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Abstract: The aim of the paper is to establish relations between geostatistical
image provided by laboratory core analyses and geophysical image as tepresented by
field logging data. Once these relations are found it is possible to construct calibration
curves. This procedure is of special interest in the case when the logging probes were
not previously standarized in catibration models.

The analysis of the applicability of formulas relating core and logging data has
been performed for a few Carpathian flysch series of the upper Cretaceous, Paleocene
and Eocene ages.

The rock matrix densities are obtained using correlations between rock porosities
and their bulk density. Furthermore we obtained the shale density which for upper
Cretaceous and Paleocene series was equal to 2.65 but for the Eocene series containing
some carbonates the shale density was found to be equal to 2.80.

The variograms of porosity correspond in the high porosity regions to spherical
scheme whereas in low porosity region we encountered rather the de Wijsian scheme,
The variograms of neutron log and natural gamma logs furnished information on the
shale intrinsic scheme which is of spherical type but with range of ~10 meters i.e. far
larger than in the porosity case.
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Tresé: Celem pracy jest znalezienie zwigzkow pomiedzy obrazem geostatystycz-
nym opartym na wynikach analiz probek rdzeni wiertniczych i obrazem geofizycznym
otrzymanym z danych profilowan radiometrycznych. Po znalezieniu tych zaleznosci
staje sie mozliwe wyznaczenie krzywych cechowania. Taka procedura jest specjalnie
interesujaca w przypadku, gdy sondy radiometryczne nie byly cechowane w odpo-
wiednich standaryzatorach.

Analiza stosowalnosci wzorow wigzacych dane z rdzeni wiertniczych i z profilo-
wania radiometrycznego zostata wykonana dla kilku serii fliszu karpackiego naleig-
cych do eocenu, paleocenu i gornej kredy.

Gestosci matrycy skalnej otrzymywane byly za pomocg korelacji pomiedzy poro-
watoscig i ciezarem objetosciowym skal. Ponadto otrzymalismy gestosci ilow wypelnia-
jacych pory dla utwordéw gornej kredy i paleocenu, ktore wynoszg 2,65 g/cm? nato-
miast dla utworéw eocenu zawierajacych domieszki weglandw, gestos¢ itu byla rowna
2,80 ¢g/cm?

W obszarze wysokich porowatosci wariogramy porowatosci odpowiadaja schema-
towi sferycznemu, natomiast dla obszaru matych porowatosci napotykalismy raczej sche-
mat de Wijsa. Z wariograméw profilowania neutronowego i naturalnego promieniowa-
nia gamma otrzymalismy informacje dotyczaca schematu dla zailenia, ktory jest typu
sferycznego, ale o zasiegu 10 m, tj. duzo wiekszym niz w przypadku porowatosci.

1. INTRODUCTION

The geostatistical system of the well logging data interpretation (Bo-
gacz et al. 1979) needs some statistical and geostatistical characteristics
of formation parameters. Here an example of such characteristics for the
Carpathian Flysch series of the upper Cretacous, Paleocene and Eocene
ages is presented.

The data are coming from a region stretching from the neighbourhood
of Limanowa up to Brzoz6w-Rymanéw area. It has been divided into two
distinct geographic regions:

1. Slopnice-Limanowa region shown in Fig. 1; it measures circa 12X6

kilometers.

2. Gorlice-Jasto-Krosno-Brzozéw region measuring circa 72.X20 kilo-

meters.

In the second region 28 boreholes have been situated at the Potok
Fold (circa 12X2 kilometers which is shown in Fig. 2). A very short
description of the borehole sample data available for these two regions
is given in Table 1. About 20 cubic centimeters has been used as the
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standard volume for each sample taken from the core for the laboratory
measurements. The x, y coordinates of each borehole have been known as
well as the depth below the sea level at which each core sample has been
teken out.

For some boreholes the gamma-ray, neutron-gamma and the caliper
logs have been also available in the digital form. These iogging data have
been also pretreated to obtain the nuclear tool responses in cpm not
influenced by the logging speed, ratemeter time constant and the appa-
ratus dead time, For the natural gamma-ray log the data have been also
pre-interpreted to be not influenced by the borehole diameter, gamma-
-ray absorption in the borehole fluid, and the radioactivity of the neigh-
bouring layers. From the neutron-gamma ray log the gamma-ray back-
ground has been subtracted. These nuclear well logging data have been
known as the averaged values for the one meter intervals along the
borehole depth |

All these data, the laboratory and the logging ones, have been sub-
mitted to the statistical and to the geostatistical analysis to get some
characteristic parameters for the formations listed in Table 1.

Table 1

Core data available for the Carpathian Flysch

Region:

Gorlice—Jasto—Krosno—

Slopnice—Limanowa —Brzozéw (Potok Fold incl)

Litho-stratigraphic Eocene age. Krosno layers | Paleocene and Upper Creta-
description ' (KO), and Grzybow shales | ceous ages. Istebna layers
and Cergowa sandstones | and Czarna Rzeka shales.
(GC). Sandstones, shales, | Sandstones and shales of the

mudstones. series A, B, C and D.
No. of boreholes 25 63
No. of layers 82 203
No. of samples for:
porosity 675 1914
dry bulk density 675 709
permeablility , — 816
olay content 140 122

2. TREATMENT OF THE LABORATORY DATA

The statistical distributions of the laboratory data have been calcu-
lated first. They have been fitted to the normal or to the log-normal dis-
tributions. Average value, the second and the third central momenis
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have been calculated, together with the histograms.and the cumulative
distributions. Here the abscissae have been expressed in the experimen-
telly observed standard deviation units around the average value,

whereas the cumulative distribution have been presented onto the Gaus-
sian scale.

POROSITY

None of the mentioned above distributions fitted well the experimen-
tal data, if taken for the whole regions. Much better fit has been obtained
when the data corresponding to the well defined litho-stratigraphic series
were treated within the radius of about 10 km. As an example the distri-
bution of the porosity @ for the sandstone B of the Western part of the
Potok: Fold s given in Fig. 3. Here, the experimental distribution fits
well the normal: distribution within the 95 per cent confidence’ belt
(which is’ given as the two dotted lines in this and in all forthcoming
figures concerning the distributions). The same situation for the Stopnice
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Fig. 3. Porosity distribution for sandstones B from the Potok Fold

Fig. 3. Rozklad wspoélczynnika porowatosci dla piaskowcéw B z rejonu Faldu Potoka.
Pionowa skala histogramu: 1 linia = 0,2% wszystkich przypadkéw



— 310 —

les N= 110

Sandstone KO

8 , No of samp

Porosity. Slopnice Region.
sets: N=

No of

Log-normal distribution:

um
.
:
>
-
YRR . seser s das st aressIresae |} BN Y o
i S ..wl :
: 15%% X
M O D> on ~—
b ] u * ® . 4
. . :
de. u o A
. L~ [P IR
w v OR O~ [
.. . llm. .- —
M e i e
LA R *. o~ o
o3, CIVEEY welo e
M... * > 0ov o x
HA_._U -m T ..
4 L3 24 -
S i - LA L AR J
4 ”.' - ll'“"
: —_ L1 R
§ . e . O\
; R
B . 'll— *. llllllll!lrluu .n
8: RS N “ITILRS G
. - M [ T R .
: e LIzl e
8 przniifEiiiio
n% . e, * Muv s w AR s :
-, R T A - :
[&] . -\ . T T A as e srTi=c ol
Im S, A I”ul ... .
SG . . e - L BN LR ) -
S . 5 —armw o o
0 . Pal . .- R
. o, .0
: |.'l.'llr . .
: ..J«fm. :
0 . - l. .
o. M SRR ie
. .! rrtbl .
[<2 1N . . :
NO - . ... :
ow ” l.'l‘ - .0"‘ “
. .
MW ' -.II '.9-—
: . :
©: : :
. .. 3
: . :
. - - -
.” o W ...A_J
3 .
M . Sm—, !
; 3 -
Ne - i
V- .m.uuA_v
& L
* "”
o i
IR T o}
............................... :
Wuuvuunuunuunnnnuuuunnuwuunnuwunuuunuununnwnuuuununnwunuuuw 1

(%]

TOTINQTIFE TP ATFRTNUND

A
[

#

1 TTTTIT T I T I TIT T T7T]

i
ABPY

K

IT1|IITIlllif_]lfr”lllllll_fllf

ﬁ

(%]

Gi(p)

'

O DEVIATION

:

J STANDA

Ll

3

ooy b e s b

g

010 ]
ol il

o~

-—

- D (o ] ®

(%) (@)

[ O w

AlISOYOd 39VH3AV



— 311 —

Fig. 4. Porosity distribution for sandstones KO from the Stopnice region

Fig. 4. Rozklad wspélczynnika porowatosci dla piaskowcéow KO z rejonu Stopnic. Pio-
nowa skala histogramu: 1 linia = 0,5% wszystkich przypadkow
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Fiy. 6. Parametry normalnych rozkiladow wspoiczynnika porowatosci serii A rejonu
Fatdu Potoka. Indeksy 1 i 2 odnosza sie odpowiednio do czesci zachodniej i wschodniej
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Fig. 5. Parameters of the normal distributions of the porosity for the shale/sandstona
series of the Gorlice—Brzozow region (including the Potok Fold)

Fig. 5. Parametry normalnych rozkladow wspéliczynnika porowatosci serii lupkow
i piaskowcow rejonu Gorlice—Brzozéw (wraz z Faldem Potoka)
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Fig. 7. Parametry logarytmiczno-normalnych rozkladéw wspoétczynnika porowatosci dla
rejonu Stopnice. PM, LP, LM i MU oznaczajg roézny stopien zailenia piaskowcoéw (PI)
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region is given in Fig. 4. Here the porosity fits better the log-normal
distribution (the histogram in this figure is given in the linear scale, how-
ever). To be able compare the different sets of data, the estimated
parameters of these distributions have been plotted in the following co-
ordinate system: expected val'ue'(ﬁ) vs. the standard deviation ¢(Q9).
The 95 per cent confidence belt for each estimated value has been also
plotted. These data are plotted in Fig. 5. for the litho-stratigraphic series
tor the whole Gorlice-Brzozéw region, whereas in Fig. 6. this situation is
given for the series A only. In the last figure the A series have been split
inside the Potok Fold into the western (1) and eastern (2) parts in view
to be able to get some idea about the homogeneity of the data. Here, and
in all forthcoming figures, the PI stands for sandstone, LU for shales, LP,
PM, MU are the different types of the shaly sandstones, and XX neg-
lects all lithology or stratigraphy indexes. When the rectangles of the
confidence belts around each poin in this kind of presentation are, even
partially, overlapping, we are not able to tell (at the 95 per cent of the
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confidence level) that the two sets have been taken out from different
general populations (or that they are essentially different). In this respect,
for example, the shales of the series A (marked as AOLU) are not es-
sentially different from the sandstones of the series D (marked as DOPI)
in Fig. 5. The same is vaiid for the sandstones of the series A (marked as
PI) taken from different parts of the Potok Fold (cf. Fig. 6). The confidence
belts for the shale distributions (marked as LU) are always larger than
these one for the sandstones (marked as PI) because of much poorer
sample statistics.

The same situation for the Slopnice region is given in Fig. 7. for the
median value of porosity vs. the standard deviation of Ind.

As we can see from these figures, each small region is more or less
homogeneous with, however, big differences between the regions. More-
over, the accuracy of the laboratory measurements on the core samples
does not permit, in many cases, to distinguish between the different se-
ries. For this reason it is statistically allowed, at this stage of the statis-
tical recognition of this region, to put together some sets of data belong-
ing to different series for the further considerations, because they are not
statistically different. This situation can be changed, of course, if more
measurement data will be available.

DRY BULK DENSITY

Dry bulk denstiy d, of sandstones for the Gorlice-Brzozéw: region fol-
lows quite well the normal distribution (cf. Fig. 8.), whereas for the
Stopnice region this agreement is not so good. For the whole set of the 3.
cGata for the Siopnice region the distribution is given in Fig. 9., whereas
for the shale only from this region — in Fig. 10. '

When one uses this kind of data to plot, for a given litho-stratigraphic
series in a given region, the expected d; value against the expected poro-
sity & value (with the 95 per cent confidence belts), the apparent mine-
ralogical density 5M can be obtained according to the formula

3= (1 — @) d, - (2.1)

This situation for the Slopnice region is given in Fig. 11, whereas for the

Potok Fold region in Fig. 12. One obtains very easily taat in the first case
3w = 2.72 g/ccm, whereas for the second region is du = 2.65 uicem.

These data can be now compared with the mineralogical composition

of the investigated rocks. This is done in Fig. 13, where for the Slopnice

region (the KO and GC series) and for the Potok Fold (series C: shales

"COLU and sandstones COPI) the distribution of data, in the triangle

system: quarz + feldspar, carbonates and clay minerals, is done. Assu-

ming the mineralogical densities 0y for quarz + feldspar, carbonates and



— 314 —

Noramsal distribution: Dry bulk density: Potok PFold. Sandstone, IX-PI

No of setss N= 98 , No of samples N = 621

MI 02
0,28038E-01
;

R g (R DR 0 Do e o

-
-
© 2 e
.u e o :
ﬂ [ [
Vg > :
L g . Q “w .
.-" . "y e LI} . [0 ] L I ) — o —- --
“" o P 4 l"mool
e o0 :
i LR T -
134 PE I o | fotatel
. M Tt O WO
e u - ~ “ M ¢
.o
3 Se- wenREEEEERERE S
2 I i O
X P pug g 3 e e e e g g S D B D o
194 R R e G R D O D B o
.9 Do Ded D W Du DB o
S S S D A R B DD+
..J elnlcdole lelolololotalolotololototoloioteteioii

b M
Ll eledetobeioloioinioicbobuioloiatointotedetototolel
gofepoiopotolefolotoicofopeiopefeiateiafeotoreto ity
0 bt o D O ¢
e o S B S e D B BB ¢
B R R o e o deiede tata i)
o
D, B+
U 3 3 DY B D RO B o
0 g gt B
MR R R R R
e m I R
ettt
U g 0 O
R
c v o

MI 03

~0.45086B-02

.t

ol

e

m ; P ......uuuunum”
N - M. llll"l
i e TN “Rew
3 " ,
He ey -
. Fi .
o° -, .
: . .t
. -,
. l|f .
. ‘-

.r"J

.
-o.-..--nc-.anvf
-

<X>
0.23982E M

O SPIAL U P AN PG VD GNP PP G ONA - CRNGO A A - G 5‘.7“"7;,..
ORGP O G AANG MY 4 RIS S0 IOAN ST LN SENR SO SIS AU ARES SIS

..........................................................
COPIOILDIAA O 611060 PRI N AN L GND SGRN L DANe g B ON T AN - - OO OB OO
L@ PIVEINOOTOII R NALUAAR L Ir AP S IMP e AR - -

- [¥] u©oTInqTIasTp sAyasnumd

5.5
m ~
.”um
]
M ]
| -
D
N

No of sets: N= 79 , No of samples Nx 675

Normal distribution: Dry bulk density: Slopnice Region. IX-XX

lllllll!lllllllllxlllllllo - .

O S U, B0, U 3 e, B . D D, O D S D O O Bt B & .
“""""“llllllllllllllllllllllll : M

.3

“desisiiadileddabbidaca

- o T ot e lote e leinteiols lotobotelotoiniotoli
llllll""ll"""lllllllllllllllllllllllllllll’ll .
',Illlllllllllllllllllllllllllll)llllllllll .

e deisiedote]

0 g 2 T Do e G Dt 3 .
lllllllllllﬂ“l"lllllll g g 2 O, 3 3 3 ll!lllllllllll~ e

LAY
H hd o g P 3 T 2o o D Do St DR D IOC St D B 8 -
S g o Do Y B, (g D D 3 g et W 2 &
[ aY=a) - M R RO U n
0% ‘ * R D D D ¢ LAYT
. . - N Lo
. . . e . : o
H% P : ® » RS e ¢
. bn . u 23 d R 0
0- l'r hd c mz “ l.‘l.l'"lu N
ToOThRL Ao CEEEREEED
“ 'I‘ 'I .' R g T e 3 3 e A ¢ M
; - 48 momaan
: o el ce e eERE
< : M . .1lh.u..m o« .o
. - o . Lo -
H.. T L. B 2l te
=~ N — - S50 -t
0w - - - . ot
25 : o .
o~ ¢ . :
A% o SO
o : . .....le .
. LT .
g S 5
. b TN .
. b TR :
%Mw : .ot
IMM : - o
« . .- .
= By L. o
. .. es
o “ " M
: - :
. ™~ . S o
: T
< M Tl
[ B . .
AR o ..
92 L
v :
N . i
: o
R L.oan

D NP P - P Ll)’l’!\."ﬂ’! L’\_ﬂo}.-’!’)!ﬂ. e O CON 0 (RPN ]

o SR - @ C e AN DG 4 v DI DI O S A
...........................................................
PS80 0o B BN et +ON @

BOPV PG00SO O00COONRCL DA NI S CLNINS CAFPANN AT =

) (%

WOTINQTAISFP dATIRTNEM)



— 315 —

Fig. 8. Dry bulk density distribution for the sandstones from the whole Gorlice—Brzo-
zéw region

Fig. 8. Rozklad ciezaru objetosciowego szkieletu dla piaskowcoéw catego rejonu Gor-
lice—Brzozow. Pionowa skala histogramu: 1 linia = 0,2% wszystkich przypadkow

Normal distribution: Dry bulk density: Slapnice region.
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Fig. 10. Dry bulk density distribution for the shales from the Slopnice region

Fig. 10. Rozktad ciezaru objetosciowego szkieletu dla tupkow z rejonu Stopnic

Fig. 9. Dry bulk density distribution for the core samples taken from the Stopnice region

Fig. 9. Rozktlad ciezaru objetoSciowego szkieletu dla probek rdzeni wzietych z rejonu
Stopnic. Pionowa skala histogramu: 1 linia = 0,2% wszystkich przypadkow
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-

Fig. 11. KorelaCJa pomigdzy wartosciami oczekiwanymi cigzaru objetosciowego szkle-
letu i wspo}czynml\a porowatosci dla rejonu Stopnic

clay minerals as being 2.65, 2.71 and 9, (unknown), respectively, it was
easy to obtain that for the Stopnice region d,, = 2.80 g/cm® w1th the
average (quarz + feldspar - carbonates) rock matrix mineralogical den-
sity 0, = 2.67 g/ccm. For the Potok Fold, by the same manner, it was
obtained &, = 2.65 g/cm?. It should be noted here that when one wants
to get these data from the direct correlation between the & and @ data
for each sample, the result is not so clear. The examples are given in Figs
14 and 15. Here the 0, vs @ crosspiots are given for the Stopnice and for
the Goriice-Brzozdéw regions together with the regression lines. One can
obtain, by the simple overlay of Eq. (2.1) onto these crossplots, the ap-
parent densities 9, equal to 3.4 or 2.2 g/cm® which is, of course, not ad-
missible for this kind of lithology. This effect is probably due to the low
accuracy and/or confidence which can be paid to the laboratory data
obtained from the core samples. Our approach based on the expected
values of the marginal distributions for the joint distribution of these
data is much more convenient, and the eventual inaccuracies in the
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Fig. 12, Correlation between the expected values of dry bulk density and porosity for
the Gorlice—Brzoz6éw region

Fig. 12. Korelacja pomiedzy wartosciami oczekiwanymi ciezaru objetosciowego szkie-
letu i wspolczynnika porowatosci dla rejonu Gorlice—Brzozow
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Fig. 14. Correlation between thy dry bulk density and porosity for the samples of the

Stopnice region. The two regression lines are drawn

Fig. 14. Korelacja pomiedzy ciezarem objetosciowym szkieletu a wspéiczynnikiem po-
rowatosci dla probek z rejonu Stopnic. Zaznaczono obie linie regresji

Fig. 13. Mineralogical composition of the series KO and GC for the Slopnice region
and CO—PI and CO—LU for the Gorlice—Brzozéw region in weight per cent of the
dry sample. The range of occurrence for each series was defined arbitrarily

Fig. 13. Sklad mineralogiczny serii KO i GC dla rejonu Stopnic oraz serii CO—PI
i CO—LU dla rejonu Gorlice—Brzozéw w procentach wagowych suchej prébki. Zasieg
wystepowania poszczegélnych serii zostal ustalony arbitralnje



ars

Y 36 92 66 56 26 V& VG Y2 13 3 3 . ] 2 ? \J \J ] ste
b ] ed A2 AL 49 Y 14 18 N ¢ * 7 3 2
$3.00 € @ 0. ® ¢ ¢ 4 @ 00 ¢ 8 4t 4T OSSO0 LT IO OISOt 0N e s
. - . . . -
. - ) . ] .
. 1 e - - . « 2
e o . . . .
L] L] - L] 3 .
- [} . . . IX~-XX .
1 : : : Slopnice region. + )
MY . . . Correl.coeff.R -
200 o o o to.fo(t)oooo..ttO:.c.‘.....:‘.. 0.631) 0,679 0. 718 .:(
Y ™ . L- ¢ X1 0,.22983-01 o 4
- . . . 5= o.aiEE0n s
5 . 1] Py ° >as 0.26585 01 « &
. * . ST 0.7838-01 . 10
.E L - . - V%
- 1, . .
- 1 . . &N
‘ . . e &0
2,70 « 1 1 1 e e ¢ a4 1o 0 0009080 o . Ay
« ¢ 11 . e v
« 9 211 . .
o . 2% 31 . . P
¥e) 1 S vy ¢ 1 . .
¢« 1 1. 3¢ - . 8
- ] 21 ¢ . .« ra
- . . P )
| ) . 1 . . 18
e - - . e 1t
- 2.60 o « o e & 6 0 4 8 g ¢ q @ 4 ¢ 4 4 @6 s ¢ 4 4 ¢ ¢ & g4 4 o 4 s ¢ 9
Q . \J 1 . . on
g - 1 ? 1 b4 . (4
e 1 e . 12
o : 1 . . 10
« ? . . 1e
'H - 1 ] 4 . . . 1%
g . 1 1 te . -
0 - . . ’
* * - [
) 2.5 ¢ ¢ ¢ ¢ o s 6 ¢ o o o « o e @ o 4 @ & ¢ o o ’
B . . .
) . . R}
* L] . - 7/
Y . . P 4
. 1 . . .
> L] . -
. . . .
- 3 . o N
] [ § 39 . . . .
40 . G 4 ¢ 4 & @ 0 o 0 4 % 2% e 4 b0 * . * o ® 4« ¢ o o« o &
T .08 8.0t 0.0 #.97 613«
Porosity &

Fig. 15. Correlation between the dry bulk density and porosity for the samples of the
Gorlice—Brzozéw region. The two regression lines are drawn

Fig. 15. Korelacja pomiedzy ciezarem objetosciowym szkieletu i wspélczynnikiem po-
rowatosci dla probek rejonu Gorlice—Brzozoéw. Zaznaczono obie linie regresji

analysis results are increasing the confidence belts only. When the het-
erogenesity of the core samples is the cause of these discrepancy, our
method eliminates it even completely.

CLAY CONTENT

The statistics for the clay C;, (per weight) determinations was very
poor for both regions (cf. Table 1.1.). Probably for this reason they follow
rather well the normal distributions (within the 95 per cent confidence
belt valid for this number of data!). An example of these distributions is
given in Figs 16 and 17.
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Fig. 16. Shale content distribution for the samples taken from the Gorlice—Brzozow
Tegion

Fig. 16. Rozktad zawartosci ilu w probkach wzietych z rejonu Gorlice—Brzozow. Pio-
nowa skala histogramu: 1 linia = 0.5% wszystkich przypadkéw

PERMEABILITY

We have performed the correlation between the porosity and the
logarithm of the permeability for the core sample data obtained for the
Gorlice-Brzozdw region. An example for such correlation is given in Fig.
18 for the sandstones of the C series in the Potok Fold. This correlation
is rather poor but significant. A very similar picture was obtained for
the other litho-stratigraphic series in this region.
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Fig. 18. Correlation between the porosity and the logarithm of the permeability for

the samples of the sandstone C in the Potok IFold. The two regression lines are drawn

Fig. 18. Korclacja pomiedzy wspoiczynnikiem porowatosci a logarytmem wspélczynnika

przepuszczalnosci dla probek piaskowcéw C Taldu Potoka. Zaznaczono obie linie re-
gresji

Fig. 17. Shale content distribution for the samples taken from the Slopnice region

Fig. 17. Rozkiad zawartosci ilu w probkach wzietych z rejonu Stopnic. Pioncowa skala
histogramu: 1 linia = 1% wszystkich przypadkow
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VARIOGRAMS

The variograms y(d) (Matheron, 1965) of the porosity and of the bulk
density have been calculated. Because of the well-to-well shortest dis-
tance of the order of about 1 km, the vertical variograms had some
acceptable behaviour only. We have calculated them as the average for
all boreholes in a given region, excluding from the computation some
layers for which we already knew (from the previous calculations) their
strange behaviour.

In the Slopnice region the porosity g followed more or less the de
Wijs scheme:

v(d) = 3.a.[In(d/1) + 3/2] (2.2)
with o = 8.10—% [%?* - 10~*] and 1 = 7 cm,

whereas for the Gorlice-Brzozéw region this variogram was of the sphe-
rical type:

(3/2) - (d/a) — (1/2)- (d/a)* d=a
1 d=a
withC = 1.5 102 [%?- 10~4] and a = 1.5 m.

v(d) =C-{ 2.3)

The examples of these variograms are given in Figs 19 and 20, where
for the variograms given by Eqgs (2.2) and (2.3) the confidence belts of

’10.‘. | L llllll 1 1S |||||_l 1 T 1 ]llll_l T 1 I1llll|1 ]
F Stopnice Region, porosity @, O =80x 10° [%21 10.“] - l
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Fig. 19. Vertical variogram of porosity for the Stopnice region. The experimental data
marked by heavy points (@) have been obtained from less than 50 pairs of data

Fig. 19. Pionowy wariogram wspoélczynnika porowatosci dla rejonu Slopnice, Dane do-
swiadczalne zaznaczono pelnymi kétkami (@) zostaly otrzymane z mniej niz 50 par
danych
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Fig. 20. Vertical variogram of porosity for the Gorlice—Brzozéw region. Porosity data
are taken from the core samples

Fig. 20. Pionowy wariogram wspotczynnika porowatosci dla rejonu Gorlice—Brzozdw.
Wspoélczynnik porowatosci byl mierzony na prébkach rdzeni

* o, have been calculated. The standard deviation 6, has been obtained
as the fluctuations of the so called local variogram according to the Ma-
theron's idea (Matheron, 1965).

The variograms for the & values have been of the de Wijs type for
both regions with the a coefficients of the order of 1.1 10=* g*/cm® for the
Slopnice region, and ¢« = 6.5 10~* g*/cm® for the other one, but the
agreement with the experimental variograms was rather poor one.

The spherical variograms of the porosity shown in Fig. 10 has been
used to recalculate the porosity variance "seen” by the borehole neutron
tool. Here the knowledge of the function F(v) in the three dimensional
space was needed for the spherical variogram (Matheron, 1965)

F(v) = ;]; { § F—x).dzx, (2.4)
where Vv is the volume of the sample, the elementary volgmes dx and dx1
are located at the two extermities of the vector h=x—x' and they are
walking independently each other inside the volume v. This sextuple
integral can be reduced to the triple one which in the case of the vario-
gram of the type h* and for the rectangular parallelepiped (for the volume
v) of the dimensions @ 2 b = c is of the form:

F, (3bc) =
-8 i ,]E f (@ — x).(b — y).(c — 2z).(x2 + y* + z})*.dx.dy.dz (2.5)
atpb3c? 0 0 0

21
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which for the spherical variogram given by Eq. (2.3) finally gives:

Fepn(at) _
C
= &.[0.5 — t%.(0.5 Int — 2.8556905 - 10—1) +
t9 - 2.4072624 - 10— — t4- 3.54166 - 10~* -+
t6 - 2.1577381 - 10~ — 8- 4,6378412- 10~4 + .| —
3% - [0.05 + t*- 8.333317 - 10—2 + t*- (4.6203835 - 10— —
7.083333 - 10~ - Int) + t*- 3.1561269 - 10—2 —
t6 - 4.3154739 - 10— + t3- 2.3189507 - 10— — ...], (2.6)

whereb = ¢

=b/a< /0.5t — 1) (2.7)

and the sizes of the parallelepiped are expressed in the units of the range
a of the spherical variogram (cf. Eq. (2.3)), thus @ =< 1. The plot of the
function given by Eq. (2.6) is given in Fig. 21. The, so called, linear equi-
valents for the parallelepipeds in the spherical scheme can be obtained
from these data

LA L0 L L L 0 ¢
F(ét) - 3 ~
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Fig. 21. Plot of the function Fspn (a,t) for the spherical variogram, given by Eq. (2.6).
The sizes of the parallelepiped are in the units of the range a of the spherical vario-
gram

Fig. 21. Wykres funkcji Fspn (8, t) dla wariogramu sferycznego wg wzoru (2.6). Rozmiary
prostopadloscianu sa podobne w jednostkach zasiggu a wariogramu sferycznego
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3. LOGGING DATA TREATMENT

Using the deterministic approach (Zorski, 1979, Czubek and Zorski,
1979) the gamma-ray and the neutron-gamma ray logging data were re-
calculated to obtain the logging deflections free of the influence of the
apparatus and of the borehole conditions.

The crossplot of the neutron and gamma-ray logging deflections give
and information about the lithology in the shaly-sandstone sequence, as
it is shown in Fig. 22,
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Fig. 22. Crossplot of the neutron and gamma-ray log deflections for sandstones in the
Potok 13 borehole. The lithology identification zones deliminate this part of the
borehole as the shaly sandstone of different porosity

Fig. 22. Zestawienie wskazan profilowan neutronowych i gamma dla piaskowcow
Otworu Potok-13. Strefy identyfikacji litologicznej okreslaja te czes¢ otworu jako za-
ilany piaskowiec o zmiennym wspoéiczynniku porowatosci

The variograms of the I. (natural radioactivity) and I,, (neutron-
-gamma log deflections) intensities give the information about the vario-
grams of the shale content and that of the porosity. An example is shown
in Figs 23 and 24 for the sandstone of the B series in the Sobniéw 23 bo-
rehole (Potok Fold).

An interesting information can be obtained from the correlation be-
tween the gamma-ray and the neutron-gamma variograms for a given
formation. Such correlation for the sandstone of the C series in the Sob-
niéw 23 borehole is given in Fig. 25. Here, for the distance d lower than
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Fig. 23. Variogram of the natural radioactivity for the sandstones of the B series in the
Sobniow 23 borehole

Fig. 23. Wariogram naturalnej promieniotworczosci dla piaskowcow serii B w otworze
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Fig. 24. Variogram of the neutron-gamma ray log deflections for the sandstones of the
B series in the Sobniow 23 borehole taken for the same well section as in Fig. 23

Fig. 24, Wariogram wskazan profilowania neutron-gamma dla piaskowcow serii B
w otworze Sobniow 23 wzietych dla tego samego odcinka otworu jak na Fig. 23
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Fig. 25. Correlation between the YI-co {(d) and YI"r (d) variograms. This correlation has
the physical meaning for the distances d lower than the range a of the spherical vario-
gram. Here, for the logging data in the sandstones of the C series in the Sobniéw 23
borehole, the range a has been estimated as a = 20 m
Fig. 25 Korelacja pomiedzy wariogramami yr., (d) i vy, (d). Ta korelacja ma fizyczny
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sens dla odleglosci d mniejszych niz zasiegy a wariogramu sferycznego. Tutaj, dla pias-
kowcow serii C w otworze Sobniéw 23 zasieg wariogramu dla wynikow profilowan zo-
stal okreslony na a = 20 m

the range a = 20 m of the spherical variograms v,m(d) and Yxn.‘,(d), the
linear relationship can be found:

Yi,.(d) = B + Sy _(d), (3.1)
where the nature of the constants B and S is that:
B/S = 6.25-¢*(9) - K?, (3.2)

where ¢*(@) is the variance of the porosity ''seen' by the neutron probe,
and K is the calibration factor for the gamma-ray log when the shale
content C, (per weight of the rock "in situ" is determined from this kind
of log:

I =K,+K-C, . (3.3)

Using all this statistical and geostatistical information the statistical
calibration curves (Bogacz et al., 1979, Czubek et al., 1977) have been
focund., Thus, the volume shale content Vg, and the rock porosity @ from
the gamma-ray and neutron-gamma ray logs have been obtained. Here
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the three different shale contents have been carefully taken into account:
Csn — the shale content per weight of the dry rock, C,, — the shale
content per weight of the natural, in situ rock (when the pore space
fulfilment is also taken into account), and Vg, — the volume shale content.
The first one is measured in the laboratory on the core samples, the
second one by the gamma-ray log, whereas the third one influences the
neutron log deflections.

4, TREATMENT OF THE LOG DERIVED PARAMETERS

From the quantitative interpretation of nuclear logs, using the statis-
tical calibration curves, the shale content V,, and the rock porosity
O are obtained. These values can be treated again by the statistical and
geostatistical ways. Here the statistical distributions of Vg, are very like
those for the I__ values. The log derived porosities @ fit quite well the
distributions still found from the core sample data analysis.

The variograms of the Vg, values show the same behaviour as the va-
riograms of the I _data. The variogram of the log derived porosites J is
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Fig. 26. Variogram of the log derived porosities for the sandstones of the B series in
the Sobniow 23 borehole taken for the same well section as in Figs 23 and 24

Fig. 26. Wariogram dla wspoiczynnika porowatosci z interpretacji profilowan dla pias-
kowcow serii B w otworze Sobniow 23 wziety dla tego samego odcinka otworu jak na
Fig. 23 i Fig. 24
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Fig. 27. Dopasowanie rozkladu beta do obserwowanego doswiadczalnie rozkladu brze-
gowego wspolczynnikéw porowatosci otrzymanych z interpretacji profilowan
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Fig. 28. Dopasowanie rozkladu beta do obserwowanego doswiadczalnie rozkladu brze-
gowego zailenia otrzymanego z interpretacji profilowan
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shown in Fig. 26 for the sandstones of the B series in the Sobniéw 23 bore-
hole. When one compares this variogram with the variogram of the I,.
values given in Fig. 24 for the same borehole section, the net difference
is visible. The log derived porosity @ has the spherical variogram (but
reqgularized over the rock volume '"'seen'” by the neutron tool) which is
essentially similar to this one from Fig. 20 obtained for the core samples
from this region.

Because all the variograms for the log derived shale content and poro-
sity have the spherical shape, the obvious conclusion is that there is no
vertical trend for these data, at least along the borehole sections investi-
gated here

The crossplot of the log derived shale content with the porosity shows
again a very distinct lithology effect. For the pure shale sections this
correlation follows very well the straight line with the negative slope,
whereas for the shaly sandstones the data are dispersed inside the triangle
which sides are defined by the pure shale of different porosity, pure
sandstone of different porosity and hard shaly sandstone.

When the normal distributions for the shale content Vg, and for the
porosity @ have been found, we have been quite conscious of the ambi-
guity of these results. Both parameters, being limited inside the [0;1]
section, cannot follow exactly the normal distribution. Just in this case
the beta distribution of the first kind seems to be more appropriate. Thus,
we have tried, starting from the assumption that both Vg, and & follow
the joined bivariate beta distribution (within the given litho-stratigraphic
series), to find the parameters of these distributions. These parameters
have been derived from the marginal distributions of the Vg, and that of
. These marginal distributions should also be of the beta kind, and
really, they are. An example is given in Figs 27 and 28, but their parame-
ters do not fit the same bivariate beta distribution (compare, for example,
the sum of (1 + m + n) on both figures) which should have the form:

I'l + m + n)
') - I'(m) - I(n)

For such distribution the correlation coefficient 0 between the @ and Vg,
variables is given as:

b(0, Vg, i 1 m,n) = OV, ™ (1 — @ — V)~ (4.1)

0B Va) = — l/ lrm . = (4.2.2)
(n+1):(m+n |
oy (B) (Ve | (4.2.0)
I =0 ve)

where (@) and (V) correspond to the expected values. Thus, the corre-
lation coefficient 9(9,V,,) is always negative for the bivariate beta dis-
tribution.
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Is really the rock porosity @ correlated with its shale content Vj,?
Here we have to distinguish the two different kinds of correlations. One
is the intrinsic one connected with the sedimentation phenomena (corre-
lation between the amount of the sand and that of the shale material
transported to the deposition area), and the second one which is the spu-
rious one, connected with the definition of @ and that of Vg, which both,
together with the rock matrix volume Vy, give always the sum equal to 1.
Thus, the correlation between the rock porosity and its shale content is
the problem of the ratio correlation (Chayes, 1971) In the case of the
bivariate beta distribution the correlation coefficient given by Eq. (4.2)
is known as the one obtained when the intrinsic correlation between the
physical phenomena of porosity and that of the shale content does not
exist. Basing on these considerations we have calculated the correlation
coefficients ¢ according to Eq. (4.2.b) and the ""usual” correlation coeffi-
cient R:

|| M=

1(91' — (D)) (Van, = (Vsn))

R=—= ,, (4.3)
VJE}@J- — (@) 2 (V ay, — (Ven))?

i=1
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Fig. 29. Comparison of the correlation coefficients R and ¢ obtained for the litho-strati-
graphic series in the Sobniéw 23 borehole between the log derived porosities and shale
contents (cf. Eqs (4.2) and (4.3))

Tig. 29. Porownanie wspoétczynnikéw korelacji R i ¢ pomiedzy wyinterpretowanymi
z profilowan wartosciami wspoélczynnika porowatosci i zailenia dla serii lito-stratygra-
ficznych w otworze Sobniow 23 (patrz wzory (4.2) i (4.3))
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with its 95 per cent confidence belts. The results for the Sobniéw 23 bore-
hole are given in Fig. 29. The figures above each point representing the
¢ value correspond to the ratio of the (1 + m + n) sums for the bivariate
distribution which have been estimated independently from the marginal
distributions of @ and V, using the moment method. As we can see,
in the shaly sandstone (marked as PI) there is no evident difference
between the ¢ and the R values, whereas in the pure shale (marked as
LU) the R values are showing much higher correlation than the p values.
On the other hand only for the B sandstone (BO—PI) the bivariate beta
distribution is at least admissible (the above mentioned ratio is 1.46),
whereas in all other series the joint (J,Vy,) distribution is far from being
the beta one. On the other hand we do not know the accuracy of the
estimates of the 1, m and n parameters by the moment method used here
(we know only that it is not the best onel!). As a result we can expect
that in the shaly sandstones the intrinsic correlation between the porosity
and the shale content does not exist, whereas for the shales does. The
approximation, however, of this distribution by the bivariate beta distri-
bution remains still an open question.

5. CONCLUSIONS

The case history presented above can be regarded as an example, how
the statistical and the geostatistical treatment of the core sample data can
be joined with the same treatment but of the logging data. The general
picture of a given geological formation obtained from these two different
sources of information is essentially the same. This agreement, however,
is valid only when the confidence limits of the estimates are taken into
account. This kind of approach is very helpful in the problem of the
quantitative interpretation of the well logging data.

We have touched the problem of the joined statistical distribution of
the geological parameters. What we have found is that no ,a priori”
known model of this distribution can be applied and further investigation
has to be done in this subject.
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