in the flu vial/al lu -
vial fan fa cies group. La cus trine sand stones are re ferred to
as playa fa cies.

The lo ca tions of stud ied wells in terms of the domi nant
fa cies are pre sented in Figure 1. It can be seen that close to
the Wolsz tyn High the Rot lieg end sedi ments are flu vial
sand stones. At a short dis tance both to the south and to the
north they are re placed by aeo lian sand stones. How ever, re -
gard less of fa cies domi na tion, in ter ca la tions of flu vial de -
pos its of con sid er able thick ness can oc cur in aeo lian sedi -
ments. Simi larly, in ar eas de picted in Figure 1 as domi nated
by flu vial sedi ments some aeo lian strata can ex ist. In the
cen tral part of the Rot lieg end Ba sin, re gard less of domi nant
playa fa cies, sedi ments be long ing to other dis tin guished de -
po si tional sys tems are pres ent. For ex am ple, in well OB
IG-1 we ob serve aeo lian fa cies and playa fa cies in simi lar
pro por tions. In the north west ern part of the study area,
where well C-5 is lo cated in the area of domi na tion of aeo -
lian sedi ments and wells SLE-1, SLO-1 and well C-1 are lo -

cated in the zone of pre vail ing flu vial sed i ments, some
playa sedi ments are also dis tin guished.

PO ROS ITY AND PER ME ABIL ITY FROM
LAB O RA TORY MEA SURE MENTS

The study area in cluded 78 wells, which pierced or only 
reached the Rot lieg end rocks in the Pol ish part of South ern
Per mian Ba sin (Fig. 1). Wells are analysed in di vidu ally and
in groups, con cen trated around the towns of Leszno,
Koœcian, Kalisz, Sieradz, Pi³a, and Miêdzyzdroje. From
each group, sev eral wells with con sid er able amount of data
with iden ti fied li thol ogy and rec og nized fa cies are se lected
to the de tailed analy sis.

Three main rock types: sand stones, mudstones and
shales were drilled through in the Rotliegend de pos its. The
li thol ogy was de ter mined based on mac ro scopic core de -
scrip tions. At the first step, cor re la tions be tween ab so lute
per me abil ity, K, and ef fec tive po ros ity, Feff, of sand stones
were cal cu lated for in di vid ual wells. Cor re la tion co ef fi -
cients, R, changed over a wide range and slopes and in ter -
cepts in the re gres sion equa tions var ied sig nif i cantly (Ta ble
1). This at tests to large vari abil ity of the analysed ma te rial.
For sev eral wells high val ues of R are ob tained. These point
to a close re la tion ship be tween ab so lute per me abil ity and
ef fec tive po ros ity due to ho mo ge neous lithofacies data and
a suf fi cient num ber of sam ples that as sured the sta tis ti cal
cor rect ness (Górecki et al., 2008).

Ex em plary dis per sion plots LogK vs. Feff for data from 
well KO-1 show good cor re la tion proven by high cor re la -
tion co ef fi cient equal to 0.68 (Fig. 2). Fre quency his to grams 
for po ros ity and per me abil ity are made for the same datasets 
(Fig. 3). The Gaussi an dis tri bu tion for po ros ity and log-nor -
mal dis tri bu tion for per me abil ity are also pre sented against
the back ground of the his to grams.
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Ta ble 1

Re la tion ships be tween per me abil ity and po ros ity:
re gres sion equa tions and cor re la tion co ef fi cients

for se lected wells in the study area

Well

Linear regression equation,
logK = aFeff + b

Correlation
coefficient

R

Number of
sandstone
samples in

analysis/Total
number of
samples

a b

B-1 0.12 1.65 0.84 40/66

C-1 0.24 2.24 0.82 87/204

CZ-IG2 0.10 0.79 0.59 63/213

KA-1 0.21 2.26 0.76 51/90

KO-1 0.10 1.05 0.67 92/126

M-5 0.22 -2.22 0.89 202/272

S-2 0.14 -0.60 0.68 71/80

SO-2 0.11 -2.14 0.70 51/74

W-1 0.06 0.64 0.23 317/349

Z-1 0.24 -2.29 0.92 95/104

ZA-1 0.10 -0.42 0.49 89/99

Fig. 2. Dis per sion plot LogK vs. Feff of the dataset from well
KO-1



In the pre sented ex am ple, the po ros ity dis tri bu tion is
not fully nor mal due to ob served con cen tra tion of high val -
ues in the range of 12–14% (Fig. 3). The dis tri bu tion of per -
me abil ity is al most log-nor mal (Fig. 3). Low val ues of per -
me abil ity dom i nate in all stud ied well datasets. The low est
per me abil ity are ob served in flu vial fa cies area. Higher po -
ros ity and per me abil ity pre vail for sam ples from wells
(among oth ers KO-1) sit u ated in aeolian fa cies area. Oc cur -
rence of illite in ce ments of sand stone sam ples (for ex am ple
in KO-1) and both kaolinite and chlorite in oth ers is also the
rea son of a dif fer ence in po ros ity and per me abil ity dis tri bu -
tion. A max i mum burial depth is an other fac tor in flu enc ing
both po ros ity and per me abil ity on a ba sin wide scale. This
pa ram e ter is es pe cially high in the north-eastern re gion
(Biernacka et al., 2006; Papiernik et al., 2007; Górecki et
al., 2008). Sim i lar im ages of po ros ity and per me abil ity dis -
tri bu tions are ob served for the rest of analysed wells. Al -
though a great num ber of po ros ity-per me abil ity pairs from
the Rotliegend sand stones were an a lysed, the re la tions be -
tween ab so lute per me abil ity and ef fec tive po ros ity cal cu -
lated in di vid u ally for data from each well can not be the ba -
sis to pre dict K based on Feff.

GROUP ING OF WELLS

The stud ied wells are grouped ac cord ing to their geo -
graphi cal lo ca tion and depth to the top of the Rotliegend
sedi ments. The di vi sion is also re lated with the fa cies de vel -
op ment (Poszytek, 2007). Four main re gions: A, B, C, and
D were sepa rated (Fig. 4, Ta ble 2).

Cor re la tion anal y sis is made for per me abil ity vs. po ros -
ity for re gions A, C and D and for groups B1 – B6 in re gion
B. The re sults are listed in Ta ble 3. A high cor re la tion co ef -
fi cient, R = 0.72, is ob tained for re gion A. For groups of re -
gion B, cor re la tion co ef fi cients only slightly im prove as
com pared to the re sults for sin gle wells. This is prob a bly
due to large vari abil ity of petrophysical pa ram e ters of the
Rotliegend sand stones in those groups. In all re gions, po -
ros ity var ies from 0 or al most 0 up to 26.14 per cent, while
per me abil ity changes from 0.01 to 11475 mD. In all re -
gions, the num ber of data are large enough to make the sta -
tis tics re li able. How ever, in re gion B, which is the larg est
dataset, we got the low est cor re la tion co ef fi cient due to the
dis per sion of the data and even sim ple sta tis tics show lack
of ho mo ge ne ity of sam ples. Al though vary ing over a large
range, po ros ity datasets are more com pact than per me abil ity 
datasets. So, arith me tic av er ages of po ros ity can well il lus -
trate the means, all the more in most cases the geo met ric av -
er ages are close to the arith me tic ones. Per me abil ity
datasets cover the large ranges, es pe cially in re gion B. The
out li ers oc cur ring at ei ther side of the range cause that the
geo met ric av er ages were more re li able than the arith me tic
ones. Both av er ages are in cluded in Ta ble 3, and the dif fer -
ence is high in al most all re gions and groups with the ex cep -
tion of groups B3 (only one well WRZ-IG1) and B5 (wells
KAZ-1 and OB-IG1), where we do not ob serve the out li ers.
This high vari abil ity of petrophysical pa ram e ters is caused
by com bi na tion of diagenetic and com pac tion fac tors,
which are very un sta ble across the study area (Biernacka et
al., 2006; Maliszewska et al., in Górecki et al., 2008). These 
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Fig. 3. Fre quency his to grams of ef fec tive po ros ity and ab so lute 
per me abil ity for well KO-1

Fig. 4. Lo ca tion map of re gions A, B, C and D against the back -
ground of the map of Po land



re sults seem to be char ac ter is tic for the shal lower part of the 
Rotliegend ba sin. High cor re la tion co ef fi cient of R = 0.81 is 
ob tained for re gion C. The av er age ef fec tive po ros ity is 6.51 
per cent while its max i mum value is 24.96 per cent and min -
i mum value is 0.56 per cent. The arith me tic av er age for per -
me abil ity is at a level of 12.36 mD but the geo met ric mean
equals to 0.27 mD. Re gion D has lower cor re la tion co ef fi -
cient, R = 0.68, and the av er age of ef fec tive po ros ity of 12.3 
per cent and arith me tic av er age of per me abil ity of 11.77
mD while geo met ric mean equals to 1.80 mD. Gen er ally, in
all re gions and groups, po ros ity is quite high but per me abil -
ity is rather me dium, which in di cates mod er ate res er voir pa -
ram e ters.

Dis per sion plots for per me abil ity vs. po ros ity for the
whole re gion A and for in di vid ual wells are shown in Figure 
5. Re gres sion lines are sim i lar in plots for in di vid ual wells
and for the whole dataset. A sim i lar pre sen ta tion for the
whole B2 group is shown in Figure 6. Great dis per sion of
data is ob served in plot logK vs. Feff. Ex cept the W-1 well,
con cen tra tion of points along re gres sion lines can be clearly 
seen in the dis per sion plots for datasets for in di vid ual wells
(Fig. 6), al though in a few cases the size of datasets is small.

High cor re la tion co ef fi cients are char ac ter is tic of all
dependences in fig ures 5 and 6. In Figure 6 and in Table 3
we ob serve that the slopes of re gres sion lines are variable,
what can be at trib uted to dif fer ent struc ture and tex ture and
dif fer ent min eral com po si tion of sand stones in each well.
From the anal y sis of the plots in fig ures 5 and 6 we can con -
clude that vari abil ity of sand stone sam ples in the group B2
is greater than in the re gion A.

Fre quency his to grams show close to nor mal po ros ity
dis tri bu tion and log-nor mal dis tri bu tion of per me abil ity for
all re gions and groups. Ex em plary plots for re gion A are
given in Figure 7. The log-nor mal char ac ter of per me abil ity
dis tri bu tion shows the dom i nant con tri bu tion of samples
with small permeability.

The pre sented anal y sis of dis tri bu tions of po ros ity and
per me abil ity in in di vid ual wells and in re gions or groups il -
lus trated by the scat ter of points in fig ures 3, 5 and 6 and
data listed in Table 3 sug gest that rather than per me abil ity
vs. po ros ity de pend ence, a more ef fec tive pa ram e ter or re la -
tion should be sought to de scribe the Rotliegend sand stone
resevoir pa ram e ters.
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Ta ble 2

Wells grouped in se lected re gions

No
Region/
group

Location Nr ofsamples
Depth of top of
the Rotliegend

Wells

1 A vicinity of Koœcian 221 2595 - 3710 PA-1, KA-1, GR-2, GO-1, S-2.

2 B/ B1-B6 neighbourhood of Kalisz and Sieradz 1298 2760 - 4889

B1-KOT-1, BR-1, KOW-1, LU-1; B2- KO-1, 
SM-1, W-1, KR-1A, W-1, SO-2, ME-3,
PO-1, KA-4, KR-1; B3- WRZ-IG1; B4- SI-3; 
B5- KAZ-1 and OB-IG1; B6- KU GR-1 and
ST-1

3 C northwestern Poland 421 2940 - 3860 M-5, SLO-1, SLE-1, C-1, C-5

4 D
southern part of the Wolsztyn High within
the Zielona Gora Trough

366 1363 - 2172
D-1, JE-1, SW-1, Z-1, CZE-3, GRA-1,
WIE-1, BA-1, BO-1, BRO-2, ZA-6, CHW-1,
KOC-1, WY WI-1

Ta ble 3

Ba sic sta tis tics for the data of grouped wells

Region/
group

Number of
data

Equation:
logK = aFeff + b Feff

min

[%]
Feffm

av

[%]
Feff

max

[%]
Kmin

[mD]
Kav/Kgeom

[mD]
Kmax

[mD]

Correlation
ceofficient

Ra b

A 221 0.18 -1.62 0.00 7.8 21.90 0.02 9.61/0.66 274.51 0.72

B 1298 0.10 -0.76 0.00 11.37 26.14 0.01 77.14/2.26 11475 0.46

B1 148 0.08 -1.08 3.73 15.93 26.14 0.01 34.41/1.03 470.63 0.32

B2 694 0.11 -0.56 0.11 11.77 23.99 0.01 102.78/5.5 11475 0.46

B3 87 0.06 -0.61 0.25 6.67 14.10 0.10 0.97/0.63 9.5 0.50

B4 247 0.05 -1.11 0.00 10.60 19.24 0.02 8.07/0.69 361.29 0.18

B5 94 0.07 -0.86 0.11 6.14 14.21 0.13 0.86/0.39 18 0.59

B6 28 0.10 -0.82 1.18 11.29 18.43 0.1 84.49/1.81 1874 0.39

C 433 0.19 -1.83 0.56 6.51 24.96 0.02 12.36/0.27 649.88 0.81

D 363 0.14 -1.52 0.00 12.3 26.00 0.02 11.77/1.80 540.11 0.68



FLOW ZONE IN DEX, FZI

To better di vide the per me abil ity-po ros ity area, the
Flow Zone In dex (FZI) was ap plied (Prasad, 2000; Tiab &
Donaldson, 2000; Mo ham med & Corbett, 2003). The FZI
con tains in for ma tion on rock abil ity to trans port fluid
through its pore space and al lows a se ries of de pos its to be
di vided into smaller units with sim i lar hy drau lic ca pa bil ity.
The FZI value was cal cu lated from the fol low ing for mula:

FZI A
K

=
-

( / ) / ( )
F

F

F1
;

where: K is per me abil ity (mD), F is po ros ity, and A is a
scale fac tor.

It is as sumed that res er voir pa ram e ters in units with
con stant FZI un dergo only small changes. In this anal y sis,
the num ber of FZI classes was eval u ated by means of the it -
er a tion method.

Plots log K vs. Feff for re gion A are shown in Figure 8.
Data from dif fer ent wells are marked with dif fer ent col ours; 
data from units with given FZI are also pre sented with
different col ours. Eight FZI classes were dis tin guished for
the re gion A. The high est value of FZI slightly sur passes 10.

Ten FZI classes were dis tin guished in the group B2
(Fig. 9). FZI val ues in the top class ex ceeded 100. Re gres -
sion equa tions (fit ting curves for each FZI) and cor re spond -
ing cor re la tion co ef fi cients for the classes in re gion A and
group B2 are given in Ta ble 4. The cor re la tion curves in fig -
ures 8 and 9 are par al lel and slopes in the cor re la tion equa -
tions are sim i lar. Cor re la tion co ef fi cients cal cu lated for in -
di vid ual FZI classes are higher than for sin gle wells and re -
gions or groups of datasets. High cor re la tion co ef fi cients
ob tained for the per me abil ity vs. po ros ity re la tions in the in -
di vid ual classes with con stant FZI prove that FZI ranges are
cor rectly cho sen. Better hy drau lic prop er ties re sult ing in en -
hanced fluid flow ca pa bil ity are ob served with in creas ing

18  J. JARZYNA ET AL.

Fig. 5. Dis per sion plots of logK vs. Feff for data from the re gion A and for in di vid ual wells from re gion A

Fig. 6. Dis per sion plots of logK vs. Feff for data of group B and for in di vid ual wells from group B2



FZIs (Ba³a & Jarzyna, 2004). In the dis cussed cases most
FZI val ues fall within the range 0.5–2.0. Cer tain out li ers are 
ob served for eight FZIs for W-1 well. Per me abil ity measu-
red there ap proaches the value of some 1000 mD.

There fore, the cal cu lated val ues of FZI are greater than
100, and the cor re la tion curve with FZI > 100 dif fers from
other curves. Great per me abil ity re sults prob a bly from the
frac tures. Some frac tures are iden ti fied and de scribed in
some cores (Górecki et al., 2008).

Sim i lar stud ies were made for re gions C and D. Eight
FZI classes were re vealed in re gion C while seven – in re -
gion D (Ta ble 5). The FZI classes have the great est num ber

of points in ranges (0.5;1) and (1;2). This re flects the mod -
er ate hy drau lic prop er ties of the stud ied sandstones.

It can be seen from the study that the anal y sis made for
in di vid ual FZI classes gives more de tailed dependences
logK vs. Feff with higher cor re la tion co ef fi cients. Us ing the
FZI, the po ros ity–per me abil ity area was di vided into parts
with the same hy drau lic flow pa ram e ters. The en hance ment
of fluid flow ca pa bil ity is ob served with in creas ing FZI. In
the study area, we re vealed a great num ber of units with
good res er voir prop er ties and good fluid flow ca pa bil ity,
which were not iden ti fied ear lier based on sim ple per me -
abil ity vs. po ros ity re la tions.
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Fig. 7. Fre quency his to grams of ef fec tive po ros ity, Feff, and per me abil ity, K, for the data from the re gion A

Fig. 8. Dis per sion plots logK vs. Feff in the re gion A: col ours mark data from var i ous wells (left) and data from units of con stant FZI
(right)



DE SCRIP TIVE STA TIS TICS

Ba sic sta tis ti cal pa ram e ters of FZIs, i.e. means, me di -
ans, vari ances, and stan dard de vi a tions are cal cu lated for
each re gion (Tab. 6). The larg est mean value for FZI (11.74) 
is ob tained for the group B2. Also, in re gion B the high est
max i mum FZI of 3904.21 is ob served. The max i mum val -
ues in other sets do not ex ceed 47. Ex tremely low value of
me dian in com par i son with the arith me tic av er age and very
high max i mum value con firms that there are many low val -
ues and the only one high ex treme can not bal ance the nor -
mal dis tri bu tion. Such data dis tri bu tion re sults in ex tremely
high vari ance and stan dard de vi a tion. Re sults from group
B2 af ter ex clud ing the high est out li ers are pre sented in row

2* (Tab. 6), show ing dis tinctly lower sta tis tics. More vari -
able FZI val ues are ob served for re gion A and group B2
than for other re gions (C and D). FZI Î  á0.12; 17.17ñ for re -
gion C and FZI  Î á0.09; 20.70ñ for re gion D. Both the mean
FZI = 1.95 and more ‘out lier-proof’ me dian are higher for
dataset C than for dataset D. Com par ing the val ues of vari -
ance sug gests that petrophysical pa ram e ters for both re gions 
vary over a sim i lar range, while the mean value of vari ance
for dataset C is a bit higher.

Datasets in the re gions A, C and D and group B2 in -
clude sam ples of var i ous sand stones formed in di verse sed i -
men ta tion en vi ron ments. Ac cord ing to fa cies dis tri bu tion
(Figs 1, 5) re gion A in cludes wells sited in the area of dom i -
na tion of aeolian fa cies and flu vial fa cies. Wells from group 
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Fig. 9. Dis per sion plots logK vs. Feff in the group B2: col ours mark data from var i ous wells (left) and data from units of con stant FZI
(right)

Ta ble 4

Re gres sion equa tions for units of con stant FZI for the re gion A and group B2

Range of FZI
Equation:

logK = aFeff + b
Number of data Range of FZI

Equation:
logK = aFeff + b

Number of data

Region A Group B2

a b a b

£  0.25 3.09 -4.39 8   0,25 2.80 -4.12 8

(0.25;0,5] 2.73 -3.55 22 (0.25;0.5] 3.32 -4.01 53

(0,5;1] 2.99 -3.18 62 (0.5;1] 3.21 -3.38 184

(1;2] 3.13 -2.72 59 (1;2] 3.20 -2.81 171

(2;3] 3.28 -2.39 21 (2;3] 3.25 -2.39 62

(3;5] 3.21 -1.95 34 (3;5] 3.22 -1.95 61

(5;10] 2.79 -1.15 10 (5;10] 3.06 -1.26 72

>10 2.48 -0.46 5 (10;20] 3.17 -0.75 37

(20;100] 3.06 -0.06 34

>100 2.31 1.60 8



B2 be long to aeolian fa cies. Wells from re gion C are sit u -
ated in flu vial fa cies area with the ex cep tion of well M-5,
which is sited in the area of aeolian fa cies. Re gion D cov ers
the area of aeolian fa cies, but in the centre of it wells SW-1
and Z-1 be long to the playa fa cies. Also, in the whole re gion 
D an ad mix ture of flu vial sed i ments is ob served. Ad di tion -
ally, dis cuss ing the vari abil ity of data one should take into
ac count the shaliness of sed i ments. Al most all sand stones in 
the Rotliegend sed i ments are shaly, but the vol ume and type 
of clay min er als are variable. In re gion A and group B2,
illite dom i na tion is noted. How ever, re gion C with very sim -
i lar FZI char ac ter is tic to re gion A com prises sam ples where
kaolinite and chlorite are most fre quent. Re gion D cov ers an 
area of the great est amount of illite. The Rotliegend sand -
stones are also di verse as re gards to the type of nonclay ce -
ment (Maliszewska et al., in Górecki et al., 2008). In sand -
stones from re gion A, for in stance in well PR-1, we can
meet even 37 per cent of ma trix, while in re gion C only a
few per cent and in re gion D – a dozen or so. In re gion B
ma trix ce ment is at the level of sev eral per cent, while in
well SI-3 it amounts to 24 per cent. Num bers shown in Ta -
ble 6 and in the previous ones illustrate the variability of
features of sandstones belonging to the Rotliegend.

Petrophysical in for ma tion on sand stone sam ples from
these datasets ex plains the dif fer ences. To com pare se lected 
sam ples from re gions A and C of FZI Î (0.5; 2ñ, i.e. the most 
fre quent in all analysed datasets, his to grams of ef fec tive po -

ros ity, Feff, and per me abil ity, logK, and FZI are pre sented
(Figs 10 and 11). Dis tri bu tions closer to Gaussi an are ob -
served in com par i son with the pre vi ously men tioned his to -
grams. It means that more ho mo ge neous parts of sand stone
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Ta ble 5

Re gres sion equa tions for units of con stant FZI for the re gions C and D

FZI
Regression equation:

logK = aFeff + b
Number of data FZI

Regression equation:
logK = aFeff + b

Number of data

Region C Region D

a b a b

0.25 1.39 -4.65 9 0.25 1.16 -4.02 35

(0,25;0,5] 1.17 -3.52 64 (0.25;0.5] 1.37 -3.91 51

(0,5;1] 1.35 -3.32 120 (0.5;1] 1.34 -3.25 113

(1;2] 1.37 -2.75 110 (1;2] 1.41 -2.85 93

(2;3] 1.39 2.29 40 (2;3] 1.37 -2.27 42

(3;5] 1.36 -1.88 47 (3;5] 1.32 -1.84 21

(5;10] 1.3 -1.27 22 >5 1.16 -0.74 11

> 10 1.33 -0.68 9

Ta ble 6

Ba sic sta tis tics of FZI in the re gions A, C and D and group B2

No. Region/group Number of data Mean Median Minimum Maximum Variance
Standard
Deviation

1 A 221 2.25 1.24 0.17 46.53 14.61 3.82

2 B2 694 11.74 1.46 0.15 3904.21 22559.62 150.20

2* B2* 690 5.45 1.45 0.15 438.38 397.54 19.94

3 C 421 1.95 1.13 0.12 17.17 6.16 2.48

4 D 365 1.46 0.93 0.09 20.70 4.24 2.06

Fig. 10. Com par i son of his to grams of FZI in the re gions A and C



sam ples were clus tered due to FZI clas si fi ca tion. The anal y -
sis of the ba sic sta tis tics for the data from re gions A and C,
in FZI range of (0.5–2] con firms the con clu sion that FZI
classes gath ered data of great sim i lar ity (Tab. 7).

FZI DE PEND ENCE UPON FA CIES
DE VEL OP MENT

In for ma tion on the fa cies de vel op ment is avail able only 
from a lim ited num ber of sam ples: from sin gle wells of the
re gion A, C and D and from five wells of the group B2. Fa -
cies iden ti fi ca tion in in di vid ual wells in the group B2 is not
uni form; there fore be sides the un di vided aeolian fa cies we
ob serve also aeolian dune and aeolian interdune ones and in
the other re gions not sep a rated flu vial/al lu vial fan fa cies.
Means, me di ans, min i mal and max i mal val ues, and stan dard 
de vi a tions of FZI for each fa cies are listed in Ta ble 8. The
high est FZI val ues are ob served for the un di vided aeolian
fa cies in group B2: the high est arith me tic mean of 12.08 and 
the me dian of 0.90 causes cal cu la tion of the geo met ric mean 
of 1.77 more jus ti fied in dataset with out li ers. A num ber of
sam ples with FZI greater than 20 and sev eral out li ers reach -
ing the value of 3904.21 were ob served for the un di vided
aeolian fa cies of the group B2. Gen er ally, un di vided aeolian 
fa cies datasets in clude high max i mum val ues. Sim i larly,
high val ues of FZI were ob served for the flu vial fa cies: the
max i mum value was 127.69 and the mean and me dian were
8.67 and 2.34, re spec tively. Such re sults can be ex plained
on the ba sis of great vari abil ity of sand stone sam ples and
not com pletely proper clas si fi ca tion to fa cies. The low est
val ues of FZI are char ac ter is tic of the playa fa cies and al lu -
vial fan facies.

The num ber of data in fa cies classes is also of great im -
por tance. The most re li able re sults are those in classes of the 
larg est num ber of data, i.e. ae olian dune fa cies in group B2
(N = 296) and flu vial/al lu vial fan fa cies in re gion D (N =
186) and C (N = 83). Worth of dis cus sion are es pe cially re -
sults for the flu vial/al lu vial fan fa cies, where we do not ob -
serve large vari abil ity of data in re gion C (stan dard de vi a -
tion are equal to 0.65) and one of the great est stan dard de vi -
a tion 3.17 for re gion D. Min i mum val ues of FZI in the dis -
cussed datasets are not very di verse, i.e. 0.14 for the flu vial
fa cies and 0.51 for the al lu vial fan fa cies in re gion D, what
means that low FZI are met ev ery where. Stan dard de vi a tion
as a mea sure of dis per sion of data cov ers a big range, from
0.27 for the playa fa cies in re gion D to 45.46 for the un di -
vided aeolian fa cies in group B2, skip ping the value of 0.11
for the al lu vial fan fa cies in re gion C due to the small num -
ber of data.
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Fig. 11. Fre quency his to grams of po ros ity and per me abil ity for
sam ples of the re gion A and re gion C

Ta ble 7

Ba sic sta tis tics for po ros ity and per me abil ity of sam ples of FZI from the range (0.5 – 2] for the re gion A and re gion C

Region N Mean arithmetic Mean geometric Min Max Variance
Standard
deviation

Feff
A

121 7.04 6.14 1.73 21.90 13.60 3.69

K 1.50 0.28 0.02 24.89 12.14 3.48

Feff
C

229 5.80 5.20 1.86 24.96 9.61 3.10

K 1.15 0.16 0.02 104.66 52.60 7.25



PER ME ABIL ITY PRE DIC TION FROM
WELL LOGS ON THE BA SIS OF
STA TIS TI CAL MOD ELS FROM

LAB O RA TORY DATA

Po ros ity, PHI, from the com pre hen sive in ter pre ta tion of 
well logs was cor re lated with lab o ra tory-de ter mined po ros -
ity, Feff. The fol low ing fac tors, which re quired great cau -
tion in con nect ing the both datasets, were re garded:

– sam ples for lab o ra tory tests have small size and there -
fore give pointwise in for ma tion; sam ples are usu ally cut out 
of most com pact core frag ments and hence pro vide in for -
ma tion only on that part of rock,

– neu tron, acous tic, and den sity logs are used to eval u -
ate the li thol ogy and po ros ity; in for ma tion about a rock me -
dium de liv ered by those logs de pends on ver ti cal res o lu tion
and ra dius of in ves ti ga tion of a probe; it can be taken that
in for ma tion is gath ered from a zone around a well with the
radius of 0.30 to 0.50 m.

More over, we ob serve rel a tively low cor re la tion co ef fi -
cients due to the depth shift in cor re lated data.

Be cause of the large num ber of avail able lab o ra tory
data and iden ti fied fa cies, the de pend ence of PHI vs. Feff

was made for the W-1 well (the group B2, eolian fa cies
area) over the in ter val of the Rotliegend sand stones. 349
sam ples were ob tained from 11 in ter vals (from 3370 to
3960 m). In each depth in ter val 13 to 65 sam ples were
grouped in 0.5 m se quences.

First, the min eral com po si tion de ter mined from the
com pre hen sive in ter pre ta tion of logs was analysed. It is
found that in ad di tion to sand stone vol ume, shales and ad -
mix ture of car bon ates are pres ent in the Rotliegend rocks.
The shale vol ume ranges from a few to over 60 per cent. At
VSH >40 per cent, the ef fect of shale vol ume on the in ter -
preted po ros ity, PHI, was sub stan tial and there fore it was
de cided to elim i nate in ter vals with high shaliness from the
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Ta ble 8

Ba sic sta tis tics of FZI for the fa cies de vel op ment in the re gions A, C and D and group B2

Region/group Facies

FZI

N Mean Median
Standard
deviation

Minimum Maximum

A

Undivided Eolian 50 2.33 1.19 3.08 0.19 18.63

Fluvial 53 3.99 2.80 6.58 0.31 46.53

Alluvial fan 47 1.25 0.94 1.56 0.17 10.83

B2

Undivided Eolian 111 12.08/1.77 0.90 45.46 0.32 438.38

Aeolian Dune 296 3.83 1.69 5.85 0.15 42.30

Aeolian Interdune 23 1.82 0.79 2.32 0.18 8.59

Fluvial 99 8.67 2.34 16.17 0.32 127.69

Alluvial fan 26 1.36 1.11 0.92 0.30 3.90

C

Undivided Eolian 28 2.06 1.76 2.56 0.19 12.56

Fluvial 39 0.75 0.65 0.43 0.19 2.74

Alluvial fan 4 0.56 0.51 0.11 0.48 0.72

Fluvial/Alluvial fan 83 1.29 1.13 0.65 0.34 3.89

D

Undivided Eolian 83 1.10 0.75 1.04 0.26 5.31

Fluvial 81 2.20 1.53 1.94 0.14 12.40

Fluvial/Alluvial fan 186 2.55 1.55 3.17 0.17 17.17

Alluvial fan 18 2.76 1.52 2.30 0.51 7.39

Playa 41 0.60 0.56 0.27 0.25 1.77

Fig. 12. Dis per sion plot Feff vs. PHI; fa cies marked with col ors:
dune (1), interdune (2), flu vial sand stone (3) and flu vial shaly
sand stone (3a) from the depth in ter val 3,945.1–3,960.0 m
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Fig. 13. Re sults of the per me abil ity pre dic tion on the ba sis of FZI def i ni tion for sed i ments of var i ous fa cies in W-1 well



datasets. While ty ing lab o ra tory data, Feff, to PHI, we re -
moved frac tured sam ples and the data of which the per me -
abil ity, K, was a few hun dred mD at min i mum po ros ity (5
points cor re spond ing to un di vided aeolian fa cies). For the
dataset of 229 ob ser va tions, we ob tained the co ef fi cient of
de ter mi na tion, R2 = 0.76, which ev i dences that some 86 per
cent of vari abil ity was ex plained in the re gres sion (Fig. 12).
Dif fer ent col ours are used to mark sam ples be long ing to the
dune aeolian fa cies (1), interdune fa cies (2), flu vial sand -
stone fa cies (3), and flu vial shaly sand stone fa cies with
much in creased shaliness (3a); the lat ter is cor re spond ing to
the in ter val of 3,945 to 3,965 m. Al though there is a dis tinct
scat ter of points, the ob ser va tions be long ing to dif fer ent fa -
cies cover sim i lar vari abil ity ar eas.

High de ter mi na tion co ef fi cient jus ti fies the per me abil -
ity pre dic tion, KEST, with the use of the ob tained re gres sion
equa tions, K vs. Feff, in the FZI classes. Equa tions given in
Ta ble 4 for the group B2 were used to es ti mate KEST. The
vari able Feff was sub sti tuted with Feff-corr, which was cor -
re lated with PHI based on the re gres sion equa tion (Fig.12).
As sum ing mean FZI val ues for each depth in ter val cor re -
spond ing to dif fer ent fa cies, we ob tained KEST for sand -
stone in ter vals (Fig. 13). Po ros i ties ob tained from lab data
and well logs (track 3) and per me abil ity: es ti mated, KEST,
and lab o ra tory-based, K, (track 4) are shown to gether with
min eral com po nents and po ros i ties in ter preted from well
logs (track 2). The agree ment be tween the re sults is sat is fac -
tory; how ever in some in ter vals one can ob serve dis crep an -
cies. It seems likely that sub stan tial dif fer ences in lab o ra -
tory-based val ues of per me abil ity ob served for sam ples
drawn near one an other from sand stone in ter vals can ev i -
dence the oc cur rence of frac tures and mi cro-heterogeneities 
in cores that could not be vis i ble in well logs. The con tin u -
ous cal cu la tion of rock per me abil ity, KEST, based on sta tis -
ti cal mod els, gives ad di tional in for ma tion that is in de pend -
ent of re sults ob tained from for mulae by Kozeny–Carman
or Timur, rou tinely used in world in ter pre ta tion sys tems or
the for mula by Zawisza used in Pol ish in ter pre ta tion
(Zawisza et al. 1995). Po ros ity and per me abil ity cor re late
with fa cies dis tri bu tion (Fig.13). Two fa cies col umns cor re -
spond to re sults of H. Kiersnowski L. Skowroñski and to
core de scrip tion (Górecki et al., 2008). High res er voir pa -
ram e ters cor re spond to aeolian fa cies. Dune fa cies sec tion is 
of high est val ues of po ros ity and per me abil ity. Flu vial/al lu -
vial fan sec tions show dis tinctly lower val ues. The low est
po ros ity and per me abil ity oc cur in flu vial shaly sand stone
sec tion.

CON CLU SIONS

1. Re la tion ships be tween po ros ity and per me abil ity in
classes with con stant fluid trans port pa ram e ters de ter mined
based on FZI are more ex act than the same re la tion ship for
the whole dataset.

2. In all stud ied datasets of the Rotliegend sand stones,
the larg est FZI classes be long to ranges (0.5;1] and (1;2].
Rocks with those FZIs have mod er ate res er voir pa ram e ters.

3. The spo rad i cally occurring ex tremely high FZI
(>100) are re lated to sam ples with cracks in iden ti fied cores.

4. FZI takes the high est val ues for aeolian and flu vial

fa cies, while the small est val ues were ob served for the playa 
fa cies and al lu vial fan facies.

5. Clus ter ing sand stone sam ples ac cord ing to FZI in se -
lected fa cies area makes datasets more ho mo ge neous.

6. Us ing the de rived sta tis ti cal re la tions K vs.Feff for
var i ous FZI and sub sti tut ing Feff with PHI in ter preted from
well logs al lows the per me abil ity of the Rotliegend section
to be cal cu lated for each fa cies in a con tin u ous way.
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