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VELOCITY ESTIMATION BY ZERO-OFFSET MIGRATION IN
A LAYERED MEDIUM

Einar MAELAND

Migration of seismic data from buried point diffractors in a 2-D medium with plane dipping
reflectors is used to estimate a velocity macro-model. The surface data are extrapolated with a known
velocity to a new reference level by wave equation datuming, followed by zero-offset migration with
the constant velocity at the new datum. The diffracted energy will then be out of focus, so the imaging
condition is modified to allow for an extra time-shift. If the diffracted energy focuses, the position
of this focus and the extra time-shift determines the velocity in the next layer. Examples on synthetic
data illustrate the quality of the analysis.

Keywords: migration, geometrical optics, caustics, image, time-shift, diffractions,
radius of curvature

1. Introduction

Migration of seismic reflection data consists of downward extrapolation
of surface data, and imaging at a time when the downward wave is time-coin-
cident with the upgoing wave [CLAERBOUT 1971]. If the velocity is in error,
the ‘image’ will be out of focus. Among the algorithms designed to estimate
velocity, depth focusing analysis generates displays that are similar to conven-
tional velocity analysis. Several studies, including those of DOHERTY and
CLAERBOUT [1976], YILMAZ and CHAMBERS [1984], FAYE and JEANNOT
[1986], report the focusing aspects of migration. When migration is performed
with erroneous velocity the zero-time image condition does not produce the
best-focused data. However, if the imaged data at non-zero times are saved, a
better velocity estimate may be obtained by interpreting the migrated output.

Seismological Observatory, University of Bergen, Allegt. 41, N-5007 Bergen, Norway
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4 Einar Maeland

Inorderto introduce approximate image formation, itis helpful to consider
a physical model for which the problem can be solved analytically. Consider
a layered medium containing plane dipping reflectors, with a constant velocity
in each layer. Assume that the surface data have been extrapolated to a new
reference level by wave equation datumuig [BERRYHILL 1979]. The objective
isto find the position ofa pointdiffractor and the velocity within the next deeper
layer. The analysis can then, without loss of generality, be confined to a model
with two contiguous layers. _

It is possible to estimate velocities by trial and error, until the diffracted
energy comes into focus. This can be done by keeping the imaging condition
fixed while the velocity is given different values or, which is more reasonable,
to choose one velocity but relax the imaging condition to allow for an extra
time-shift. In general, ifthe imaging condition is modified, the result will be an
image which may be rather complicated to describe algebraically. However, it
is possible to extract one particular (erroneous) velocity that yields an image
which is representative of the entire family of images.

The aim of this paper is to present an analysis based on wave equation
datumuig and velocity determination by migration. The principal steps include
(i) obtaining an initial estimate of the velocity field which is used to perform
the depth migration, and (ii) interpretation of the focusing errors and using them
to estimate the velocity in the next lower layer. The proposed technique does
not require modification of existing extrapolation algorithms.

2. Formulation of the problem

Assume that a single point diffractor is buried in the lower layer of a
two-layer medium. For simplicity, but with no loss of generality, the problem
will be treated as two dimensional. Let (X, z) be cartesian coordinates, with x
and z in the horizontal and vertical directions, respectively. Let the boundary
dividing the two layers be a plane, dipping surface defined by

Z=270- tan(cx) X , (D

where a is the dip-angle. The position of the point diffractor is S =(x*, z,,). It

is convenient to use relative coordinates (C, q), with the origin at (0, Zg) and
rotation angle a. Hence, the C-axis is along, and the g-axis is normal to the
plane surface Eqg. (1). The transformation from (x, z) to (G, q) is given by

Z0)sin(a) +x cos(a) ,
q=(z- Zg)cos(a) +xsin(a) .

The position of the diffractor in the rotated coordinates will be denoted by
(C., M- Since q* >0, then z* > [Zq - tan(a) .
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Consider a plane, refracting surface (g) separating two media with veloc-
ities Cj (above) and c2 (below). A point source (5) is the common centre of a
family of concentric spherical wavefronts. Two cases are of interest, viz.,
cx<c2and c1>c2, which are displayed in Figs. 1A and IB, respectively. A ray
from source S strikes the surface g at an angle of incidence 32 (which is

measured relative to the r)-axis). The angle ofrefraction, Bx, is given by Snell’s
law

sinilli) /cl =sin(R’2) /c2. 3

B
Fig. 1 Construction of zero-distance phase front of refraction (f), A— y<1; B—y>1 (y = Ci/C2).
Rays are refracted at point P, and continued to a point Q such that QP =y SP
g—refracting surface; c\—velocity above and &G— velocity below the refracting surface;
S—a point source
1 abra. A hullamtérés f(0) fazisa frontjanak (f) szerkesztése. A—y<1; B—y>1 (y =c\/cr).
A sugarak megtérnek a P pontnal és folytatédnak a Q pontig oly médon, hogy QP =y SP.
g—torési felllet; c;—a torési felulet feletti és @ —alatti sebességek; S—pontforras

Puc.l. CocTtaBneHune tpoHTa/npenomneHuns BonHbl npu dase t(0). A—y<1; B—y>1 (y = c\/q).
Jlyun npenoMnsiTcs Ha Touke P u npogomkatTes o Toukn Qnpm QP =y SP.
g—fipesiomnsoLas NoBepxHOCTb; Ci U Cr—EKOPOCTU Haf NpenomMasioLeli MOBEPXHOCTLIO 1
nof Heli; S-ToUYeYHbI UCTOUHMK
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Let P = (GO, 0) be a point on the refractor, and SP = c2t0, where t0 is the
traveltime from source S to point P. Then,

sin(R2) =(C0- CJ /c2t0. (4)

Let the refracted ray be continued to a point Q = (CI5pj), such that
QP = (cYc2) SP. As point P moves over surface g, the points Q will all lie on

a surface f. This surface is defined as the zero-distance phase front of refraction
[CORNBLEET 1984]. If SP =c20, it follows that QP =c{t0, and

sin(Pi) =(C0- £i) /ci t0,
cos(j) = T/cj t0 . (5)
Thus, a set of parametric equations are obtained
Ci“C-=c2t0(1 - Y2 sinCBj) ly
Hi =Y 2o cos(Ri) , (6)

where y = c2/c 2 is the velocity ratio. If the parameter  is eliminated, the
result is, by means of the relation cos (B2) = q*/c2i0, that the zero-distance
phase front is given by

(Ei - CH2/(Y2-1) + (nily)2=TF e )

Hence, the zero-distance phase front is an ellipse or a hyperbola depending on

whether y >1 or y <1, respectively. The conclusion is that kinematic migration
of zero-offset data with the constant velocity  yields the zero-distance phase
front.

For velocity ratios (y) of 0.8 and 1.25, respectively, ray paths from the
point diffractor to the receiver positions on the jc-axis are shown in Figs. 2A
and 2B; the corresponding refracted rays and the zero-distance phase front are
in Figs. 3A and 3B.

3. Focusing analysis

If data from a single point diffractor in a homogeneous medium are
considered, migration with erroneous velocity yields an image that is a phase
front of zero distance. Consider two layers where the velocities of wave
propagation are cj and c2, respectively. Rays from a point source in the deeper

layer will be collimatea to parallel rays by refraction at a hyperbolic surface
if y <1, or an elliptic surface if y >1. The hyperbolic or elliptical refractor
produces a plane phase front, whereas a plane refractor gives a hyperbolic or
elliptical phase frontfory <lor y >1, respectively [CORNBLEET 1984]. Based
upon this observation, if the dip-angle (a) is given for a plane interface, the
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c\/c2 = 0.80 Dcp-angle = 15

VAR T
AR R

Phass front

Nz

A
ci/C2 = 1.25 Dcp-angle = 15
Phase froni

V2

Fig. 2. Ray paths from source (S) to points on the x-axis when A—y <1,and B—y >1
(exp. see Fig. 1)
2. dbra. Sugarutak a forrasponttdl (S) az x-tengely pontjaiig A—y <1, és B—y >1 esetén.
(jelmagyarazat: lasd 1. bra)
Puc. 2. Nyun oT nctouHmka (S) go ocn X, A—ansa cnydas y <1, B—npuy >1. (yCnoBHble
0603HayYeHMs cMm. Ha Puc.l)

velocity (c2) in the lower layer may be determined by migration with the
velocity (Cj) in the upper layer.

Making use of the exploding reflector concept, consider any wavefront
with centre at S = (x*, z*) at time 0; i.e., a spherical wave with radius c2ri-

In order to perform reliable focusing analysis, a parallel phase frontat a distance
(tI + clAt) must be calculated, and then choose At so that the diffracted energy

(eventually) comes to a focus. However, ifthe velocity is in error, perfect focus
cannot be attained. Associated with a phase front are the corresponding families
ofrays. A wave field corresponds to a family of rays that can, and usually does,
exhibit a property that does not reside in any of the individual rays, namely
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c\/c2 = 0.80 DLp-angle = (&
X
- 9 y\*"Vi\iv ©
Phase frant 2
12
A
B

Fig. 3. Ray paths from zero-distance phase front of refraction when A—y<1,and B—y>1
(exp. see Fig. 1)
3. abra. Sugarutak a hullamtorés 1(0) fazisfrontjatol A—y<1 ,6s B— y> 1 estén
(jelmagyaréazat: lasd 1. dbra)

Puc. 3. Nlyun oT ¢poHTa npenomneHus npu gase M0) A—ana cnydas y<1, B—ana y>1.
(ycnoBHble 0603Ha4YeHMs cM. Ha Puc. 1)

focusing. This occurs on the envelope of neighbouring rays (caustics). Wave
fields are dominated by caustics, which form the significant structure ofimages
formed by migration of seismic data. The caustic represents the concentration
of energy, or the ‘aberrated image’ of the point source. If the caustic is cusped
(two branches of the curve meet), then exceptional, high amplitudes may be
expected, and the cusp replaces the exact focus which exists wheny = 1.
Given a parallel phase front, it is possible to examine whether the phase
front will develop a cusp at a certain time At * 0. Points at which this occurs
are points at which adjacent rays intersect. The locus of all such points is a
caustic. A parallel phase front is defined by C= C(?) and M= I1(?), where
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C(0 =?i +C\t sin (Bi) ,
N(O=n- cff cos (Pi) .

A positive time (t >0) indicates that the phase front ismoving toward negative
r-values. Dueto the symmetryaboutC  ,itissufficientto describe the phase

front in the vicinity of this line, i.e., small angles Bx; hence

104

S(t)-b =[Clt+ n*(i-y2)/y] Pi+

n=Yr-Cff+\ [E(f)- C] Pi +eee 9)
The radius of curvature given by
L) “5C (t)/dPj =cxf + (1-y2) M*/y + eee (10)
is equal to zero at a time
G At=(y2- 1) ti*/ly =- R(0) . (1)

In other words, the phase front is cusped [MAELAND 1989] and due to the
symmetry, the position of the cusp of the caustic is (Cc, qc) = (C*,g*/y). The
caustic and the cusp can be identified in Fig. 3B; in Fig. 3A, they can be
identified only if the rays are extended below the phase front.

Data transfer to the floating datum (reference level) is performed by
time-shifting every seismic trace by an amount defined by the difference in
elevation and a known or an estimated velocity model. Although an extra
time-shift can smear seismic energy and deteriorate spatial resolution on the
depth section, the result may well be another “focus’. The position (Cc, gc) is

relative to the rotated coordinate system, so
Nc = (zc ~ Z0) cos(a) +xc sin(a) . (12)

The position (zq) and the dip-angle (2) are given by zero-offset migration with
At =0. Then, solving equation (11) for the velocity ratio

y2=1+cxAt/r\c . (13)

Inthis formula velocity clis known whereas the time-shift (At) and the position
of the focus must be determined by inspection of the migrated output.

4. Ilustrative examples

In order to indicate the quality of the focus when the imaging condition is
modified, migration is executed by the phase-shift operator [GAZDAG 1978],
but allowing for an extra time-shift in the imaging condition. The input signal
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is a zero-phase Ricker wavelet, i.e., the second-derivative of f(t) =

exp [-2 (t/T) 2], where T = 0.05 sec. The velocity in the upper layer is
cx= 1km/s, moreover, Zo0= 10 km and a = 15°. A point diffractor is located
atxX* = 2 km and z* = 1.0 km. Finally, the extrapolation step is Az =0.01 km.

The synthetic zero-offset section is displayed in Fig. 4A when y <1.
Figures 4B and 4C contain the migrated results while the imaging condition is
applied at t = 0 and t = At, respectively. The corresponding results when
y Mare displayed in Figs. 5A, 5B and 5C, respectively. According to the
proposed strategy, when the imaging condition is modified (At * 0), the dip of
the reflector is the same, but its position will change, cf., Figs. 4C and 5C,
respectively. The true position of the reflector is indicated by the sloping line,
and the position of the aberrated focus (gc) must be measured relative to this

line. The quality of the focus depends on the aperture, so the quality when
y >1, is much better than wheny <1. Moreover, the net phase-shift of approx-
imately n/2 when the parallel phase front passes through the cusp of the caustic
may be used to decide whether a focus is in sight or not. The change in sign of
the curvature of the phase front may also be useful. A drawback is that artifacts
caused by phase wrapping may be strongly in evidence, cf., Fig. 5C. Phase
wrapping is a consequence of the actual migration algorithm (the phase-shift
method). No attempts have been made to avoid phase wrapping. The phase-
shift operator was chosen to illustrate that migration need not be done with the
most sophisticated ofalgorithms: asamatter of fact, any conventional migration
algorithm may be used.

To summarize: if y <1, then At <0, so imaging at time equal to t = 0 is
too early (undermigration); if y >1, then At >0 and the imaging principle is
applied too late (overmigration). Migration with a velocity too small leaves the
data in positive time and migration with a too large velocity pushes the data
into negative time [MAELAND 1989].

5. Paraxial approximation

Given a plane dipping interface, it has been demonstrated that information
from the zero-distance phase front can be used to estimate the velocity in a
two-layer model. In principle, this is also true for a general interface; in fact,
given the position of a refractor, it is possible to obtain an expression for the
zero-distance phase front [CORNBLEET 1984]. However, the analysis is rather
complicated algebraically, and soon becomes unwieldy, so this case is rarely
treated mathematically until certain simplifying conditions are imposed. Ifonly
rays that are close to the C-axis are to be considered (paraxial approximation),
nonspherical surfaces can usually be adequately represented by spherical
approximations.

The imaging that occurs during the migration of seismic data is similar to
the focusing of light by a lens. The focal-length of the ‘lens’ is determined by
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Fig. 4. A—Synthetic zero-offset sections wheny = 0.5; B— migration and imaging when
t=0 and C—when t = At
4. dbra. A—Szintetikus t(0) szelvények y = 0,5 esetén; B—migracio és leképezés t =0 és
C—t = At esetén
Puc. 4. A-CunHTeTudecknii paspes f(0) npuy =0,5; B-murpauyusa n otobpaxeHue t= 0;
C—murpaumnsa n otobpaxeHue t= At

n
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Fig. 5. A—Synthetic zero-offset section wheny = 2.0; B—migration and imaging when t = 0 and
C—when t = At
5. abra. A—Szintetikus t (0) szelvényeky = 2,0 esetén; B— migracié és leképezés t=0 és
C—t = At esetén
Puc. 5. A—CuHTeTuueckuii paspes t(0) npuy = 2,0; B—murpaymusa n oto6paxeHue t=0,
C—murpauusa n otoBpaxeHue t= At
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the velocity field, and a ‘best-focused’ image is made by changing the imaging
condition. In the terminology of geometrical optics, distance rj* is the object
distance, distance r\c is the image distance. In general, image distances are not
the same for all rays, which means that the rays do not come to a single focus.
This isa common feature of any reflecting or refracting surface and is known
as wave-front aberration in the (optical) literature.

With a circular refractor of radius r, say, the analysis becomes more
tractable. Ifthe origin of the circle is located at ¢c=C* and r| =r, the lens equation

[BORN, WOLF 1980] yields

[/Mc-YN*=(1-Wr- (14)
The sign convention is (relative to the positive direction of the g-axis) that a
concave surface is characterized by r >0, and a convex surface by r <0. The
focal length is the image distance for parallel incoming rays (q* 00); hence,
I//= (1-y)/r. If the refractor is plane (r —°°), which is the case studied so
far, the lens equation (14) reduces to Cyt\c = c2g*, so that the product of
migration velocity and focusing depth equals the product of real medium
velocity and real diffractor depth. The same relation was given by FAYE and
JEANNOT [1986], although it was derived from a completely different type of
argument.

Zero-offset migration yields the zero-distance phase front, with an apex
located at g™ =yg*. Assuming that the paraxial approximation (rays close to
the C-axis) is valid with symmetry about the line C = C*, the position of the cusp
of the caustic is qc = g+7”, where RA is the radius of curvature at the apex
of the zero-distance phase front. The radius of curvature (which is positive if
the direction from the apex of the zero-distance phase front to its centre of
curvature is positive) can be computed by means of Eq. (14)

i+y)-yqdr
Ra I’l*(l-y)(l+y) M (15)

which is a function ofy, g*and r. Some extreme cases are

Ra =0 when r =yq, /(y+1) ,
=(l-y2)n*ly ifr-+°°, (16)
Ra =00 when r=(y-1) g*/ly .

Another interesting case is r =qg*, where qc = g* and RA=qg*(I1-) . In this
case, the zero-distance phase front is a circle, with its centre at the diffracting
point position. Hence, a perfect focus exists at g*. Moreover, if the refracting

surface is plane (r = °°), the focus (in the analytical geometry sense) of the
zero-distance phase front is located at the true diffracting position. The con-
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elusion is that focusing analysis is still possible, although the position of the
cusp of the caustic may not always be accessible, e.g., when the radius of
curvature at the apex of the zero-distance phase frontbecomes very large. This
is always true since r\c =r"*+7”; in which case rjc —»00.

6. Location of the image

With the sign convention that if time increases, the wave front moves to
negative r|-values, it follows that

=- RA=/In-Mc -« (17)
Since Ra is given in terms of p * (the unknown position of the point diffractor),

it is helpful to express it by the distance p ¢ (the observed position of the cusp).
FromEq. (14)

(1+Y) - Ncl/r
1-(1-y)nc/r

When r —°°, this yields c{At =(y2-1) r\c, which is in accordance with
Eg. (11). In general, however, the relation between the parameters r|c,y and
Ot is not very informative, but the most important information can be obtained
by means of figures.

The radius of curvature as a function of the velocity ratio is displayed in
Figs. 6A and 6B when r>0and r <0, respectively. The dashed curve represents
r -+°°, in which case the radius of curvature will be denoted by
Rg=Ra (r =°°). In Fig. 6a the position of the diffractor is fixed, in Fig. 6B the
position of the cusp is fixed (when r =3 km). Perfect focus can be attained
only if Ra = 0; hence, r >0 implies focusing, which yields 1"1 < \Rq\, and vice
versa when r <0. Finally, in terms of the focal length (f), the result is

1r2~yny/
= 19
ra=1[F yn*1/ (19)

Hence, when/> 0 then 1"1 < \Rq\ and vice versa.

In general the centre of the circle will not be at C="*. Assume that the
cusp has been observed at  * C* with a corresponding point diffractor at
GD* C* In the terminology of geometrical optics [BORN, WOLF 1980], the
ratio of the height of the image to the height of the object is the
magnification

ra=Hcd-Y) (18)

m = (Cc-C*)/(Cd-C*) = YMc/r 1* (20)
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Fig. 6. Radius of curvature at the apex of the zero-distance phase front when A—p, * 2 km and
B—IMC=2 km
6. abra. Gorbulketi sugar a t(0) fazisfront csicsan A—n* =2 km és B—pc =2 km esetén
Puc. 6. lyy Ha BepLunHe thazoBoro poHTa i(0) A—fpn p, =2 KM B—Ipn pc= 2 Km

Although Eqg. (20) does not apply, in general, to rays making large angles with

the ~-axis, it is one of the most important equations in geometrical optics.

Hence, if the off-axis position Cc has been observed, the lateral position ¢D of

the point diffractor can be recovered from Eqg. (20). It must be emphasized that

this analysis applies only when symmetry aboutthe C-axis is present. In general,

several foci may appear, so some care must be taken in interpreting the results.
In order to indicate the quality of this analysis, let

Z- Zq+Acos(2nX/L), (21)
in which case the radius of curvature ata:= 0 is
r=({L/In)2ZA . (22)
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Then, if A =0.5 km and L =3 km, it follows that r ~0.5 km. The rays are

displayed in Figs. 7A and 7B, when =0.0 km and =0.5 km,
respectively. Moreover, = 1.5 km and the velocity ratioy = 0.75, in which
case it follows that m ~ 0.5, ~0.25 km and r\c ~ 1.0 km. The caustic

with the characteristic cusp can easily be identified in each figure. The
zero-distance phase front (/) isalso superimposed on these figures. As a matter
of fact, the zero-distance phase front may have cusps and other singular points.
The extra time-shift which is needed to obtain the best focus (the position of
the cusp) is related to the velocity ratio (y) according to Egs. (17) and (18),
respectively. Hence, when At has been determined by inspection of the
migrated output, the velocity ratio can be recovered from the latter equations.

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Fig. 7. Ray paths when the point diffractor is located A—on the C-axis, and B—off the C-axis
(exp. see Fig. 1)
7. dbra. Sugarutak azon esetekben, mikor a diffraktalé pont A—a ij-tengelyen és B—a
ij-tengelyen kivul helyezkedik el (jelmagyarazat: lasd 1. bra)
Puc. 7. lyun B cnyyae pasmelyeHus gudparvpyrouiein Toukm A—8He ocu C, B—8He ocu” .
(ycnoBHble 0603Ha4YeHMs CM. Ha Puc. 1)
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7. Conclusion

A procedure to obtain a velocity macro-model of a 2-D layered medium
has been presented. The wave field must be extrapolated from one plane surface
to another by wave equation datumdig. Conventional migration at the new
datum will then properly position the next deeper reflector, but the diffracted
energy from a buried point diffractor will be out of focus. As a result, the
imaging condition requires artificial adjustments to compensate for the inac-
curate treatment of wave propagation. In other words, a compromise that
attempts to offset one error by another.

The procedure ‘defocuses’ diffractions into the zero-distance phase front
of refraction. Associated with the zero-distance phase front is the caustic
enveloped by the rays. The caustic consists of two branches, and the two
branches meet at a cusp. Zero-offset migration with imaging at any time
different from zero produces a parallel phase front; hence, the best focus that
can be obtained is when a point on a parallel phase front coincides with the
position of the cusp. The position of the cusp is determined by the radius of
curvature at the apex of the zero-distance phase front.

Interpretation of the migrated sections is part of the process leading to the
final velocity. The migration begins at the current datum. No velocity adjust-
ments need to be made below the reflector so migration can be performed with
any conventional migration algorithm. The position of the focus and the extra
time-shift must be obtained by inspection of the migrated output. On the other
hand, once this position and the corresponding time-shift are given, the
unknown velocity in the lower layer can be calculated. The wave field is then
extrapolated to a new datum by wave equation datuming, and the process
continues.
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SEBESSEGBECSLES RETEGZETT KOZEGBEN IDOSZELVENY
MIGRACIOVAL

Einar MAELAND

Sebesség makromodell becslésére felszin alatti diffraktalé pontokrdl szarmazé szeizmikus

felszini adatokat Uj vonatkoztatasi szintre extrapolalja az ismert sebességértékekkel, hullamegyenlet
modszerrel. Ezutan az 0] felUleten allandé sebességl tO(x) iddszelvény migraciot hajt végre. A
diffraktalt energia ilyenkor nem fékuszalédik, ezért a leképezési feltételt mddositjuk tovabbi
id6tolast figyelembevéve. Ha a diffraktalt energia fokuszalédik, a fokusz helyzete és az id6tolas
mértéke hatarozza meg a kovetkez6 rétegben a sebesség értékét. Szintetikus adatokon illusztralja az

analizis min6ségi sajatossagait.

OLEHKA CKOPOCTW/ B C/ZTONCTOM PA3PE3E C NMOMOLWWbIO
MUTPALVN BPEMEHHOIO PA3SPE3A

3uHap MEWAH/,

[Nsi OLeHKM CKOPOCTHOM MaKpOMOAe NPUMEHSIETCS MUTPaLUs CeliCMUUECKUX AaHHbIX
OT FNYBUHHBIX AU PAKLMOHHbIX ToYeK. MpeanonaraTcs ABYXMepHble N0CKMEe HAK/IOHHbIe
oTpaxatolue ropusoHTbl. MOBEPXHOCTHbIE AaHHblE NMPU U3BECTHbIX 3HAUYEHUAX CKOPOCTH
MeTOZOM BOJSIHOBOFO YpaBHEHUsI MepecunuTaloTCss Ha PYroil ypoBeHb, 3aTeM BbIMO/HSETCS
MUTpaLms BpeMeHHoro paspesa to(X) mpy MocTOSIHHON CKOPOCTU.

B Takom cnyuyae gud)parvpoBaHHasi aHeprusi He (HOKycMpyeTcsi, MOITOMY YTOUHSOTCA
YCNIOBUSA OTOBPAXEHUS C y4eTOM CMelleHUss BpeMeHW. Ecim Habnogaetcss (hoKycupoBaHue
AnparupoBaHHoOl 3HEPrMM, TO MO MOJIOXKEHUIO (HOKYCa U CMELLEHWUIO BPEMeHU onpejensieTcs
CKOpOCThb AN cnefytoLero ciosi. OCo6eHHOCTM aHanM3a WANCTPUPYOTCA N0 CUHTETYECKUM

AaHHbIM.
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The successful integration of physical and chemical datasets depends on the nature of the
environment under consideration. The datasets may reveal similar features and serve to support the
simplest of interpretations, or they may compliment each other in producing different but recon-
cilable interpretations which would otherwise be unattainable. The Ocean Drilling Program routinely
acquires a full suite of physical and chemical logs for most of the holes drilled. In Hole 762 on the
Exmouth Plateau the physical and chemical data identify different features of a sedimentary
environment; the physical characteristics relate to the major changes in lithology whilst the chemical
resolve the thin clay beds within the sequence. In Hole 504B in the Eastern Equatorial Pacific similar
relationships are visible in crystalline basement. The physical logs respond to a general decrease in
porosity with depth, whilst the chemical logs reflect the different modes of alteration which have
contributed to the evolution of this young section of ocean floor. In the Indian Ocean, Hole 735B
sampled tectonically emplaced gabbros with excellent core recovery. The physical and chemical
data both identify the lithological variations with the chemical data enabling the identification of
individual lithologies. Conversion of the chemical data to a meaningful mineralogical assemblage
is attempted as a suggested route to constraining physical properties. The difficulties in apportioning
the chemistry to the mineralogical assemblage are numerous but integration of the chemical and
physical data can assist in certain situations. Data from Hole 799B are used to illustrate the use of
density measurements to constrain the proportions of two minerals with compositional colinearity
(quartz and opal).
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1. Introduction

The geological interpretation of wireline logs relies traditionally on the
evaluation of a series of physical and limited chemical responses which are
observed in the field of electrical, acoustic, and nuclear measurements.
Considerable success has been achieved in calibrating such response, predom-
inantly inan empirical manner, in both sedimentary and crystalline successions.
The recent advances in nuclear techniques have expanded the range of quan-
tifiable measurements into the field of geochemistry [ANDERSON et al. 1990,
Harvey, Lovell 1989, Lovell, Anderson 1989] such that it is now
feasible to determine in situ quantitative data relating to the majority of the
major elements present in most common rock types. The advent of quantitative
geochemical logging provides the interpreter with a means of assessing a
different facet of a rock, and in turn opens up the possibility of identifying the
relative proportions of individual components.

The Ocean Drilling Program routinely acquires a full suite of conventional
wireline logs, including FMS images [see Ocean Drilling Program Wireline
Logging Manual 1989]. In addition, using a combination of nuclear tools the
following parameters are typically determined:

K Th U Fe Si Al Ca SH Ci Ti Gd Al bulk density / photo electric factor
(PEF).

The elemental suite comprises ail major elements anticipated to be present
within the Oceanic Crust with the exception of Na and Mg. Na is dominated
by the presence of sea-water. It is, however, possible to determine an estimate
of the amount of (Na and Mg) for the PEF measurement by recomputing the
PEF from the elemental concentrations and assuming the residual PEF is
attributable to these two elements. Whilst the errors involved in such a
manipulation can be considerable there may be specific situations where a
relative magnitude, particularly for Mg, is valuable.

This paper concentrates on the integration of chemical concentrations with
conventional logging data in scientific investigations of the oceanic crust. The
results presented here pertain to a variety of geological environments within
the world’s oceans and are the product of the efforts by numerous scientists
who have participated in the Ocean Drilling Program. It is only possible within
the remit of this paper to consider a few select examples of the integration of
physical and chemical logs.

2. Chemical and physical integration

The traditional wireline logging measurements such as sonic velocity,
electrical resistivity, density and total natural gamma ray may be classified as
physical logs in comparison with the more recent developments in spectral
chemical logs. This division is in some ways unfortunate since itisonly through
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the integration of the data that we can hope to advance our scientific under-
standing of the complex Earth.

Hole 762, Exmouth Plateau

A comparison ofthe two datasets can, however, show their complimentary
and hence mutually supportive nature. Hole 762 was drilled on the Exmouth
Plateau in a sedimentary section. The results [Shipboard Scientific Party 1989b]
are plotted in Fig. 1and show the dramatic changes indepositional environment
as exhibited by a range of logs. The sequence passes from silts and clays of the
Barrow delta up through a transgressive siltstone sequence to pelagic nanno-
fossil chalks. These are identified clearly by the physical logs but the chemistry
only appears to pick out the high Si zone of the transgressive sequence. Higher
up the sequence the variations in the Si, Ca and Al curves identify high
frequency fluctuations in clay content within the chalk. These variations, which
are probably climate related, are not recorded by the physical logs because of
the small changes in physical parameters which they produce.

Hole 504B, Costa Rica Rifl}

The definition of primary lithology allows the formation to be allocated
to a position within an overall framework of rock descriptions. Superimposed
on this basic characterisation which pertains to its mode of formation, however,
may be effects of subsequent processes involving variations in temperature or
pressure, or perhaps fluids of vaiying compositions flowing through the rock.
These processes may be sufficient to completely change the character of the
rock, and hence its lithology, or they may have less substantial but measurable
effects on the formation.

Hole 504B in the Eastern Equatorial Pacific is perhaps the most famous
attempt by any drilling initiative to drill deep into the ocean crust. As such itis
the only hole in the ocean crust to sample both the overlying sediments, pillow
basalts and basalt dikes which are analogous respectively to Layers 1,2A and
2B ofthe classic ocean floor layer cake defined by seismologists [KIDD 1977].
The history, success and failure of attempts at the hole over the last decade are
well documented by BECKER et al. [1989]. The hole is located on the southern
flanks of the Costa Rica Rift, a mid-ocean volcanic spreading ridge, in 5.9
million year’s old crust. As such it penetrates over 1300 metres of basaltic rock.
The lithology of this basement section is notably uniform throughout and is
separated into three separate zones, primarily on the basis of its physical
attributes, particularly with respect to its supposed mode of emplacement. Thus
the upper zone is dominated by pillows, the lower zone by dikes, with a
substantial transition between, extending from approximately 845 mbsf to
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1055 mbsf. Examination of the conventional logging suite identifies these
trends as a result of the decrease in porosity with depth (Fig. 2), from porous
rubbly zones at shallow depth (an aquifer occurs near the top of the basement
section) to a very dense, low porosity zone at the base of the hole [Shipboard
Scientific Party 1988a].

In comparison, however, the continuous geochemistry derived from the
downhole nuclear measurements exhibits two separate features. Firstly, the
overall trends can be identified as in the core and conventional logs. But in
addition fine scale variations may be identified within each major zone
[HARVEY, Lovell 1989]. The overall alteration boundaries of ALT et al.
[1985] are also identified by the nuclear measurements (Fig. 3).

Integration of these two interpretations enables both the primaiy emplace-
ment and secondary alteration effects to be observed within this one hole.

Hole 735B, Atlantis Il Fracture Zone

Ocean Drilling Program Site 735 is located on a shallow platform on the
east rim of the Atlantis N Fracture Zone in the SW Indian Ocean where a series
of gabbroic rocks have been tectonically emplaced at the surface. Hole 735B
penetrates to a depth of 500.7 mbsf and is well characterised by the core
descriptions on account of its 87% recovery. The petrographic descriptions
clearly identify a range of different lithologies within the hole [Shipboard
Scientific Party 1989a]. Figure 4 shows this lithostratigraphy together with a
selection of the in situ physical and chemical data. Both datasets identify the
major stratigraphic boundaries, particularly the iron-titanium rich gabbro layer
in the middle of the section, bounded on either side by comparatively iron-ti-
tanium poor gabbros. Using the nuclear derived elemental data from downhole
measurements, PELLING et al. (in press) have used a statistical technique to
define groups of similar chemical character down the hole. Their results show
both the excellent quality of the downhole nuclear data and the power of the
Iterative Non-hierarchical Cluster Analyses (INCA) technique to define
changes in lithology from the log data.

3. Mineralogical estimation

The end product of both the lithology and alteration studies are inextricably
related. Since they rely on the same data it is inevitable that often the analysis
will be complicated by attempting to find two different routes, both of which
are separate facets of one complex rock. An alternative approach to the
mathematical or statistical manipulation of the geochemical data is to produce
a unique transformation of the elemental data into a mineralogy log. The
interpretation of this derived-mineralogy then enables the study of the
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RESISTIVITY

Fig. 2. Electrical resistivity and
derived-porosity for Hole 504B
showing the decrease in pore space
and the consequent increase in
resistivity with depth [after PEZARD,
Anderson 1989]

2. dabra. Az 504B flrésra vonatkozd
elektromos ellenallas és porozitas
gorbék a mélységgel csokkend
porustérfogatot és ennek
megfelel6en a mélységgel ndvekvo
ellenallast mutatjak [PEZARD,

Anderson 1989 nyoman]

Puc. 2. Mo ckBaxunHe 504B
KpVBbIe 3N1eKTPNYECKOro
COMPOTUBMEHNS N NOPUCTOCTHM
NoKasblBalT YMeHbLLEHNE C
rny6uHoi obbema nop u,
COOTBETCTBEHHO, YBE/INYEHME C
rny6uHoi conpoTuBeHns [no
Pezard, Anderson 1989]
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GROUPS 1-10 MAJOR GROUPS ALTERATION

low température
sea water
alteration

suboxic/anoxic
alteration <100 C

>100 C

3-stage alteration
1. Greenschist
2. Quartz veining

3. Zeolites

Fig. 3. Major geochemical groups derived from a statistical classification compared with core
based alteration studies of Hole 504B in the Eastern Equatorial Pacific [after Lovell et al. 1990]
3. abra. A Kelet-Ekvatorialis Pacifikum 504B jell farasara elvégzett statisztikus osztalyozasbol

szamitott f6 geokémiai csoportok és a magmintakon alapulé vizsgalatok dsszehasonlitasa
[Lovell etal. 1990 nyoman]
Puc. 3. ConocTaBneHne faHHbIX aHann3a KapHa W rnaBHbIX FeOXMMUYEeCKUX rpynn,
pacyMTaHHbIX N0 CTATUCTMYECKON Knaccutmkaumm no cKBaxmHe
BoCTOUHO-3KBaTOpUasnbHbIii Tuxuii okead 504B [no Lovell et al. 1990]



26 M.A. Lovell - P.K. Harvey - R Pelting - J.F. Bristow

WTI WFE PEF RHOB
1
ﬁ 11
E
Q
\Y
0 wt% 100 wt% 30 ° barns/e 80 g/cm3 33 Unit

Foliated metagabbro

Olivine-bearing and
olivine gabbro

Olivine gabbro

Iron-titanium
oxide-rich gabbro

Olivine gabbro

Olivine-rich gabbro
with troctolite

Fig. 4. Lithostratigraphy of Hole 735B in the Indian Ocean. The physical and chemical downhole
logs both identify the major distinctions. Note in particular the high iron-titanium gabbro in the
middle of the section separated by the uniform gabbros below by a low denity (high porosity)
fracture zone. WTI1 and WFE are GLT derived weight percent of iron and titanium respectively,

PEF is photoelectric factor, RHOB is density

4 abra.. Az Indiai Ocean 735B farasanak litosztratigréfidja. Mind a fizikai, mind a kémiai
lyukszelvények alapjan azonosithaték a f6 valtozasok. Kilondsen figyelemremélté a szelvény
kozepén lathaté magas vas-titan tartalmd gabbré, amelyet az alatta talalhaté egységes gabbroktol
egy kis s(irliségli (nagy porozitasu) toréses zéna valaszt el. A WTI és a WFE a GLT-vel szamitott

vas illetve titan tomegszazalék, a PEF fotoelektromos tényez6, a RHOB pedig s(iriiség

Puc. 4. NntocTpaTturpams ckBaxXuHbl VIHANNCKWIA okeaH 730ri. OCHOBHbIE U3MEHEHUS
BbIB/IAIOTCA KaK 1 M0 (hU3NYECKUM, TaK U M0 XUMUYECKUM AlaHHbIM. OTMe4vaeTcs, YTo
BbISIB/IEHHOE B CcepefiiHe paspesa rabbpo ¢ BbICOKUM COfepXKaHUEM Xesesa N TuTaHa
0TfensieTcs OT BbISAB/IEHHbIX HM)Xe rabbpo pasnNoMHON 30HOW BbICOKON MOPUCTOCTH.
WFE, WTI BecoBoe cojep>aHue Xefesa U TUTaHa, paccymTaHHble no GLT, PEF
thoToanekTpuUeckmnii koepuyneHT, RHOB nNnoTHOCTb
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variations in both lithology and alteration downhole. An attempt at calculating
the downhole mineral assemblages in Hole 504B isdocumented in ANDERSON
etal. [1990].

The transformation of elements into minerals is a process which has been
used for considerable time by geologists [BARTH 1959, MIESCH 1962]. The
inversion is, however, at least as difficult as any other inversion problem, but
is complicated by the extensive range of mineral possibilities, both in terms of
individual types present, and their compositional ranges. HARVEY et al. [1990]
provide a recent substantial review of the problem and suggest a number of
alternative solutions as well as identifying some major areas of difficulty.
Ideally, knowledge of the minerals present together with their composition is
essential for awell constrained solution. Unfortunately, such a situation is rarely
observed.

Figure 5 shows the results of a mineralogical transformation using the
downhole geochemistry from Hole 735B in the Indian Ocean (compare with
Fig. 4). Although further detailed core mineralogy is awaited the overall
mineralogy appears to fit reasonable well with visual descriptions. In particular
the Fe-Ti oxide rich layer of Unit 1V is clearly defined and is seen to overlie
the relatively uniform, olivine poor, gabbro of Unit V. The model in Fig. 5 was
generated using a euclidian distance algorithm [see HARVEY, LOVELL 1991
for details of this technique] in which the mineral assemblage was chosen at
each depth interval from a selection of twelve possible assemblages. These
assemblages all contained plagioclase, clinopyroxene, magnetite, ilmenite and
pyrite as essential phases, but differed in the composition of the plagioclase and
clinopyroxene, and the presence or absence of orthopyroxene and olivine.
Model plagioclase compositions varied from An61 to AlT74and it is encourag-
ing that the most commonly selected mineral assemblage (plagioclase-clino-
pyroxene-orthopyroxene-magnetite-limenite-pyrite) contains a plagioclase
of An61, very close to the petrographically determined median value. The
opaque phases were modelled using magnetite and ilmenite as individual
minerals, there being no information at present about the degree of solid
solution present between the minerals. The precise nature of the opaque phases
is of particular interest in further resolving this section. The standard error log
(SErr) in Fig. 5 shows overall good agreement between the fitted mineralogy
log and input chemistry, the average error over the whole log being 0.46%.

HARVEY, Lovel1 [1991] discuss the difficulties faced in assigning
elements to minerals when there are several phases present which are compo-
sitional ly the same. This problem typically causes difficulties in sedimentary
environments where there is a varying input of terrigenous quartz and biogenic
opal. Both are chemically the same (SiO-j) but are mineralogically and sedi-
mentologically very different. Indeed the interpretation of the environment of
deposition relies on the identification of the proportions of each present. One
approach to this problem is to utilise the density log as an indicator of the
proportions of each component present [BRISTOW 1991]. Figure 6 shows the
result of this approach from well 799B drilled on Ocean Drilling Program Leg
128. The hole is situated in the Kita Yamato Trough, a failed backarc rift
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FeO SErr

0 wt% 30
Olivine fff Clino-px fe M  Ortho-px Magnetite

lImenite Plagioclase

Fig. 5. Mineralogical transformation of the downhole geochemistry data for Hole 735B. Note the
lithostratigraphy and logs showh in Fig. 4. SErr is standard error

5. abra. A 735B fardlyukban mért geokémiai adatokbél szamolt asvanyos osszetétel. Figyeljuk
meg a 4. dbran lathato litosztratigréafiat és a lyukszelvényeket. Az SErr a standard hibat jel6li

Puc. 5. MuHepanbHbIil cocTas, onpefeneHHblil N0 FrEOXMMWUYECKUM JaHHbIM M0 CKBaXWUHe
735B. JlutocTpaturpagumsa n paspesbl CKBaXXUHbl M306paxeHbl Ha Puc. 4.
SErr—eTaHfapTHOe OTK/IOHEeHNe
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Fig. 6. Mineralogical transformation of the downhole geochemistry data from Hole 799B in the Kita
Yamato Trough. SErr is standard error, RHOB is density, and WSI is weight percent of silicon

6. abra. A Kita Yamato-arok 799B furélyukaban mért geokémiai adatokbdl szamolt dsvanyos
Osszetétel. Az SErr a standard hibat, az RHOB a s(ir(iséget, a WSI pedig a szilikon
tdmegszazalékot jeloli
Puc. 6. MuHepanbHbIii cocTas, ONpeAeneHHbli N0 FreOXUMUYECKUM JaHHbIM CKBaXWHbI
Manaa AmaTto BnaguHa 799B. SErr—eTaHAapTHOe O0TK/0HeHUe; RHOB—A10THOCTD;
WSI1—BecoBoe cofepXaHue KpemHu

29
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environment in the Sea Japan. This Miocene sequence of sediments shows the
palaeoceanographic evolution of the Sea of Japan. A palaeoclimate record of
the region is recorded in the periodic changes in the abundance of biosiliceous
and biocalcareous material and the terrestrially derived aeolian dust. The
mineralogy log shown in figure 6 is determined by an inversion ofthe downhole
GLT derived geochemistry using a geometric method. Although composi-
tionally colinear, quartz and opal-CT have different matrix densities. They are
differentiated in the model by using an input matrix density curve, calculated
from the density tool. The results agree with the qualitative core descriptions
and indicate in more detail the variation of quartz and opal with depth

throughout the hole.

4. Discussion

The use of nuclear logs has heralded the opening up of the field of
log-interpretation to geochemists and mineralogists, together with geologists
involved in studying structure, pore fluids, and processes. The in situ chemical
signatures provide detailed observations of the variations in but one more facet
ofthe complex character of a rock. This observation is effectively continuous
downhole and at in situ conditions.

In order to utilise fully the downhole data it is important that the strictest
control is observed during data acquisition and processing. Calibration of the
datasets and evaluation of error both in raw data and derived parameters must
form the basis of further studies if the potential embedded in the integration of
data is to be realised.

Combining this excellent and in many ways novel data with conventional
log data and core data represents a major task. The provision of meaningful
guantitative mineralogical assemblages should yield better constraints on the
physical properties of the formation and enable a global geological character
to be established on a continuous basis throughout the borehole.
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A KEMIALI ES FIZIKAI KAROTAZS ADATOK INTEGRALASA; PELDAK AZ
OCEANI MELYFURASI PROGRAMBOL

M. A. LOVELL, P. K. HARVEY, R. PELLING és J. F. BRISTOW

A fizikai és kémiai adathalmazok sikeres integralasa a vizsgalt kornyezet természetétél figg.
Az adathalmazok feltdrhatnak hasonl6 jellegzetességeket és segithetnek megerdsiteni a legegysze-
riibb értelmezést, vagy kiegészithetik egymast, ha olyan kilénbéz8, de 6sszeegyeztethetd értelme-
zést adnak, mely mas médon nem lenne hozzéaférhets. Az Oceani Mélyfarasi program a legtdbb
faréasra fizikai és kémiai karotazs-szelvények egész sorat alkalmazza rutinszer(ien. Az Exmouth Platé
762-es szamu farasanal a fizikai és kémiai adatok az tledékes kornyezet kiilénb6z6 vondsait
azonositjak; a fizikai jellemz6k a litolégia f6 valtozasaira vonatkoznak, mig a kémiaiak feltarjak a
sorozaton beluli vékony agyagrétegeket. A Kelet-Ekvatorialis Pacifikum 504B jell farasaban
hasonlé Osszefliggések lathatok a kristalyos aljzatban. A fizikai lyukszelvények a mélységgel
csokkend porozitasra érzékenyek, mig a kémiai lyukszelvények ennek a fiatal 6ceanmedemek a
fejlédését eldsegité kulonbodzd valtozasokat tikrozik. Az Indiai-6cednban a 735B jell faras tekto-
nikailag athelyezett gabbrébdl vett mintat kit(in6 magkihozatallal. Mind a fizikai, mind a kémiai
adatok azonositjak a litol6giai valtozasokat, a kémiai adatok pedig lehet6vé teszik az egyedi litolégiai
jellemz6k azonositasat. A kémiai adatokbol megprébaltuk meghatarozni az adott dsvanytani egyit-
test és igy azt reméltiik, hogy a lehetséges fizikai tulajdonsagokat is le tudjuk szikiteni. A kémiai
adatokbdl az asvanytani egyutteseket igen nehéz meghatarozni, de a fizikai és kémiai adatok
integralésa bizonyos helyzetekben segithet. A 799B farasbol szarmazé adatokat hasznaljuk annak
illusztralasara, hogy a sr(iségmérések segitségével hogyan lehet két, azonos dsszetétel(i asvany
(kvarc és opdl) aranyat meghatarozni.

MHTEIMPALUNA OAHHBIX XUMNYECKOIO N $N3NHYECKOIO
KAPOTAXA, NMPUMEPbI CKBAXWNH HA OKEAHE

M. A. JTIOBEJIN, M. K. XEPBEW, P. NENINHI n Ax. ®. BPUCTOY

YAauyHoCTb WHTerpauum (usnyeckUx U XMMUYECKUX [aHHbIX 3aBUCUT OT MNPUpoLbl
n3yyaemoinn cpefbl. OHW MOTYT BbISSBUTb CXOfHble 0CO6EHHOCTW, TeM CaMbIM, MOATBEPANTL
NpocTeilly0 WHTepnpeTauunio [aHHbIX, WAW NPUBECTU K PasHOW HO coMocTaBUMOIA
NHTepnpeTayun n, TeM cambiM, JOMOMHATL APYr Apyra. B nporpamme 6ypeHUs CKBaXXWH Ha
OKeaHax npegycMaTpuBaeTca NPoBefeHne Lenoro psja BUL0B XMMUYECKOT0 Y (PU3NYECKOro
KapoTaxa. [0 CcKBaXWHe IKCMYT nnato 762 No (PU3NYECKUM U XUMUYECKUM [aHHbIM
onpegensetca xapakKTepucTuKa 0Cafo4HbIX 06pasoBaHWii: (Gu3MyeckuMe napameTpbl
NoKa3sblBalOT OCHOBHblE WU3MEHEHUSA JIMTONOMMYECKOro cocTasa, a Mo XMMUYECKUM JaHHbIM
BbISIBNSOTCA MMUHUCTbIE MPOCNONKN BHYTPY KOMM/EKCOB.

Mo ckBaxwuHe BocTouyHO-3kBaTOopuManbHblii Tuxuih OkeaH 504B nokasbiBaeTcs
XapakKTepUCTUKa KPUCTAN/IUYECKOro hyHaaMeHTa. ®usmnyeckue napameTpbl HyBCTBUTENbHbI K
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YMEHbLUEHWUIO C TFNYy6UHOM MOPUCTOCTW, & MO XUMUYECKUM [JaHHbIM MPOCNEXUBAKTCA
M3MeHeHMUsl, CMOCOGCTBYlOWME Pa3BUTUIO MOJSIOAOr0 OKeaHa. Ha WHAWlicKoM oKeaHe u3
CKBaXWHbl 735B nonyuyeH o6pasel, TEKTOHWYECKU MepeMeLleHHOro ra66po mpu OT/UYHOM
BbIX0fe K3pHa. Kak M Mo XMMWUYECKUM, TaK M N0 (PUNYECKUM [aHHbIM BblfensoTcs
M3MEHEHUA SIMTONONMYECKOro cocTaBa 06pa3oBaHUil, a Mo XUMUYECKMM [aHHbIM MOXHO
BbISIBUTb UX JINTONIOTMYECKME 0COGEHHOCTMN.

Bbina BbINOMHEHA NOMbITKA ONpejenTb NapareHeTMYeCKy accolnalnio MUHepasoB no
XVUMWUYECKUM [aHHbIM W, TaKUM 06pasom, OrpaHWyYMBaTb BO3MOXHble WX (uU3MyecKue
napameTpbl. [0 XMMWYECKWM [aHHbIM 3aTpPyAHEHO OMpejeneHUe napareHeTUYeCKOW
accouMauuy MUHepasoB, HO MHTErpauus XMMUUECKUX U (U3NUYECKUX AaHHbIX B HEKOTOPbIX
CNyyasix MOXeT MOMOraTh B pelleHUn 3agaun. Mo AaHHbIM CKBaXWHbl 799B mnokasbiBaeTcs
npvmMep onpeAeneHWsl COOTHOLUEHUSI COAepXaHUs ABYX CXOAHbIX MO COCTaBy MWUHepasioB
(kBapy, 1 onan) No faHHbIM U3MEPeHU NNOTHOCTU.
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RELATIONSHIP OF POROSITY AND PERMEABILITY TO
MERCURY INJECTION DERIVED PARAMETERS FOR
SANDSTONES OF THE TORTEL FORMATION, HUNGARY

Abdel Moktader A. EL-SAYED

Mercury injection-capillary pressure tests are expensive and, therefore, are not extensively
used. However various petrophysical parameters derived from them are valuable with regard to both
reservoir geology and engineering. Pore aperture size estimated from mercury injection tests has
been used to evaluate seals for stratigraphic hydrocarbon bearing traps. Mercury injection-capillary
pressure curves of 45 sandstone core samples obtained from the Tortei Formation (Algyé oil and
gas field) were investigated.

This paper develops empirical equations for estimating pore aperture size and some important
reservoir parameters from routine core analysis (porosity and/or permeability). Pore aperture sizes
r¥and 7j0 were estimated. Size rS0seems to be critical and the most effective pore size for delineating
hydrocarbon traps in the Tortei Formation. In addition, the mercury recovery efficiency could be
estimated.

Keywords: capillary pressure, porosity, permeability, Tortei Formation, Hungary

1. Introduction

The Tortei Formation (Pannonian s.l.) is mainly composed of bedded
sandstones intercalated with siltstones, marls, lignites and carbonified plant
fragments. Sandstone bodies were interpreted as distributaty channel, barrier
and mouth bars, and deltaic fringe deposits [EL-SAYED 1981, BAN, EL-SAYED
1987, JUHASZ 1991]. Limonitic concretions are common in the stratified
laminated and cross-laminated medium of fine grained sandstones and silt-
stones. The environment of deposition of the Tértei Formation varies from
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shallow lake and fluvial marsh to terrestrial and fluvially dominated delta
[MUCSI, REVESZ 1975, EL-SAYED 1981, BERCZI, PHILLIPS 1985].

The Tortei Formation in the Great Hungarian Plane is underlain by the
Algy6 Formation and overlain by the Zagyva Formation. In the Algy6 field it
is penetrated by more than 900 drilled holes. Five superimposed hydrocarbon
bearing reservoirs were attributed to the Tortei Formation. They are, from
bottom to top: Algy6-1, Algy6-2, Szeged-1, Szeged-2 and Szeged-3. The
Algy6-2 reservoir sequence was petrophysically studied by EL-SAYED [1981
and 1983], and classified into three deltaic rock genetic types. The previously
mentioned reserviors are considered as the most important oil producing
sequences in the Algy6 field. The reservoir characteristics of them are available
in the literature [EL-SAYED 1991, EL-SAYED, VOLL 1992].

Petrophysicists are interested in how porosity and permeability relate to
pore throat size distribution especially in reservoir rocks. However, exploration
geologists are interested rather in using pore aperture size derived from mercury
injection-capillary pressure tests to evaluate the sealing capacity of cap rocks
[BERG 1975, MAGARA 1978]. Hydrocarbon migration problems have been
discussed by number of authors [e.g. SOMFAI 1976, WARDLAW, CASSAN
1979, SCHOWALTER 1979, SWANSON 1981]. Hydrocarbon migration and
entrapment result from the interaction between buoyant pressures and capillary
forces.

In reservoir rocks, the minimum pressure necessary to force the oil (usually
the non-wetting phase) to enter the rock pores is known as displacement
pressure [SCHOWALTER 1979]. It is defined as the pressure at 10 % mercury
saturation onthe mercury injection-capillary pressure curve. However, the pore
aperture size corresponding to it can be determined. It is used for both reservoir
and sealing capacity evaluation. Therefore a readily available estimation of
displacement pressure from routine core analysis would be helpful.

Another parameter of interest is the pore aperture size that corresponds to
the apex of a hyperbola on the mercury injection-capillary pressure plot
[THOMEER 1960]. This parameter has the potential for depicting stratigraphic
oil bearing traps [SWANSON 1977, PITTMAN 1989 and 1992]. PITTMAN [1992]
showed that the net thickness ofsandstone reservoirs having the 36th percentile
of mercury saturation, which corresponds to a pore aperture size greater than
0.5 pm (5000 A), was useful for delineating the charged stratigraphic traps. He
introduced useful empirical equations for estimating various reservoir parame-
ters especially for sandstones.

The pore/throat size ratio is a parameter thought to be related to the
microscopic recovery efficiency of the non-wetting phase in sandstone reser-
VOirs [Wardiaw 1980, Kopaska-Merkel, Friedman 1989, Moraes
1991]. The oil recovery efficiency decreases while the pore/throat size ratio
increases. On the other hand, the opposite regime is obtained for the recovery
efficiency of the rock-saturating wetting phase. The purposes of this study are
(1) to detect which percentile of cumulative mercury saturation is able to give
reliable results in trap delineation for the sandstones of the Tortei Formation,
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(2) to present empirical relationships between porosity (®), permeability (k)
and capillary pressure derived parameters.

2. Methodology

Forty five porosity and nitrogen permeability analyses were available in
Hungarian Hydrocarbon Institute (SZKFI) files on plugs that had also been
used for mercury injection tests of sandstone samples obtained from the Tortei
Formation. The porosities and permeabilities of the data set ranged from 8.1%
to 30 % and from 0.03 md to 3000 md respectively. The studied samples were
mainly of calcareous and argillaceous sandstones and siltstones.

The displacement pressure is determined graphically from the mercury
injection curves, whereas the corresponding pore aperture radii were calculated
by using the equation adapted from WASHBURN [1921]:

Pc=-2ycos0/r (1)

where Pcis capillary pressure (dynes/cmz2), y is the surface tension of mercury
(480 dynes/cm), 0 is the contact angle of mercury in air (140 °C) and r is the
radius of pore aperture for a cylindrical pore. Thus, r (pm) = 107/PC(psia).

The mercury recovery efficiency (Re) is calculated in accordance with the
equation introduced by HUTCHEON and OLDERSHAW [1985]:

Re =(S - SN)/S )

where S is the volume of mercury injected at maximum pressure (cc) and Sris
the volume of mercury retained in the pore system at minimum pressure (cc).
Both S and Srare measured on capillary curves. However, the microscopic oil
recovery efficiency (Re0) was calculated by MORAES [1991] for oil-saturated
samples as:

**o  (50omax 50rm;n)/5 o0 max 3)

where Somex is the maximum oil saturation and Sorminis the minimum residual
oil saturation.

The apex of the curves of Fig. 1A was calculated graphically by using
SWANSON’s method [1977]. He determined that the 45° line is tangential to
the hyperbola of a log-log plot at the apex. Consequently, the average apex of
the sandstone samples of the Tortei Formation is calculated by plotting the
mercury saturation at the defined apex divided by the mercury saturation
pressure on the y axis against the mercury saturation on the X axis for each
mercury injection curve (Fig. IB). A regression analysis program [STOQDLEY
1984] was used to establish various empirical relationships.
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Fig. 1L A—Log-log hyperbolic plot of mercury injection data. ®=13.07 %, fte=98.43 %,
[=12.981 md, mean pore throat size= 14.15 phi; B—Plot of mercury saturation/capillary pressure
Versus mercury saturation
1 abra. A—A higanyinjekciés adatok log-log hiperbolikus dbrazolasa ®=13,07 %, fte=98,43 %
£=12,981 md, atlagos pérusnyilas méret=14,15 phi; B—A higanytelitettség/kapillaris nyomas
abrézolasa a higanytelitettség fliggvényében
Puc.l. A—T'mnep6onnyeckoe N306paxxeHne JaHHbIX HarHeTaHUsa PTYTU B IOrapumMUUecKoM
MaclwTabe. ®=13,07 % Re =98,43 % £=12,981 md, cpegHuii pasmep O0TBepCTUSA
nop=14,15pbl; B—3aBUCUMOCTb OTHOLLUEHWUSA HACbILWEHHOCTU PTYTLIO U KanunasapHoro
[aBNeHNA OT HACbILWEHHOCTU PTYTbiO

3. Analysis of apex

The distribution of mercury saturation (Fig. 1B) reveals two major apexes
(r36 and r50) that are generally present and characterize the sandstones of the
Tortei Formation. The most predominant apex is the r50. These apexes are
defined as the pore aperture sizes corresponding to the mercury saturation of
36 % and 50 % respectively. Although PITTMAN [1992] pointed out that the
mean apex calculated for 196 sandstone samples had a mercury saturation of
36 % (r36), the calculated apex (r50) proves that this latter is appropriate and
convenient for sandstones of the Tdrtei Formation. This is confirmed by the
relationships between the pore aperture radii (r36, r50) and the rock porosity
(Figs. 2A and 2B).

Based on regression analysis with r (apex) as the dependant variable, the
relationship between the pore aperture size corresponding to the apex (r36in A)
and porosity (® in %) is:

r36 = 466.82 eor o (4)
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Fig. 2. Pore aperture radii versus porosity. A—rsii; B—TI50
2. abra. Pérusnyilas sugarak a porozitas fliggvényében. A—7s0; B—rs0
Puc. 2. 3aBucumMocTb paguyca 0TBEPCTUS Mop OT nopuctTocTn. A —r 36, B— 30

This equation yields a correlation coefficient of 0.901. On the other hand, the
relationship (Fig. 2B) considering r50 as the mean apex characterizing the
sandstone of the Tortei Formation is:

r50 = 203.97 e0207h (5)

This equation is characterized by a high correlation coefficient (0.96).

Uncorrected gas permeability is plotted against both of r36 and r50
(Figs. 3A and 3B). These relationships were characterized by slightly low
correlation coefficients (0.54 and 0.62 respectively). The regression equations
representing these relations are:

r36- 22775 (6)

r50 - 993.5 K° 6* @

where K is the gas permeability (md).

Results showed that there is a favourable comparison with either r36or r50.
However, results obtained with r36are somewhat optimistic (Fig. 4) especially
in sandstones of the Tértei Formation. An examination of 12 nonproductive
wells in the Algyé6 field using both r36and r50gave complete agreement for 10
dry wells (83.3 %), while they have a pore aperture size <0.5 pm (5000 A).
Another examination of 33 producing wells in the Algyé field indicated that
r50 gives 100 % reliable results; r36 gave 95 % reliable results. Therefore r50
could be considered as the most effective tool for distinguishing nonproductive
from productive wells in respect of the lithological traps ofthe Tortei Formation
in the Great Hungarian Plane.
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Fig. 3. Pore aperture radii versus gas permeability. A—O6; B—rso
3. abra. Pérusnyilés sugarak a gaz permeabilitas fliggvényében. A—I36; B—1I50
Puc. 3. 3aBMcnmocTb paguyca 0TBEPCTMA MOP OT NpoHMLaeMocTu rasa. A —r36; B—9

Fig. 4. Semilog mercury injection
plot with pore aperture size plotted
on the logarithmic axis. $=12.38 %
k=6.38 md
4. abra. Higanyinjektalas abrazolasa
féllogaritmikus rendszerben, a
pérusnyilas méret a logaritmikus
tengelyen abrazolva. ®=12,38 %,
k=6,38 md
Puc.4. N3o06paxeHne HarHeTaHUs
pTYTU B NOyN0rapu@mMmyeckom
MaclwTabe. Pasmep nop n3obpaxeH
B I0rapugpmmyeckom macLuTabe.
»=12,38 % /c=6,38 md
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4. Displacement pressure

A relationship between the displacement pressure measured graphically
on the capillary pressure-mercury injection curve [SCHOWALTER 1979] and
porosity isshown in Fig. 5A. The relationship is represented by regression line
equation:

® =30.5 Par0312 8)
where Pd is the displacement pressure (psia).

Fig. 5. Porosity (A) and irreducible water saturation (B) versus displacement pressure
5. abra. Porozitas (A) és nem redukalhat6 viztelitettség (B) az elmozdulasi nyomas fliggvényében

Puc.5. 3aBrucrmocTb nopuctocTu (A) U oCcTaTOYHOW BogoHachlWeHHOCTM (B) oT gaBneHus
cMmeLeHuns

This equation has a correlation coefficient of -0.85. Fig. 5B exhibits a
relationship berween the irreducible water saturation calculated from capillary
pressure curves and the displacement pressure. This relationship is provided
with a reliable correlation coefficient (0.81) governing the equation:

S,.Ir- 3.99 Pd (9)
where Swir is the irreducible water saturation (%).

Hence, the displacement pressure could be estimated from the measured
rock porosity which usually obtained during the conventional core analysis.



42 Abdel Moktader A. El-Sayed

5. Recovery efficiency

EL-SAYED [1988] studied the recovery efficiency of 27 sandstone core
samples obtained from the Algy6-2 reservoir formation of the Algy6 field. He
concluded that the recovery efficiency of these deposits is influenced mainly
by tortuosity and matrix conductivity, or tortuosity and permeability per
porosity ratio.

Figure 6A reveals a negative relationship between mercury recovery
efficiency and rock porosity of sandstones of the Tdrtei Formation. In some
cases — especially in carbonate reservoirs (e.g. limestones and dolomites) —
positive relations have been recorded in dolostones [WARDLAW 1976 and
1980] and in oolitic limestones ofJurassic age [MELAS, FRIEDMAN 1992]. This
phenomenon depends mainly on the wettability of mineral grains forming the
rock-pore network. The obtained relationship (Fig. 6A) is presented by the
regression line equation:

Re= 106.86 -1.62® (10)

where Re is the mercury recovery efficiency (%) and @ is the porosity (%).
This equation is characterized by a correlation coefficient of -0.7. It is

worth mentioning that an insignificant correlation coefficient has been obtained

for the relation between mercury recovery efficiency and gas permeability.

porosity (%)

Fig. 6. Mercury recovery efficiency versus porosity (A) and pore/throat size ratio (B)
6. abra. Higany visszanyerési hatékonysag a porozitas (A) és pérus/nyilasméret arany
figgvényében
Puc. 6. 3aBcUMOCTb 3(P(heKTUBHOCTU U3BJIEUEHMSA PTYTU OT nopucTocTn (A) n oT
OTHOLLEHMA pa3Mepa nop u oTBepcTuii (B)
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Therefore, rock porosity from routine core analysis could be used for delin-
eating the oil recovery efficiency in the sandstones of the Tértei Formation.

The calculated mercury recovery efficiency is plotted against the
pore/throat size ratio (Fig. 6B). The graph displays a negative relationship,
while recovery efficiency decreases with increasing pore/throat size ratio. This
is completely consistent with the relations introduced by wWARDLAW and
CASSAN [1979]. The calculated average pore/throat size ratio for the sandstones
of the Tortei Formation was found to be 2.7, while the mean pore throat size
was measured by phi units. This average value, when plotted on the graph of
Fig. 6B, gives a mercury recovery efficiency of around 70 %.

6. Conclusions

Porosity and permeability of sandstones of the Tértei Formation, from
routine core analysis could be used to estimate various reservoir parameters
derived from mercury injection.

Among 45 sandstone core samples, the mean apex of log-log mercury
injection plots was at a mercury saturation of 50 %.

The apex of mercury saturation distribution exhibits bimodal type (r36and
r50). The empirically derived relationships between porosity and the pore
aperture radii of r36and rS0are presented by Egs. (4) and (5). They are reliable
enough for estimating the apexes and then for delineating the productive and
nonproductive welk in this trap.

Displacement pressure derived from mercury injection tests could be
estimated from either porosity or irreducible water saturation data by using
empirical equations (Egs. 8 and 9). Although mercury recovery efficiency
reveals negative relationships with both porosity and pore/throat ratio, it could
be estimated from rock porosity using the calculated empirical equation
(Eq. 10).

Acknowledgements

This work was supported by the Hungarian Hydrocarbon Institute
(SZKFI) during 1991 on the basis of a consultation contract. | wkh to thank
this organization for its financial support. Special thank is due to Dr. Laszl6
VOLL, vice president; Dr. E. BALAZS, Dr. K. SZENTGYORGYI, Dr. |. REVESZ,
Dr. J. GEIGER, Mrs J. KOMLOSI and Mr. B. Kiss of the Geology Department
and sedimentological team in both Budapest and Szeged for their continuous
help. I also wish to thank Dr. A. BAN, former vice president of the Hungarian
Hydrocarbon Institute, for fruitful discussions.



44 Abdel Moktader A. El-Sayed

REFERENCES

BAN A., E1-Sayed A. M. A. 1987: Genetic delineation of deltaic rock types in terms of
log curve shape in the Algy6-2 hydrocarbon reservoir, Hungary. Acta Geol. Hung.
30, 1-2, pp. 231-240

BERzcCI |, PHILLIPS R. L. 1985: Processes and depositional environments within Neogene
deltaic-lacustrine sediments, Pannonian Basin, Southeast, Hungary. Geophysical
Transactions 31, 1-3, pp. 55-74

BERG R. R. 1975: Capillary pressure in stratigraphic traps. AAPG Bulletin 59, pp. 939-956

EL-SAYEDA. M. A. 1981 :Geological and petrophysical studies for the Algy6-2 reservoir
evaluation, Algyé oil and gas field, Hungary. Ph.D. thesis, Hungarian Academy of
Sciences, Budapest, p. 166

E1-Sayed A. M. A. 1983: Skewness-kurtosis crossplot of pore throat size distribution as
a discriminating factor for deltaic rock genetic types. 2nd Arm. Mtg., Egyptian
Geophys. Soc., pp. 75-85

E1-Sayed A. M. A. 1988: Statistical relationships among some petrophysical parameters
for Algy6-2 sandstone, Hungary. Geophys. Res. Bull. (National Geophys. Res.
Inst. India) 26, 3, pp. 96-102

E1-Sayed A. M. A. 1991: Reservoir characteristics of the Upper Pannonian hydrocarbon
reservoirs in the Algy6 field, Hungary. Internal report of the Hungarian Hydrocar-
bon Institute (SZKFI), p. 47

El1-Sayed A. M. A, Voll L. 1992: Empirical prediction of porosity and permeability in
deltaic sandstones of the Tortei Formation, Hungary. Scientific Bulletin, Ain
Shams Univ., 30, pp. 461-487

HUTCHEON |, oLDERSHAW A. 1985: The effect of hydrothermal reactions on the pet-
rophysical properties of carbonate rocks. Can. Pet. Geol. Bull. 33, pp. 359-377

Juhasz GY. 1991: Lithostratigraphical and sedimentological framework of the Pannonian
(s.l.) sedimentary sequence in the Hungarian Plain (Alféld), Eastern Hungary. Acta
Geol. Hung. 34, 1-2, pp. 53-72

Kopaska-Merkel D. C., Friedman G. M. 1989: Petrofacies Analysis of Carbonate
Rocks: example from Lower Paleozoic Hunton Group of Oklahoma and Texas.
AAPG Bulletin 73, 11, pp. 1289-1306

Magara K. 1978: Geological model predicting optimum sandstone percent for oil
accumulation. Can. Pet. Geol. Bull. 26, pp. 380-388

Meélas F. F., Friedman G. M. 1992: Petrophysical characteristics of the Jurassic Smac-
kover Formation, Jay field, Conecuh embayment, Alabama and Florida. AAPG
Bulletin, 76, 1, pp. 81-100

MORAES M. A. S. 1991: Diagenesis and microscopic heterogeneity of lacustrine deltaic
and turbiditic sandstone reservoirs (Lower Cretaceous), Potiguar Basin, Brazil.
AAPG Bulletin, 75, pp. 1758-1771

Mucsi M., rReVvEsz I. 1975: Neogene evolution of the south-eastern part of the Great
Hungarian Plain on the basis sedimentological investigations. Acta Mineral. Pet-
rograph. 22, 1, pp. 29-49

PITTMANE. D. 1989: Nature of the Terry sandstone reservoir, Spindle Field, Colorado.
In: Coalson E. B. (ed.), Petrogenesis and petrophysics of selected sandstone
reservoirs of the Rocky Mountain region. Rocky Mount. Assoc, of Geol., Denver,
Colorado, pp. 245-254

Pittman E. D. 1992: Relationship of porosity and permeability to various parameters
derived from mercury injection-capillary pressure curves for sandstones. AAPG
Bulletin 76, 2, pp. 191-198

SCHOWALTER T. T. 1979: Mechanics of secondary hydrocarbon migration and entrap-
ment. AAPG Bulletin 63, pp. 723-760



Relationship ofporosity andpermeability... 45

Somfai A. 1976: Classification of hydrocarbon trap types on the area of the Pannonian
Basin (within Hungary) and possibilities of the investigation of lithological and
stratigraphical trap types, (in Hungarian) Foldtani Kutatas 19, 4, pp. 11-18

STOODLY K. D. C. 1984: Applied and computational statistics—a first course. Ellis
Horwood, New York

Swanson B. F. 1977: Visualizing pores and non-wetting phase in porous rocks. Ann. Fall.
Res. Conf., Soc. Pet. Engs., No. 6857, p. 10

Swanson B. F. 1981: A simple correlation between permeabilities and mercury capillary
pressures. J. Pet. Technoi., 1981 Dec., pp. 2498-2504

THOMEER J. H. M. 1960: Introduction of a pore geometrical factor defined by the capillary
pressure curve. J. Pet. Technoi., 1960 March, pp. 73-77

Wardlaw N. C. 1976: Pore geometry of carbonate rocks as revealed by pore casts and
capillary pressure. AAPG Bulletin 60, pp. 245-257

Wardlaw N. C., Cassan J. P. 1979: Qil recovery efficiency and the rock pore properties
of some sandstone reservoirs. Can. Pet. Geol. Bull. 27, pp. 117-138

Wardlaw N. C. 1980: The effect of {tore structure on displacement efficiency in reservoir
rocks and in glass micromodels. SPE Paper, Soc. Pet. Engs., No. 8843, pp. 345-352

Washburn E. W. 1921: Note on a method of determining the distribution of pore sizes
in a porous materials. Proc. National Acad. Sei., USA, 7, pp. 115-116
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psim 6.894 575 E+03 =MPa
dyn- 1.0E-05 =N
md- 9.869 233 E-04 =mm2
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POROZITAS ES PERMEABILITAS KAPCSOLATA
HIGANYINJEKTALASBOL SZARMAZTATOTT PARAMETEREKKEL,
ATORTEL FORMACIO HOMOKKOVEIRE

Abdel Moktader A. EL-SAYED

A higanyinjektalas-kapillaris nyomas vizsgalatok koltségesek, ezért alkalmazasuknem terjedt
el széles korben, bar a bel6lik levezetett paraméterek mind tarozé-geoldgiai, mind mérnoki
szempontbdl értékesek. A higanyinjektalasos tesztekbdl becsiilt pérusnyilas méret adatokat a
sztratigréafiai szénhidrogén csapdak zarorétegeinek kiértékelésére hasznaltuk. A Tortei formaciobol
szarmazé (Algy6 gaz- és olajmez6), 45 homokk6é magminta higanyinjektalas-kapillaris nyomas
gorbéit vizsgaltuk.

A tanulmany empirikus egyenleteket vezet le a pérusnyilas méretre és néhany fontos tarozé
paraméterre mindennapos magminta-analizis eljarasokbdél (porozitas és/vagy permeabilitas). Az r¥%
és r50 porusnyilas méreteket becsiltik, mely alapjan az r50 méret tiinik a legjelent6sebbnek és
leghatékonyabbnak a Tértei formacié homokkdveiben 1évé szénhidrogén csapdak leirasara. Ezen
kivul a higanyvisszanyerési egyitthat6 becslését is elvégeztik.
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CBA3b MOPUNCTOCTUN N MPOHNLUAEMOCTW C MAPAMETPAMA
BbIBEAEHHbLIMW MO HATHETAHUWIO PTYTW ANA MECHAHWKOB
TEPTE/IbCKOWN ®OPMALINN

Abnen MokTtagep A. 3N1b-CAE/[

WccnepoBaHue KanuANApHOro fJaBfieHWss MPU HarHeTaHWU pTyTW siBNsieTcs
[LOPOrocTosIL MM MeTOAO0M, NMO3TOMY OH He MOMyUYWUs LUIMPOKOFO MPUMEHEHUS, HECMOTPS Ha
LLleHHOCTb MOJlyYaeMblX AaHHbIX KaK W 4151 reofiorMmn pe3epByapoB, TaK U C MHXEeHePHOR ToUKM
3peHns. PasMep OTBEpPCTMS MOP, OLEHEHHbIV MO TaKWM MUCCNEA0BaHUSIM, NPUMEHSNN NS
onucaHWsa 3aKpbiBalOWUX NAacTOB CTpaTUrpauyeckUx pesepByapoB. bBbiau
NnpoaHanM3nMpoBaHbl KpKBble HarHeTaHWe PTYTU-KanuanspHoe fAaBfieHWe MO 45 KIPHOBbLIM
npo6am necyaHWKOB TepTeNbCKoli dopMaL M MecTOPOoXAeHUs HedTy 1 rasa Afnbje.

B cTaTbe BbIBefeHbl IMNUPMYECKUE YPaBHEHUS AN pacyeTa pasmepa OTBEPCTUSINOD U
HEKOTOPbIX BaXHbIX NapamMeTpoB pe3epByapoB Mo AaHHbIM CTaHAAPTHOrO aHann3a KapHoOBbIX
npo6 (NopMcTOCTb U/MAK NPOHULAEMOCTL). Pasmepbl 0TBepcTUS Nop 16 1 rnonyueHsbl NyTem
oueHKU. CaMbIM 3HauYUTe/NbHbIM sIBAsieTcA pasmep 50, KoTopblli Haubonee 3hPeKTUBHO
NpYMeHsIeTCs ANA OnucaHWs pe3epBYapoB TepTeNbCKoi opmauuu. Takxke BblNONHeHa
oLeHKa KoapuLmeHTa U3BeYeHUs pTyTu.
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ANALYSIS OF GRAVITY ANOMALIES DUE TO
CYLINDRICAL STRUCTURES WITH LINEARLY VARYING
DENSITY

A. V. VARAPRASADA RAO . G. SAHADEV . P. SRINIVASA
RAO** and N. SUNDARARAJAN**

Gravity anomalies g (x) due to 2-D cylindrical structures with linearly varying density and the
corresponding quadratic function H(x) are analysed to determine the depth (Z) of the centre of the
cylinder, the radius (R) and the rate of change of density contrast (a). The abscissa of the point of
intersection of g(x) and H(x) yields the approximate value of 2 and thereby the depth is obtained
with better accuracy by Newton-Raphson’s iterative process.

Keywords: gravity anomaly, cylindrical model, Hilbert transform

1. Introduction

Interpretation of geophysical anomalies is generally carried out by attri-
buting regular geometrical shapes to the structures which generate the anoma-
lous field. While doing so, particularly in gravity interpretation, the density
contrast is assumed to be uniform. At times this assumption is inappropriate
since the density of the sedimentary rocks increases with depth, hence any
anomalous body surrounded by them shows a decrease in its density contrast
with depth when its density remains unchanged throughout its volume
[MURTHY, RAO 1979]. It is also reported that the density increases exponen-
tially with depth in some cases [CORDELL 1973]. Therefore it is reasonable to
conclude that the density contrast varies linearly in depth for sources at

*  Presently with the Department of Computer Sciences, Indian Inst, of Tech.,
New Delhi-110 016, India

** Centre of Exploration Geophysics, Osmania University, Hyderabad-500 007, India
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moderate depth and exponentially in the case of shallow structures. The
non-uniformity in density contrast is primarily due to the compaction of
sedimentary strata that overlie the basement.

Some authors have made attempts to interpret gravity anomalies by means
of bodies with non-uniform density [BHATTACHARYYA, CHAN 1977,
MURTHY, RAO 1979, MOHAN et al. 1977]. These methods either turned out to
be cumbersome or require certain assumptions to enable the analysis to be
carried out. The limit of the spectral analysis [MOHAN et al. 1977] of such
gravity anomalies is that it is suitable only for relatively lengthy profiles.

Application of the Hilbert transformation for interpreting gravity anom-
alies is known from the literature [GREEN 1976, SUNDARARAJAN et al. 1983
and 1987]. In these methods the parameters of the causative bodies are obtained
by simple mathematical expressions involving the gravity field and its Hilbert
transform. Even for short profiles the method of Hilbert transform ensures
reliable results [SUNDARARAJAN 1982].

Herein we present a method for interpreting gravity anomalies due to
cylindrical structures with variable density. The method is illustrated with a
theoretical model.

2. Theory

Figure la illustrates the geometrical configuration ofa horizontal circular
cylinder. Assuming the density contrast at the apex of the cylinder to be (a)
and the rate of change of the density contrast (a) varying linearly with depth
(2), tr]le gravity effect due to the cylinder in such a case is given as [MURTHY
1973]:

/) .2 -t

-A - B
9 X2 + 22 (ar +z2)2 (1)
where
A=2«fR2(a +aR) )
B=nfa R4 2 €)]

and/is the universal gravitational constant.
The Fourier transform of g(x) is given as [MOHAN et al. 1977]:
F(co)=n e“r (A - 5co) . 4

Here, the Fourier transform consists of only the real part, as g(x) is an even
function. In this case, the equation of Hilbert transforms is reduced to [SUNDA-

RARAJAN et al. 1983]:
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Fig. 1. a) Geometry of a horizontal circular cylinder; b) Gravity effect g(x) due to cylindrical
structure, the Hilbert transform H(x) and the amplitude A(x)

1 abra. a) A horizontalis hengermodell geometriai vazlata; b) A hengeres szerkezet gravitacios
hatasa g(x), ennek Hilbert transzformaltja H(x) és az amplitudé fuggvény A(X)
Puc.l. a) FeomeTpuyeckasi Mofiefib FOPU3OHTANBHOTO UWAMHAPA; b) AHOManus cunbl
TAXECTU g(X) LUNUHAPUYECKOI CTPYKTYpbl, TpaHcthopMaHT FunGepta H(X) 1 amnnntygHas
dhyHKumsa A(X)

H(x) = — ??Re F (o) sin (cox) dco ®)
0

Equations (4) and (5) yield the Hilbert transform of g(x) as:
X 2x1z
- B (6)
(x2 +22) (x2 +22)2
The Hilbert transform ofg(x) can also be computed by the convolution process as

HO) - = - - 9()

where * denotes the convolution. In the above convolution representation g(x) can

be replaced by its horizontal derivative of any order and therefore the resulting
Hilbert transform would be the vertical derivative of the corresponding order.

H(x) =A
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3. Analysis

The origin, which is a prerequisite and is of paramount importance in
interpreting potential field anomalies, is identified from the maximum of the
amplitude defined by the equation:

A(X) = Jg(x)2+HX)2 . )

The first order vertical derivative of the gravity effect g(x) is obtained by
differentiating Eq. (1) with respect to z as:

., A(x2-z22) A2Bz (z2- 3x2)

gM- - ’(x§+z§)22 ¥ (xﬁ+22)3 ®)
Atx =0andz =Z, Egs. (1) and (8) reduce to
g(0) =A/Z - B/72 9)
gz(0) =-A/Z22+2B/Z3 . (10)
Constants A and B can be evaluated from Egs. (9) and (10) as:
A =29(0) Z +gz(0) z2 (ID
B =g(0)Z2+gz0)Z3 . (12)

At the abscissa of the point of intersection of g(x) and H(x) we have
g(x) =H(x) at x =jcj, that is:

A(Z-iei) (X] +Z22) =B(Z2-xj- 2Zx]). (13)

Eliminating A and B from Eq. (13) with the help of Egs. (11) and (12), we
obtain a cubic equation in Z as:

KZ3+LZ2+MZ +N=0 (14)
where,

K =g(0) +xlgz(0)

L =29z(0)x\

M=3g(0)xj-gz(0)x3

V=-29(0)*3
Equation (13) can be solved for Z using the Newton-Raphson’s method,
treating Xj as the approximate root [VARAPRASADA RAO 1988].

From Egs. (2) and (3), the radius of the cylinder is obtained as a cubic
equation in R as:

R3-AR/ (25 fa) +2B/(nfo) =0 . (15)
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Using Cardon’s method Eq. (14) can be solved for R assuming the value

of a.
Finally the rate of change of density a is obtained from Eq. (2) as:

a_A-ana R2
2nfR3

Thus the following parameters, viz. the depth (2), the radius (R) and the
rate of change of density (a) are evaluated.

(16)

4. Theoretical example

The application of the procedure detailed in the text is demonstrated by a
synthetic model with a set of parameters, namely: Z=4.0, R =2.0, <3=0.75 and
a=15 (all in arbitrary units). The gravity effect due to the cylinder, its Hilbert
transform and the amplitude curve are computed and shown in Fig. Ib. Using
the procedure detailed above, the parameters are evaluated as: Z=3.995, R=2.00
and <3=0.75 (all in arbitrary units). Thus the assumed and evaluated values are
in good agreement with each other and thereby substantiate the validity of the
method.

5. Discussion

The computation of the Hilbert transform of the discrete gravity data can
be carried out either through the frequency domain using the fast Fourier
transforms (FFT) algorithm or in the time/space domain using the convolution

process.
The discrete Hilbert transform (DHT) via the frequency domain can be

expressed as [MOHAN et al. 1982]:

N/2-1
H(m Ax) =— ~ g{m Ax) e~inwoT . 17)
n=0
On the other hand the digital form of the convolution process can be expressed
as [TANERetal. 1979]:

HK) =\ £g(n Ax) "2 (N2) (18)
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where
Ax— is the sampling interval
o0—is the fundamental frequence given as o) = 2n/nAx

N — is the total number of samples.

Basically both Egs. (17) and (18) give the same results. However the
computation in the frequency domain is much faster than the time domain
digital convolution process. In using Eg. (17), the number of samples n needs
to be 2k where K is a positive integer whereas this it is not the case with the
convolution process.

The stability of the vertical derivative in such an interpretation has been
studied by one of the authors [SUNDARARAJAN et al. 1990] and it was found
that the effectiveness of the interpretation is only slightly diminished in the
presence of a noise level as high as 50 %

Ifa=0, i.e. for a homogeneous body, Z can also be evaluated by a simple

division of Eq. (10) by Eq. (9) as:
Z =92(0)/g(0) . (19)

This perhaps appears to be simpler than the use of Newton-Raphson’s
method.
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LINEARISAN VALTOZO SURUSEGU HENGERES SZERKEZETEK
GRAVITACIOS ANOMALIAINAK VIZSGALATA

A. V. VARAPRASADA RAO, G. SAHADEYV, P. SRINIVASA RAO és
N. SUNDARARAJAN

Linearisan valtoz6 slriségli kétdimenziés hengeres szerkezetek &ltal okozott gravitacios
anomalidkat g(x) és az ennek megfeleld H(x) masodfoku fliggvényt vizsgélja a dolgozat, a hengeres
szerkezet kézéppontjanak mélysége (2), sugara (R), valamint a s(ir(iségkontraszt valtozasi aranyanak
(a) meghatarozasara. A g(x) és H(x) fuggvények metszéspontjanak abszcisszatengelyen felvett
értékébdl a mélység (Z) kozelits értéke hatarozhaté meg, igy ezen paraméter a Newton-Raphson
iterativ eljarassal nagyobb pontossaggal szamithat6.

NCCNEALOBAHUE AHOMANVIN CUNbl TAXXECTU OT
LUMNANHAPUYECKUX CTPYKTYP MNP IMHENHO N3MEHAKOLLENCA
NAOTHOCTU

A. B. BAPATPACALA PAO, I CAXALEB, . CPMUHNBACA PAO n
H. CYHOAPAPAOXKXAH

B cTaTbe uccnegyroTcs aHOManuu cunm TsxecTu g(X) ABYXMEPHbIX LUUAUNHAPUYECKMX
CTPYKTYP C /IMHEHO M3MEHSAIOLLECA NAOTHOCTHIO U COOTBETCTBYOLLME UM (DYHKL MW BTOPOI
cTeneHn H(X) ¢ uenblo onpegeneHus ray6uHbl 3aneraHus UeHTpa (Z) u paauyca (A)
LUMIVHAPUYECKOW CTPYKTYPbI, a Takke KoathduuueHTa U3MeHeHNS U36bITOYHOW NAOTHOCTU
(a). Mo abcumcce Toukn nepecedeHma GyHKuMin g(x) n H(x) onpegensieTcs npuénmsnTensHas
rny6uHa (Z) c 6onblueli TOYHOCTbIO, YeM ¢ MeTogoM HbloToHa-PadcoHa.
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INTERPRETATION PROBLEMS OF ELECTRIC SOUNDING
AND PROFILING IN REGIONS OF COMPLICATED
GEOLOGY AND RUGGED TERRAIN

Alfred FRASHERI*

Electric soundings in zones of complicated geology and rugged terrain (e.g. in the folded
mountainous belt of the Albanids), have shown the existence of electric field scattering. The lateral
changes of resistivity, the limited extension of geologic structures, the existence of several structures
close to each other, and rugged terrain are characteristic features of this complicated geoelectrical
medium.

Electric field scattering distorts the apparent resistivity values; if the apparent resistivity curves
were interpreted without regard to the above phenomena and without performing correction for their
effect, an unreliable view would be taken. Therefore the electric field scattering of the direct current
was studied in a heterogeneous medium with curved boundaries and in rugged terrain. Potential
response was computed with the aid of the quasi-harmonic equation (two- and three-dimensional)
for boundary conditions of Neumann type. To solve the quasi-harmonic equation in a trapezoidal
zone, in the lower half-space it was replaced by the corresponding variational problem, which can
be solved by the finite-element method, giving an approximate representation of the electric field
scattering. We have developed two computer programs in Fortran programming language for 2-D
and 3-D modelling.

Results of some geoelectric models are given. In these models the electrical soundings are
taken over the interface of different types of rocks and flexures, or above horsts and grabens. The
programs are also used to correct different effects, including terrain effects.

Keywords: electric sounding, Albania, resistivity, finite-element analysis

1. Introduction

The widespread use of shallow electric soundings for engineering studies
and in mineral prospecting and the use of deep electrical soundings in the search

Polytechnic University of Tirana, Faculty of Geology and Mining, Tirana, Albania
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for oil and gas, have brought forth some problems related to the interpretation
of the electric soundings in cases of complicated geology and rugged terrain in
some regions of Albania. The experience gained and the theoretical analysis of
the phenomena observed create possibilities for their solution and the over-
coming of their influence.

Electric soundings are interpreted by comparing them with theoretical
models of simplified geoelectrical sections (horizontal, sometimes inclined
layers which are always flatand have infinite extent, without horizontal changes
of the resistivity). In practice the use of electric sounding involves a number of
aspects related to the surface geology and terrain:

— the relief is rugged in many areas;

— lateral (abrupt or gradual) changes of resistivity exist due to the
presence of different types of rocks. The contact between them may
be outcropped or may be covered by overburden;

— the geological structures have smaller extent than their depth, so the
geoelectric boundaries are limited;

— various types of geological structures are often situated close to each
other, at the same or different depths.

The above mentioned factors influence the scattering of the electric field

and consequently the values of the apparent resistivity measured during the
electric soundings.

2. Terrain effect in resistivity surveys

Rugged terrain causes deformations on the sounding and the resistivity
profiles [DAHNOV 1953, KOEFOED 1979, FRASHERI et al. 1984] due to the
changes of the subsurface current distribution. For example when the current
line configuration is perpendicularto the strike ofa crest, the apparent resistivity
at first begins to decrease, because of the decrease of the current density in the
region where the potential electrodes are placed. The opposite is the case when
the centre of the sounding is located over a valley. A more complicated
influence appears on the resistivity curve when the centre of the sounding is
located overthe foot, oracrest, or over the side ofa valley. If these deformations
are not taken into consideration they may lead to a wrong interpretation.
Evaluation of terrain effects can be made in two ways: firstly, taking into
consideration not only the sounding to be interpreted but the neighbouring
curves as well. At the same time information about the resistivity of the
outcropped rocks in the sounding area must be provided. Secondly, correction
of apparent resistivity with respect to the terrain effects is carried out.

For terrain correction we use the finite-element method to solve numeri-
cally the Laplace’s equation in order to study the electric field behavior in a
heterogeneous medium with curved boundaries of any configuration (Fig. 1).
The finite-element modelling procedures are treated mathematically in several
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Fig. 1 Three-layer geoelectric model for finite-element method to compute two-dimensional
terrain correction
1 abra. Haromréteges geoelektromos modell kétdimenzids terrén korrekcié szamitasahoz

Puc. 1 iByxMepHas Tpexc/oliHas reo3nekTpuyeckas Mofenb 418 pacyeTa NonpaBKu 3a
BNUsIHUE penbedda METOAOM KOHEUHbIX 3/1EMEHTOB

publications [e.g. HOLCOMBE, JIRACEK 1984, FOX et al. 1980 or PRTOMORE
etal. 1981]. For the calculation ofterraineffectalong two-dimensional structure
aspecial algorithm was used, the mathematical elements of which are presented
in earlier works of the author [FRASHERI 1987, FRASHERI et al. 1984].

In accordance with this algorithm a program, ELTRON-3, in Fortran-77
programming language was developed. This algorithm is different from those
ofmany other authors [FOX et al. 1980, HOLCOMBE, JIRACEK 1984, MUNDRY
1984, SCRIBA 1981, PRTOMORE et al. 1981, GYIMESI, SIMON 1989]. We use
the ordinary variational problem for elliptic differential equations as described
by AMES [1977] and ZENKIEWICZ [1977]. During the tests carried out on a
BULL DPS7 computer with models consisting of a thousand nodes, the
computer time ranged from 5 minutes (for profiling) to 30 minutes (for
soundings). Correction of the terrain effects [FRASHERI et al. 1984] and
construction of synthetic curves of the apparent resistivity with arbitrarily
curved layer boundaries forboth sounding and profiling [FRASHERI 1987] were
performed by this program.

In Fig. 2 the correction of the terrain effects is presented when the relief
is broken by a crest and a valley; the geological section has two half-layers
divided by a vertical plane. Apparent resistivities, measured with fixed-source
gradient and Schlumberger arrays, present minima over the crest and maxima
in the valley, accompanied by smaller anomalies on both sides. After terrain
correction, the profiles of the apparent resistivity assume their normal view.
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Fig. 2. Terrain corrections of resistivity profiling over a vertical contact, computed with
ELTRON-3 program, a—fixed-source gradient array (MN=Ax=1/50 AB); b—on-line
Schlumberger array (AB=6x=6 MN) 1—corrected curve; 2 —curve with terrain effects
2. dbra. Az ELTRON-3 programmal szamitott terrén korrekcid értékek fliggéleges hatarfeltlet
feletti ellenallas szelvényezéshez, a—gradiens elrendezés (MN=Ax=1/50 AB); b—Schlumberger
elrendezés (AB=6x=6 MN) 1—Kkorrigalt gorbe; 2— terrén hatéast tartalmazé gorbe
Puc. 2. MonpaBKa AaHHbIX 31eKTPUYECKOro NpouANpoBaHma Haf BepTUKanbHbIM
KOHTaKTOM, pacyMTaHHas nporpammoit ELTRON-3. a—no ycTaHOBKE CPefuHHbIX
rpagneHToB Nnpu MN=Ax=Vso AB; b—ans cummeTpruUHOW ycTaHOBKM AB=6[1x=6 MN
1—nonpaBneHHbIN rpagnK; 2—CXOAHbIN rpadnk ¢ BAUAHWEM penbeda

In Fig. 3 synthetic AMNB soundings carried out on a mountain crest and
over a valley formed in homogeneous half-space are presented. For the
soundings carried out over the valley or on the top of the crest, curves with
similar appearance to the two-layer curves are obtained, the right flanks
ascending and descending respectively. The interpretation ofthese curves may
lead to a fictious two-layer section. When the soundings are carried out at the
border ofthe crest or the valley, the curves have other three-layer configurations
of the types K and H, respectively.



Interpretation problems ofelectric sounding ... 59

Sq1l
2
151
1 N
© AB/2d
05 -
-------- ES1-—-ES2 ...ESB-———ES4
ESB

Fig. 3. Synthetic AMNB sounding curves over an isotropic homogeneous medium. Array parallel
to the profile. ES1—in a valley; ES2—on the margin of a valley; ES3—at the top of a crest;
ES4—on the margin of a crest
3. abra. Szintetikus AMNB szondazasi gérbe izotrép homogén kozeg felett. A terités
parhuzamos a szelvénnyel. ESl—egy volgyben; ES2—egy volgy szegélyén; ES3—egy
hegygerinc tetején; ES4—egy gerinc szegélyén
Puc. 3. TeopeTnyeckue KpuBble BO3 Haj 0g4HOPOAHOM M30TPONHON cpefoii. Touka
ESl—pa3melyeHa B gonuHe; ES2—Ha kpae fonuHbl; ES3—Ha xpe6Te; ES4—Ha Kpae xpebTa

In Fig. 4 apparent resistivity profiles of the fixed-source gradient array are
presented over a section with 80 m level difference. Profile ‘I" is calculated in
an analytical way with the above mentioned algorithm; profile ‘2’ gained
through physical modelling with electrical conductive paper is given for
comparison. The shapes of these profiles are similar, although the absolute
values of the apparent resistivity are different because the physical modelling
does not possess the same conductivity as the mathematical model. The profiles
reveal that the hills and the valleys cause anomalies of the apparent resistivity
which amounts to some thousand ohmm above a medium of 1000 £Im
resistivity.

In all cases shown above, in the 2-D geoelectrical models the current
sources A and B are point sources. All the soundings and the profilings are
carried out parallel with the profile drawn in the figures.
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Fig. 4. Comparison of apparent resistivity profiles based on mathematical and physical
modelling. Fixed source gradient array. 1—mathematical modelling; 2—physical modelling

4. dbra. Matematikai és fizikai modellezésen alapulé latszélagos ellenallas szelvényezés
0sszehasonlitdsa. 1—matematikai modellezés; 2—fizikai modellezés
Puc. 4. ConoctaBneHuve rpaduKoB, NoMyYeHHbIX N0 JaHHbIM MaTeMaTU4ecKoro u
(h31MYECKOro MOAENINPOBAHUS, 4151 CXEMbI CPEAVHHbIX FPaANeHTOB. 1—0 AaHHbIM
MaTeMaTU4ecKoro MOAENPOBaHUS; 2—F0 AaHHbIM (HU3NYECKOT0 MOAENNPOBAHMNSA

3. Influence of buried and outcropped boundaries

Interfaces between rocks with different resistivity (forexample limestones,
flysch or halitic deposits in Albania) influence the scattering ofthe electric field,;
as a consequence the measured resistivity curve is deformed. The effect of
outcropped, vertical contact was analysed by well-known authors [e.g. DAH-
NOoV 1953]. Nomograms were constructed to correct the contact effect, when
the position and the reflection coefficient of the contact are known. Evaluation
of this influence is especially indispensable in the neighbourhood of resistive
salt diapirs in Albania.

In Fig. 5 a sounding observed near a salt diapir (1) is presented together
with the corrected curve (2) for the influence of the vertical contact of the salts.
The sounding is situated over flysch deposits with a resistivity ofabout 20 ilm,
covered by alluviums. The contact caused an increase in the resistivity of the
second electric layer (flysch) to 50 fim and at the same time there are signs of
a nonexistant third layer of high resistivity. After correction, these false
phenomena could be avoided.

The study of the influence of more complicated boundary was possible by
the ELTRON-3 program for 2-D models and ELTRONHA for 3-D models
[FRASHERI 1987]. In Fig. 6 electric soundings are presented over two-layer
models with a buried vertical contact. Interpreting the curves deformed by the
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Fig. 5. Deformation of the apparent resistivity curve from the vertical contact and correction
1—uncorrected; 2—corrected
5. abra. Latszdlagos ellenallas gorbe fliggbleges hatarfeltilet altal okozott torzulasa, és korrekcio
1—nem korrigalt gérbe; 2—korrigalt gérbe
Puc. 5. HabntofeHHble UCKaXeHHble 1 MoMnpaB/ieHHble KPUBbIe NPV HANMYUN BepPTUKaIbHOIO
KOHTaKTa 1—HabnogeHHas KpuBas; 2—fonpasneHHas KpvBas

Fig. 6. Effect of a buried vertical contact. 1—sounding curves modelled with ELTRONHA
program; 2—interpreted (false) boundary without the influence of vertical contact
6. dbra. Eltemetett figg6leges hatarfeltlet hatdsa. 1—az ELTRONHA programmal modellezett
szondazasi gorbe; 2—értelmezett (hamis) hatarfelilet a fligg6leges érintkezés hatasa nélkul
Puc. 6. BnnsiHue gnekcypbl. 1—kpuas B33, pacumMtaHHaa no nporpamMme ELTRONHA;
2—N0XHbI re03NeKTPUYECKNI TOPU3OHT, NOMTYYEHHbIW NP NHTepnpeTaLun
Hernonpas/IeHHOW KpUBOIA



62 Alfred Frashéri

influence of the contact, the top of the basement is defined as being at a
shallower depth than it really is. The impression ofthe existence ofaright-hand
structural flank is also created.

From the results of this modelling it can be concluded that precise
determination of the thickness of the first layer can be carried out only when
this thickness (i.e. the basement depth) is at least ten times smaller than the
sounding distance from the vertical contact. For smaller distances the effect is
notnegliglible and the curves need to be corrected. In order to do this, we should
previously know the position of the near-vertical contact. The presence of the
vertical (even buried) contact of high resistivity causes a more distinct increase
of the apparent resistivity in the right flank of the curve than in the case of
horizontal layers. This peculiarity creates the possibility of detecting (in some
cases) the vertical contact of high resistivity.

4. Influence of lateral resistivity changes in the geoelectrical horizons

Geophysical prospecting has revealed that there are facial changes, which
insome regions of Albania are accompanied by great lateral resistivity changes.
For example, the calcareous core of an anticline with limited (as small as
1-2 km) dimensions and the terrigenous deposits around it represents an
extraordinarily great lateral change in the layer resistivity.

In order to study the influence of the lateral change of the layer resistivity
for this type of anticline, we modelled — exploiting the ELTRON-3 program
— the case when the structure is slightly wider than its depth (see Fig. 7).
Analysing the calculated curves, itis obvious thatthe side effects of the resistive
basement is felt even at long distances from the edge of the hérst, and it is
expressed by an increase in the apparent resistivity.

Two-layer curves of the apparent resistivity do not have regular configu-
ration, they are much more similiar to the curves of inclined layers with
considerable dip angle to the side vertical contact. If the electric soundings are
carried out with a shorter array than is needed for the whole curve, only the
beginning of the upward left flank will be obtained. Observing these short
curves it can be supposed that the top of the limestone becomes deeper the
further it is from the horst centre, belonging to a wide anticlinal structure. Over
structures that have comparable dimensions and layering depth, the apparent
resistivity is reduced as a consequence of current deviation because the electric
current flows alongside the structure. This causes the top of the structure to
appear as if it is at a greater depth than it really is.

Sounding carried out in grabens filled with conductive overburden and
bordered by rocks of high resistivity (e.g. limestone), displays a deformed curve
as well, when the width of the graben is smaller then the length of the electrical
sounding array. To avoid the influence of the above analysed phenomenon and
the misleading interpretation the following measures should be taken:
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Fig. 7. Apparent resistivity curves placed across a hérst. 1—synthetic curves computed with
ELTRON-3 program; 2—analytical curves that fit to the synthetic curves; 3—analytical curve
assuming the horst to be horizontally infinite; 4—geoelectric horizon after interpretation which

does not consider the horst limited in the horizontal direction
7. dbra. Latszolagos ellenallas gorbék egy sasbércen keresztil. 1—az ELTRON-3 programmal
szamitott szintetikus gorbék; 2—a szintetikus gorbére illesztendd analitikus gorbék;
3—analitikus gorbék a sasbérc oldalirany( végtelen kiterjedését feltételezve; 4— geoelektromos
szint értelmezés utan, nem véve figyelembe a sasbérc korlatozott oldaliranyu kiterjedését

Puc. 7. Kpusble B33 no npodusto, pacnonoXeHHOMY BKpPecT ropcta.l—CuHTeTUYeCcKne

KpuBble, pacynTaHHble no nporpamme ELTRON-3; 2—TeopeTuyeckne Kpusble,
coBMajalLLme ¢ CUHTETUYECKUMU; 3—TeopeTMUecKne KpuBble NPU Fropu3oHTaIbHOM

NOM0XXEHNW KPOBAN 6ECKOHEYHOT0 ropcta; 4—J10XHbIli re03NeKTPUYECKNA FOPU3OHT,
NONy4YeHHbIN NpU MHTepnpeTauuy 6e3 yyeTa BANSHUA OrpaHUYeHHOCTU ropcTa B 60KOBOM

HanpaBfeHUm

— field and regular surveys should be carried out, to detect as clearly
and surely as possible the structures. When interpreting the sound-
ings, structures may turn out to be different in form and dimensions
from the surrounding structures and may not correspond to the
recognized tectonics of the region. In such cases the side effects of
the soundings should be thoroughly studied;
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—study of the structural form should be carried out together with a
study of the lateral resistivity changes in the layers constituting the
section over the geoelectric horizon as well as the horizon itself;

— sounding should be carried out with long array, so that the sounding
curve to be as complete as possible; this allows us to carry out some
sort of classification of the distortion effects;

— interpretation of the curves carried out in the regions of complicated
geology should not be carried out solely by comparing the theoreti-
cal models for horizontal layers. Interpretation should begin with a
comparison of the curve of the parametric soundings on boreholes
with the synthetic curves calculated from the data of electrical well
logging. These synthetic curves should be computed for simple
models with horizontal layers as well as for the supposed geoelec-
trical structures in the region applying the ELTRON-3 program.

5. Conclusions

The apparent resistivity values measured during electric soundings in
geologically disturbed (tectonized, folded, mountainous) zones reveal the
influence of lateral contacts, gradual lateral changes of resistivity, and of the
rugged terrain. The influences can add up to 50% of the resistivity values. Hence
the curves of the electrical sounding are deformed, thereby influencing the
geoelectrical interpretation as well. To analyse the above mentioned effects it
is necessary to implementaregular grid ofsoundings and it is advisable to keep
the length of the arrays sufficiently long. Correction of the apparent resistivity
values is needed. The finite-element method is suitable for computing the
apparent resistivity of soundings or profilings in a heterogeneous environment.
The programs ELTRON-3 for 2-D models and ELTRONHA for 3-D models
can be utilized for this purpose. These models are of great value for qualitative
interpretation.

To avoid the terrain effects, the effects of the buried vertical contact, and
the lateral structures parallel to the array, it is essential to use 3-D finite-element
modelling.
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ELEKTROMOS SZONDAZAS ES SZELVENYEZES ERTELMEZESI
PROBLEMAI BONYOLULT FOLDTANI SZERKEZTU ES EGYENETLEN
FELSZINU TERULETEKEN

Alfred FRASHERI

Komplikalt geoldégiaju és egyenetlen felszinG terileteken (pl. Albanidak gy(irt hegylancai)
végzett elektromos szondéazasok az elektromos tér sz6rédasat mutattak. A bonyolult geoelektromos
kdzeg jellemz6i az ellenéllas oldaliranyd valtozésai, a geoldgiai szerkezetek véges kiterjedése,
szamos, egymashoz kozel fekvé szerkezet és az egyenetlen felszin.

Mivel az elektromostér sz6rédéasa torzitja a latszélagos ellenallas értékeket, az ellenallas gorbék
kiértékelése e jelenség figyelembevétele és hatasainak korrigaldsa nélkiil megbizhatatlan kép
kialakuldsahoz vezethet. Ezért egyenaram elektromos terének szérédasat vizsgaltuk heterogén
kdzegben, torott hatarfeluletek és egyenetlen terepviszonyok mellett. A potenciél valaszokat kvazi-
harmonikus potencialegyenlet (két- és haromdimenziés) segitségével hataroztuk meg, Neumann-
féle hatarfeltételek figyelembevételével. A kvaziharmonikus egyenlet trapezoid alakzatra val6
megoldéasdhoz az alsé féltérben a megfelel§ variaciés problémaval helyettesitettiik azt. igy a véges
elemes modszerrel el6allithaté a megoldas, az elektromos tér szérédasédnak egy kozelitd leirdsat
biztositva. Két szamitdgépes programot készitettiink Fortran nyelven, kétdimenziés és haromdimen-
zi6és modellezéshez.

Bemutatjuk néhany geoelektromos modell eredményét. A modellekben az elektromos szon-
dazasokat kiilonboz6 tipust kézetek hatarfeliiletei, vagy sasbércek és arkok folé helyeztuk. A
programok kiilénb6z6 hatasok korrekcidinak végrehajtasara is szolgalnak, beleértve a terrén kor-
rekciot is.



66 Alfred Frashéri

MPOBJIEMblI MHTEPIMPETALNWN OAHHbBIX SNTIEKTPUYECKOI O
3OHANPOBAHNA N MPODPUTTMPOBAHNA HA YYACTKAX,
XAPAKTEPUN3YHOWWNXCA C/ZTOXKHBIM TEO/TIOT'MYECKNM CTPOEHVEM
N HEPOBHOCTbLIO PEJ/IbE®A

Anbhpes PPALLUEPA

BepTuKa/ibHble 3/1eKTPUYECKUE 30HAMPOBAHUS, MPOBefeHHbIE B FOPHbLIX paiioHax npu
CMIOXHOM reo/IorMYeckoM CTPOeHUU (Kak CKnagyatblii nosic An6aHuu), NoKasanu CUIbHO
MCKaXEHHOe TeosiorMyeckoe nose. XapakTepHbIMU O0COGEHHOCTAMU TaKol Feonoruyeckoii
cpeAbl ABAAITCA: 60KOBble W3MeHEHUS YAeNbHOro 3MeKTPUYECKOr0 COMPOTUBIEHUS,
OrpaHuyeHHble pasMepbl FeoNorMYecKnx O06BLEKTOB, HaNMUMe HECKONbKUX CTPYKTYPHbIX
3/1EMEHTOB APYT Haj APYrOM U ropHbIi penbed.

AHOMa/bHOe pacnpefeseHue 31eKTPUUECKOro Mons UCKaXaeT 3HaueHue Kaxylierocs
conpoTuBneHus. TpaguuuoHHas o6paboTKa KpuBbix B33 6e3 yuyeTa BAUSHUS Bbllle
OTMEUYEHHbIX 0CO6EHHOCTEel NPUBOAUT K JOXHOW WHTepnpeTauuu fAaHHbIX. [103TOMY
usy4yanocb pacnpefeneHve Mofis MOCTOSTHHOrO ToKa B HEOLHOPOAHOW cpefe C KpUBbIMM
rpaHuuaMun pasjgena B yc/0BUSIX FOPHOTO pefbeda.

MoTeHUMan 3NeKTPUYECKOTro MOS BbIYUCAANCA ANS ABYXMEPHbIX WM TPeXMepHbIX
MOZenei nyTem pelleHNs KBa3u-rapMoHUYecKoro ypaBHeHUs ¢ rpaHnYHbIMY YCI0BUSIMUY TUNA
HalimaHa. PelleHue KBa3W-rapMOHMYECKOro YpaBHeHWs [ANs Tpane3oujanbHoOil 30HbI B
HUXHEM NoynpocTpaHCTBe 6bI10 3aMellLaHo BapuaLMoHHoO Npo6aemoii, KoTopas pellanach
MeTOAOM KOHEUYHbIX 3/1IEMEHTOB, JAlOLIMM NPUGINXKEHHOE NpejcTaBfeHUe 0 pacnpejeneHum
3/IeKTPUYECKOro nofs. [ns pacyeToB COCTaB/eHbl 4Be MporpaMmbl Ha A3bike ®opTpaH Ans
[BYX- U TPEXMEPHbIX MOJeNell COOTBETCTBEHHO.

MokasaHbl pe3y/ibTaTbl PAcUeTOB ANt HEKOTOPbIX Fe03IEKTPUYECKMX MOAenei. PacueTbl
BbINO/IHEHbI [15 BEPTUKANbHOTO 3MeKTPUYECKOr0o 30HAMPOBaHUA Ha MOBEPXHOCTH
NoNynpocTpaHCTBa C KPWMBbLIMW TpaHULaMy pasfena TWMa KOHTAKTa reos0rMyecKunx
o6paszoBaHunii, hrekcypbl, Hag ropcToM U rpabeHoM. 3TU XXe MPorpammbl Gbiv NPUMEHEHbI
AN19 BbIYUCNEHUS NONPABKM 3a pasHble BUSHUS, BKSAYaAsA U BAUSIHWE penbeda MecTHOCTH.
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The Association of Hungarian Geophysicists decided at its annual meeting
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two main target groups whose application for grants will be accepted with
preference: young geophysicists needing assistance (travels, participation at
conferences, publications,post-graduate education etc.) at the beginning of their
professional life as well as retired and unemployed colleagues whose economic
and social position became especially unfavourable.

The nine members of the Advisory Board invite everybody to join this
foundation; donations should be communicated with the Board. Organisations
and persons donating sums exceeding the initial capital will have the opportuni-
ty to delegate representatives into the Board. Detailed information is available
at the following address:

Advisory Board of the
“Foundation for Hungarian Geophysicists”
H-1371 Budapest, P.O.B. 431
Budapest, I., F6 u. 68.
Telephone 201-2011/590
Telex 22-4343
Telefax 156-1215



Copyright

Authorization to photocopy items for internal or personal use in research, study or
teaching is granted by the Eétvos Lorand Geophysical Institute of Hungary for individuals,
instructors, libraries or other non- commercial organizations. We permit abstracting
services to use the abstracts of our journal articles without fee in the preparation of their
services. Other kinds of copying, such as copying for general distribution, for advertising
or promotional purposes, for creating new collective works, or for resale are not permitted.
Special requests should be addressed to the Editor. There is no charge for using figures,
tables and short quotes from thisjournal for re-publication in scientific books andjournals,
but the material must be cited appropriately, indicating its source.

Az Eodtvos Lorand Geofizikai Intézet hozzajarul ahhoz, hogy kiadvanyainak anyaga-
rol belsé vagy személyes felhasznalasra kutatasi vagy oktatasi célokra maganszemélyek,
oktatok, konyvtarak vagy egyéb, nem kereskedelmi szervezetek masolatokat készitsenek.
Engedélyezzitkk a megjelentetett cikkek Osszefoglaldinak felhasznalasat referatumok
Osszeallitasdban. Egyéb céli masolashoz, mint példaul: terjesztés, hirdetési vagy reklam
célok, uj, dsszefoglalo jellegli anyagok Osszeallitasa, eladas, nem jarulunk hozza. Az
egyedi kéréseket kérjik a szerkeszt6nek cimezni. Nem szamolunk fel dijat a kiadvanya-
inkban szerepl6 abrak, tablazatok, révid idézetek mas tudomanyos cikkben vagy kényv-
ben val6 Ujrafelhasznalasaért, de az idézés pontossagat és a forras megjelélését
megkivanjuk.
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