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DETERMINATION OF HYDROCARBON SATURATION, ROCK
COMPOSITION, POROSITY AND PERMEABILITY IN
CLAYEY-SILTY SANDSTONES EXHIBITING SANDWICH-TYPE
DEVELOPMENT

Zoltan BARLAI* and Ferenc REZ**

A new interpretation system for hydrocarbon-bearing sandstones (COMWELL-B. R./ELGI)
has been developed based on an earlier theory. This theory has further been developed so that
sandstones are treated as composed of 8 components, viz. |) impermeable shale laminae in the
sandwich-type sandstone, 2) swelling-type clays, 3) nonswelling clays, 4) silt, 5) sand, 6) carbonate,
7) porosity in the permeable thin laminae, 8) adsorption water porosity. The interpretation system
is built up on a statistical basis in the framework of an overdetermined mathematical treatment of
the unknown quantities. However, the system is of modular nature enabling it to be divided into
deterministic subsystems. A sequential calibration possibility is provided by the subsystems.

The new technique for evaluating the hydrocarbon saturation involved in this system is of
special interest since routine techniques frequently fail in sandwiches. Besides the theoretical and
practical aspects, a field example is shown from an oil- and gas-reservoir.

Keywords: shaly sandstone model, anisotropic model, dispersed clay and silt, laminated clay and silt,
lithologic influence factor

1. Introduction: Problem performance

Oil/gas-bearing sandstones in Hungary are of fine-grained clayey-silty
(sometimes calcareous) development and frequently follow a laminated “sand-
wich-type” depositional pattern. Well-log interpretation difficulties associated
with this kind of lithology are further increased by fresh water in the reservoirs.
Under these conditions hydrocarbons may not be recognized by current routine
interpretation techniques since the electric resistivity of the said formations is
near to the resistivity of water-bearing clean sand.

Sharp resistivity reductions in pay zones are caused by three main effects
[Bartai 1969, 1972, 1974]:

1 Resistivity of the interlaminated shale streaks is only 1.3-2.0 Om whereas
that of the water-bearing sand is 4-10 fim, consequently the longitudinal
resistivity, RI, of the laminated anisotropic formations will not be significant-
ly higher than the resistivity of the shale if relative volume, /> of the latter
is large (/7> 0.2);
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2. Within the permeable sand laminae the electric conductance of the cationic
adsorption water, covering the clay and silt grains, is high resulting in an
additional resistivity reduction of the permeable interbeddings;

3. Irreducible water saturation is high (5w=0.4-0.6) in the clayey-silty sands
because of the small pore sizes and the associated large specific surface area
of the pores. The resistivity will be further reduced by the high irreducible
water saturation.

Permeability performance of the said formations is also complex and shows
great variations and often goes below the permeability cutoff, especially in
calcareous sandstones since a part of narrow pore channels will be blocked by
the carbonate.

A great deal of effort has led to some results being achieved in Hungary
[Bartai 1969, 1972, 1974, 1976, 1981] in helping to solve well-log interpretation
difficulties. The technique used has been incorporated in a computerized well-
log interpretation system called COMWELL-B. R./ELGI. The following main
constituents are involved in this system:

1 An anisotropic sandstone model of nine components;

2. Multicomponent response functions of the main well-logging parameters;

3. A comprehensive program package put on a hybrid basis of a great number
of deterministic and statistical procedures of interpretation;

4. A special calibration system covering the total interpretation flow;

5. A special technique for evaluating water saturation in sandwiches (based on
the concept of multiple comparison);

6. A variety of interpretation outputs covering volumetric rock components,
porosity- and fluid saturation terms, hydraulic- and capillary properties, and
a detailed delineation of the reservoir related to the probable recovery and
production behaviour of the individual zones.

2. Anisotropic sandstone model of nine components

To cope with the said problems an anisotropic sandstone model of nine
components has been developed. The model is composed of a fourfold shale,
a threefold porosity system, and a double-component inert matrix, as shown in
Fig. 1L The shale has been distributed into:

impermeable shale laminae with a volumetric fraction p\ thus the permeable
interbeddings have a volumetric fraction (1 —p);
disseminated clay, Vd, within the permeable laminae; this component has
further been divided into swelling and nonswelling clays: Vd swand Vd rewv
respectively:
- silt, Vs, also within the permeable interbeddings.
All these shale components are characterized by their own geophysical proper-
ties and they differ very much from each other. Consequently, any kind of
merging/averaging might lead to serious misunderstanding of the logging para-
meters and misleading errors in their interpretation especially when saturation
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Fig. I. Volumetric model of shaly sandstone, p - relative volume of impermeable shale
laminae. Components of shale within the permeable laminae: Vd (r- disseminated swelling
clay, Vd mK  disseminated nonswelling clay, vsi — silt. Components of the matrix: vsy —

sand, vea carbonate. The pore system in the permeable laminae: ®  effective porosity
effective macro porosity, @1k — effective micro porosity). 0ak  porosity of adsorption
water

/. abra. Agyagos homokkd térfogati modellje, p — impermeabilis agyagmarga csikok relativ
térfogata. A permeabilis kézetcsikokon belili agyag komponensek: Vd (.  duzzadd agyag,
Vd nm. nem duzzad6 agyag, Va - kézetliszt. A matrix komponensei: VsJ  homok, V,,
karbonat. A pérusrendszer a permeabilis k6zetcsikokban: &  effektiv porozitas
effektiv makroporozitas, ®Tk — effektiv mikroporozitas), ®at;  adszorpcids porozitas

Puc. 1L O6beMHast MOfeNb FNMHUCTOrO MecyaHuka, P OTHOCUTE/bHbI 06beM MPOCNOeB
HEeMPOHULLAEMbIX FAIMHWUCTLIX Mepreneid. TAMHUCTbIE KOMMOHEHTbI B Mpefenax MpOHULIAEMbIX
npocnoes: vd B — rMuUHbI Habyxatolme, vd NT — FUHbI HeHaByXarowme, Ksi— anesputsl.

KOMMOHEHTbI LIEeMEHTa: Vsd  MecKW, Ve - Kap6oHaTbl. CucTema nop B npenenax
NpoHMLAaeMbiX npocnoes: ®  aipeKTUBHAS NOPUCTOCTL MPOHML@EMbIX NPOcnoes (PT —

a(hheKTNBHAA MAKpPOMOPUCTOCTb MPOHULIAEMbIX MPOCNoeB, PTK -  aheKTUBHAS

MWKPOMOPMCTOCTb MPOHMLAEMbIX Npocnoes), ®ab— afcopbUMOHHas NOPUCTOCTb

is concerned. A similar tendency to distinguish the shale components can be seen
with SARABAND [Poupon et al. 1970] and with CLASS [Fert1 1981].

The pore system has been divided into:

- effective porosity, ®

- porosity of adsorption/hydration water, <fxh

The effective porosity has further been distributed into:

- effective macro porosity, ®T

- effective micro porosity, PTK

®1x and dTK are separated from each other by the size of the equivalent
hydraulic radius of the pores: the bound between them is at 3 « 10“4 cm. This
kind of separation is of importance since high irreducible water saturations, low
resistivities and low permeabilities will occur in high micro porosity even if the
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total porosity of the rock is relatively high. The total porosity is the sum of the
effective porosity and the hydration water porosity:

D =P+ (1)

Finally the inert part of the rock matrix has been divided into:
- sand, Vi
- carbonate, Va3,
since, if this were not done, porosity and permeability interpretations would fail
in the case of calcareous sandstones.

3. Response functions of well logging parameters

At present seven logging parameters are incorporated in COMWELL-
B.R./ELGI, viz
- SP reduction factor, @
- gamma-ray intensity, ICR;
- bulk density, gh;
- neutron limestone porosity, ®LLR
- acoustic propagation time of compressional waves, At\
- true resistivity of uncontaminated zone, /?;
- flushed zone resistivity, Rx0.
Obviously the introduction of further advanced logging inputs (spectral gamma,
acoustic shear waves, etc.) into the interpretation system is possible.
Response functions of logging parameters have been introduced to the
system on a multicomponent basis corresponding to the 9-component sandstone
model. With regard to the elucidation of the response functions, references
[Bartai 1972, 1974, 1981] should be consulted. However, it is mentioned that
with regard to the resistivity, Rt, of the sandstones the central role of accounting
for the shale effects has been put in COM WELL-B. R./ELGI on the “lithologic
influence factor”, L, which is a ratio of the electric surface conductance, Cp, of
the pores to the volume conductance Cdy of the effective pore space (when the
latter is water-filled):

(2)

L comprises the individual effects of the rock components in the permeable
isotropic interbeddings:

©)
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By analysing the correspondence with the SHELL [see for example Juhasz
1981] and the Schlumberger dual-water [see for example Best et al. 1978]
models, we concluded that the formal analogous quantities of the said models
- at least in water-bearing rocks - are:

L ~ BRWQV )
for the SHELL maodel,

®)

for the dual-water model. The meaning of the symbols is explained in references
[Juhasz 1981] and [Best et al. 1978]

4. Hybrid interpretation system in COMWELL-B. R.J/ELGI: deterministic
and statistical ways: system-calibration

The most complete form of geophysical interpretation has been offered by
the statistical way [Hottzman 1975; Sarat et al. 1982; M ayer et al. 1981], since
all available logging parameters can simultaneously be introduced into it in a
weighted form, where the relative weights of the individual logging inputs, Wh
are determined by their reciprocal standard errors, 1jo. The system is mathemat-
ically “overdetermined” since the number of inputs is greater than that of the
outputs, with the intention of reducing the production of errors in the outputs.

COMWELL-B. R./ELGI has been put on statistical basis, similarly to
GLOBAL [Mayer et al. 1981], however the former is of hybrid nature since the
deterministic way of interpretation has also been preserved in three forms:

1 Preliminary stage of interpretation is performed in it by deterministic subsys-
tems, where the mathematical solution is “unique”, i.e. the number of inputs
is equal to those of outputs. In this way the mathematical treatment is more
simple and fast - these features being important in the preliminary stage;

2. Deterministic subsystems follow each other in sequential form and only a
small number of outputs are determined within one step. The individual steps
can be self-calibrated and error propagation can be restricted in this way;

3. Calibration of the deterministic subsystems is easily performed by means of
cross-plots; the first set of system-constants will then be determined.

The final calibration of the system-constants is still performed by statistical
optimization. In doing so quadratic deviations of theoretical values of the
logging parameters from the measured ones will be minimized for the total
evaluated borehole section.

Error analyis is an important part of all statistical systems, thus also of
COMWELL-B. R./JELGI. Instead of analytical derivation, the method of finite
differences (i.e. the ratio of finite differences) is applied since it is very fast and
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reliable. Random errors of corrections, response functions and interpretation
outputs are estimated by the Gauss error propagation theorem. Systematic
errors are diminished by statistical comparison of interpretation outputs with
statistically representative core data.

A special system-logic is incorporated in COMWELL-B.R./JELGI, namely
deterministic and statistical subsystems support each other in a hybrid form in
order to arrive at the final convergence of the solutions with a good accuracy
at a relatively low cost.

5. Determination of water saturation in sandwiches on the basis of comparison

The determination of the water saturation in sandwiches is an unsolved
problem of log analysis [Bartai 1967, Vajnar et al. 1977; Bos 1982; Arien
1984] under the conditions when Rp<RO. Elere RO is the resistivity of the
permeable laminae if they were water-filled; and Rp is the resistivity of the
nonpermeable interbeddings. Since longitudinal resistivities of these formations
are very low, movable hydrocarbon reserves in the permeable laminae often
cannot be revealed at all.

COMWELL-B.R./JELGI introduced a special technique of comparison to
evaluate the water saturation in sandwiches; a threefold comparison is applied:
1 Comparison of (Rt)s with (Rx)s where subscript s represents the permeable

laminae;

2. Comparison of the theoretical log responses with the measured ones;

3. Comparing the logging properties at the investigated depth with the same
properties of adequate reference layers, where the water saturation should
be known with a fair accuracy from other information (e.g. the reference
layer is water-bearing, thus Sw= 1.0).

In this way the effects of some systematic errors of the total logging and

evaluating job will be reduced. Moreover Rw Rmf and ® will also be eliminated

from the evaluation process. We are of the view that the evaluation of water
saturation can appreciably be improved in this way, i.e. by combining the
absolute and the comparative determinations.

6. Interpretation outputs determined by COMWELL-B.R./ELGI

Besides the evaluation of solid rock components (p; Vdsw, Vd rew;, Vsi; Vad
Val), porosity terms (®rac, PTK @, <k, ®,) and saturation components (Sw; Swi,
Swt Shy, Shyr, Shym) related to the effective porosity, the saturation terms are
evaluated also-as related to the total porosity (Swt, Shy, etc.).

As an example the formula for evaluating the adsorption/hydration water-
filled porosity is shown here:
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Pr=bo-A, (6)
K w

where Rak is the resistivity of the adsorption/hydration (i.e. “bound”) water.

Permeability, K, is evaluated from a combination of the lithologic influence
factor, L, and the effective porosity, i2, through the hydraulic equation by
Kozeny-Carman [Kozeny 1927, Carman 1956]. In addition, the specific surface
area, Sp, of the rock can also be estimated [Bar1ai 1976].
Residual hydrocarbons, Shy, are determined from ®/k on the basis of calibra-
tion with core data; for this purpose Shy is obtained from relative permeability
measurements. Swi is obtained from a combination of the lithologic influence
factor and the porosity [Bar1ai 1974]. Some capillary properties can also be
determined [Barlai et al. 1981], thus:
Pdispi - capillary displacement pressure;
G - pore geometric factor;
Pc - arepresentative average capillary pressure of the pores, corresponding

to the average hydraulic radius of the interconnected pores.

The capillary properties are related to each other by the following formula
[Barlai 1981]:

Pc = Pdispi = (7)

Last but not least, a detailed delineation of the reservoir regarding the
possible recovery behaviour of the individual zones can be achieved by utilizing
the variety of interpretation outputs [Bartai 1981]. This kind of delineation
may contribute to production control of the reservoir especially when enhanced
recovery technologies are concerned.

7. Field example utilizing COMWELL-B. R/ELGI

Outputs of application are presented in Fig. 2 in borehole ALG-YO No.
809 of the Algyd field in Hungary. In Fig. 2/a the volumetric composition
of the geological sequence, incorporating shaly sandstones and impermeable
shales, is shown. In this case ®, ®rtac, ®1ic Vd Vsi, p and Vd as rock forming
components have been taken into account in the interpretation model. It seems
from the output plot that a great amount of Vsi,p and Vdare present in the shaly
sand, and in a number of layers ®m>® T which is an indication of poor
hydraulic properties.

In Fig. 2/b the permeability and fluid saturation plots are presented. The
top section from 1835 m to 1878 m is water-bearing, the bottom section from
1880 m to 1937 m is oil-bearing. It seems that variations of permeability, k,
correlate well with rock composition, the latter having been shown in Fig. 2/a.
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In the lowermost section of the combined plot of fluid-saturations, the
adsorption porosity <tabis shown; then the residual oil S,y., ® and the moved
oil Shym® are presented. The movable water BK T® is shown without any
shading; the uppermost section presents the irreducible water Swd . It is to be
noted that all the fluid components have been related to the effective porosity
®, however, the sum of ® and datresults in the total porosity ®, of the rocks
in Fig. 2/b.

Fig. 2. Well-log analysis of borehole ALGYO-809 at Algy6
a) Volumetric rock composition vs. depth Vc*(\-p) — clay; p — impermeable shale laminae;
Vsi*(\-p) — silt; Vad*(\~P) — sand; FI1*(\-p) — effective porosity; Flst*(\~p) — effective macro
porosity
b) Permeability and fluid saturation vs. depth swi — irreducible water saturation; sw— water
saturation; SK.  hydrocarbon saturation; Flais  porosity of adsorption water

2. dbra. Az algy6i ALGY0-809 mélyfiras vizsgalata
a) A koézet térfogati Osszetétele a mélység fliggvényében
Ve*(\ p) — agyag; p  impermeabilis agyagmarga csikok; Vsi*(\-p) — homokliszt; VsJ*(\-p)
—homok; FI*(\-p) - effektiv porozitas; Flsd*(\-p) — effektiv makroporozitas
b) A permabilitas és a folyadéktelitettség a mélység fliggvényében
swi  redukalhatatlan viztelitettség; Sw— viztelitettség; shy — szénhidrogén telitettség; FI —
effektiv porozitas; Flads — adszorpcids porozitas

Puc. 2. WccnepoBaHue ckBaxkuHbl ALGY O-809 Ha mMecTopoXAeHUN Anbfbé
a) O6beMHbIV cocTaB MoOpoA Kak yHKUMSA rAy6uHbl Yor*(\-p) - [AWHbI; p — HEMpOHULaeMble
npocnov rAanHucTbix Meprenein; Vsi*(\-p) — anesputhbl; Vsd*(\-p) — necku; FI*(\-p) —
apekTBHAnA nopuctocTb; Flsd*(\-p) — addeKkTMBHas MakponopucTocTb
b) MpOHNLEEMOCTb M HACBILLEHHOCTb XUAKOCTAMU KakK DYHKUUSA TNyOUHbI
Swi  0CTaTO4YHas HacbllLEeHHOCTb BOAOM; SU  HacCbILLEHHOCTb BOLOM; Shy — HaCbILEHHOCTb
yrnesogopogamu; Fl  adpekTnBHas nopuctocTb; Fladks — agcopbumoHHas nopucTocTb
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A SZENHIDROGEN-TELITETTSEG, A KOZETOSSZETETEL, A POROZITAS ES
A PERMEABILITAS MEGHATAROZASA SZENDVICS-KIFEJLODESE AGYAGOS
- KOZETLISZTES HOMOKKOVEKBEN

BARLAI Zoltan és REZ Ferenc

Kifejlesztettik a szénhidrogén-tarol6 homokkoévek egy (j interpretacios rendszerét: a COM-
WELL-B. R./ELGI rendszert, a korabban Barlai allal kidolgozott elméletre alapozva. Ezt az
elméletet tovabbfejlesztettiik és a homokkdveket az alabbi 8 komponenshdl Gsszetett anyagként
kezeljuk: 1) impermeabilis agyagmarga csikok a szendvics-tipusii homokké&ben, 2) duzzadd agya-
gok, 3) nem duzzadd agyagok, 4) kézetliszt, 5) homok, 6) karbonat, 7) a vékony pcrmcabilis
kézetcsikok effektiv porozitastval jellemezhet6 porusok, 8) adszorpcids vizzel toltott porusok.

A teljes interpretacids rendszert statisztikus alapon épitettiik fel az ismeretlen mennyiségek
talhatarozott matematikai kezelésével. Azonban a rendszer modularis részegységekbdl all, amelye-
ket determinisztikus interpretacios alrendszerekbe lehet sszevonni. Az alrendszerek soros kalibra-
last tesznek lehet6vé.

Kiléndsen érdekes lehet a szénhidrogén-telitettség értékelésének (j eljarasa ebben a rendszer-
ben, mivel a szokasos eljardsok gyakran kudarcot vallanak a szendvics-kifejlédésii homokkdvek-
ben. Az elméleti és gyakorlati vonatkozasokon kivil bemutatunk egy példat egy olaj- és gaztaroldt
harantol6 furés értelmezésére.

OMNPEAENEHWE HACBLIWWEHHOCTWN YIJIEBOAOPOAAMMU, COCTABA MNMOPO/A
N MPOHNUAEMOCTW TONWWN C OYHEPEAOBAHUMEM
FMNHUNCTO-ANEBPUTUCTbBIX MECHAHNKOB

3ontaH BAPJTAU n ®epeHy, PE3

B nocnegHve rogbl, Ha 6a3e Teopuu, paspabotaHHol Bapnaw, Hamu paspaboTaHa HoOBas
cucTeMa WMHTEeprpeTauum necYaHUKOBLIX KOMNEKTOPOB HedTu u rasa: cuctema COMWELL-B.
R./JELGI.

YKasaHHas Teopus Hamy YCOBEpPLUEHCTBOBaHa, TakK UYTO NecHaHWKM paccmaTpuBaloTCca B Ka-
4ecTBe CUCTEMbI M3 BOCbMW KOMMOHEHTOB: 1) HENPOHULAEMbIX MeprenbHbIX NPOCAOeB B TO/LLAX
C 0YepesoBaHNEM FIMHUCTO-aNEBPUTUCTBLIX NECHAHWKOB, 2) MUH Habyxarowux, 3) rMH HeHabyxa-
rowmx, 4) aneBpuToB, 5) neckos, 6) Kap6oHATOB, 7) NOP, XapaKTepn3yembliX 3i(heKTUBHON NOPUCTO-
CTbI0O B MasOMOLLHbIX MPOCAOAX MPOHULAEMbIX NOpos, 8) nop, 3anofHeHHbIX aAcop6LMOHHON
BOAON.

Bcs cuctema MHTepnpeTauuy NocTpoeHa Ha CTaTUCTUYECKOW OCHOBE - C MEPEOLEHKON Heus-
BECTHbIX BE/IMYMH NpU MaTeMaTUyecKoin 06paboTke. Cama cucTEMa COCTOUT U3 MOLYNbHbIX eAu-
HUL, KOTOpble MOFYT 6blTb 06beAMHEHbI B AETEPMUHUCTCKNE MHTEPMPETALMNOHHbIE MOACUCTEMbI.
MonyyeHHble NOACUCTEMbI 06eCneynBaloT BOSMOXHOCTb JIMHEHON KannbpoBKy.

B gaHHO cucTeme 0CO6bIi MHTEPEC MOXET MPeAcTaBNATb HOBasA METOAMKA OLEHKWU Hacbl-
LLIEHHOCTWN YTN1eBOA0POAaMM, NMOCKONbKY 00bIYHbIE METOLMKMN 4ACTO OKa3blBarOTCA 6e3MOMOLLHbI-
MW B Clyyae TOJL, C OYepeOBaHWEM [IMHUCTO-aNeBPUTUCTBIX MecyaHWKoB. MoMUMO TeopeTuye-
CKMX W NPaKTUYeCKNX acrnekToB MpeAcTaBiAeH NpPUMep WHTepRpeTaLuy CKBaXWHbI, NPOA4EeHHOR no
KONNeKTopy HedpT v rasa.






