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3anuwwikoBi rpasiTaLiviHi aHoManii € cynepno3uuito epekTiB Big AEKiNbKOX NPUNOBEPXHEBNX
KOpAOHiB. BusHaunTtun nepepaxyHkoM rpaBiTauinHnx aHomMarnin BHU3 rMnbuHy KOHKPETHOT CTPYK-
Typu, sika 0GYMOBIIOE iHTErpasnbHy BENMYNHY 3aNULLIKOBKX rpaBiTauiiHux aHoManiin, MoXxHa, TifbKu
BMKOPWCTOBYIOYM JOOATKOBI MPUNOBEPXHEBI AaHi, HANPUKNAZ LWiNbHICHOro KapoTaxy. Y Lin cTaTTi
BiH 3aCTOCOBaHW AN BU3HAYEHHSA OYHKLiT pO3MoAiny 3BaXXEHOI LWiNbHOCTI, BUAINEHHSA OEKiNb-
KOX LapiB i Kopensauii WinbHOCTi 3 rpasiTauiiHM nonem, nepepaxoBaHnM BHU3. Ha ocHOBI Lnx
OaHUX BUKOHAHO NPOrHo3 rmmbuHn KOPMCHUX KONarnuH 3a 4oNoMoroto nepeteopeHHs dyp’e. Pe-
3ynbTaTh NoKasylTb, WO NepepaxoBaHa BHM3 3a5lMLLKOBA rpasiTauiviHa aHomManis Ha rmmbuny
2015—2170 m onu1cye Bci 1T 0cobnmMBOCTi, SIKi HITKO CNOCTEPIratoTbCA Ha MIOLLMHI CMOCTEPEXEHb,
a TakoX AEeMOHCTPYIOTb MiHi-ManbHe CnoTBOpeHHS hopMy aHomarnin. AHomarnbHa maca 3ans-
rae B Mexax Umx rmmbuH. MmubuHmn, oTpnmani nepepaxyHkoOM BHU3 rpaBsiTaLiiHOro nons, 6ynm
3piBHSIHI 3 rIMMBUHaMK 33 JaHUMK CeNCMIY-HUX CNOCTepeXXeHb METOAO0M BiabUTUX XBUINb B pano-
Hi pocnipxeHsb. BigHocHa nomunka ctaHosuna 1,37 i 0,46 % signosigHo.

KnroyoBi cnoBa: isoctaTnyHa 3anuviikoBa rpasitauiiniHa aHomanisi, nepepaxyHoK BHU3, LLiMbHiC-
HWI KapoTax, 3aracaHHsl, PYHKLiA 3BaXKEHOI LLiNTbHOCTI.

Introduction. The downward continuation operation of potential field data is a kernel operation for
many potential field data processing/interpretation techniques and inversion methods. These analytic
continuations lead to convolution integrals that can be solved either in the space or the frequency do-
main. The earliest attempts were done in the space domain by deriving a set of weights that, when con-
volved with field data, yielded approximately the desired transform [Peters, 1949; Henderson, 1960; By-
erly, 1965]. Fuller [1967] developed a rigorous approach to determine the required weights and to analy-
ses their performance. The space-domain operators were soon replaced by frequency-domain operators.
Dean [1958] was the first to recognize the utility of using Fourier transform techniques in performing ana-
lytic continuations. Mesko [1965] and Clarke [1969] contributed to the understanding of such transforms,
which now are carried out routinely. Whereas upward continuation is a very stable operation, the opposi-
te is true for downward continuation, where special techniques, including filter response tapering and re-
gularization, must be applied to control noise. Standard Fourier filtering techniques only permit analytic
continuation from one level surface to another. To overcome this limitation, Grant and West [1987] int-
roduced the integration of density log in the delineation of the multiple interfaces using a weighting den-
sity function. However, the minimization of the attenuation value in the weighting density function is cri-
tical and has not obtained a steady mathematical formulation. Based on the weighting density idea, we
present an improved model in wave number domain.

Physics of the Problem. In this process adopted in the minimization of the attenuation is based
upon the concept of equivalent stratum. Equivalent stratum strategy is the process in which observed
gravity field distribution at the surface can be related to the equivalent distribution of density on that pla-
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ne [Grant, West, 1987]. This is particularly relevant when an interface between two layers having diffe-
rent densities has been identified at some known or estimated depth by means of density well logging.
This process is always difficult to interpret because of inherent uncertainties in the location and size of
the structure causing the gravity anomaly at the observation point. However, residual gravity anomaly is
caused by the anomalous masses lying between surface of observation and the desired depth of projec-
tion, and causing fluctuation in the gravity values at intermediate levels [Grant, West, 1987; Dobrin, Sa-
vit, 1988]. In downward continuation, an important aspect of the underlying theory is that when the field
is continued too close to the depth of the anomalous mass, oscillations set in due to the instability of the
field at points closer to the source anomaly arising from the inverse relationship between the anomalous
mass and the distance from the observation point. As the distance becomes smaller, the anomaly is ex-
ponentially amplified and unstable. It becomes stabilized within the horizon of the anomalous mass and
oscillation and divergence re-appears when the projected field is beyond the horizon of the anomalous
mass. Once a source is detected within the region of continuity, the process is terminated. This identifi-
ed depths mark the horizon of the anomalous mass. The difficulties posed in the interpretation of the
downward continued data are resolved with the aid of additional subsurface data. In this research, obser-
ved density profile (density log) was utilized in the downward continuation of the residual gravity anomaly.
In the use of density log, the determination of the weighting density function is very important. In this
case, the attenuation is required to be made as small as practicable such that the weighting density va-
riation is minimized. This helps in the presentati-
on of a plausible subsurface structure of the ba-

sin from the projected fields. The minimization of T,y g~ At

the weight variation is accomplished in this rese- = Ty X
arch by establishing a mathematical model which Ax.y.z) - Earth surface | - Pard "-'”"“““:'“:':'
relates the weight attenuation as a function of (1) VAT

the wave numbers (2) the gravity station spacing Nxiyig + A Dowmward m"“:.“f;l;m
and (3) the depth of projection using the concept Source

of equivalent stratum. .’_,a

In this paper, by viewing the downward continu-
ation of potential field as an inverse problem of up-  Fig. 1. Location of observation surface, upward continu-
ward continuation using Fourier transform,aconvo-  ation surface T and downward continuation surface T ’
lution type linear integral equation for downward con-
tinuation was obtained. Upward Continuation trans-
forms the potential field measured on one surface to the field that would be measured on another surface
farther from all sources. Fig. 1 shows the Location of observation surface P, upward continuation surface

T and downward continuation surface 7’
Itis known that in spatial domain potential field data V (x7, yr,— Az) and V (xp,¥p 20) hasre-

lationship as follows:

oo oo

-Az V(xp7y1)720)
|

V(XT’yT’ZO_AZ)= dxpdyp’

3/2
oo —o [(xT—xp)2+(yT—yp)2+Azz]

Az>0, 1

where V (x,, vy, . zo ) denotes potential field data on the observed plane at altitude z, = 0. Equations
(1) V(x7,yr .2z — z) denotes potential field data on the target plane an upward continuation integral.
It shows how to calculate the value of potential field at any point T above a level horizontal surface from
complete knowledge of the field on the surface. Equation (1) is a two-dimensional convolution.

oo oo

Vi, yrszo-AD= [ [ Vx,.y,.20) v, (6, y,A)dx, dy,, )

— o0 — oo
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Az 1
\Vu (x7 %AZ): ~ s (3)
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where rz\/(xT—xp)2+(yT—yp)2+A22.

The Fourier transform of equation (2) obtained with respect to Equation (4) is given as

with respect to equation (2), the Fourier transform of equation (5) is given as

9 e uhz
Fly,]=e "%, |Az|>0 (Fourierkemel) )

let Vi(xp, yr 20-A2) =V, V(X 9,0 20) =V, Wy (%, 3, A2) =y -

Equation (2) can be rewritten as
*
Vup =V Youp » @)
where * denotes convolution operation.

Applying Fourier transform to Vup: Vi vy, respectively, we obtain [Blakely, 1996]

Flvi |=F V] F| v |- ©)

where F [V, ] — Fourier transform of the upward field, F | V| — Fourier transform of the observed resi-
dual gravity Ag field at z,=0. F | V | is the measurement observed on the Earth surface. Given F | V |,
upward continuation to height Az is obtained by multiplying F | V | by the Fourier kernel:

F[Vup}:Age_"“’ (10)
Ag (x,y)yp =Age "0, (11)

Ag is the residual gravity value at the surface, Ag (x, y) — upward continued field.

Downward Continuation Model Formulation. The calculation of downward continuation is very
useful in the interpretation of potential field. This is obtained by writing the inverse Fourier Transform of
Equation (11):

FVagwn | = F ‘ v‘ Fo! [ Vup } F[Vgoun ] — downward continued residual field, ~ (12)

AZ (X, V) down = —— AgeTA7, (13)

1
27
where Ag (x, ¥) gown 1S the residual gravity value at depth Az.
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The Use of Density Logs in Downward Continuation. Density log is a well log that records for-
mation density. The density tool senses formation density by measuring the attenuation of gamma rays
between a source and a detector. In density log observation, the gamma rays emitted continuously by the
source are channeled into the formation. There they undergo multiple collisions with the electrons that
cause them to lose energy and scatter in all directions by a mechanism called Compton scattering. Comp-
ton scattering depends only on the electron density of the formation which is closely related to bulk den-
sity. When their energies drop below 0.1 mev, the gamma rays die by a process called photoelectric ab-
sorption. Photoelectric absorption depends on both electron density and the average atomic number of the
material making up the formation. This mechanism is utilized by litho-density tool to indicate rock type.

The major ambiguity in the determination of the
subsurface structures by the use of downward con-
tinuation is due to the existence of multiple interfa- Ax,p0) surface

ces. Indeed, the complex nature of the density logs ] il
obtained from boreholes makes it seem highly pro- {
bable thatin most cases, residual anomalies are the | I."
superposition of effects originating from several in- L] Z=d
terfaces at once. With some modifications and un- plz) - ,j___"'
der certain conditions, the method of downward con- A R “"‘h
tinuation can then be extended to include general ) ____ff/ ‘x:"' —+
density-depth relationship such as those found on : _'__# R
well-logging methods.

Ina sedimentary basin, the density varies with Fig. 2. Downward continuation when a continuous
depth because of compaction of the sediments. Let density log is available [Grant, West, 1987].

the density of the sediments between the surface

z=0 and the depth d (initial logging depth) be gi-

ven as p,. This formula can be explained by referring to Fig. 2. The density contrast between the surface
and the density at depth

n

Zp=d+ Y b
i=1
be given as

Apn:pn_pov (14)

where Ap, is the density contrast at depth z,,, p,, — formation density of the formation n.
The density contrast decreases exponentially with depth according to the equation

X (y)=Ap,etn, (15)

where X (g) — weighting density function, z,, — depth below the surface, g — attenuation.

The horizontal dimensions of the basin are much larger than its depth, so the shape of the basin can
be approximated as an infinite slab.

By introducing the Equation 15 into Equation 13, the downward continuation (DC) is expressed as

- 1 .
Ag(x,¥)z, = oy X (y)Ag(x, ), (16)

where Ag (x, Yz, is the residual gravity anomaly value at depth Z, , Ag s the residual gravity value at
the surface (z=0).

The attenuation g must be as small as practicable to avoid reading more information than is actually
there. In this, g is computed using the weighting distribution as applied to equivalent stratum. The weigh-
ting distribution is given as

-1
Q(x,y)=r(2d wz) : (17)

where Q (x, y) — weighting distribution, » = 2,/ yw , d — initial logging depth, w = us, « — wave number,
s — shot point spacing, g — attenuation.
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Introducing the concept of equivalent stratum into equation (17), we obtain
-1
Qp (x,y)=p(x, y)r[2d uy? ) . (18)

In DC, the short wavelength contribution to Ag must be taken out of the spectrum to obtain a mini-
mum attenuation. The short wavelength with respect to its equivalent stratum is expressed as
Qs (x.y)=p(x,y)w "2 (19)

By eliminating the short wavelength, we obtain

-1
Q(x,¥) =0 (x, )= Qg (x, ) =p(x, y) r(zd\/ uy’ j —p(x, ) w2 (20)
Differentiating equation (20) with respect to density and equate to zero to obtain the minimum g
d
d—Q = 4 S S
p 2d uyz wl’2 21
The final expression for the attenuation g is given as
2
_ S 2 2
Y= dT Uy + Uy, (22)
2
s 2 2
_ 1 R T ux+ uy Zn
Mg (x.y)a = 5 A& (x.y) Ap, e : (23)
9 9 T T
where u =/ u i + wy M T My T uy, uy, —wave numbers, s —distance between stations,
Xm Ym Y

d — initial chosen depth from the log we choose x and y axes which lie in the directions of maximum

and minimum horizontal gradientin Ag,

x,, and y,, —measured distances bet-

ween points at which Ag takes the wa-

n lue1/2Ag .. inthese two directions,

f A g nax — amplitude of the residual ano-
maly on the surface of the ground.

Equation (15) shows that as we move

towards the anomaly source, all wave num-

bers are attenuated by ¢4*7 and thatthe

highest wave numbers ( shortest wave-

lengths) are attenuated most rapidly. The

density contrast defines the basement
control over the anomalous mass.

Methodology. The gravitational data

for this investigation is a set of Bouguer

gravity and isostatic residual gravity ano-

— Fig. 3. Isostatic residual gravity anomaly map
using Pratt—Hayford model C.I (1 mGal):
1 — opl vertex, 2 — gravity base station, 3—

0 200 400 600 800 1000 contour closures, 4 — gravity lines, 5 — con-
tour lines, 6 — transition zone boundary,
i Ped —d F == F e F 7 — fault lines.
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Fig. 4. Downward continuation profile for line 94D039.

malies at 1813 stations in Gongola basin, North-Eastern Nige-
ria. The Bouguer gravity anomaly was computed using the crus-
tal density of 2.67 g/cm3. The Pratt—Hayford isostatic model
(spherical approximation) was used in the determination of the
isostatic regional anomaly. The isostatic residual anomalies we-
re calculated by adding the isostatic regional anomalies to the
Bouguer gravity anomalies. In the downward continuation pro-
cess, the depth interval for density observation is given as 155 m,
while d, the initial chosen density log formation depth is given
1705 m.

In the application of the seismic reflection data for down-
ward depth validation, seven horizons were picked from the seis-
mic sections for structural mapping and evaluation of the Gongo-
la basin to determine the prospect level and the structural via-
bility of the basin. The horizons include the following: H1, H2, H3,
H4, H5, H6 and the top basement. Fig. 4 (line 806-97-D-036) shows
which also contains the prospect horizon The time values obta-
ined from the seismic sections were used to obtain the depth es-
timate using the checkshot curve. The seismic section was also
calibrated using the checkshot curve. The depth structure map
for the prospect horizon (H4) is shown in Fig. 5.

Results and Discussion. Results. Fig. 4 shows a profi-
le of the isostatic residual gravity anomaly variations at the va-
rious observed depths. The profiles show that the horizon for the
stabilization of the projected residual field was achieved at the
depth of 2015 m and 2170 m respectively. The anomalous mass
lies within these depths. Fig. 5 shows the projected field at va-
rious depths reflecting the residual gravity anomaly field struc-
ture within the horizon.

Discussion. The projected isostatic residual anomaly field
should reflect the pattern of the field observed at the surface.

142
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Fig. 5. Downward continuation maps at
various depths (Z = 0, 1860 m, 2015 m,
2170 m, 2480 m).
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From Fig. 5, it is observed that at depth 1860 m, the Crossline

pattern of the residual gravity anomaly is at variance with ~ Pepth in ft 4200 = daon
that obtained at the surface. The residual gravity anoma- ;
ly contains positive values in the sedimentary zone of the
projectarea. This does not conform to the geology of the
basin as indicated by the residual gravity anomaly ob-
served at the surface. At depth 2015 m, the pattern of
the residual gravity anomaly reflects that one which was
observed at the surface. This depth marks the upper ho-
rizon of the desired anomalous mass. The residual ano-
maly pattern on the depth 2170 m also reflects that one
observed at depth 2015 m and the surface respectively.
This depth (2170 m) marks the lower horizon of the de-
sired anomalous mass. At depth 2325 m, the residual
anomaly pattern reflects that observed at depth 1860 m
which is at variance with that observed on the surface.
This shows that the projection has gone beyond the ho-
rizon of the anomalous mass [Blakerly, 1996]. At depth
2480 m, the residual anomaly pattern also reflects the
surface anomaly pattern. What this suggests is that the-
re are still some contributions from deeper masses to
the residual gravity anomaly observed on the surface.
This validates the superposition principle observed in
gravity investigation.

Seismic Horizon H4. The closure suggests possib-
le depth horizon for hydrocarbon accumulation and the
structural reliefis between 2100 and 2700 m. Thisleadon  Fig. 6. validation of gravity downward continuation
horizon H4 can be seen on the cross line 806-97-D-036 using seismic reflection data (806-97-D-036).

114510"
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L SO0 100 1 50y 00D m

Fig. 7. Horizon H4 depth structure map (contour interval 50 m).
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as shown in Fig. 6. The section depth calibration (in feet) shows the horizon H4 lies at a depth between
6700 and 7150 ft (2043—2180 m) respectively. The depth map (Fig. 7) shows the lead closure has a go-
od fault trap for hydrocarbon accumulation at this horizon.

Gravity Result Validation using Reflection Seismic Results. The prospect depth lies between 2043 m
and 2180 m. This correlates with the result obtained from the isostatic residual gravity anomaly downward
continuation obtained using the new model. The computation shows that the relative error percent is 1.37
and 0.46 % respectively. The depth difference is not significant.

Ao . — .
Relative error —— . _gramy 100 %, dismic — depth obtained from seismic, d i, — depth
se1smic

obtained from gravity:
((2043 -2015)/2043)100 % = 1.37 % (upper depth),
((2180-22170)/2180)100 % = 0.46 % (lower depth).

Conclusion. In this paper, the integration of density log in the downward continuation has provided
an improved method for downward continuation of potential field using Fourier transform. The minimiza-
tion of the attenuation has helped to enhance the projected field in the determination of the depth of the
anomalous mass through the elimination of short wave length. The model and real observation data test
show that the new method provides a good result in downward continuation depth determination and sho-
uld be adopted for basin analysis.

Predicting Depth of Mineral Deposit using
Gravity-Density Downward Correlation
by Fourier Transform

© E. E. Epuh, J. B. Olaleye, O. G. Omogunloye, 2016

Residual gravity anomalies are the superposition of effects originating from several interfa-
ces in the subsurface. In downward projection of the anomalies for the determination of the
depth of the particular substructure which accounts for the bulk of the residual gravity anomalies
on the plane can only be resolved with the aid of additional subsurface data such as density log.
In this research, density log was used to determine the weighting density function, delineate the
multiple layers and correlate with the gravity-density downward variation for predicting the mine-
ral depth using the Fourier transform method. The results show that the projected residual gra-
vity anomaly at depth between 2015 m and 2170 m depicts all the gravity features that are clearly
associated with that on the original plane and also show minimal distortion of the shape of the
anomalies. The anomalous mass lies between these depths. The downward continuation depths
obtained from the gravity model were compared with that obtained from reflection seismic ob-
servation from the study area and the relative error percent were 1.37 % and 0.46 % respectively.

Key words: isostatic residual gravity anomaly, downward continuation, density log, attenua-
tion, weighting density function.
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