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PREDICTION OF OIL AND GAS RESERVOIRS OF COMPLEX
STRUCTURE BY THE COMBINED USE OF SEISMIC AND
BOREHOLE DATA

N. A. SAVOST'YANOV*, G. N. GOGONENKOV** and
S. S. EL’MANOVICH**

A method is presented for predicting hydrocarbon reservoirs of complex structure by combin-
ing data from exploratory boreholes with results of detailed seismic surveys. The methodological
background of the joint interpretation of geological and geophysical data is provided by concepts
from seismic stratigraphy. A case history is presented from one of the productive areas of western
Siberia, where the method was successfully applied.

Keywords: seismic survey, detail survey, seismic stratigraphy, seismic interpretation, pay zone, oil and
gas reservoirs, well logs

1. Introduction

Nowadays, it is a frequently occurring problem in the oil industry that the
CH reserves are distributed in reservoirs which have a highly intricate spatial
pattern and an inhomogeneous interior structure. Conventional exploration
methods, estimates of reserves and the planning of production from such
reservoirs are, as a rule, not too efficient if based on a network of exploratory
drillings. The structural models of the reservoir will not correspond to reality
and a substantial part of the wells would produce less than the calculated inflow.
Problems of this kind most frequently occur in cases where the reservoirs are
distributed in terrestrial deposits, in small deltas, or on paleoslopes where the
regimes of sedimentation are strongly differentiated. Borrowing well-known
terms from communications theory, we can state that for an economically
reasonable density of the exploratory drillings we cannot sample the physical
properties of the layers at such a rate which would satisfy the Nyquist criterion.
Consequently, the reconstructed function will be burdened with serious errors.

The optimal solution to this problem seems to be the joint interpretation
of the data from exploratory holes with the results of detailed seismic surveys.
Rapid progress in the last 20 years, both in field technology and data processing,
has resulted in a continual increase in the accuracy and detail of the mapping

* Central Office of Well Logging and Field Geophysics of the Ministry of Oil Industry, 113816
Moscow, nab. M. Thorez d. 26/1, USSR

** Central Geophysical Expedition of the Ministry of Oil Industry, 123298 Moscow, ul. Narod-
nogo Opolcheniya, d. 40, korp. 3, USSR

Manuscript received: 12 June, 1985



4 Savostyanov- Gogjonenkov— Elmanovich

of geological bodies. Even though the vertical resolving power of the seismic
method—today and in the conceivable future—Ilags behind that of well logs,
still, in many cases the seismic data fairly well approximate the production
characteristics of pay zones. On the other hand, the horizontal resolution of
state-of-the-art seismic prospecting significantly exceeds that of boreholes.

The aim of the present work is to lay the methodological foundations of
a complex interpretation technique for studying reservoirs of complex structure.
The applicability of the method will be proven in connection with a project in
one of the productive areas of western Siberia, within the limits of the Kras-
noleninsk arch.

The general structural build-up of the region was investigated by seismic
methods more than 10 years ago. The regional oil-capacity of the Jurassic
sandy-shaly formation overlying the basement was determined on the basis of
a sporadic set of exploratory boreholes. However, only 30% of the production
wells located on the basis of these data, produced the calculated inflow of ail.
In view of this the drilling of further production wells was suspended and
repeated exploration called for.

For this purpose a network of 24-fold CDP profiles was designed (Fig. 1).
The materials obtained, together with the available well logs and general geo-
logical data, served as a basis for the integrated interpretation. A schematic
representation of the steps of the interpretation of the geological-geophysical
information is given in Fig. 2. The decisive feature of the method is the applica-
tion of the principles of seismic stratigraphy in the interpretation process. In
other words, we are looking for those sedimentary environments which may
produce the given reflection pattern. The sequence of operations and analyses
applied during the interpretation can easily be understood from the flow chart
(Fig. 2). In the first step a mutual match is established between seismic and
borehole data. This isachieved by means of synthetic seismograms and 2-dimen-
sional modelling. Ifwe succeed in unambiguously identifying the marker phases
of the seismic sections with the geological boundaries, we can proceed to the
second stage—to the integrated seismic stratigraphic analysis—with the aim of
constructing the sedimentation models of the productive layers. After the con-
struction of the model, when we have already formed a general idea of the
possible types of reservoirs, comes the next stage, viz. the quantitative estima-
tion of the position and size of the prospective traps. The final step is the
working out of recommendations for further geophysical work and drilling

project.
2. Analysis of seismic sections

Before describing the above steps in detail, a few words are in order on the
processing and visualization of the seismic data. An important task of process-
ing (apart from the reduction of noise) is to transform the seismic traces to such
a form where the wave characteristics have already disappeared and the shape
and intensity of the signals reflect the distribution of the acoustic properties of
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I. dbra. A kutatasi teriilet helyszinrajza
1 medd6 kutak; 2—produktiv kutak; 3 kutaté farasok; 4—szeizmikus vonalak

Pue. 1 Cxema pacriofioXeHUs CeiLMUYECKX Npodnneit n CKBanH Ha EM-Erosckoii niowaam
1—HenpoAyKTUBHbIE CKBaXMHbI; 2—MPOAYKTUBHbIE CKBaXWHbI; 3—pPa3BefouHble CKBaXKMHbI;
4—celicmmyeckue npogunn

the geological section. State-of-the-art data processing (including true am-
plitude recovery, wide-band deconvolution and migration) meets the above
requirements.

Figure 3 shows a typical time section from the area. The productive inter-
val, marked by an arrow, has a characteristic inhomogeneous structure. In
Fig. 4, the well-log (SP) data are displayed in time scale, together with the
seismic time section. The formation overlying the basement (A) is but weakly
differentiated by the SP logs. For a more accurate stratigraphic identification



Séavost yanov- Gogonenkov— El manovich

INITIAL SEISMIC, WELL-LOGGING AND GEOLOGIC DATA
j -

CORRELATION OF SEISMIC AND WELL-LOGGING DATA

INTEGRATED SEISMIC-STRATIGRAF>HIC
INTERPRETATION TO RECONSTRUCT THE MODEL
OF FORMATION OF PRODUCING ZONE

4

QUANTITATIVE ESTIMATION OF THE LOCATION
AND SIZE OF POTENTIALLY PRODUCTIVE FEATURES

4

RECOMMENDATIONS FOR DEEP DRILLING AND
GEOPHYSICAL OPERATIONS

Fig. 2. Schematic flow-chart of the integrated interpretation of the geological-geophysical
information. (For detailed block diagram see Gogonenkov et al.
Geophys. Transactions 30. 2, p. 179)

2. dbra. A geoldgiai-geofizikai informacié komplex értelmezésének vazlata
(A részletes folyamatabrat lasd: Gogonenkov et al. Geofiz. Kozi. 30, 2, p. 179)

Puc. 2. CxemMa KOMMMEKCHOW WHTepMpeTaLumn reonoro-reouanMyeckoin Hpopmalmum
(Mopapob6Hyto 6nok-cxemy cMm. oroHeHkoB u ap. Meodms. bron. 30. 2, c. 179)
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Fig. 3. Typical time section from the area of investigation
3. ahnt. Id6szelvény a kutatasi terlletrdl

Puc. 3. Mpumep BpeMEHHOro padpeya NaoLiaanm UCCnefoBaHIm

of the phases of the seismic section the acoustic log was applied. Figure 5 shows
the input data utilized for the identification process. The central curve is the
acoustic log; those above are, in turn, the spike trace, the synthetic traces and
a series of seismic traces from the vicinity of the borehole. Below the acoustic
log we see its filtered version in the characteristic frequency band of the seismic
signals, and pseudoacoustic curves derived from the seismic traces by means of
the familiar transformation.



1.25-m

145-1

165-

1.85-

2.05

2.25

Savostyanov- Gogonenkov- El'manovich

LIME 18

75
IM1IM
irtaM M LA T
1p»w
ﬁEﬂﬂT»(VILIJ LU | few
SbggBBasa.L.M

NORMAL SECTION

Fig. 4. Joint visualization of seismic- and well-log data
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For further improvement of the match between seismic records and the
geological section, the different phases of the seismic signals were identified with
the particular geological bodies and their clusters by making use of so-called
seismic lithofacies sections (Fig. 6). A seismic lithofacies section is a joint
display of a selected interval of the seismic time section shown in both polarities,
and of the available borehole data. The use of such a seismic section renders
possible a much more accurate correlation between the boreholes, that is, the
model obtained is completely in conformity with all the available information.
Before describing the next step, it should be noted that the conventional ways
of displaying seismic time sections are inadequate as a means of analysing the
behaviour of each phase of the seismic signals. In order to have a maximally
compact representation of all information in a single black-and-white section,
we developed a new technique, termed dual polarity section. In Fig. 7 we show
a detail of one of the sections in both polarities and, below, with the new
technique. Evidently, the direct and inverse polarities, respectively, carry in-
dependent information on the geological build-up; this new kind of display
preserves the information of the original polarities of the half-periods.

3. Setting up the geological model

In order to study conveniently the construction of the perspective forma-
tion we prepared a spatial model of the seismic facies (the fence diagram of
Fig. 8). To facilitate its study a part of the system, the latitudinal profiles are
presented in Fig. 9. In Fig. 10 the same sections are shown in the paleoplane,
i.e. after applying proper vertical displacements to the traces which “strip off”
the effects of post-Jurassic tectonic movements. The section, just above the
basement can be divided into (i) a lower part, characterized by a dynamically
heterogeneous wave-field and—according to core-sample analyses—consisting
of continental deposits; (ii) an upper part, judging by the much more persistent
wave pattern and by borehole data, consisting of rather uniform marine de-
posits. The boundary between the layers of different genesis goes along reflec-
tion T, confined to basal sandstones created during the transgression of the sea.
The seismic character of reflection T and of the overlying phases indicate that
by the time of transgression the depositional surface had already been practi-
cally completely levelled by continental materials. This is why we decided to
carry out the paleoreconstruction with respect to horizon T. After paleorecon-
struction the resulting sections can be used to reconstruct the paleogeographical
and paleotectonical conditions of the sedimentary basin.

In the early Jurrassic, the territory was a land of sharply differentiated
topography. The chain of hills of a few hundred metres height, bordering the
region on the south and west, were intensively eroded by water and the materials
were redeposited on the slopes by temporary sand flows. On the deeper-lying
parts tidal and lacustrine-marsh deposits were formed with intercalating coal
seams. During the slow submergence of the whole territory the thickness of
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LINE 12

TIME SECTION (NORMAL POLARITY)

Fig. 7. Comparison of the different ways of visualizing time sections
7. dbra. Az id6szelvények kiilonb6z6 megjelenitési médjainak &sszehasonlitasa

Puc. 7. ConocTaBneHue pasnyHbIX CNOCOGOB BU3yanu3aLuy BPEMEHHbIX pa3pes3os
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terrestrial sediments gradually increased, due to the erosion and redeposition
of the material of the nearby elevations. The process was accompanied by weak
folding and faulting. In the paleo-walleys, which can easily be reconstructed
from the seismic data, a network of rivers was formed (Fig. 11). At a given time
instant, the general subsidence of the basin, or the rise of the sea level, led to
the transgression of the sea, this brought into being the sandstone layer of the
Tyumen formation underlying the marine sedimentary sequence. ThE thickness
of the sand is strikingly variable. To the elevated parts of the paleor'elief there
belong bar-type sand bodies. The overlying layer is homogeneous shale, which
acts as an impermeable barrier. The weak tectonic activity has continued and
has led to the present relief of the sedimentary complex.
Based on an analysis of this sedimentation model, the following main types
of potential reservoirs can be distinguished:
- disintegrated parts of the basement surface, on the elevated blocks, due to
fractures and erosion,
- proluvial fans and the weathered zones developed on the slopes of the
basement highs,
- alluvial deposits in the deepest parts of the basin,
- the subfacies of local bars and channels within the Tyumen formation.

4. Search for prospective objects

The distribution of the physical properties of the investigated intervals were
estimated from interval velocity maps constructed from pseudoacoustic sec-
tions. These maps were of decisive importance in determining the prospective
objects. The statistical correlation established between seismic-, and production
parameters rendered it possible to delineate these prospective objects.

The joint analysis of the pseudoacoustic velocities and the yield of oil wells
tapping the basement (seismic horizon A) has proved a qualitative trend of
decreasing velocities—increasing amount of oil. The zones of interval velocities
of less than or equal to 3900 m/s may prove to be the most prospective (Fig.
12); assigning the velocity decrease to the disintegration of the basement. On
the interval velocity map of horizon A (Fig. 13) the decreased velocity zone of
NW-SE strike corresponds to the elevated belt of the basement, and thus it is
the prospective object of oil exploration below the sedimentary cover.

Fig. 9. Illustration of the seismic facies of the Tyumen formation by W-E-oriented time sections

9. abra. A tyumeni forméacié szeizmikus facieseinek szemléltetése a kutatasi teriileten. Ny-K
irany( szelvényekkel

Puc. 9. CelicMnyeckme (aumm THOMEHCKOW CBMTbI MAOLW@AN UCCNe[0BaHUA HA NPOuUnsax
LUMPOTHOrO NPOCTUPaHNS
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When analysing the reflections corresponding to the slope deposits we did
not succeed in establishing a stable correlation between the seismic dynamic
characteristics and the yield of oil from the given layer. Even so, although
almost all drill-holes hitting the slope subfacies T4 are productive, a decrease
of the pseudoacoustic interval velocity (3150-3500 m/s) towards the productive
wells can be observed (Fig. 14). Thus, the prospective objects along horizon T4
were selected if they met the criterion: Vpsudeoosic < 3400 m/s.

The thicker zones of subfacies T6 (seismic facies T5) are regarded as
channel fills, appearing with increased interval velocities (3950-4050 m/s)
which, based on modelling studies, might be due to the increased sand content
(Fig. 15).

A detailed study of horizon T (sandstone formation at the base of the
marine series) and the established correlation between seismic- and production
parameters have proved that around the high-discharge wells characteristically
high pseudoacoustic interval velocities are found. This general trend of the
seismic interval velocities was also confirmed by modelling. It can be assumed
that the zones of increased pseudoacoustic interval velocities (Fig. 16) signify
parts of the formation with increased sand content, i.e. with more favourable
reservoir properties.

On the basis of this study we concluded that the original concepts for the
exploitation of the Em-Yogovsky oil field were not in agreement with the actual
distribution of the reservoirs. As the productive bodies are situated in various
scattered, non-anticlinal traps of complex structure and of different genesis,
rather than in the originally supposed anticlinal structures (Fig. 17).

The results of this work also show that our proposed new methodology of
integrated interpretation of seismic and well-log data, based on seismic strati-
graphic principles, has successfully solved the geological problems under the
conditions of the structurally complex Tyumen formation within the Kras-
noleninsk arch. On the basis of these results recommendations were given as to
how the network of production wells should be changed. We suggested that the
new drilling project should be carried out in two steps. First, boreholes should
be located on selected points along the seismic profiles. If the production figures
confirm the predicted conditions, the whole existing network of the production
wells must be redesigned.

Fig. 10. Illustration of the seismic paleofacies of the Tyumen formation by W-E-orientcd time
sections

10. abra. A tyumeni formacié paleoszeizmikus facieseinek szemléltetése a kutatasi terileten,
Ny-K iranyu szelvényekkel

Puc. 10. ManeoceiicMmyeckne aLumm TIOMEHCKOWA CBMTbI NAOLWAAN UCCNeA0BaHWiA Ha Npodnnasax
LUIMPOTHOrO NPOCTMPaHUA
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Fig. 11. Schematic paleogeographical map showing the development of the river network at the
time of the Tyumen formation
1—sediment accumulation basin; 2—extension of the channel fill facies; 3—denudational
highland (area of erosion); 4—seismic profile

11. &bra. A kutatasi teriilet vazlatos 6sfoldrajzi térképe a tyumeni formacié képz6dési idejének
folyorendszerével
1 uledékfelhalmozddasi medence; 2 —ési folydmeder facies elterjedésének teriilete;
3—denudacids fennsik (lehordasi teriilet); 4—szeizmikus vonal

Pite. 11. CxemaTuueckas naneoreorpauyeckas Kapta pasBuUTUs PeyHoll CeTu B THOMEHCKOe
BpeMs
1 paBHUWHA HU3MEHHas aKKyMynaTUBHasA; 2—061acT pacnpoCTPaHeHUs APEBHUX PYCNOBbIX
(hauwmin; 3- paBHMHa BO3BbILLEHWA AeHYAaLMOHHasA (06nacTb cHOca); 4—celicMmYyeckme nNpoduamn
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INSTANTANEOUS FREQUENCY SECTION

Pig. 12. Example lor the character of wave pattern of seismic facies A in different tectonic zones
12. dbra. Példa az A jel(i szeizmikus facies hullamképi jellegére, kiilénb6z6 tektonikai zédnakban

Puc. 12. Mpumep xapakTepa BO/HOBON KapTWHbI CEMCMUYECKON (alun A B pasinyHbIX
TEKTOHWYECKUX 30HaX
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Fig. 13. Map of pseudoacoustic interval velocities along the surface of the basement (horizon A)
1—seismic profiles; 2—isolines of pseudoacoustic interval velocity; 3—interval velocity lower
than 3900 m/s

13. abra. Az aljzat felszinének (A szint) pszeudoakusztikus intervallumsebesség-térképe
1—szeizmikus vonalak; 2—a pszeudoakusztikus intervallumsebesség izovonalai;
3—az intervallumsebesség kisebb, mint 3900 m/s

Puc. 13. KapTa nHTepBanbHbIX ckopocTeli MAK no noBepxHOCTN pyHAameHTa (FOPM30OHT A)
l—ceicmmnyeckmne nNpouan; 2—n30NNHUN MCEBA0AKYCTUYECKOW UHTEPBANbHOW CKOPOCTY;
3—WnHTepBaNbHas CKOPOCTb Hke 3900 m/c
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14. dbra. Példa a TAlejt6 alfacies kijeldlésére

Puc. 14. Mpumep BblAeneHns CKNoHOBOW cy6daunm T
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We envisage that increasing the effectiveness of integrated interpretation
of seismic- and borehole data may be attained by switching over to 3-dimen-
sional seismics, ensuring to enhance accuracy and detail in mapping of reser-
voirs. By increasing the number of sonic logging and VSPs the quantitative
correlation between seismic- and geological data will improve.

Fig. 1x Appearance of channel fill deposits in the seismic section (subfacies 7'6, lenticular
seismic facies T5)

15. abra. A folyémeder-iiledékek reflexidinak megjelenése a szeizmikus anyagban (T6 alfacies, Ts
lencseszerli szeizmoféacies)

Puc. 15. Mpumep 0TOGpaXKeHUs Ha CEMCMUYECKMX MaTepuanax pyCcroBbiX OTN0XeHUI
(cybdhaumsa T6, nuH30BMAHAsA ceiicmodaumsa T5)
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Fig. 16. Extraction of local subfacies connected with increased sand content of the layer at the
base of the marine complex (horizon T)

16. abra. Lokalis, a réteg elhomokosodasaval kapcsolatos alfacies kijel6lése a tengeri eredet(
0Osszlet fekijében (I szint)

Puc. 16. MpumMep BblaeneHUs NoKanbHOM cy6galLum, CBA3aHHO C onecuaHuBaHeM paspesa
nnacta B NOAHOXbE MOPCKOro Komnekca (ropusoHT T)
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Fig. 17. Distribution of the prospective objects in the investigated area
| -seismic profiles; 2—exploratory boreholes; 3- prospective objects connected with
disintegrated basement; 4—prospective objects connected with increased sand content of the
layer underlying the marine complex of the Tyumen formation; 5—prospective objects in the
proluvial fan deposits; 6- prospective objects connected with alluvial deposits of ancient rivers

17. abra. A perspektivikus objektumok elhelyezkedésének vazlata a kutatasi teriileten
1 szeizmikus vonalak; 2—kutatofurasok; 3—az aljzat felszinének fellazulasaval kapcsolatos
perspektivikus objektumok; 4—a tyumeni formacio kontinentalis sorozata fed6jének névekvd
homoktartalmaval kapcsolatos perspektivikus objektumok; 5—a lejt6kon lerakodott
hordalékkupokkal kapcsolatos perspektivikus objektumok; 6—az 6sfolyok alluvidlis Gledékeivel
kapcsolatos perspektivikus objektumok

Puc. 17. Cxema pacnpocTpaHeHWsi NepcneKTUBHbLIX 06BHEKTOB Ha N/OWAAN UCCNeA0BaHuit
1 ceiicMuyeckne Npohunm; 2- pasBefouHble CKBaXMHbI; 3—NepCrneKTUBHbIE 06BEKTI,
CBA3bIBaEMbIE C Pa3ynnOTHEHWEM MOBEPXHOCTU (PyHAAMEHTa; 4— NepcreKTUBHbIE 06LEKTHI,
CBA3bIBaEMbIE C OMecUaHVBaHNEM pa3pesa B KPOBMie KOHTUHEHTA/bHbIX OT/OXEHUI TIOMEHCKOA
CBUTbI; 5 MepCcrneKkTUBHbIE 06bEKThI B [1eN0BUaNbHO-MPONOBUANBHBIX CKNOHOBbIX
OTNIOXKEHUAX; 6—NepCneKTUBHBIA 06BEKT, CBA3AHHbIA C anMtoBUaNbHLIMU OTNOXEHUAMY
naneopekm
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BONYOLULT FELEPITESU KOOLAJ- ES FOLDGAZTAROLOK ELOREJELZESE
KOMPLEX SZEIZMIKUS-MELYFURASOS VIZSGALATTAL

N. A. SZAVOSZT'JANOV, G. N. GOGONENKOV és SZ. SZ. EL'MANOVICS

1. Bevezetés

Az utobbi id6kben az olajipar egyre gyakrabban talalja szembe magat azzal a problémaval,
hogy a szénhidrogének igen bonyolult térbeli alakzatl, inhomogén bels6 felépitésii tarolokban
helyezkednek el. A lel6helyek szabvany modszerekkel térténd feltardsa, a készletek szambavétele
és a mlivelés megtervezése kutatofirasok halozatan alapul, és mint ilyen, igen alacsony hatékonysa-
gu. A tarold felépitésének modellje ugyanis nem felel meg a valésagosnak, ezért a termel6kutak
jelent@s része nem adja a szamitolt bedramlast. Az ilyen tipusu felépités leggyakrabban a kontinen-
talis dsszletekben, sekély delta tledékekben és nagy 6sfoldrajzi lejt6kdn fordul eld, ahol az tledék-
képz6dés erésen differencialt. A geofizikusok szamara jél ismert informacio-atviteli terminologiaval
élve: a kutatofarasok gazdasagilag célszer(i siirisége nem biztositja azt a - rétegparaméterek
fliggényeinek leképezéséhez sziikséges - mintavételezést, amely kielégitené a Nyquist-feltételt; ennek
kovetkeztében a keresett fliggvényeket csak igen nagy hibaval allitja el6.

A feladat megfelel6 megoldasat, szerintiink, a kutatéflrasok és a részletez6 szeizmikus
kutatas egyuttes alkalmazasa teszi lehet6vé. A terepi mérések technikajaban, metodikajaban és
adatfeldolgozasaban az utobbi 20 évben végbement folyamatos fejl6dés lehet6séget biztosit a
foldtani testek pontos és részletes térképezésére. Bar a szeizmika vertikalis irany felbontoképessége
belathatatlan ideig nem éri el a karotazs adatok részletességét, egyre kozelebb keriil a rétegek
termelési jellemz8inek megadasahoz. A szeizmika horizontalis iranyu felbontoképessége azonban
mar ma is meghaladja a kutatéfarasokeét.

Jelen dolgozatban ismertetjiik a bonyolult felépitésii tarolok komplex vizsgalatinak modszer-
tani alapjait, és egy nyugat-szibériai konkrét kutatasi teriileten, a krasznoleninszki hatsagon,
bemutatjuk a feladat megoldasanak eredményességét is.

A terlilet szerkezeti viszonyait a szeizmika tobb mint 10 éve felderitette. Ezutan feltaré flrasok
ritka halézataval meghataroztak az aljzatkdzeli, jura id6szaki homokos-agyagos 0sszlet regionalis
olajhozamat. Kiderilt, hogy az ezekre az adatokra tervezett tovabbi termel&firasoknak csak a
30%-a adott a vartnak megfelels olajbearamlast. Uj termel6furasok mélyitését leallitottak, a teriile-
tet visszaadtak tovabbi kutatasra. Ennek kapcsan kerilt sor egy szeizmikus vonalhalézat lemérésé-
re, 24-szeres fedéssel (1. abra).

A regisztralt szeizmikus anyag, a meglevé farasokkal és azjtltalanos foldtani informéaciokkal
egyltt képezte a komplex kiértékelés alapjat. A geoldgiai-geofizikai informéacié komplex értelmezé-
sének vazlata a 2. abran lathatd. Az alkalmazott eljaras legfontosabb sajatossadga az értelmezés
folyamataban a szeizmikus sztratigrafia elveinek alkalmazasa, vagyis keressiik azokat az tiledékkép-
z6dési feltételeket, amelyek a reflektalo fellletek adott reflexios hullamképi 0sszességét kialakitjak.

A komplex értelmezés egymast kdvetd miveleteit és analizisét konnyen megérthetjik a
2. abran feltiintetett vazlat segitségével. Az els6 Iépés a szeizmikus és a furasi adatok korrelacidja.
Ehhez szintetikus szeizmogramokat és kétdimenziés modellszamitast alkalmazunk. Miutan a szeiz-
mikus szelvény jellemz6 fazisait azonositottuk a geoldgiai hatarokkal, attériink a koévetkezé sza-
kaszra - a komplex szeizmosztratigrafiai analizisre - azzal a szandékkal, hogy megszerkesztjik a
produktiv réteg Uledékképz&dési modelljét. Miutdn a modellt megszerkesztettiik és a tarolok
lehetséges valtozatait szamba vettiik, hozzafogunk a potencialis csapdak helyzetének és méreteinek
kvantitativ becsléséhez. VVégeredménykeént eljutunk olyan javaslatok kidolgozasahoz, melyek iranyt
szabnak a tovabbi geofizikai munkakra és a mélyfarasok kit(izésére.
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2. A szeizmikus szelvény analizise

Miel6tt attérnénk az egyes Iépések ismertetésére, néhany szél kell szélnunk a szeizmikus
adafeldolgozasi és megjelenitési lehet6ségekrdl.

A feldolgozas soran nemcsak a zavarok alapos elnyomasat kell biztositani, hanem a szeizmi-
kus regisztratumok olyan atalakitasat, hogy azok mentesek legyenek minden hulldmképi jelenség-
t6l: a reflexios jelek alakja és intenzitdsa pontosan megfeleljen a foldtani szelvény akusztikus
sajatsagainak. A modern, kell6 mélységii feldolgozas - beleértve a valodi amplitido-helyreallitast,
a szélessavu dekonvollcidt és a migraciot ezt lehet6vé teszi.

A 3. abra a kutatasi teriilet egyik tipikus id6szelvényét mutatja. A produktiv szakaszt nyil
jeloli, felépitése bonyolult, heterogén. A 4. abran szeizmikus id6lépték(i PS karotazsgérbék vannak
az idészelvénybe illesztve. Lathato, hogy kozvetleniil az aljzat (A) folott telepiild dsszlet a karotazs
gorbéken gyengén differencialt. A szeizmikus szelvény egyes fazisainak pontos sztratigrafiai azono-
sitasa akusztikus karotazs (AK) alapjan tortént. Az 5. abra az azonositashoz felhasznalt adatrend-
szert mutatja, dsszevontan. Kozéptajt az akusztikus karotazsgorbe foglal helyet, felette sorrendben
az impulzus szeizmogram, a szintetikus csatornak, majd egy terepi felvétel csatornai, amelyeket a
mélyfaras kozelében regisztraltak. Az AK gorbe alatt annak, a szeizmikus felvételezés frekvencia-
savjaval sz(irt valtozatat, majd a szeizmikus csatornakbol, az ismert transzformacidval atalakitott,
pszeudoakusztikus csatornakat abrazoltak.

A szeizmikus kép tovabbi, pontosabb azonositasa a féldtani szelvénnyel, az egyes reflexids
fazisoknak a konkrét foldtani testekkel és ezek egytittesével vald 0sszekapcsolasa a szeizmolitofacies
szelvény segitségével tortént, melyet a 6. abran lathatunk. A szeizmolitofacies szelvény a szeizmikus
idészelvény két, kiilonb6zd polaritasi képének és a mélyfarasi adatoknak egyittes abrazolasa.
A szeizmikus informacid jelenléte lehet6veé teszi a mélyflrasok jobb, Iényegesen pontosabb korrela-
lasat és ezzel olyan modell létrehozasat, amely teljes mértékben dsszhangban van valamennyi
rendelkezésre all6 adattal. Ugyancsak lehetdséget nydjt arra is, hogy az egyes taroldk és a szeizmikus
reflexiok fazisai kozotti kapcsolatot pontosabban hatarozzuk meg.

Miel6tt a munka kévetkez6 fazisara attérnénk, megjegyezzik, hogy ha minden egyes szeizmi-
kus fazis analizisére sziikségiink van, akkor az id6szelvény szokvanyos megjelenitési formaja nem
megfelel6 szamunkra. Hogy az informaciét a fekete-fehér szelvényben maximalis kompaktsaggal
abréazoljuk, kifejlesztettiik az altalunk kett6s polaritasi szelvénynek nevezett megjelenitési maédot.
A 7. dbra egy részletet mutat az egyik szelvénybdl, kétféle polaritassal, alatta pedig az 0j abrazolas-
moddal. Lathatd, hogy a direkt és az inverz polaritds a kozeg felépitésérdl fliggetlen informaciot
hordoz, az (j eljaras pedig ezt egyesiti, meg6rizve mindemellett minden félperiédus valddi polarita-

3. A foldtani modell felallitasa

A perspektivikus 6sszlet felépitésérél a szeizmikus faciesek térbeli modelljének segitségével
alkottunk képet (8. abra). Miutan ennek attekintése nehézkes, egy részét, a nyugat-kelet orientacio-
ju szelvényeket, a 9. dbran mutatjuk be. A 10. abran ugyanezen szelvényeket a paleosikban jelenitjik
meg, vagyis a jura utani tektonikus mozgasok hatasat vertikalis iranyl eltolasokkal kikiiszobolve.
A szelvényeken az aljzatkdzeli rész egy alsd, hullamdinamikailag instabil, a farasi magmintak
alapjan kontinentalis Uledékre, és egy fels, jelalakja szerint sokkal stabilabb, kévetkezésképpen
felépitésében is egységesebb részre oszthat6. Ez utébbi a furasi adatok alapjan tengeri eredet(
liledék. Az Osszletet genetikailag elvalaszté réteghatar a T reflexidval azonosithatd, amely a transz-
gresszid soran lerakodott alaphomokk6hdz kapcsolddik. Ennek a reflexidnak és a felette elhelyezke-
dé fazisoknak a jellege arra enged kovetkeztetni, hogy a tenger transzgresszidjanak idejére a
kontinentélis tledékek gyakorlatilag teljesen kitdltotték a szarazfold mélyedéseit. Eppen emiatt, a
paleorekonstrukcio a T szint alapjan késziilt, a rekonstrualt szelvények pedig lehetévé tették az
liledékképz6dési medence Gsfoldrajzi és paleotektonikai korlilményeinek prognosztizalasat.

A jura id6szak kezdetére a kutatott teriilet er6sen tagolt felszinli szarazulat képét mutatja.
A teriletet délrél és nyugatrol dvez6, néhany szaz méter magas kiemelkedések erételjesen erodalod-
nak, és az lledékanyag a lejtékon alkalmi homokfolyamok forméajaban lerakodik. A mélyebb
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részeken artéri, tavi-mocsari Uledékek képz6dnek, vékony széncsikokkal. Az egész teriilet lassu
stillyedésének folyaman ndvekszik a kontinentalis (ledékek vastagsadga a kozeli kiemelkedések
lemosasanak és athalmozasanak eredményeképpen. Ezt a folyamatot gyenge tektonikus aktivitas,
hajlitasok és torések kisérik. A paleovolgyekben, amelyeket szeizmikaval kdnnyen térképezhetiink
(11. abra), kiterjedt folyéhalézatot taldlunk. Egy meghatarozott idépontban az egész medence
stillyedése, vagy a tengerszint emelkedése eredményeképpen transzgresszios folyamat indul meg,
amelynek kovetkeztében lerakddik a tyumeni formacié homokrétege a tengeri sorozat fekijében,
A homokkdvek vastagsdga nagyon valtozatos. A paleofelszin pozitiv alakzataihoz zatonytipusu
homoktestek kotédnek. Azé folott elhelyezkedd réteg homogén, agyagos dsszetétel(, zard feddréte-
get alkot. A gyenge tektonikus mozgasok folytatddnak, kialakitvan az egész liledékes osszlet
jelenlegi domborzati viszonyait.

A fenti Uledékképz6dési modell segitségével az alabbi f6bb potencialis tarolotipusokat kiloni-
tettlik el:
- a torésekkel és mallassal fellazitott aljzat felszine a kiemelkedéseken,
- a kiemelkedések lejtéin kifejlédétt hordalékklpok, valamint a lejtd erozioval fellazitott felszine,
- a folydmeder-illedékek (csatornakitdltés) az aljzat legmélyebb részein,
- a zatonyok és csatornak lokalis alfaciesei a tyumeni formaci6 tengeri sorozataban.

4. Perspektivikus testek kijel6lése

A kutatott szintek fizikai tulajdonsagainak eloszlasi sajatossagait a pszeudoakusztikus szelvé-
nyekbdl készitett intervallumsebesség-térképek segitségével vizsgaltuk, amelyek alapvetd fontossa-
guak a perspektivikus objektumok kivalasztasaban. A szeizmikus- és a termelés-geoldgiai paraméte-
rek korrelacios kapcsolatanak segitségével pedig ezeket az objektumokat térképeztiik.

A pszeudoakusztikus sebesség és az aljzat felszinével azonositott A szintben levé kutak
hozamanak elemzése azt a kvalitativ tendenciat jeldlte ki, hogy a pszeudosebesség csokkenése a
hozamok novekedésével jar. A legperspektivikusabbnak azok a zénak bizonyulhatnak, ahol a
sebességérték 3900 m/s vagy ennél kisebb (12. dbra) : a cs6kkent sebességet az aljzatfelszin mallott
voltanak tulajdonitva. Az A szint intervallumsebesség-térképén (13. abra) az ENy-DK csapésiré-
nyu csokkent sebességli zona megfelel az aljzat legkiemeltebb helyzetl savjanak és igy olajkutatas
szempontjabdl az lledékes takard aljzatanak perspektivikus objektuma.

A lejt6lledékek reflexiés tulajdonsagainak vizsgalata soran nem sikerilt stabil korrelacios
kapcsolatot talalni a szeizmikus kép dinamikus jellemz6i és a kutak hozama kdzott. Ennek ellenére,
bar gyakorlatilag valamennyi kat, amelyet a T4 lejté alfacies zdnajaba telepitettek, produktiv, a
pszeudoakusztikus intervallumsebességek értékei (3150-3500 m/s) csdkkenést mutatnak a produk-
tiv kutak felé (14. abra). A perspektivikus objektum kijeldléséhez a T4 szinten beliil a pszeudosebes-
ség kiszobértékét 3400 m/s-nek vettiik fel.

A Tb szubfacies, ill. a Ts szeizmofacies megndvekedett rétegvastagsagu folyémeder tledékeit
az intervallumsebességek megndvekedett értékei jellemzik (3950-4050 m/s), amelyek, a modellezés
alapjan, feltehetéen ezen lledékek megnodvekedett homoktartalmaval vannak dsszefliggésben ( 15.
abra).

A tengeri sorozat fekii homokkoveivel azonositott T horizont részletes vizsgalata, valamint
a szeizmikus- és a termelés-geoldgiai paraméterek korrelaciés kapcsolatanak meghatarozasa a
terlileten arra a megdllapitasra vezetett, hogy a nagy hozam( kutak nagy pszeudoakusztikus
intervallumsebesség értékekhez kapcsolédnak. A szeizmikus modellvizsgalatok is azt tiukrozték,
hogy a produktivitdas megnovekedett sebességekkel fiigg 0ssze. Ezek alapjan feltételezhetd, hogy az
intervallumsebesség (pszeudosebesség) megnovekedett értékeinek helyei (16. abra) megndvekedett
homoktartalomnak felelnek meg. Ezaltal javul a réteg taroloképességc s ennek kdvetkeztében nd
a kut hozama.

Az elvégzett munka eredményeképpen arra a kovetkeztetésre jutottunk, hogy a Jem-Jogovszki
lel6hely kitermelésére készitett eredeti mlivelési terv nem felel meg a tarolok valodi elrendezédésé-
nek, mert nem rétegzett, hajlitott szerkezet( lelShellyel allunk szemben, hanem a produktiv objektu-
mok szétszértak; jelent6s résziik bonyolult felépitési, nem antiklinalis tipusu, kiilonb6z8 eredeti
csapda (17. abra).
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A vizsgalatok megmutattak, hogy az altalunk kidolgozott, szeizmikus és kitgeofizikai adatok
szeizmosztratigrafiai értelmezésére tamaszkodd, komplex interpretaciés metodika eredményes volt
a foldtani feladatok megoldasaban, a krasznoleninszki hatsag bonyolult felépitésii tyumeni formaci-
0Oja esetében. Az eredmények lehet6vé tették, hogy javaslatot tegyiink a termelékutak hal6zatanak
megvaltoztatasara. Az 0j farasi programot két Iépcsében javasoljuk végrehajtani. Az elsé Iépcs6ben
a kutak kozvetlenill a szeizmikus vonalakra teleptilnének. Amennyiben a termelési adatok meger6si-
tik az értelmezés megallapitasait, sor keriilhet a termel6kutak rendszerének teljes felllvizsgalatara.

A szeizmikus és a farasi adatok komplex elemzése hatékonysaganak tovabbi ndvelését,
hasonlé kériilmények kdzott, a haromdimenzids szeizmikara val6 attérésben latjuk. Ez biztositana
a bonyolult felépitésii taroldk térképezési pontossaganak és részletességének névelését. Az akuszti-
kus karotazs- és a VSP-felvételezések szamanak novelésével javithatjuk a szeizmikus adatok és a

MPOIrHO3 C/IOXHOMOCTPOEHHbBIX KONIJIEKTOPOB KOMMJ/IEKCOM
CENCMOPA3BEAKN N BYPEHNA
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UPWARD CONTINUATION OF UNEVENLY SPACED POTENTIAL
FIELD DATA USING EQUIVALENT SOURCES

Marian IVAN*

A complex gravity model is used to compare various upward continuation procedures based
on solving integral equations. Such techniques that assume the processed field to be equal to the
fieid of a certain distribution (equivalent source) located on the surface are useless in areas of very
rugged topography. Good results are obtained by assuming the observed gravity field to be equal
to the potential of a dipole distribution. The relation to the equivalent source concept is a formal
one and the equations can be derived from the potential field theory. The accuracy of the results
is discussed in relation to the edge effects, the values of the sampling interval, the number of
iterations performed and the formula used for approximating the integrals.

Keywords: upward continuation, irregular surfaces, gravity field, integral equations, equivalent sources

1. Introduction

The equivalent source concept has been introduced in order to solve some
inverse problems of applied geophysics [e.g. Har1 1958, Corbats 1965, Zida-
rov 1965]. A density (magnetization) distribution is said to be equivalent to a
gravity (magnetic) source body when the field of this distribution is equal (or
very close in actual cases) to the observed field on the topographic surface. The
goodness of fit is the only actual criterion on the reliability of this equivalent
source if other geological or geophysical data are not used as constraints. The
main problem of data processing by such procedures is to select the proper
location for the equivalent sources. If the mass points (magnetic dipoles) are
placed too far below (or too close to) the topographic surface, the equivalent
source is unstable and so it cannot be used for data processing [D ampney 1969,
Emitia 1973].

Despite] the above, Bhattacharyya and cnan [1977] proposed a tech-
nique for the upward continuation between irregular surfaces of potential field
data (Dirichlet problem) based on equivalent sources located just on the surface.
In the 2-D case, the gravity field of the source body is assumed to be equal to
the field of a surface mass distribution at all the points situated above and on
the surface, i.e.

* University of Bucharest, Geoph. Labs., Str. Traian VUIA 6, 70139 Bucharest 39, Romania
Manuscript received: 26 August, 1985
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ra(x, h{x)) (H- h(x)) dx

90 H) J (x-x)2+(H-h(x)2 ° (3

where
a = 2GqVY1+ (dh/dx)2, )
g = linear density distribution on the surface
and G = gravitational constant.
The topographic profile (I) is positive upward, defined as
z=h(x). 3

The distribution is obtained by solving iteratively the Fredholm integral equa-
tion

1+ (dh/dx)2 a(x, h(x)) (h(x) - h(x)) dx
alx. () po M= e —hogyz @
(T%)

where (T*) represents the surface without the point of coordinates (x, h(x)). The
upward continued field is then obtained by using Eq. (1).

For magnetic data processing, a dipole (normal to the relief) distribution
is similarly assumed such that its field F is equal to the observed field everywhere
above and on the surface. The corresponding integral equation is

- (x—x) dh/dx + h(x) - h(x)

dx *(5)
(x- X)2+ (A(X) - AX))2

4 hG) R he9) - n(x, AK)
(™)
Then
—(x—x) dh/dx + H—h(x)

(X—x)2+ (H- h(x))2 (6)

F(x, F) u{x, h(xj)

r)

A significant difference appears between the above relationships. In Eq. (2,
the gravity field of the source body is assumed to be equal to the field of a mass
distribution (i.e. a true equivalent source). In Eq. (6), the anomalous field is
equal not to the field but to the potential of a magnetic dipole distribution. The
convergence properties of Egs. (4) and (5) are consequently expected not to be
the same. Ker1og [1953] simply solves the Dirichlet problem without using the
above equivalent source concept. By representing any potential field by Eq. (6),
the unknown function u results immediately from Eq. (5) which is just the
limiting value of the dipole source potential when the observation point ap-
proaches the surface along the normal. At least in this case, the relation between
the equivalent source concept and the upward continuation problem seems to
be a formal one.
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Actually, a finite number of observation points is available so that the
equivalent distribution is a discrete one. Consequently, Eg. (1) and its magnetic
equivalent are solvable as Fredholm integral equations of the first kind.

According to the uniqueness of the Dirichlet problem solution, no matter
what kind of integral equation is solved and irrespective of the gravity or
magnetic nature of the processed potential field, the same upward continued
values are expected to be obtained. By assuming that the right side of Eqg. (1)
is the magnetic potential of a vertical dipole distribution. Nakatsuka [1981]
consequently processed a magnetic field by using Eq. (4). Hansen and Miyaza-
ki [1984] processed a magnetic field with Eg. (5) and outlined too that this
relation can be used for the upward continuation of other potential fields.

When actual fields are processed, the finite number of measurements and
the topographical irregularities have a substantially different impact upon the
above techniques so that unreal results may often be obtained.

In this paper, a complex gravity model is used to compare various upward
continuation procedures based on solving integral equations. The accuracy of
the results is discussed in relation to the edge effects, the values of the sampling
interval, the number of iterations performed and the formula used for ap-
proximating the integrals.

2. The model

The assumed topographic relief is given by
h(x) = 600/(p + (x/75)2). )

The parameter is set to p = 3. The source body is represented by three horizontal
infinite cylinders (Fig. 1). Its gravity field is represented by

3
g(x, 2) = i)ilmi(z~zi)Kx2+(Z-Zt)2), 8

where

mt=50 m2=1125 m3=200
and

=15 z2=0 = - 175
This field has been sampled at the points having the x-coordinates equal to

xk= +25(k—1) k=I, ..., 25. 9)

The lengths are given in meters and the field is in mGals.

In order to minimize the truncation effect, a horizontal infinite cylinder has
been found such that its field is very close at the edges of the topographic profile
to the field of Eg. (8) [Ivan in press]. Its field is

go(x, ) = 212.75(z + 135.48)/(x2+ (z+ 135.48)2). (10)
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This field is then subtracted from that of the source body and the result is
continued upward to the desired level. The values of gc at the same level are
finally summed.

h(m)

Fig. |. Topographic profile with the source body
|. 4bra. Topografiai szelvény a hatéval

Puc. |. Mpodpunb ¢ nzobpaxeHnem penbeda n Bo3Myl al W ero Tena

3. Data processing using Fredholm integral equations of the first kind

Infinite horizontal mass lines have been placed on the topographic profile
at each point of the initial .v-coordinates equal to

Xj = +(251/- 12.5) j= 1, 24. (11)
The field at point (v, ) due to the mass line placed at (xj, h(xj)) is
Gj(x,z) = SjAzKAx2+ Az2), (12)

where

and

An iterative procedure was used in an endeavour to find the values of Sj
and Xj so that the total field due to the mass lines distribution be as close as
possible in the sense of least squares to the sampled field of Eq. (8). Different
sets of values are obtained without a definite trend towards a certain distribution
(Table 1/a). All of them give a good fit to the sampled field on the topographic
profile (Fig. 2). Their field above the relief has the same values for all these
distributions but it is quite different from the exact values (Fig. 3). Both the fit
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Fig. 2. Gravity fields along the topographic profile of Fig. 1 The solid line shows the field of
the body; the filled circles are the values of the field due to the simple equivalent source from
Table I/a; the empty circles are the same values when the edge effect is reduced

2. dbra. A gravitacios tér értékei az 1 abra topografiai szelvénye mentén. A folytonos vonal
a hato tere, a pontok az l/a tablazatbdl vett egyszer(i ekvivalens haté altal létrehozott tér
értékeit mutatjak; a kdrok ugyanezen értékek, a peremi hatas csdkkentésével

Puc. 2. 3HaueHMe MONs CUMbl TSHXKECTU BAOMb NPOQUAs, U306paxeHHOro Ha puc. 1
HenpepbIBHOW NMHMEN MOKa3aHO Mofie OT BO3MYLLAOLWErO Tesla, TO4KaMU 13o6paxaeTcs none
CWU/bI TSXKECTW OT MPOCTOr0 3KBMBAJIEHTHOrO BO3MYLLAIOLLETO Te/a, 3HAUYeHUs KOTOPOro B3siThl
13 Tabnuuybl 1/a; Kpy>xKkamy 0603HaYeHbl Te XXe 3HAYEHUS, YMEHbLUEHHblE HA KPaeBOW ek

Fig. 3. Gravity fields on the plane at a height of 200 m. For legend, see Fig. 2
3. abra. Térerdsség értékek a 200 m magassagban levé sikon. Jeldlések: mint a 2. abran

Puc. 3. 3HaueHusa NOTEHLMANLHOrO NOAA B MJOCKOCTKU Ha BbicoTe 200 meTpoB. O603HaYeHNs
Takue Xe, Kak Ha puc. 2.
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and the upward continued values are improved when the edge effect is mini-
mized but the differences with respect to the field of the body are significant even

at great elevations (Fig. 4).
In a second approach, the above mass lines have been replaced by dipoles
having their axes normal to the relief. The field at point (x, z) due to the dipole

placed at (Xj, h(xj)) is
Fi(x, z) = Dj{Ax2- Az2+ 2AxAz dh/dXj)/(Ax2+ Az2)2))Jl +(dh/dXj)2. (13)

The above procedure now seems to be stable and the field of the obtained
distribution (Table Ilb) gives a remarkably good fit to the sampled field of
Eg. (8) so that the maximum deviation is less than 0.01 mGal. But the field of
this equivalent source almost vanishes above the relief so that a negative
anomaly having its amplitude equal to -0.02 mGals is obtained on the plane
at a height of 350 m. The minimization of the edge effect gives only a formal
improvement.

~N(m G als)
2-

, x(m)
600  -400 ' -200 ' O 200 40 ¢ 60

Fig. 4. Gravity fields on the plane at a height of 650 m. For legend, see Fig. 2
4. dbra. Térer6sségértékek a 650 m magassagban levd sikon. Jeldlések: mint a 2. abran

Puc. 4. Mone cunbl THKECTU Ha BbicoTe 650 MeTpoB. O603HaUeHNs TakKue Xe, KaK Ha puc. 2.

4. Data processing using Fredholm integral equations of the second kind

The sampled field of Eq. (8) has been processed by using Egs. (4) and (1)
in order to obtain the upward continued values at certain levels. The derivatives
have been computed by differentiating Eq. (7). The integrals were evaluated by
using a simple sum (the linear trapezoidal formula). Figure 5 shows the failure
of Eg. (4) to obtain convergence. No improvement appears even when the edge
effect is minimized and the observed field is sampled at an interval of 5m.
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Fig. 5. Central values of upward continued field obtained by using Egs. (4) and (1) at different
levels and iterations (dashed lines). Exact values are represented by solid lines

5. abra. A (4) és (1) egyenlettel szamitott folfelé folytatott tér kozépponti értékei, kilonbdz6
szintekre, és iteraciokkal (szaggatott vonal). A pontos értékeket a folytonos vonalak jel6lik

Puc. 5. CpefiHve LeHTpaNbHbIe 3HaYeHUs NOJs, NPOAO/IKEHHOTO BBEPX HAa Pa3/IMuHble YPOBHM,
paccunTaHHble Mo ypaBHeHusM (1) n (4) c utepaunammn (nNpepbiBUCTas NMHUA). ToYHbIE
3HaYeHNs yKas3aHbl CM/IOLIHOW NHWel

Convergent results are always obtained by using Egs. (5) and (6) so that
only 3 or 4 iterations are needed. By setting p=2in Eq. (7) a more rugged relief
results (Fig. 6). The observed field is now clearly disturbed (Fig. 7) and an
upward continuation becomes really necessary. The gravity values sampled at
various intervals have been continued to planes located at different heights
above the relief. The results are unreal when these planes are placed near the
top of the relief so that the minimum height seems to be around twice the
sampling interval.

A more careful evaluation of the integrals has been used [Hansen and
Miyazaki 1984] with good results. In this case, the computer time necessary is
essentially increased with respect to the simple summing formula. The value of
the sampling interval has an important impact on the accuracy of the upward
continued field and the errors are reduced to almost half their value when the
edge effect is minimized (Fig. 8).
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Fig. 6. A more rugged topographic relief with the source body
6. abra. Er6sebben tagolt topogréafiai szelvény a hatdval

Puc. 6. MPOQUNL C CUNbHO U3pe3aHHLIM PeNnbedoM, NOKa3aHo MOMOXKEHWE BO3MYLLAOLLETO
Tena

Fig. 7. Gravity field along the topographic profile of Fig. 6
7. abra. Gravitacios tér a 6. abran bemutatott topogréafiai szelvény mentén

Puc. 7. Mone cunbl THKECTW BAOML NPODUASA, MPUBEAEHHOTO Ha puC. 6.

39
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g (mGals)
Qr- a,
o6
06

25 50 75 100

Fig. 8. Central values of upward continued field on the plane at a height of 450 m versus the
value of the sampling interval. The integrals are evaluated by using the Hansen and Miyazaki
[1984] formula (squares) and by simple summing (circles). The filled circles and squares show
the values obtained when the edge effect is not reduced, the empty circles and squares show the
same values obtained when the edge effect is minimized. The solid line represents the exact value

8. abra. A felfelé folytatott tér kozépponti értékei a 450 m magassagban levd sikon,
a mintavételi koz flggvényében. A fliggvényértékeket kiszamitottuk Hansen és Miyazaki [1984]
képletével (négyzetek) és egyszer(i 6sszegezéssel (korok). A tele kordk és négyzetek jeldlik
a peremhatas figyelembevétele nélkili értékeket, az lres kdrok és négyzetek pedig ugyanezen
értékeket, a peremhatas minimalizalasaval. A folytonos vonal a pontos értéket adja

Puc. 8. CpefiH/e LieHTpanbHble 3HAYEeHWUs NONMS, NPOLO/KEHHOrO BBEPX Ha BbICOTY 450 MeTpOB,
B 3aBUCUMOCTM OT PacCTOSIHUA MeXAY TouKamy HabnofeHWs. 3HayYeHus paccumTaHbl Mo
YPOBHCHUAM XaHcena U Mussaku [1984] (N0 KBagpaTam) M MpoCTbiM CyMMUpOBaHMEM (No
Kpyram). 3ayepHeHHble Kpyru WM KBagpaTbl 0603Ha4YalT 3HaueHus, NonyyeHHble 6e3 yyeTa
KpaeBbIX BAMSHWNA, a NycTble KPYrn W KBaApaTbl Mpy ux ydyeTe. CNIOLIHOW NMHUEM MOKa3aHbl
TOYHble 3HAYEHUs

5. Conclusions

All procedures assuming the processed field to be equal to the field of a
certain source distribution placed on a rugged topography are useless for the
upward continuation. Good results are obtained by using the potential of a
dipole distribution but the relation to the equivalent source concept is a formal
one and the equations are immediately derived from potential field theory. Due
both to the value of the sampling interval and the edge effects, only qualitative
results are expected to be obtained in many actual cases.

One of the main problems of upward continuation procedures is the great
amount of computations required especially when surface data are processed.
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In view of this, the simplest evaluation of the integrals is desirable. Numerical
tests have indicated that the zero-order approximation of Eg. (5) always restores
the correct shape of the gravity field by erasing the disturbing effects of the
topography. This formula also represents an approximate generalization of the
plane Dirichlet integral [Grant and west 1965] valid for the upward continua-
tion between irregular surfaces of any potential field data [Ivan in press].
Bearing in mind that upward continuation is only an intermediate stage towards
source modelling, it sometimes seems desirable to limit ourselves to performing
this procedure only.
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SZABALYTALAN MINTAVETELEZESU POTENCIALTER FELFELE FOLYTATASA
EKVIVALENS HATOK ALKALMAZASAVAL

Marian IVAN

Tobb hatobol allé gravitacios modellt alkalmaztunk az integral egyenleteket felhasznal6
kilonféle folfelé folytatd eljarasok dsszehasonlitasara. Ezek az eljarasok feltételezik, hogy a folfelé
folytatott tér megegyezik egy alkalmasan valasztott felszini eloszlas (az Un. ekvivalens hat6) terével.
feltételezésével, hogy az észlelt gravitacids tér megegyezik egy dipdl eloszlas potencialjaval. Az
egyenletek levezethet6k a potencialtér elméletébdl, ezért az ekvivalens haté fogalmanak hasznéalata
pusztan formalis. A cikk részletezi, hogy az eredmények pontossaga miként fiigg a peremhatasoktal,
a mintavételi tavolsagtol, az elvégzett iteraciok szamatol és az integralok megkdzelitésének maod-
jatol.
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AHANTMTNYECKOE NPOAOJ/IXEHVNE HEPABHOMEPHO M3MEPEHHOI O MOJIA
CUNbl TAXXECTW B BEPXHEE MNMONYMNMPOCTPAHCTBO C NMPUMEHEHVEM
SKBUBA/IEHTHbIX BO3MYLWAKLWWNX TEN

Mapunan NBAH

B Lensix CpaBHEeHWs pasnnyHbIX CNOCO60B NPOAOMKEHNA NONS NOTEHLMAN0B CUMbI TSHKECTU
B BEpXHee MOAYNpPOCTPAHCTBO MCMO/b30BaNaCh MOAE/b, COCTOALLANA U3 HECKOMbKUX BO3MYLLAK0-
wmx Ten. OBbIYHO, MPK paccyeTax sTUMKU cnocobamu, NpeanonaraeTcs, YTo none, NPOAOIKEHHOE
B BepxHee MoMynpocTpaHCcTBO, COBMaAaeT C HabN04aeMbIM Ha MOBEPXHOCTH OT BbI6GPAHHOIO (TaK
Ha3. 3KBMBANEHTHOr0) BO3MYyLLatOLLEro Tena. Bcnydyae CUNbHO U3pe3aHHOro penbeda sToT MeToA
[AaeT 6oNbLIMe OWUGKU. Xopollve pe3ynbTaTbl NONYYaOTCA, eCU NPEANON0XKNTb, YTO Haboaae-
mMas aHOManus rpaBMTaLMOHHOTO MOAS COBMaAaeT C pacnpefeneHueM noTeHUWanbHOro nons ot
AVNONS. YpaBHEHUS BbIBOAATCS U3 TEOPUM NOAS, MO3TOMY NPUMEHEHWE TEPMUHA 3KBUBANEHTHOTO
BO3MYLLLAIOLLLEro Tena nyctas (hopmManbHOCTb. B cTaTbe Noapo6HO paccMaTpyUBaeTCs Kakum o6pa-
30M Ha TOUHOCTb Pe3y/bTaTOB BAMSAIOT KPaeBble YCMOBUS, PACCTOAHUS MeXay MyHKTamMu Habntoae-
HWiA, 3aBUCUMOCTb Pe3y/nbTaToB OT YMCNA MTepauuii U oT MeToAa NPUGIVKEHNUS UHTErpaos.
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FIELD OF A VERTICAL, ALTERNATING CURRENT, ELECTRIC
ELEMENTARY DIPOLE IN A LAYERED MEDIUM

Ern6 TAKACS*, Jen6 NAGY*, and Ferenc MADAI*

Formulae are derived for the field-strenglh components of a vertical, alternating current,
elementary electric dipole in a layered medium where the measurement point is placed inside an
arbitrary layer. The formulae are applied to compute field-strength and apparent resistivity curves
with respect to the vertical electric component which can be measured in the equatorial plane of
the dipole, between an infinitely extended underlying and overlying layer.

Keywords: electric elementary dipole, frequency sounding, layered medium, geolectric transmission
method, in-seam geoelectric measurements, coal mines

1. Introduction

Recently, because of the increasing popularity of geoelectric methods in
mines, we frequently face problems which call for the computation of the field
of a dipole placed between bedrock and overburden. The Department of
Geophysics of the Technical University for Fleavy Industry has many times been
contracted to apply transmission methods between boreholes and mining spaces
in order to determine the local distribution of the physical properties within the
rock mass and their temporal changes; to investigate the bedrock and the roof
of coal seams; to locate the boreholes from the mining space. All these tasks
require a knowledge of the electromagnetic field of the dipole in a full space
[Takacs 1979].

2. Mathematical considerations

Let us place a vertical elementary electric dipole in a horizontally layered
infinite space. Let the origin of the Cartesian system of coordinates agree with
the position of the dipole such that the dipole moment should point vertically
downwards in the direction of the r axis. Each layer is homogeneous and
isotropic in itself, its magnetic permeability is 40, its wave number due to
dielectric permittivity can be neglected at the applied frequency. Its conduc-
tivities are ax &2, ... op... oNand a*, cr* ... a* ... * respectively, indepen-
dently of frequency (Fig. 1).

* Department of Geophysics, Technical University for Heavy Industry, Miskolc, Egyetemvaros,
H-3515, Hungary Manuscript received (revised form) 30 July, 1985
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h2, §

hp, dp

bn,dn y4

Fig. 1 Vertical electric elementary dipole in a layered medium
1 abra. Vertikalis elektromos elemi dip6lus rétegzett kozegben

Pue. 1L BepTuKanbHbIii 3/1eMEHTapHbIV 9NeKTPUYECKUI AMNONb B CIOMCTON cpepe

Taking into account the circular rotational symmetry around the z axis, for
any given layer the electromagnetic field components can be computed from the
expression for the z-oriented vector potential A,p [Kaufman 1970]:

X

h dIRo
A-p an Wp(z) JO (mr) dm, (1)

0
where p — 1, 2,..., N is the serial number of the layer,
Izdl is the current moment of the dipole,

r is the horizontal distance from the z axis, r2 = x2+y2,

Wp(2) and JO(mr) are the general solutions to the two one-variable dif-
ferential equations deduced by means of separating the variables in the differen-
tial equation for the vector potential A,pderived from Maxwell’s equation,

m is an auxiliary variable,
JO(mr) is a Bessel function of the first kind.

In what follows we shall use the notation M = —----,

Because of the circular symmetry the magnetic field-strength, H possesses
a single (in terms of a cylindrical system of coordinates, *-directed) component,
i.e. it is related to A,pas
1 dAp
P p0 dr

I

2
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The electric field strength has only radial and z-directed components, given by

_ d2Azp
I:rp B L(pZ dzdr (3)
. i(0 d2A,
iwA:p- ( P )
where
kl = LW10°P ®)

is the wave number inside the layer.
The function Wp figuring in the expression for Azp satisfies the differential
equation

d2Wp apWp = 0
dz2 P=
which has the solution
Wp = gpe‘Z+bpe g%z

ap=\m2+k@ and Reap>0. 6)
In what follows we shall mainly be concerned with the determination of the
coefficients gpand hp. Let us first assume that the transmitter is placed at r= +0.
Taking into account the behaviour of the electromagnetic field components at
such layer boundaries which do not contain sources, and considering the outer
layers as infinite half-spaces, the following equations can be written for coef-

ficients gx and bf.
Defining the quantities Rpas

p dwJdz
we have forr=+0
bi +g1

Similarly, for factors g* and ef we have for z=-0
g ®)
P K

ith R
w 6 W*/6z *
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Since for z>0 we have N layers, of respective thickness hu h2, ..., h, and
conductivities ox, a2, ... oN the value of Rx can be computed from:

axo2 /
Rj = cotanh alhl+arcotanh ----- cotanh  azh2+...

... +arcotanh *" "’ )
QjcOv - 1
In the case z<0 there are N* layers and similar equations hold for Rf, with the
values a*, h* and a* instead of the previously used ones. Here, we make use of
the fact that in the bedrock RN= 1, whereas in the roof /?$= - 1
For the determination of bx, gx, b\, g'f the source-condition should also be
taken into account at the boundary z= +0, containing the source. Since the
conductivities of the layers on the two sides of this boundary are aland erf,
respectively, we have

RN b g i-b i) = o (10

At z=0 the continuity of W and W* implies
*i+0i = *T+01- (1D
On the basis of Egs. (7), (8), (10), (11), for the computation of Wldirectly below

the plane z=0, and of W\ directly above this plane, one should utilize the
coefficients

m/kj
b, = - 1+ =C 1+ (12
a* 1 a 1 R\
k*2 R*  kjR
9,=c ('-0 (13)
(s
>=c('+ ke- <15

From a knowledge of these coefficients, the vector potentials Azl, A*x in the
layers immediately below and above the plane z=0, respectively, can be ex-
pressed and the field components computed from Egs. (2) and (3).
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In order to compute the electromagnetic field components in the other
layers, we write down the conditional equations for the layer boundaries and
solve them for the coefficients. For the p-th layer:

_ Q-~ap (Al+ seshp- 1) ~ Ap-Yhi+ .. +hp~D) +
pte aP ki
+bP-1e ook (16)
aP kp-J
o1+ mHP 1) o dm+. Hp-1) ap- 1 o«
P-ie +
Pt gRl e ( - saP kE-i
+bp- le S+ 4N (17)
ap k'\U)

For the layers above the z= 0 plane the coefficients are obtained by substituting
the values marked by into Egs. (16) and (17). For the computation of the
field characteristics, according to Egs. (2) and (3) we also need the derivatives
of Azp with respect to r and z

00

dJo(mr
82:' =m Jw d(r Yam = M * Wp[—mIxmm)\ dm (18a)
0]
SAZ
L =M 1 YP30mr) dm —M  ap(geapz b E ~®@JI0mr) dm  (18b)
a2Am _ apWpJo(mr) dm 18
o =M apWpo(mr) dm. (180

0

Making use of these results, the field-strength components can be computed in
an arbitrary layer by the formulae:

00

H, [opegZ+ bpe ~“gm I *mr) dm, (19)

(o]
zd! %'m ‘ 3%mn) d 20)

apin ajLbpe~*Z - gpegdm Jxmr) dm,
0
00

zd k g+ fiz+ bpe~fii] J d 21
£2p = gy (K P+ad [gpef+ bpe~fp] Jomr) dm. e

0
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If the source is situated at z= —0, we have —2m/k\2 on the right-hand side of
Eqg. (10), that is, in Egs. (12)~(15) m(k\2 should be written in the numerator
instead of m/kj.

If cJi =o* the two dipole arrangements lead to identical computational
results. If aldgo\, the field characteristics at a given point are computed by
superimposing the values defined by the dipoles placed at z=+0 and z= —9,
respectively.

3. The three-layer case

Let us now apply the theoretical results for the simplified case of practical
importance, where an infinite space is divided into 3 parts by 2 horizontal
boundaries (Fig. 2). The dipole is placed at the centre of the intermediate layer
of thickness H. The z=0 plane is only a fictitious layer boundary, that is ax=of.
Assume further that 02=o0*. which implies the equality of the wavenumbers
kx=k* and k2=k* and, on the strength of Eqg. (6), of the exponents
a2=a*. In the numerator in Egs. (12)~(15) we shall have m[Kk\.

H/2, tf,

Fig. 2. Vertical electric elementary dipole placed at the centre of a bed bounded by infinitely
extended underlying and overlying layers

2. abra. A végtelen kiterjedésli fed6vel és fekiivel hatarolt telep kdzepén elhelyezett vertikalis
elektromos elemi dipdlus

Puc. 2. BepTuKanbHbIiA 3/1EMEHTapPHbIA 3NeKTPUYECKUIA AUMOMb, NOMELLEHHbIA B LIEHTP 3a1exu,
OrpaHNYeHHON 6EeCKOHEYHbIMU KPOBAEelW W MOYBOWA

According to Eqg. (9) the Rx factor, describing the effect of layering,
becomes:

(22)
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Because of the geometrical symmetries, Rx=R" the coefficients belonging to
the central layer simplify to

m
G2 (23)
m
2a, (Ri -1 ) (24)

which, of course, is quite natural since in this layer the field-strength com-
ponents can be computed from a single vector potential.
Thus, in the central layer the electromagnetic field components become

/, dl o

Hy oo [éikeflir+ 6,6 a:]JmJIx(mr) dm (25)

(o]

C
. d t[b lea’45 3 mr) d 26
. at[be~a - gleaJ5J”mr) dm (26)

(o]

@

Ezi {—k\ +a\) [qli|Zz+ 62 a'~]J0(mr) dm (27)

0AnN

(o]

In order to show the conditions occurring in Hungarian coal prospecting,
we carried out computations using Eq. (27) (with the parameters: gx=200 Qm,
@=20Qm, H=2m, r=25m, i.e. in the near zone, and choosing /, di= 1Am),
for determining the vertical component of the electric field-strength within the
coal seam, due to a vertical electric dipole inside the same seam. The integral
of complex arguments figuring in Eq. (27) was approximated by a numerical
quadrature fitted to the half-periods of the Bessel function. Figure 3 shows the
behaviour of Re £7, Im Ez, \E\\ and 4z, in the equatorial plane of the trans-
mitter dipole, from audio-frequencies up to middle-wavelength radio-fre-
quencies. As for its general trend, the field behaves similarly as in a homo-
geneous space; the layering, however, affects the course of the curves. In the
low-frequency range — up to about (£=0.05 - the field-strength is mainly
determined by Re Ez, that is, £ is close to that measured by direct current. The
Im £_component shows a more capricious behaviour, its relative extrema and
roots show the influence of the layering parameters. Between 0.05 and 0.005,
I T barely affects £., it mainly varies as a function of Re E, (jT). For higher
frequencies the significance of Im E, also increases, that is, besides the Im £,
component Re Ez also changes rapidly. There appear changes of sign and
relative maxima, which might have a role in interpretation; moreover, as ajoint
effect of the two components, Ezsignificantly decreases. The change of sign of
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Fig. 3. Electric field-strength components of a vertical elementary dipole placed inside the seam.
(Equatorial plane, r=25m, H=2m, gi =200 fim, g2=20 fim), f- change of sign

3. abra. A telepben elhelyezett vertikalis elemi dip6lus vertikalis elektromos térerésségének
Osszetev6i az ekvatoridlis sikban (r=25m, H=2m, gt =200 fim, g2=20 fim). el6jelvaltas

Puc. 3. KOMNOHEHTbI BepTUKaNbHON HanpsiKEHHOCTU 3M1EKTPUYECKOrO MOAS BEPTUKANbHOIO
3M1eMeHTapHOro AWMNons, NOMELLEHHOTO B 3a/1eXb, B 3KBATOPUa/IbHOM MA0CKOCTM (=25 M,
H=2 m, g, =200 Nm, 42=20 Qm). }- nepemeHa 3Haka

the phase-angle curve also occurs in this range. The nature of the behaviour of
the electromagnetic field is qualitatively illustrated in Fig. 4 [after Corson and
Lorrain 1962], showing force lines of the electric field at different time instants.
The obvious lesson from this figure is that if one measures the field due to a
dipole, placed in a seam, inside a gallery within the same seam, the electric
properties of the bedrock and of the roof, respectively, do have a definite role

with regard to the value of field strength.
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Fig. 4. Force lines of the electric field strength of an ac electric dipole for the time instants
at=0, n/2, s and 34/2

4. abra. A valtéaramu elektromos dip6lus elektromos térer6sségének erévonalai az Ar= 0, a/2,
1, 35/2 id6pillanatokra

Puc. 4. CUNoBble NMHUN 3NEKTPUYECKON HaNPSYKEHHOCTM MEPEMEHHOrO 3NeKTPUYECKOro AWMNons
B MOMEHT BpemeHM att=0. /2. 1, 3a/2

4. Effect of layering

In order to study the effect of layering, let us look at Figs. 5-7, showing
the behaviour of the well-known apparent resistivity

_4n -r3\EA
QU-~ [~dl

for different distances, r and layer thicknesses, H. For comparison, the fre-
guency sounding curve belonging to a homogeneous space of the same resis-
tivity as the seam is also indicated. The properties of the overlying and underly-
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ing layers, respectively, can drastically change the position of the curves if a
lower-resistivity rock-mass is placed in the way of the current systems of Fig. 4.
If a greater current density comes into being, it creates a greater field strength.
Correspondingly, for the investigated model, one can get apparent resistivities
which are by an order of magnitude higher than the real resistivity. Thus, for
such cases, the conventional definition of apparent resistivities used in surface
geoelectrics, does not hold for in-seam measurements. As an effect of the
layering assumed in the present model, the characteristic maxima (&ax) of the
curves are shifted to lower frequencies: the less thick the layer, the larger
becomes this shift. Upon decreasing the thickness of the seam the total resistivity
of the formation which has an effect on the distribution of the electromagnetic
field becomes less and less, compared with the resistivity of the homogeneous
model, and the maxima occur at lower frequencies.

r=25m

20am

H 200nT
20nT

Fig. 5. Apparent resistivity curves @vmeasured inside the seam, for r=25 m. @ =200 flm,
g2=20 fim, # = variable

5. &bra. A telepben mért aw latszélagos fajlagos ellenallas gorbék az r=25 m. @ =200 fim.
@=20Qm, H=valtozo esetre

Puc. 5. KpuBble KaxyLlerocs yaenbHOro CONpoTMB/EHNS OFi. 3aMepeHHble npy r=25m,
@=200Qm, @=20Qm u H= nepemeHHass BennynHa
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r=50m

Fig. 6. Apparent resistivity curves gw measured inside the seam, for r=50 m, p, =200 N T.
02=20MT, H= variable

6. abra. A telepben mért gw latszélagos fajlagos ellenallas gérbék az r=50m, g, =200 M,
q2=20 N7, H=valtoz6 esetre

Puc. 6. KpuBble KaxylLuerocs yaenbHOro conpoTuBieHuUs 3aMepeHHble npu r=50m,
~ = 2000MM, 0,=200M 1 H= nepemeHHas Benn4MHa

For the case r=50 m we also investigated the effects due to changes in the
resistivity of the embedding rocks (g2) and in the resistivity of the seam (gj)
— all other parameters being kept unchanged (Fig. 8). As expected, a decrease
in the resistivity of the host rock increases the value of the vertical electric field
strength inside the seam, in the equatorial plane of the dipole. At the same time,
because of the decreased “resultant” resistivity of the formation, the place of
£ma) js shiftec| towards lower frequencies. On the other hand, the decrease of
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the resistivity of the seam leads to a decrease in the vertical component of the
electric field strength, and RE"a) is shifted again toward lower frequencies. As
for the shape of the curves, the deviation from the curves belonging to the
homogeneous field becomes significant for higher gxvalues, and lower g2values,
respectively. For given layer thicknesses the shape of the curves depends only
on the g2/glratio. For example, the curves in Fig. 8, corresponding to the set
of parameters: g2=10Qm, gt = 200 fim; and to =400 Qm, g2= 20 fim; or to
g2=40 Qm, =200 Qm; =100 Qm, g2=200m, respectively, are of
identical shape, they are shifted only with respect to each other.

r -100m

Fig. 7. Apparent resistivity curves pumeasured inside the seam, for r= 100 m, «, =200 fim.
p2=20 fim, H= variable

7. abra. A telepben mért gwlatszolagos fajlagos ellenallas gorbék az r= 100 m, g, = 200 fim,
p2=20 fim, H= valtozé esetre

Puc. 7. KpuBble KaxyLlerocs yienbHOro conpoTuUBeHNs Al 3amMmepeHHble npu r= 100 M,
p, = 200fiM, p2= 20fiM n H= nepemeHHas BennyMHa
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JL 20am
------ 2m 200am —meem-2M =variable
J2 "variable 20am

Fig. 8. Apparent resistivity curves qw measured inside the seam, for r=50m, H=2m
a) p! =200 fim, g2=variable;
b) Qi = variable, p2=20fim

abra. A telepben mért gmlatszdlagos fajlagos ellenallas gorbék r=50 m, H= 2 m mellett az
a) p, =200 fim, g2=valtozo; és a
b) Pi=valtozo, p2= 20fim esetekre

Puc. 8. KpuBble KaxyLlerocs yaenbHOro ConpoTuBeHUs AUy 3amepeHHble npu r=50 m
n#=2Mm gna cnyvaes:
a) p, = 200fiM, p2= nepeMeHHas BennyMHa
b) p,= nepemeHHas BenuumHa, p,= 20fiM
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RETEGZETT KOZEGBEN LEVO, VERTIKALIS, VALTOARAMU, ELEKTROMOS
ELEMI DIPOLUS TERE

TAKACS Ermé, NAGY Jené és MADAI Ferenc

A dolgozatban a szerz6k levezetik a rétegzett térben levd, vertikalis, valtdaramu elektromos
elemi dip6lus térer6sség komponenseinek képleteit, a tetsz6leges rétegben levé mérési helyre.
E képletek felhasznalasaval konkrét térerésség- és latszdlagos fajlagos ellenallas gorbéket szamita-
nak a dipdl ekvatorialis sikjaban mérhet6 vertikalis elektromos 0Osszetev6t illetéen homogén,
végtelen Kiterjedésii fed6 és feki kozott.

MOJIE BEPTUKANNBHOIO S/IEMEHTAPHOIO NMEPEMEHHOTI O
3/IEKTPUYECKOIO ANMO/A, HAXOOAWENOCA B CNIONCTOW CPEJAE

3pHé TAKAU, Mené HALb un depery, MALAN

B pa6oTe BbIBOAATCA (DOPMY/bl, OMUCHIBAIOLLME KOMMOHEHTbI HaMpPsSXKEHHOCTU BepPTUKasb-
HOTO 3/1EMEHTAPHOr0 MEepeMEHHOr0 3M1eKTPUYECKOro AMMONS, HAXoAsLerocs B COUCTON cpepe.
C nomMoLLbio 3TUX (OPMYN NPOU3BOAUTCS PAcUET KPUBLIX HAMPSXKEHHOCTU U KaXKYLLMXCA YaeNb-
HbIX COMPOTUBNEHWIA AN BEPTUKANbHON 3NEKTPUYECKO KOMMOHEHTbI, 3MepseMoii B 9KBaTOPU-
anbHOM MAOCKOCTU AWUMNONS, HAXOASALWEerocs MeXay OfHOPOAHbIMW W GECKOHEUHLIMU KpOBNei
1 NOYBOA.
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DETERMINATION OF FILTRATION COEFFICIENT
OF WATER-BEARING SAND LAYERS BY WELL LOGGING

Janos CSOKAS*

Darcy’s law for fluid filtration and Kozeny’s relationship for permeability are of a similar
form. Utilizing this similarity a functional relationship can be derived for well-sorted water-bearing
sands, connecting the coefficient of tortuosity and the specific grain surface (i.e. filtration path) with
Kozeny’s effective grain diameter and the average shape factor of the grains (grain geometry). The
coefficient of tortuosity and Kozeny’s effective grain diameter can be determined from resistivity-
and porosity logs, the specific surface can also be found if the effective grain diameter is known.
The kinematic viscosity of pore water can be computed from layer temperature, obtained from the
temperature log. Substituting these data into Darcy's law, the filtration coefficient can be determined
with a fair approximation. The formulae derived in the present paper are especially recommended
for investigations of water-bearing layers within coal seams, with the aim of protection against water
inrush.

Keywords: filtration coefficient, specific surface, tortuosity, permeability

1 Introduction

Between the hanging- and footwalls of coal-bearing formations one fre-
quently finds such water-bearing clastic sediments, shaly or pure sands, sand-
stones, gravels or pyroclastics which must be opened up and drained by means
of boreholes, either from the surface or from the mine galleries, for the sake of
protections against flooding. The water yield of such formations can be deter-
mined from their so-called Darcy filtration coefficient, or /*-factor. The k-factor
of porous water-bearing layers is determined from the temporal changes of the
water level created by means of drainage or absorption in a well (or several
wells) drilled into the given layer, the amount of water yielded by pumping tests,
as well as from data of the monitoring wells. This way of determining the
Ar-factor, however, is time-consuming and, for several reasons, inaccurate.

The above-described way to determine the ~-factor is rarely possible in
mines because of technical difficulties. On the other hand, geophysical well
logging in exploratory boreholes penetrating the given water-bearing layer
provides a continuous record of the variation of certain geophysical quantities,
which are directly related to the /;-factor. For logging purposes sondes of small
diameter are available, which can be used even in holes of 60 mm diameter. The
movement of the probes in the drill holes and the recording of the measured data
are performed in the mines by portable devices.

* Department of Geophysics, Technical University for Heavy Industry, Miskolc, Egyetemvaros.

H-3515, Hungary
Manuscript received (revised form): 16 September, 1985
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The technique to be described is most advantageous for hydrogeologic and
stratigraphic studies of water-bearing layers of coal measures with several coal
seams, where the deeper coal beds are explored by drilling from the above-lying
mines.

2. Relationship between filtration path and grain geometry

The filtration coefficient of sands and sandstones consisting of mixed-
grains can be expressed in terms of the properties of pore-water and rock matrix,
according to Darcy’s law, as

12 da\
5,7(1-n)2§v.) (1)

where y is the specific weight of the pore water, 1/ is its dynamic viscosity, n the
void ratio (porosity) of the rock, Dhthe effective grain diameter introduced by
Kozeny, and d the average shape factor of the grains [Kovacs 1981]. In porous
rocks the flow of water depends on four factors: (i) the first of these is connected
with the geometrical characteristics of the grains (grain shape, grain size, grain
size distribution); (ii) the second with such rock properties as compaction,
cementation and tortuosity. These characteristics are in connection neither with
the fluid properties affecting the flow (specific weight and viscosity) nor with the
type of motion of the fluid (laminary and turbulent flows). The properties
depending on the rock can be contracted into a single factor K, which is termed
permeability, viz.

1 n3 I\
50—)2 d

(iii) the third factor affecting water flow is the ratio describing the fluid proper-
ties. For this we have

2

I v

where g=9.81 ms 2is the gravitational acceleration, vis the kinematic viscosity
of water, related to layer temperature, T (°C) as

1778 « 10"2

[m2s 7, @
1+0.0337 T+ 0.000221 T2
(iv) the fourth — generally neglectable — factor expresses the dependence on
pressure and salinity. Summing up, the factor describing fluid properties be-
comes
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81(1 +3.37- 1027 +2.21 WK 4r2
g 981(1+337-10 - ) - ss174C [l ()
. 1778 +K T2

where C denotes the temperature factor inside the brackets. Making use of
Kozeny’s equation, Eq. (2) can be rewritten so as to express the permeability
of rock in terms of compaction, n¥ (1 —n)2, tortuosity coefficient, t and specific
surface of mineral grain constituents Sv:

(6)

[Pirson 1963]. For a bundle of capillary tubes the numerical factor is 1/2, for
real rocks, however, an empirical factor of 1/5 has been found [Carman 1956].

By Egs. (2) and (6) we can relate the coefficient of tortuosity and the specific
grain surface, that is the filtration path, to Kozeny’s effective grain diameter and
the average grain shape factor, that is, to the grain geometry:

Since porosity, tortuosity and specific grain surface can be determined by
geophysical well logging, the permeability as well as the filtration coefficient, k
can be determined by means of Egs. (6) and (1).

3. Determination of the factors affecting permeability
Determination of the porosity

The porosity n can be determined with the required accuracy either from
individual porosity logs (density-, neutron-, or acoustic logs) or from their
combinations.

If we have resistivity logs only, we cannot compute the real porosity by
means of the formation factor, as Archie’s formula or its modified forms do not
suffice in themselves to solve this problem in the case of fresh-water-bearing
porous formations.

Determination of the tortuosity coefficient

For a model of a bundle of capillary tubes the tortuosity coefficient is
t2 = Fn [Pirson 1963]. Real rock however, has proved to be better approxi-
mated by the relation

= Fn (8)
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[Ogbe-B assiouni 1978], where

Rp
. ©

is the formation factor [Pirson 1963]. RO denotes the electric resistivity of the
rock saturated by formation water, Rwthat of the formation water, in situ. By
Egs. (8) and (9) the tortuosity coefficient can be expressed in terms of well-log
data as

F =

t = (10)

Determination of the specific surface

The specific surface of a homogeneously dispersed system of spheres is

S L

[cf. Pirson 1963]. In filtration calculations it is recommended that Kozeny’s
effective grain diameter be utilized since this takes into account grain size as well
as its distribution [Kozeny 1953]. The effective grain diameter is defined as the
diameter of spheres in a homogeneously dispersed system of spheres built up
of identical diameter and density spheres in such a manner that the whole system
has the same surface as the actual one.

Determination of Kozeny} effective grain-size diameter

In order to determine the effective grain-size diameter from well-log data,
one should use several empirical formulae. In essence, these relationships serve
as a substitute for the grain-size distribution histogram. If the grain-size distri-
bution can be approximated by a mathematically easily describable curve then
a relationship can be established between the characteristic grain diameters,
which would also involve the “inequality factor” U [cf. Kovacs 1981]. For the
grain-size distribution of sand, the inequality factor U is defined as

(12)

where D0 denotes the grain diameter belonging to 60% on the grain-size
distribution curve, while the value D10 corresponding to 10% is the so-called
Hazen’s standard grain diameter. For well-sorted water-bearing sands we
usually have 2.0"(/*2.5 [Alger 1971].



Determination offiltration coefficient of water-bearing. . . 61

For different kinds of sand the ratio of their characteristic grain-diameters
is related to the logarithm of the inequality factor by

Dh

-"E = 1919 log U+ 10 (13)
in the above-mentioned range of U (see Fig. 7.), where Dhis the effective Kozeny
grain size. If U changes between 2.0 and 2.5, the values of log U will range
between 0.301 and 0.398, that is, on the average, the right-hand-side of Eq. (13)
will be 1.671. Taking the mean value, the error is negligibly small, + 0.093; that
is, for fairly well-sorted fresh-water-bearing sands the effective Kozeny grain
size is approximately related to the standard grain diameter of Hazen as

Dh = 1671 «7210 (14)

Fig. I. Ratio of characteristic grain diameters for sand, as a function of the inequality factor
[after Kovacs 1981]

/. dbra. Homokok jellemz& szemcseatmérd hanyadosa az egyenl6tlenségi egyitthatojuk
figgvényében [Kovacs 1981 nyoman]

Pue. I. XapakTepHble OTHOLUEHWS! [MAMETPOB 3epeH B MecKax Kak (yHKUMM KO3(hduLmMeHTa
HepaBHOMepHOCTK [No Kovacs 1981]

Taking the mean value of the two empirical formulae proposed by Aiger
[1971], in order to connect Hazen’s standard grain diameter with the formation
factor (cf. Eq. 9), we get

72,0[m] = 5.22- KI'4log» (15)
presented in Fig. 2. From Egs. (14) and (15) the effective grain diameter becomes

70 = 8723 mI(T4logA (16)
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Fig. 2. Formation factor as a function of Hazen's standard grain diameter [after A 1ger 1971]

2. dbra. A Hazen-féle mértékad6 szemcseatmérd és a formacidtényez6 dsszefiiggése [A 1ger 1971
nyoman]

Puc. 2. 3aBUCUMOCTb HOPMALMOHHOTO (hakTopa OT CTAHAAPTHOrO AMAaMeTpa 3epeH No XaseHy
[no Arger 1971]

That is, upon substituting Eqg. (16) into (11), the specific surface becomes
6

8.723 m10“4 log —

(17)

If we substitute Eqgs. (10) and (17) into (6) and carry out numerical operations,
we obtain the following expression for permeability:
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T2 = 4.227 MK 8- - 18
a-m (18)

(Let us recall here that 10-9 m2 = 103 darcy).

If the rock is poorly sorted ((/» 2.5) and/or it contains a significant amount
of flat grains (/£»9), the coefficient figuring in Eg. (18) should be modified
empirically so as to give a more accurate value of the filtration coefficient.

4. Equation for the filtration coefficient

Upon multiplying Eq. (18), describing permeability, by the factor describ-
ing the temperature-dependence of the kinematic viscosity of the filtrating water
(Eg. 5), an equation is obtained for the filtration coefficient, k\

k[ms']] = 2.332- 10“6C (19)

The coefficient C, as a function of temperature, can be read off the curve of Fg. 3.

If the assumptions made on grain-size distribution and grain shape are
poorly met, the coefficient of Eq. (19) should be corrected on the basis of the
grain-size distribution curve or by means of another log (gamma-ray) to achieve
a better fit with permeability.

5. A case history

Airger [1971], describes a study where the relations between grain-size,
formation factor and permeability were investigated on nine sand samples taken
from water wells. The standard grain diameters, D10 were determined from the
grain-size distribution curves of the samples; the RO resistivities of the samples
were measured for pore waters of three different resistivities; the porosities and
the formation factors belonging to the three different pore-fluids were deter-
mined. These data, as well as the values of permeability and of the filtration
coefficient are compiled in Table /.

On the basis of this table, the following conclusions can be made:

1 For all samples the formation factor, F, the filtration coefficient, K, and the
permeability K decrease with increasing resistivity, Rwof the saturant.
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Fig. 3. Temperature factor of filtration coefficient
3. dbra. A szivargasi tényez6 hémérsékleti egyitthatdja

Puc. 3. TemnepaTypHbIii KO3DDMUNEHT DUNbTPaLMOHHOIO hakTopa

2. When the samples were first saturated by brine of /?,,= 11 fim resistivity
(5 » 103ppm NaCl concentration at 25 °C), and subsequently by brine of 7.1 fim
resistivity (7 ¢ 102ppm), the filtration coefficient of the samples did not decrease
more than a few per cent: k(l.1) —k(7.1) = (2-6) *10“8ms"“1

3. The decrease of the filtration coefficient is by an order of magnitude larger
if the samples are saturated by fresh water of 32.0 Bm resistivity (1.5 * 102 ppm):

£(1.1)-£(32.0) = (10-50) «KIF9ms"1
£(7.1)-£(32.0) = ( 8-32)- 10~9ms_1.

4. fhe phenomenon is due to the fact that the resistivity, Rw of water was
originally determined for the total mass of water. Rock resistivity RO was also
accepted as a steady-state value, achieved after saturation and compaction. On
the other hand, the resistivity, Rw belonging to the total mass of water has
decreased because of ion exchange with the mineral grains, and because of
dissociation, surface conductivity and adsorption. The less the original con-
centration of salt in the water saturating the samples, the larger would become
this subsequent resistivity decrease.
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5. The ratio of the resistivity, RO of the samples to the resistivity, Rwmeasured
in the total mass of water is not equal to the real formation factor of the rock,
as the resistivity of water changes inside the pores of the rock.

6. According to Table I, the decrease of the filtration coefficient of the rock
samples in only 2-3% in the case of saturation by water of 11 Bm and 7.1 Bm
resistivity, respectively, even though their porosity is 33.2-35.8%, and their
standard grain-size D10 lies in the 127.0-203.2 /nn range.

The resistivity of 32.0 Rm of the fresh water has decreased - using the
formation factor F belonging to Rw— 11 8m - to 22.3-17.6 Bm inside the
pores, that is by some 30-45%. On the other hand, the 7.1 Bm dropped only
to 6.5-6.0 Bm, i.e. it has become only 8.5-15.5 per cent less. If we substitute the
real formation factors - computed from the /% specific resistivities valid inside
the pores - into Egs. (18) and (19), the permeabilities and filtration factors,
respectively, of the different rock samples will be the same, independently of the
specific resistivities of pore water and of rock, respectively.

The use of Egs. (18) and (19) is primarily recommended for the delineation
of producing layers penetrated by water-prospecting boreholes and for deter-
mining the expectable water yield. Additionally, these equations can be used for
designing the protection system against water inrush in coal mines, by determin-
ing the filtration coefficients of water bearing sandstones and by locating
running sand layers.
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ViZTAROLO HOMOK RETEGEK SZIVARGASI TENYEZOJENEK MEGHATAROZASA
FUROLYUKSZELVENYEZESSEL

CSOKAS Janos

A Darcy-féle szivargasi egyenlet és a Kozeny-féle permeabilitds formula ' ' nl6. Ennek
alapjan jol osztalyozott viztarol6 homokokra felirhatd a lorluozitasi egyitthaté és a fajlagos
szemcsefellilet (a szivargasi palya), valamint a Kozeny-féle hatékony szemcseatméro és a szemcsék
atlagos alaki tényezdje (a szemcse-geometria) kozotti figgvény. A tortudzitasi tényez6t és a Kozeny-
féle hatékony szemcseatmér6t a fajlagos ellenallas és a porozilas szelvényekbdl meg lehet hatarozni.
A fajlagos feluletet pedig a hatékony szemcseatmérd ismeretében lehet megadni. H&mérséklet
szelvénybdl kapott réteghéfok ismeretében a pérusviz kinematikai viszkozitasa szamithato. A fent
emlitett adatokat a Darcy-féle egyenletbe behelyettesitve a szivargasi tényezét j6 kdzelitéssel meg
lehet kapni. A cikkben levezetett egyenletek féleg széntelcpes 6sszletek viztarold rétegeinek hid-
rolégiai vizsgalatara javasolhatok a vizvédelem tervezéséhez.

OMNPEAENEHVNE KO®PUNLUMNEHTA ®PUNJIbTPALUNN MECHAHbBLIX BOJOHOCHbIX
KOMITJIEKCOB MNMYTEM KAPOTAXA BYPOBbLIX CKBAXWH

AHow YOKALL

YpaBHeHue ¢unbTpaumMn fapcu cxogHa ¢ qopmynoli npoHuuaemoctn KoseHu. Ha 3aTom
OCHOBaHWM MOXHO BbIBECTM (hOPMY/NY 3aBUCMMOCTU YAeNbHOW NMOBEPXHOCTU 3epeH (TpaeKTopuii
hunbTpayun) ¢ Ko3hHULNEHTOM, XapaKTEPU3YHOLWUM CNOXHOCTb MOPOBbLIX KaHanoB, OT 3gdek-
TUBHOTO AnvameTpa 3epeH Mo Ko3eHW co cpefHWM napameTpom (opMbl 3epeH (FreOMeTpuUmn 3epeH).
KoathhmuneHT, xapakTepu3yoLUiA CAOXHOCTb MOPOBbLIX KaHanoB, N 3PMEKTUBHbIV AuaMeTp 3epeH
no Ko3eHn MOXHO OnpesenunTb No KPUBBLIM YAENbHbIX CONMPOTMBEHWIA 1 MOPUCTOCTH, a YAe/bHYIO
NOBEPXHOCTb MOXHO 3aJaTb N0 U3BECTHOMY 3(D(EKTUBHOMY AuaMeTpy. Ha OCHOBaHUW WM3BECTHOM
TeMnepatypbl €051, ONpefeNieHHOl No TeMMnepaTypHbIM KPUBbLIM, MOXHO paccuMTaTb KMHeMaTuue-
CKyl0 BSI3KOCTb MOPOBbIX BOfA. [OACTaBNAsS MOMYYeHHble AaHHble B ypaBHeHWe [lapcu, MOXHO
C [JOCTAaTOYHON TOYHOCTbLIO OMNpefenuTb KO3MMULMEHT (GuUAbTpauun. YpaBHEHUS, BblBeAeHHbIE
B HacTosleli pa6oTe, MOTyT 6bITb PEKOMEH/0BaHbI B NEPBYHD OYepedb B r’MAPONOrMYECKUX UCChe-
[OBaHWAX BOAOHOCHbIX FOPU3OHTOB YINIEHOCHBIX TOLL,.
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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);

* EOtvOs Lorand Geophysical Institute of Hungary, POB 35, Budapest, H -1440
** |nterface Computer Co.. Kiss Jozsef u. 4, Budapest, H-1081
Manuscript received: 22 July, 1985
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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



Determination of hydrocarbon saturation, rock composition. . . 71

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



72 Barlai— Réz

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.
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