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Abstract: The Flow Zone Index, FZI, applied to order relations between the effective porosity and permeability of
the Rotliegend sandstones in the Polish part of the Southern Permian Basin turns out to be a useful and effective
factor to evaluate ability of media flow in a rock formation. A dataset of over 2000 samples from 78 wells was
analysed. Based only on porosity and permeability, FZI includes all non-parameterized features of rocks as
tortuosity and diameters of porous channels, volume of trapped parts of capillary roads, specific surface of pore
space, and others. When FZI increases, the ability of fluid to move through the porous space increases. In most
cases, the Rotliegend sandstones reveal FZI in the range of 0.5-2.0. The highest FZI, ca. 100, is related to
fractured part of the studied formation. The combination of FZI and facies information from several wells in the
study area (over 1200 samples) showed a good correlation. On the basis of FZI we can divide a set of samples of
the Rotliegend sandstone into groups of defined fluid flow abilities and relate them to facies. Also, we show the
way of estimation of the reliable values of permeability in full geological log of a borehole on the basis of FZI, and

the total porosity determined from well logging interpretation.
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INTRODUCTION

A dependence between permeability and porosity has
been the subject of discussion in the petrophysical literature
for many years. A widely used log-linear relationship be-
tween the two mentioned reservoir parameters does not cor-
rectly comprise the whole information delivered by such
factors, as: the size and shape of mineral grains, orientation
of grains, packing of grains in the rock mass, degree of sort-
ing, and other factors that strongly influence permeability.
Using the simple log-linear relationship for rocks with var-
ied lithology, one can parameterize neither the shape of the
pore space, nor the pore tortuosity and the size of throats in
the pore space. The relation between porosity and perme-
ability comprises also information on diagenesis and me-
chanical processes during transportation, deposition and
compaction, and deformation of sedimentary material.
However, those relations have not yet been mathematically
described. The application of the Flow Zone Index (FZI) for
describing rock medium capability to fluid transport im-
proves the accuracy of evaluating reservoir parameters. Ap-
plying the FZI, a given deposit can be divided into smaller

parts showing similar hydraulic properties. Also, more ac-
curate relationships between porosity and permeability can
be obtained for small units (Salem, 1993; Prasad, 2000;
Tiab & Donaldson, 2000; Mohammed & Corbett, 2003;
Bala et al, 2003; Bata & Jarzyna, 2004; Attia, 2005;
Jarzyna & Bata, 2005).

The objective of the paper is to evaluate proper perme-
ability vs. porosity relations for the Rotliegend sandstones
of various facies based on laboratory measurements for
samples from selected boreholes in the Polish part of the
Southern Permian Basin. A method of continuous determi-
nation of permeability in a vertical section of borehole ac-
cording to FZI division using porosity from well log inter-
pretation is also given here.

GEOLOGICAL SETTING

The Rotliegend formations occurring in Central and
Western Europe in the Southern Permian Basin were depos-
ited in a continental basin displaying features of a tectonic
half-graben (Pokorski, 1998). The shape of the basin and
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Fig. 1.  Location map of the Rotliegend reservoirs and facies distribution: / — extent of the Rotliegend deposits; 2 — aeolian facies (res-

ervoir); 3 — fluvial facies (reservoir); 4 — non reservoir playa facies; 5 — gas fields

palacoclimate conditions caused thickness and facies distri-
bution in the basin to be markedly asymmetric (Kiers-
nowski, 1998). The maximum thickness of the Rotliegend
sediments, exceeding 1,200 m, is observed in the zone of
maximal subsidence extending along the NE edge of the ba-
sin.

The basin fill consists of sandy-muddy-shaly sedi-
ments, which belong to three main desert depositional sys-
tems. The deposits of seasonal rivers (alluvial fans and flu-
vial channels) form the fluvial system. The deposits of dune
and interdune environments form the aeolian system. The
largest thickness is noted in the central part of the basin
dominated by shaly-sandy lithofacies and marginal playa
facies of the lacustrine system.

A number of palacogeographic units are distinguished
in the Polish part of the Rotliegend basin (Pokorski, 1981;
Karnkowski, 1987). The largest unit is the Central Basin
(Pokorski, 1997). Playa and fluvial deposits prevail in the
northeastern part of the Central Basin. Aeolian deposits
form there sparse intercalations of small thickness, there. In
the southeastern part of the Central Basin, fluvial deposits
dominate. Aeolian and playa rocks constitute here minor ad-
mixtures. Along the southern margin of the Central Basin,
aeolian sandstones build the dune area referred to as the
Eastern Erg (Kiersnowski, 1997; Kiersnowski & Buniak,
2006). Another palacogeographic unit important to petro-
leum prospecting is the Silesian Basin that extends in the
southern part of the Fore-Sudetic Homocline. In this broad
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Table 1

Relationships between permeability and porosity:
regression equations and correlation coefficients
for selected wells in the study area

Linear regression equation, Number of
logK = a®efr + b Correlation sandi(;nii
Well coeff;cient arfaall;lgs Total
a b number of
samples
B-1 0.12 1.65 0.84 40/66
C-1 0.24 224 0.82 87/204
CZ-1G2 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

zone, fluvial and aeolian sedimentary systems co-exist. The
Wolsztyn High separates the Central Basin and the Silesian
Basin. It is surrounded by a narrow belt of fluvial facies,
which interfinger with the aeolian sandstones.

The presented investigations concentrate mainly on po-
tential sandstone reservoirs, representing a variety of facies
of the above mentioned depositional systems. The quality of
the data and necessary clarity of the text result in some ter-
minological simplifications. Deposits belonging to the aco-
lian depositional system comprise interdune and dune sand-
stones. In the text they are referred to as acolian facies. In
the collected data set, fluvial system deposits are repre-
sented mainly by fluvial channel sandstones, mudstones and
conglomerates, and to some extent by alluvial sheet-flood
facies. All these sediments are gathered in the fluvial/allu-
vial fan facies group. Lacustrine sandstones are referred to
as playa facies.

The locations of studied wells in terms of the dominant
facies are presented in Figure 1. It can be seen that close to
the Wolsztyn High the Rotliegend sediments are fluvial
sandstones. At a short distance both to the south and to the
north they are replaced by aeolian sandstones. However, re-
gardless of facies domination, intercalations of fluvial de-
posits of considerable thickness can occur in aeolian sedi-
ments. Similarly, in areas depicted in Figure 1 as dominated
by fluvial sediments some aeolian strata can exist. In the
central part of the Rotliegend Basin, regardless of dominant
playa facies, sediments belonging to other distinguished de-
positional systems are present. For example, in well OB
IG-1 we observe aeolian facies and playa facies in similar
proportions. In the northwestern part of the study area,
where well C-5 is located in the area of domination of aco-
lian sediments and wells SLE-1, SLO-1 and well C-1 are lo-

]

20 : ! : : : ]
0 6 8 10 12 14 16 18
(O [%]
Fig.2.  Dispersion plot LogK vs. ®efr of the dataset from well
KO-1

cated in the zone of prevailing fluvial sediments, some
playa sediments are also distinguished.

POROSITY AND PERMEABILITY FROM
LABORATORY MEASUREMENTS

The study area included 78 wells, which pierced or only
reached the Rotliegend rocks in the Polish part of Southern
Permian Basin (Fig. 1). Wells are analysed individually and
in groups, concentrated around the towns of Leszno,
Koscian, Kalisz, Sieradz, Pita, and Migdzyzdroje. From
each group, several wells with considerable amount of data
with identified lithology and recognized facies are selected
to the detailed analysis.

Three main rock types: sandstones, mudstones and
shales were drilled through in the Rotliegend deposits. The
lithology was determined based on macroscopic core de-
scriptions. At the first step, correlations between absolute
permeability, K, and effective porosity, @y, of sandstones
were calculated for individual wells. Correlation coeffi-
cients, R, changed over a wide range and slopes and inter-
cepts in the regression equations varied significantly (Table
1). This attests to large variability of the analysed material.
For several wells high values of R are obtained. These point
to a close relationship between absolute permeability and
effective porosity due to homogeneous lithofacies data and
a sufficient number of samples that assured the statistical
correctness (Gorecki et al., 2008).

Exemplary dispersion plots LogK vs. @cyr for data from
well KO-1 show good correlation proven by high correla-
tion coefficient equal to 0.68 (Fig. 2). Frequency histograms
for porosity and permeability are made for the same datasets
(Fig. 3). The Gaussian distribution for porosity and log-nor-
mal distribution for permeability are also presented against
the background of the histograms.
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Fig.3.  Frequency histograms of effective porosity and absolute
permeability for well KO-1

In the presented example, the porosity distribution is
not fully normal due to observed concentration of high val-
ues in the range of 12—-14% (Fig. 3). The distribution of per-
meability is almost log-normal (Fig. 3). Low values of per-
meability dominate in all studied well datasets. The lowest
permeability are observed in fluvial facies area. Higher po-
rosity and permeability prevail for samples from wells
(among others KO-1) situated in aeolian facies area. Occur-
rence of illite in cements of sandstone samples (for example
in KO-1) and both kaolinite and chlorite in others is also the
reason of a difference in porosity and permeability distribu-
tion. A maximum burial depth is another factor influencing
both porosity and permeability on a basin wide scale. This
parameter is especially high in the north-eastern region
(Biernacka et al., 2006; Papiernik et al., 2007; Goérecki et
al., 2008). Similar images of porosity and permeability dis-
tributions are observed for the rest of analysed wells. Al-
though a great number of porosity-permeability pairs from
the Rotliegend sandstones were analysed, the relations be-
tween absolute permeability and effective porosity calcu-
lated individually for data from each well cannot be the ba-
sis to predict K based on @cyr.
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Fig. 4.  Location map of regions A, B, C and D against the back-

ground of the map of Poland

GROUPING OF WELLS

The studied wells are grouped according to their geo-
graphical location and depth to the top of the Rotliegend
sediments. The division is also related with the facies devel-
opment (Poszytek, 2007). Four main regions: A, B, C, and
D were separated (Fig. 4, Table 2).

Correlation analysis is made for permeability vs. poros-
ity for regions A, C and D and for groups B1 — B6 in region
B. The results are listed in Table 3. A high correlation coef-
ficient, R = 0.72, is obtained for region A. For groups of re-
gion B, correlation coefficients only slightly improve as
compared to the results for single wells. This is probably
due to large variability of petrophysical parameters of the
Rotliegend sandstones in those groups. In all regions, po-
rosity varies from 0 or almost 0 up to 26.14 per cent, while
permeability changes from 0.01 to 11475 mD. In all re-
gions, the number of data are large enough to make the sta-
tistics reliable. However, in region B, which is the largest
dataset, we got the lowest correlation coefficient due to the
dispersion of the data and even simple statistics show lack
of homogeneity of samples. Although varying over a large
range, porosity datasets are more compact than permeability
datasets. So, arithmetic averages of porosity can well illus-
trate the means, all the more in most cases the geometric av-
erages are close to the arithmetic ones. Permeability
datasets cover the large ranges, especially in region B. The
outliers occurring at either side of the range cause that the
geometric averages were more reliable than the arithmetic
ones. Both averages are included in Table 3, and the differ-
ence is high in almost all regions and groups with the excep-
tion of groups B3 (only one well WRZ-IG1) and BS5 (wells
KAZ-1 and OB-IG1), where we do not observe the outliers.
This high variability of petrophysical parameters is caused
by combination of diagenetic and compaction factors,
which are very unstable across the study area (Biernacka et
al., 2006; Maliszewska et al., in Gorecki et al., 2008). These
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Table 2
Wells grouped in selected regions
No Rgi%il(;;/ Location Nr ofsamples It)lli:pltilo(t)lt;efggn?if Wells
1 A vicinity of Ko$cian 221 2595-3710 | PA-1,KA-1, GR-2, GO-1, S-2.
B1-KOT-1, BR-1, KOW-1, LU-1; B2- KO-1,
SM-1, W-1, KR-1A, W-1, SO-2, ME-3,
2 B/B1-B6 | neighbourhood of Kalisz and Sieradz 1298 2760 - 4889 PO-1, KA-4, KR-1; B3- WRZ-IG1; B4- SI-3;
BS5- 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 fﬁé‘?ﬁ;‘; g:ggff}ingm High within 366 1363 - 2172 3&1_] 1E éAS-YBlbi,l ia(lza%)]::z%’zi}?é é’HW-l,
KOC-1, WY WI-1
Table 3
Basic statistics for the data of grouped wells
Region/| Number of 10g]]iq:u 22;)3;+ b D™ Dem®” [N gmin KAV/Keeom Kmax Sg(;?ilsitiirtl
group data X b [%] [%] [%] [mD] [mD] [mD] R
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
BS5 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

results seem to be characteristic for the shallower part of the
Rotliegend basin. High correlation coefficient of R = 0.81 is
obtained for region C. The average effective porosity is 6.51
per cent while its maximum value is 24.96 per cent and min-
imum value is 0.56 per cent. The arithmetic average for per-
meability is at a level of 12.36 mD but the geometric mean
equals to 0.27 mD. Region D has lower correlation coeffi-
cient, R =0.68, and the average of effective porosity of 12.3
per cent and arithmetic average of permeability of 11.77
mD while geometric mean equals to 1.80 mD. Generally, in
all regions and groups, porosity is quite high but permeabil-
ity is rather medium, which indicates moderate reservoir pa-
rameters.

Dispersion plots for permeability vs. porosity for the
whole region A and for individual wells are shown in Figure
5. Regression lines are similar in plots for individual wells
and for the whole dataset. A similar presentation for the
whole B2 group is shown in Figure 6. Great dispersion of
data is observed in plot logK vs. ®@cr. Except the W-1 well,
concentration of points along regression lines can be clearly
seen in the dispersion plots for datasets for individual wells
(Fig. 6), although in a few cases the size of datasets is small.

High correlation coefficients are characteristic of all
dependences in figures 5 and 6. In Figure 6 and in Table 3
we observe that the slopes of regression lines are variable,
what can be attributed to different structure and texture and
different mineral composition of sandstones in each well.
From the analysis of the plots in figures 5 and 6 we can con-
clude that variability of sandstone samples in the group B2
is greater than in the region A.

Frequency histograms show close to normal porosity
distribution and log-normal distribution of permeability for
all regions and groups. Exemplary plots for region A are
given in Figure 7. The log-normal character of permeability
distribution shows the dominant contribution of samples
with small permeability.

The presented analysis of distributions of porosity and
permeability in individual wells and in regions or groups il-
lustrated by the scatter of points in figures 3, 5 and 6 and
data listed in Table 3 suggest that rather than permeability
vs. porosity dependence, a more effective parameter or rela-
tion should be sought to describe the Rotliegend sandstone
resevoir parameters.
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FLOW ZONE INDEX, FZI

To better divide the permeability-porosity area, the
Flow Zone Index (FZI) was applied (Prasad, 2000; Tiab &
Donaldson, 2000; Mohammed & Corbett, 2003). The FZI
contains information on rock ability to transport fluid
through its pore space and allows a series of deposits to be
divided into smaller units with similar hydraulic capability.
The FZI value was calculated from the following formula:

K. L ®
FZI—(A/\/;)/(I_(D),

where: K is permeability (mD), ® is porosity, and 4 is a
scale factor.

It is assumed that reservoir parameters in units with
constant FZI undergo only small changes. In this analysis,
the number of FZI classes was evaluated by means of the it-
eration method.

Derr [%]

Doy [%]

Dispersion plots of logK vs. @efr for data from the region A and for individual wells from region A
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Dispersion plots of logK vs. @efr for data of group B and for individual wells from group B2

Plots log K vs. ®c¢r for region A are shown in Figure 8.
Data from different wells are marked with different colours;
data from units with given FZI are also presented with
different colours. Eight FZI classes were distinguished for
the region A. The highest value of FZI slightly surpasses 10.

Ten FZI classes were distinguished in the group B2
(Fig. 9). FZI values in the top class exceeded 100. Regres-
sion equations (fitting curves for each FZI) and correspond-
ing correlation coefficients for the classes in region A and
group B2 are given in Table 4. The correlation curves in fig-
ures 8 and 9 are parallel and slopes in the correlation equa-
tions are similar. Correlation coefficients calculated for in-
dividual FZI classes are higher than for single wells and re-
gions or groups of datasets. High correlation coefficients
obtained for the permeability vs. porosity relations in the in-
dividual classes with constant FZI prove that FZI ranges are
correctly chosen. Better hydraulic properties resulting in en-
hanced fluid flow capability are observed with increasing
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FZIs (Bala & Jarzyna, 2004). In the discussed cases most
FZI values fall within the range 0.5-2.0. Certain outliers are
observed for eight FZIs for W-1 well. Permeability measu-
red there approaches the value of some 1000 mD.

Therefore, the calculated values of FZI are greater than
100, and the correlation curve with FZI > 100 differs from
other curves. Great permeability results probably from the
fractures. Some fractures are identified and described in
some cores (Gorecki et al., 2008).

Similar studies were made for regions C and D. Eight
FZI classes were revealed in region C while seven — in re-
gion D (Table 5). The FZI classes have the greatest number
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Frequency histograms of effective porosity, ®efr, and permeability, K, for the data from the region A
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of points in ranges (0.5;1) and (1;2). This reflects the mod-
erate hydraulic properties of the studied sandstones.

It can be seen from the study that the analysis made for
individual FZI classes gives more detailed dependences
logK vs. @efr with higher correlation coefficients. Using the
FZI, the porosity—permeability area was divided into parts
with the same hydraulic flow parameters. The enhancement
of fluid flow capability is observed with increasing FZI. In
the study area, we revealed a great number of units with
good reservoir properties and good fluid flow capability,
which were not identified earlier based on simple perme-
ability vs. porosity relations.
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Table 4
Regression equations for units of constant FZI for the region A and group B2
Range of FZI loglﬁqut(i;;; +b Number of data Range of FZI logIEq:uthiI;):; +b Number of data
Region A Group B2
a b a b
<025 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] 313 272 59 (1,2 3.20 281 171
(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
>100 231 1.60 8

DESCRIPTIVE STATISTICS

Basic statistical parameters of FZIs, i.e. means, medi-
ans, variances, and standard deviations are calculated for
each region (Tab. 6). The largest mean value for FZI (11.74)
is obtained for the group B2. Also, in region B the highest
maximum FZI of 3904.21 is observed. The maximum val-
ues in other sets do not exceed 47. Extremely low value of
median in comparison with the arithmetic average and very
high maximum value confirms that there are many low val-
ues and the only one high extreme cannot balance the nor-
mal distribution. Such data distribution results in extremely
high variance and standard deviation. Results from group
B2 after excluding the highest outliers are presented in row

2* (Tab. 6), showing distinctly lower statistics. More vari-
able FZI values are observed for region A and group B2
than for other regions (C and D). FZI € (0.12; 17.17) for re-
gion C and FZI €(0.09; 20.70) for region D. Both the mean
FZI = 1.95 and more ‘outlier-proof” median are higher for
dataset C than for dataset D. Comparing the values of vari-
ance suggests that petrophysical parameters for both regions
vary over a similar range, while the mean value of variance
for dataset C is a bit higher.

Datasets in the regions A, C and D and group B2 in-
clude samples of various sandstones formed in diverse sedi-
mentation environments. According to facies distribution
(Figs 1, 5) region A includes wells sited in the area of domi-
nation of aeolian facies and fluvial facies. Wells from group
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Table 5

Regression equations for units of constant FZI for the regions C and D

Regression equation: Regression equation:
FZ1 logK = adefy+ b Number of data FZ1 logK = adefr+ 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] 1.37 391 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] 1.37 227 )
(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
Table 6
Basic statistics of FZI in the regions A, C and D and group B2
No. Region/group | Number of data Mean Median Minimum Maximum Variance Star}dgrd
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
. . . . 120
B2 belong to aeolian facies. Wells from region C are situ-
ated in fluvial facies area with the exception of well M-5,
which is sited in the area of aeolian facies. Region D covers T S E— - S E A S NN S S
the area of acolian facies, but in the centre of it wells SW-1 i i | | 1 : |
and Z-1 belong to the playa facies. Also, in the whole region | i | ‘ i i
D an admixture of fluvial sediments is observed. Addition- 80 b | 2 Aregion |
ally, discussing the variability of data one should take into z
account the shaliness of sediments. Almost all sandstones in % i i i
the Rotliegend sediments are shaly, but the volume and type 55 60 J--rieeeeeees e
of clay minerals are variable. In region A and group B2, 'E : ; ’
illite domination is noted. However, region C with very sim- 2 | :
ilar FZI characteristic to region A comprises samples where ) gy N 0| O [ ———
kaolinite and chlorite are most frequent. Region D covers an i i
area of the greatest amount of illite. The Rotliegend sand- i 5
stones are also diverse as regards to the type of nonclay ce- 2=y
ment (Maliszewska ef al., in Gorecki ef al., 2008). In sand-
stones from region A, for instance in well PR-1, we can

meet even 37 per cent of matrix, while in region C only a
few per cent and in region D — a dozen or so. In region B
matrix cement is at the level of several per cent, while in
well SI-3 it amounts to 24 per cent. Numbers shown in Ta-
ble 6 and in the previous ones illustrate the variability of
features of sandstones belonging to the Rotliegend.
Petrophysical information on sandstone samples from
these datasets explains the differences. To compare selected
samples from regions A and C of FZI € (0.5; 2), i.e. the most
frequent in all analysed datasets, histograms of effective po-

025 05 1.0 20 30 50 100

FZI

Fig. 10. Comparison of histograms of FZI in the regions A and C

rosity, @efr, and permeability, logK, and FZI are presented
(Figs 10 and 11). Distributions closer to Gaussian are ob-
served in comparison with the previously mentioned histo-
grams. It means that more homogeneous parts of sandstone



22 J.JARZYNA ET AL.

80

0,5 €FZI<=2

704

| B8 Aregion |
Xl C region

60_ .........

50 i

40 1A

Number of data

M= v

201/

20 -25 -1.0 -1.5 00 05 1.0
log K

90

80—t
70 4o

601+

50

=] A region

4011 1 C region

30/E
204/

10 {4

Number of data

...................................................

14 16 18 20 22 24 26

10 12
chﬂ' [%]

Fig. 11. Frequency histograms of porosity and permeability for
samples of the region A and region C

samples were clustered due to FZI classification. The analy-
sis of the basic statistics for the data from regions A and C,
in FZI range of (0.5-2] confirms the conclusion that FZI
classes gathered data of great similarity (Tab. 7).

FZ1 DEPENDENCE UPON FACIES
DEVELOPMENT

Information on the facies development is available only
from a limited number of samples: from single wells of the
region A, C and D and from five wells of the group B2. Fa-
cies identification in individual wells in the group B2 is not
uniform; therefore besides the undivided aeolian facies we
observe also aeolian dune and aeolian interdune ones and in
the other regions not separated fluvial/alluvial fan facies.
Means, medians, minimal and maximal values, and standard
deviations of FZI for each facies are listed in Table 8. The
highest FZI values are observed for the undivided acolian
facies in group B2: the highest arithmetic mean of 12.08 and
the median of 0.90 causes calculation of the geometric mean
of 1.77 more justified in dataset with outliers. A number of
samples with FZI greater than 20 and several outliers reach-
ing the value of 3904.21 were observed for the undivided
aeolian facies of the group B2. Generally, undivided aeolian
facies datasets include high maximum values. Similarly,
high values of FZI were observed for the fluvial facies: the
maximum value was 127.69 and the mean and median were
8.67 and 2.34, respectively. Such results can be explained
on the basis of great variability of sandstone samples and
not completely proper classification to facies. The lowest
values of FZI are characteristic of the playa facies and allu-
vial fan facies.

The number of data in facies classes is also of great im-
portance. The most reliable results are those in classes of the
largest number of data, i.e. acolian dune facies in group B2
(N = 296) and fluvial/alluvial fan facies in region D (N =
186) and C (N = 83). Worth of discussion are especially re-
sults for the fluvial/alluvial fan facies, where we do not ob-
serve large variability of data in region C (standard devia-
tion are equal to 0.65) and one of the greatest standard devi-
ation 3.17 for region D. Minimum values of FZI in the dis-
cussed datasets are not very diverse, i.e. 0.14 for the fluvial
facies and 0.51 for the alluvial fan facies in region D, what
means that low FZI are met everywhere. Standard deviation
as a measure of dispersion of data covers a big range, from
0.27 for the playa facies in region D to 45.46 for the undi-
vided aeolian facies in group B2, skipping the value of 0.11
for the alluvial fan facies in region C due to the small num-
ber of data.

Table 7

Basic statistics for porosity and permeability of samples of FZI from the range (0.5 — 2] for the region A and region C

Region N Mean arithmetic | Mean geometric Min Max Variance 3;3?;?;?1
Desr 121 7.04 6.14 1.73 21.90 13.60 3.69
K A 1.50 0.28 0.02 24.89 12.14 3.48
Desr 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
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Table 8
Basic statistics of FZI for the facies development in the regions A, C and D and group B2
FZI
Region‘group Facies N Mean Median g;i?;?;i Minimum Maximum
Undivided Eolian 50 2.33 1.19 3.08 0.19 18.63
A 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
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
B2 Aeolian Interdune 23 1.82 0.79 232 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
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
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
D 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

PERMEABILITY PREDICTION FROM
WELL LOGS ON THE BASIS OF
STATISTICAL MODELS FROM

LABORATORY DATA

Porosity, PHI, from the comprehensive interpretation of
well logs was correlated with laboratory-determined poros-
ity, @efr. The following factors, which required great cau-
tion in connecting the both datasets, were regarded:

—samples for laboratory tests have small size and there-
fore give pointwise information; samples are usually cut out
of most compact core fragments and hence provide infor-
mation only on that part of rock,

— neutron, acoustic, and density logs are used to evalu-
ate the lithology and porosity; information about a rock me-
dium delivered by those logs depends on vertical resolution
and radius of investigation of a probe; it can be taken that
information is gathered from a zone around a well with the
radius of 0.30 to 0.50 m.

Moreover, we observe relatively low correlation coeffi-
cients due to the depth shift in correlated data.

Because of the large number of available laboratory
data and identified facies, the dependence of PHI vs. ®cfr
was made for the W-1 well (the group B2, eolian facies
area) over the interval of the Rotliegend sandstones. 349
samples were obtained from 11 intervals (from 3370 to
3960 m). In each depth interval 13 to 65 samples were
grouped in 0.5 m sequences.

First, the mineral composition determined from the
comprehensive interpretation of logs was analysed. It is
found that in addition to sandstone volume, shales and ad-
mixture of carbonates are present in the Rotliegend rocks.
The shale volume ranges from a few to over 60 per cent. At
Vsh >40 per cent, the effect of shale volume on the inter-
preted porosity, PHI, was substantial and therefore it was
decided to eliminate intervals with high shaliness from the
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=] e
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0.05 @ --{o facies 2 |{
e ’. @ facies 3
. ; @ facies 3a
0 : : . -
0 0.05 0.10 0.15 0.20 0.25

PHI

Fig. 12. Dispersion plot ®cfr vs. PHI; facies marked with colors:
dune (1), interdune (2), fluvial sandstone (3) and fluvial shaly
sandstone (3a) from the depth interval 3,945.1-3,960.0 m
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datasets. While tying laboratory data, @esr, to PHI, we re-
moved fractured samples and the data of which the perme-
ability, K, was a few hundred mD at minimum porosity (5
points corresponding to undivided aeolian facies). For the
dataset of 229 observations, we obtained the coefficient of
determination, R*= 0.76, which evidences that some 86 per
cent of variability was explained in the regression (Fig. 12).
Different colours are used to mark samples belonging to the
dune aeolian facies (1), interdune facies (2), fluvial sand-
stone facies (3), and fluvial shaly sandstone facies with
much increased shaliness (3a); the latter is corresponding to
the interval of 3,945 to 3,965 m. Although there is a distinct
scatter of points, the observations belonging to different fa-
cies cover similar variability areas.

High determination coefficient justifies the permeabil-
ity prediction, KgsT, with the use of the obtained regression
equations, K vs. @, in the FZI classes. Equations given in
Table 4 for the group B2 were used to estimate Kggt. The
variable ®@¢¢r was substituted with @cgr-corr, which was cor-
related with PHI based on the regression equation (Fig.12).
Assuming mean FZI values for each depth interval corre-
sponding to different facies, we obtained Kgst for sand-
stone intervals (Fig. 13). Porosities obtained from lab data
and well logs (track 3) and permeability: estimated, KgsT,
and laboratory-based, K, (track 4) are shown together with
mineral components and porosities interpreted from well
logs (track 2). The agreement between the results is satisfac-
tory; however in some intervals one can observe discrepan-
cies. It seems likely that substantial differences in labora-
tory-based values of permeability observed for samples
drawn near one another from sandstone intervals can evi-
dence the occurrence of fractures and micro-heterogeneities
in cores that could not be visible in well logs. The continu-
ous calculation of rock permeability, KgsT, based on statis-
tical models, gives additional information that is independ-
ent of results obtained from formulae by Kozeny—Carman
or Timur, routinely used in world interpretation systems or
the formula by Zawisza used in Polish interpretation
(Zawisza et al. 1995). Porosity and permeability correlate
with facies distribution (Fig.13). Two facies columns corre-
spond to results of H. Kiersnowski L. Skowronski and to
core description (Gorecki et al., 2008). High reservoir pa-
rameters correspond to aeolian facies. Dune facies section is
of highest values of porosity and permeability. Fluvial/allu-
vial fan sections show distinctly lower values. The lowest
porosity and permeability occur in fluvial shaly sandstone
section.

CONCLUSIONS

1. Relationships between porosity and permeability in
classes with constant fluid transport parameters determined
based on FZI are more exact than the same relationship for
the whole dataset.

2. In all studied datasets of the Rotliegend sandstones,
the largest FZI classes belong to ranges (0.5;1] and (1;2].
Rocks with those FZIs have moderate reservoir parameters.

3. The sporadically occurring extremely high FZI
(>100) are related to samples with cracks in identified cores.

4. FZI takes the highest values for acolian and fluvial

facies, while the smallest values were observed for the playa
facies and alluvial fan facies.

5. Clustering sandstone samples according to FZI in se-
lected facies area makes datasets more homogeneous.

6. Using the derived statistical relations K vs.®cgr for
various FZI and substituting ®@¢¢r with PHI interpreted from
well logs allows the permeability of the Rotliegend section
to be calculated for each facies in a continuous way.
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