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STATISTICAL INTERPRETATION TECHNIQUES FOR INCOMPLETE
SET OF LOGS IN SAND-SHALE COMPLEX

Bertalan KISS*, Laszl6 KORMOS*

The increasing demand for data produced by quantitative well logging interpretation, especially
in areas where the old and incomplete set of logs cannot be interpreted by traditional methods, has
led to the elaboration of a method capable of creating synthetic logs and thus enabling a complete
quantitative interpretation procedure. This method produces reliable results for well correlating
areas especially in sand-shale complexes,

d: well-logging, computer programs, statistical analysis, sand-shale complexes

I. Introduction

In Hungary in recent years it has been shown that there is an increasing
demand for data produced by quantitative well-logging. The applicable inter-
pretation techniques and depending on these, the number, accuracy, and reli-
ability of determinable reservoir-parameters depend on the set of available logs
and their quality. For sandstone reservoirs in sand-shale complexes out of the
three necessary porosity-indicating logs (neutron logs, density logs and transit
time logs) generally only the neutron logs were available until now in Hungary.

In 1982-83 the Oil Exploration Company put into action Dresser Atlas-
made well-logging equipment, a home-made acoustic-probe and a 3-parameter,
hole-compensated neutron probe. The logs produced by these satisfy the inter-
pretation demands. The neutron-probe is able to measure calibrated limestone-
porosity. The reproduction capability of both methods is very good.

In the case of integrated regional interpretation of hydrocarbon reservoirs
only is some recently completed wells was available the following complete set
of logs

spontaneous potential SP,
gamma-ray TG,
neutron-log NL,
density-log DEL,
acoustic log ATL,
laterolog deep RLLD,
induction deep RILD,
pseudo-laterolog RPLH,
laterolog shallow RLLS,

*Qil Exploration Company, POB 85, Szolnok H-5001, Hungary Paper presented at the 28th
International Geophysical Symposium, 28 September ! October, 1983, Balatonszemes, Hungary



94 Kiss— Kormos

— induction medium RILM,
—micro-laterolog RMLL
— laterolog-8 RLLS,
— caliper log DL

In the other wells the set logs is incomplete, even sometimes logs cannot be used
for interpretation because of calibration or other errors. Generally, the follow-
ing incomplete choice of logs is available:

spontaneous potential SP,
gamma-ray TG,
neutron-log NL,
optimum laterolog ROL,
micro-laterolog RMLL,
caliper log DL

Thus the well known interpretation techniques cannot be used for all wells of
a given territory.

Lately, for a more exact interpretation of seismic data there is a demand
for acoustic (ATL) and density (DEL) logs in each borehole, and where these
parameters are lacking we must try to create them. To solve these problems a
new technique was elaborated to determine parameters which cannot e cal-
culated owing to the incomplete set of logs.

2. Elaborating the new technique

Dependig on the origin of the available data (rock physical properties
measured on core samples, or parameters computed from well-logs) two different
approaches should be followed.

2.1 Use of laboratory measurements on core samples

Laboratory analysis of core samples generally provides the following data
and relationships:

porosity (FILA);
-- absolute permeability (KLAA);
capillary pressure (PC) versus
water saturation (SWLA)—PC = f(SWLA).

Knowing the hydrocarbon—water phase boundary and capillary pressure
curves (PC) it is possible to work out the distribution of water saturation and
residual water saturation (SWRLA) in all intervals of the reservoir, [Totnh 1972].
The results of about 1000 core sample analyses have been processed. After
averaging these data on “homogeneous intervals” we gained characteristic
values for 150 such intervals. (Fig. 1) For these we read out the corresponding
values from well logs [Kiss 1972]. We then studied the connection between
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Fig. 1 Results of laboratory core analysis a)
Limestone porosity versus resistivity
frequency plot b) Limestone porosity versus
density frequency plot c) Lithological
parameters: JO versus JM frequency plot

1 abra. Magmintak laborat6ériumi
elemzésének eredményei a) Mészkdporozitas
— fajlagos elektromos ellenallas

gyakorisagi eloszlas b) Mészkdporozitas -
kézetsuiriség gyakorisagi eloszlas

¢) JO—IM litologiai paraméterek
gyakorisagi eloszlasa

Pue. L Pe3ynbTaTbl n3MepeHuin B
pa3BeflovHON CKBalleHue a) YacTtoTHas
fvarpamMmma OTHOLUEHWUS MOPUCTOCTK
N3BECTHAKA W Y[ENIbHOTO 3/IEKTPNYECKOTO
conpoTueneHns b) YacToTHas guarpamma
OTHOLLEHWNA NOPUCTOCTU W3BECTHAKA W
NNOTHOCTW Mopog ¢) YacToTHaa gnarpamma
imTonoynyeckmx napamerpos JO—IM

laboratory and logging data by means of multivariable regression analysis
[BANLAKI ET AL. 1977].

FILA. SWLA, SWRLA, KLAA = f[(I-JSP), JTG, EXP (NG/NGSH),
LN(RW/ROL), . ] )

where 1-JSP = shale indicator (see Equ. 2a),
JTG = shale indicator (see Equ. 2Db),
NG = neutron-gamma log,
NGSH = neutron-gamma intensity of shale line,
RW = resistivity of pore water.
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In a given territory the reservoir parameters (FI, SW, SWR, K) were
determined by the above relations leading to the following conclusions:

As most of the cores are taken from more or less clean sandstone, core
sampling is not random. The calculated parameters are reliable in such reservoir
intervals;

—To extend the applicability of the method contaminated cores should
also be included in the investigations.

2.2. Quantitative interpretation in one or afew boreholes

By means ofjoint interpretation of the logs we obtain continuous informa-
tion along the borehole. The following reservoir parameters are regularly deter-
mined:

— effective porosity (FI);

— shale content (VSH);

— volume of rock matrices (VMA1, VMA2);

— water saturation in the virgin zone (SW);

water saturation in the flushed zone (SXO);
residual water saturation (SWR);

— permeability index (K).

Determination of shale content (VSH) takes place on the basis of “shale
indicator minima”, or by properly chosen shale indicators [Poupon-G aymard
1970].

The following shale mdicatos were used:

VSH1 (2a)

VSH2  (1-JSP)2 (2b)
TG-TGMN

VSH3 JTG TGMX-TGMN (20)

VSH4  0.33(221TG—)) (2d)

VSH5  (1-JSP)JTG (2e)

VSH6 (20

RSH RTMX-RT \ERH
VSHT o 'RTMX - RSH/ (20)

where
SP = logged spontaneous potential,
SPS = static spontaneous potential.
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TG = logged gamma-ray value,
TGMX = maximum value of gamma-ray log (shale-line),
TGMN = minimum value of gamma-ray log (sand-line),
RT = resistivity of the virgin zone,
RSH = resistivity of shale,
RTMX = maximum value of resistivity of the virgin zone (in pure CH reser-
Voir),
_ N RSH \
BRSH = exponent (—}+2), BRSH"BM RTM X/’

BM = cementation exponent.

Porosity and matrix volume can be calculated by solving the balance
equations of rock components based on three porosity indicator logs [Schlum-
berger Document 1969]:

FINLM = FI «FINF + VMAL «FINMAL + VMA2 sFINMA2 +
+VSH -FINSH (3a)
DE = FI +DEF + VMAL EDEMA1+VMA2 sDEMA?2 +
+VSH-DESH (3b)
AT = FI-ATF + VMAL ®ATMAL + VMA2 «ATMA?2 +
+VSH ATSH (3¢)
1= FI+VMAL + VMA2 +VSH (3d)

Equation 3d is applicable as a means of control, where
FINLM = apparent limestone porosity calculated from the neutron-log,
FINMAL, FINMA2 = apparent neutron porosity of rock matrices,

DEMAI, DEMAZ2 = density of rock matrices,

ATMAL, ATMAZ2 = acoustic transit time in rock matrices,
FINSH = neutron porosity of shale,

DESH = density of shale,

ATSH = acoustic transit time in shale,

FINF = neutron porosity of pore fluid,

DEF = density of pore fluid,

ATF = acoustic transit time in pore fluid.

The equations of rock components (3a-c) contain 4 unknowns therefore
shale content will independently be calculated by the earlier described shale
indicators.

The matrix values (FINMA1, DEMAI, ATMA1, FINMA2, DEMAZ2,
ATMA?2), and the shale characteristics (FINSH, DESH, ATSH, RSH) can be
determined on the basis of the resistivity of the virgin zone, porosity-indicators

(/}/RT-FINLM, 1/RT-AT, 1/ART-DE FINLM - DE, FINLM - AT,

AT-DE), and frequency plots (JN-JM, JO-JM, JO-JN) formulated by
lithological parameters as JM, JN, JO (Fig, 1/a, 1/b, 1/c),
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where ATE-AT

M DE-DEF 0.003,
IN = FINF-FINLM
DE-DEF
10 FINF-FINLM
ATF-AT

Plots can be used to check logs and to determine the main rock-components,
because the point-set must fall on a predetermined area of the plot-field charac-
terized by the main rock-components, e.g. sandstone (SD), limestone (LM).
With the combined use of such plots we can find the faulty or incorrectly
calibrated logs.

The following equations are used to calculate water saturation [Poupon ht
al. 1970, Wichtl-D raxler 1981]

1 “
RT 2 4a
SWl / VSH\ BM ( )
VSH* 27 4 FI 2
 RSII 'BA «RW _
SW2 = B+ /B2+ o (4b)
where
_ (1- VSH)BA «RW
A= p|BM
and
5 A VSH
2 RSH
|
_ Rw BA ™
SW3= BT Fiav (4c)
2
BN
0L RX0"2 (4d)
BM
VSH(-T) FI 2
/IRSH [BA” RMF

SX02 = B+ / B2+
RXO
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where
(I-VSH)BA sRMF
A ~ pjBM (49)
and
A VSH
2 'RSH
RMF BA
SX03 = RXO PiBM (40
where

BA = tortuosity coefficient,

BM = cementation exponent,

BN = saturation exponent,
RXO = resistivity of flushed zone,
RMF = resistivity of mud filtratum.

Two water saturation calculations are used in order to select the more
favourable one from the following parameters: SW1, SW2, and SX01, SX02,
respectively. The third calculation serves for the control of coefficients, like
tortuosity (BA), cementation exponent (BM), and saturation exponent (BN) in
pure sands.

After calculating the water saturation we correct the layer contents of the
porosity indicator logs when, into equations 3a, 3b, 3c we place respectively

FINF* = FINW mSX0+ (1- SXO) FINCH (5a)
DEF* = DEW +SXO+ (1- SXO) DECH (5b)
ATF* = ATW «SXO+ (1- SXOATCH (5¢)
where

FINW = neutron porosity (H-index) of pore water,

DEW = density of pore water,

ATW = acoustic transit time in pore water,
FINCH = neutron porosity (H-index) of hydrocarbon,

DECH = density of hydrocarbon,

ATCH = acoustic transit time in hydrocarbon.

Next we perform an iteration procedure on equations (3a), (3b), (3c), (4a), (4b),
(4d), (4e), (4f), (5a), (5b) and (5¢) to improve the values of FI, VMAL, VMA2,
SW and SXO until

FI - FlLomneS 1 2% and

AV 5% in average
where

AV = 1—FI + VMAL + VMA2 + VSH) on the basis of Equ. (3d).
Determination of the residual water saturation is carried out from the following

relationship: VSH
SWR = BSWRC + BSWRM----- (6)
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BSWRC and BSWRM can be determined from

versus SW cross-plots.

Fl
The permeability index can be calculated by the following equation:
_ I FI3Y
K= 250\swr7 ' )

2.3. Creating of indicators

Besides the konwledge of reservoir-parameters, determined from core
analysis or quantitative well log interpretation other indicators derived from
logs are also needed which are closely related with the reservoir-parameters. To
create these indicators such logs are used which are available in all the boreholes
of the area of investigation.

As indicators other values can serve as well, like

FI = f<(I-VSH), (FINLM - FINSH),

BA RW _VSH B/ RW I(I-VSH) (8a)
RT RSH

FINLM /RSH RTMX- RT \

VSH = FUI-JSP), JTG, FINSH ' VRT RTMX - RSH/ (80)
RT  (FINLM-FINSH) |
BA «RW
(1-VSH),. (8¢)

Determination of SWR and K takes place in the same manner as described in
Section 2.2.

Next we must find the optimum relationship between reservoir parameters
and indicator values to enable us to ensure the determination of reservoir
parameters in the other boreholes of the territory.

3. Determination of relationships between reservoir parameters and indicators,
computation of reservoir parameters

In order to solve this problem it was necessary to develop a so called
statistical indicator system program (SIP) which functions as a subsystem of the
well logging interpretation system (KISS).
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3.1. Determination of relationships

Mam steps:
— calculation of indicator values for the entire investigated interval,

— determination of partial correlation coefficients between reservoir par-
ameters and indicators,
— selection of indicators showing a good correlation with a view to
improving the total correlation coefficient,
— determination of relationships between indicators and reservoir par-
ameters on the basis of multivariate linear regression,
— calculation of total correlation coefficient for checking purposes
[Vincze 1975]
When making the primary choice of indicators the value of the partial correla-
tion coefficient is decisive because an indicator with larger partial correlation
improves the total correlation. (Among the chosen indicators there is no need
for those with weak partial correlation). In spite of their relatively high partial
correlation among the chosen indicators those which do not improve the value
of the total correlation will also be eliminated.
This method must be used for determining all reservoir parameters. If the
relationship is not good enough regarding the total correlation coefficient, it is
necessary to find further indicators to improve this relationship.

3.2 Calculation of reservoir parameters

Relationships determining the reservoir parameters and the indicator val-
ues form a phase ofa computational subsystem of the KISS-system. In the other
boreholes of the area of investigation calculation of reservoir parameters are
carried out in this phase. Indicator systems and coefficients of different inves-
tigation areas form a phase of the above mentioned subsystem. Table | shows
the determined parameters and their total correlation coefficient for one of the

investigated areas.

Table |

Reservoir parameter Abbreviation Total correlation coefficient
Effective porosity FI 0.972
Shale content VSH 0.993
Volume of matrix No 1 VMA1 0.868
Volume of matrix No 2 VMA2 0.759
Water saturation SW 0.95
Water saturation of flushed zone SX0 0.913

Residual water saturation SWR 0.956
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Table | shows that the total correlation coefficient is greater than 0.9, except for
the two matrix volumes. Relationships thus seem good enough except for the
two used for the volumes. Since these do not really belong to the reservoir
parameters we omit their calculation.

Using the relationships for boreholes KIS-3 and KIS-38 of the investigated
area. Figs 2 and 3 present the results of the interpretation obtained by the SIP
program.
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Fig. 2. Results of quantitative well logging interpretation
K,, K2 — permeability indices; R —resistivity log; SW  water saturation in the virgin zone;
SXO — water saturation in the flushed zone; SWR —residual water saturation

2. dbra. A komplex kvantitativ karotazs interpretacié eredményszelvénye
K], K2 — permeabilitas indexek; R — ellenallas szelvény; SW — viztelitettség az érintetlen
zonaban; SXO — viztelitettség a kisepert zéndban, SWR maradék viztelitettség; 1 maradék
szénhidrogén térfogat; 2 — mozgd szénhidrogén térfogat; 3 — mozgé viz térfogat; 4 —
maradék viz térfogat; 5 — effektiv porozitds; 6 — 1 matrixtérfogat (homok); 7 — 2.
matrixtérfogat (mészk6); 8 —agyagtartalom; 9 — porozitas és rétegtartalom elemzés; 10 —
formécid elemzés

Puc. 2. Pe3ynbTaTbl KOMMIEKCHOW KOMMYECTBEHHON MHTEPNpeTaLuy KapoTaXHbIX AaHHbIX
K,. K;  nHAeKcbl NpoHMLaeMocTh; R — KpuBas conpoTusneHus; SW — BOJOHACbILLEHHOCTb
B HEHapyLLIeHHON 30He; SX0 — BOJOHACLILLEHHOCTb B NPOMbITON 30He; SWR — ocTaTouyHas
BOAOHACHILLEHHOCTb; 1— OCTaTOYHbI 06bEM YrneBofOpPOAOB; 2 — MOABMXKHbIA 06bEM
yrneBoAopoaoB; 3 — MOABMXKXbIi 06beM BOAbl; 4 ~ OCTaTOYHbIA 06bEM BOAbl; 5 —
3(h(haKTNBHAsA NMOPUCTOCTb; 6 — 06beM BMeLyatolleil nopoabl | (necok); 7 — o6bem
BMeLLatoLLeil nopoabl 2 (M3BECTHSIK); 8 - cofepXXaHue FWHbL; 9 - aHanW3 NopucTocTu U
cofiepxaHusa nnacta; 10 — aHanu3 gopmayum

3.3 Generation of synthetic logs

As in the case of the reservoir parameters, synthetic logs can also be
created. This method basically corresponds with the described one, but instead
of reservoir parameters it needs well calibrated logs of the type to be synthetized
measured in some of the boreholes of the study area. As a means of solving
seismic interpretation tasks the demand has arisen for acoustic and density logs.
The left side of Fig. 4 shows the calculated and measured density (DE) logs; on
the right side is situated the result of statistical quantitative interpretation. (N.B.
The logged density curve did not serve as a basic parameter for creating the
relationship, but we used it for checking purposes only.) It can be seen that the
measured log corresponds well with the synthetic log (deviation 0.05 g/cm3).
Deviation is greater in hydrocarbon bearing intervals, but if we use reservoir
parameters to create indicators, the accuracy can be increased by iteration.

4. Conclusions

The method discussed is expected to give reliable results in geologically well
correlatable regions, first of all in sandstone formations. One of its advantage,
that it can transform the old, incompletely logged well data into a set that is
already suitable for a complex, quantitative well-log interpretation. Missing, or
poor quality logs can be replaced, at a later date, by synthetic logs computed
by the proposed method, and these synthetic logs can be subjected, together
with the ,,real” ones, to a regional processing.

The accuracy of log synthetization can be improved by iteration if reservoir
parameters are included into the indicator system.

The method can be used for filtering of measured logs -as verified in the
course of log synthetization —te. filtering can be used in the first phase of data
processing.
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Fig. 3. Results of quantitative interpretation by the statistical program SIP.
Legend as in Fig. 2

3. abra. Statisztikus modszerrel késziilt kvantitativ karotazs interpretacio
(magyarazatok a 2. abran)

Puc. 3. KonnyecTBeHHast MHTepnpeTaLns AaHHbIX KapoTaxa Mo CTaTUCTUYECKOMY MEeToay.
(O6bsACHEHMs gaHbl Ha Puc. 2)
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Fig. 4. Comparison of synthetic density log with a measured one
DEL — measured density log; DEC  synthetic density log; DL - caliper log. Legend as in
Fig. 2
4. dbra. Szintetikus s(r(iség szelvény dsszehasonlitasa a farélyukban mért szelvénnyel
DEL meért sirliségszelvény; DEC - szamitott s(irliségszelvény; DL - lyukatmérd szelvény;
(tovabbi magyarazatok a 2. abran)

Puc. 4. ConocTaBfieHWe CUHTETUYECKOI AnarpamMmmMbl NAOTHOCTW C U3MEPEHHON B CKBAXUHE
fAnarpaMmmoit
DEL n3MepeHHas Kpmeas nnoTHocTu; DEC — pacyeTHas KpuBas MOTHOCTY;
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STATISZTIKUS ERTELMEZESI ELJARASOK ALKALMAZASA AGYAGOS HOMOKKO
TAROLOKBAN, HIANYOS SZELVENYVALASZTEK ESETEN

KISS BERTALAN, KORMOS LASZLO

Az utobbi években egyre nagyobb igény mutatkozik a kvantitativ karotdzs interpretacio altal
szolgaltatott adatok irant olyan teriileteken is, ahol a nagyobbrészt régen késziilt, hianyos szelvény-
vélaszték —az ismert médszerekkel — ezt nem teszi lehet6vé.

Az aldbbiakban vazolt eljarassal lehet6vé valik egy eltér6éen — hidnyosan — szelvényezett
kutatasi teriilet hasonlé modon és hasonlé mindségben torténé mélyfirasi geofizikai feldolgozasa.
Eloallithatok  utdlagosan — szintetikus szelvények, melyeknek a farélyukban térténd felvételére

mar nincs mad.
A mbdszer geologiailag jol korrelalhat6 teriileteken, els6sorban homokos-agyagos formaciok-

ban szolgéaltat megbizhaté eredményt.

NMPUMEHEHWE CTATYCTUYECKMX METOA4OB MHTEPNPETALUWW ANA
MECYAHO-TAIUHUCTBIX KONNEKTOPOB B C/IYYAE HENO/NTHOW
KOMMNONEKTHOCTWU KAPOTAXHbBIX KPMBbIX

B KWL, /1. KOPMOLL

3a nocnefHee Bpems yBENMUMBAIOLMIACA CNPOC NPeAbSBASETCS K pe3ynbTaTtaM KoJMYecTBeH-
HOVi MHTEpMpeTaLMM KapoTaXHbIX AaHHbIX, XOTS 3TV TPe60BaHUsA He BCerga MoryT 6biThb Y/A0BNET-
BOPEHbl C MPUMEHEHVEM W3BECTHbIX METO/0B, B CBS3W C HEKOMMIEKTHOCTBIO MMEKOLLMUXCSA Kapo-
TaKHbIX KPUBbIX.

B pa6oTe npeanaraetcs MeTof, AAlOLMIl OCTOBEPHbIE Pe3ybTaTbl B F€0/I0rMUECKM XOPOLLO
KOppenupyembIX paiioHax, B NepByto oueped B NECUAHO-TMHUCTLIX (hopmauusx. BMecTo oTcyT-
CTBYIOLLMX BMIOB KAapOTaXHbIX KPUMBbLIX, KOTOPbIE YXKEe He/b3sl MONyunuTb B CKBAXKMHAX, MOXHO
€03/]aTh PacyeTHbIe CUHTETUYECKME KPUBbIE.

Mpeanaraemblii MeTOZ MO3BOMSET NPOBOAUTL AOCTOBEPHYHO 06PabOTKY KapOTaXHbIX AaH-
HbIX B paiioHaX, HeAOCTATOYHO WU3YUEHHbIX MPOMbIC/I0BO-Te0NU3NYECKUMI METOAAMM.



