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RESUMEN

Se ha obtenido la respuesta electromagnética de frecuencia multiple de un sistema compuesto
mena-roca encajonante, el cual se representa tedricamente por un modelo de dos superficies es-
féricas concéntricas (que no estdn en contacto galvinico). Se han investigado comparaciones
cualitativas y cuantitativas entre la respuesta electromagnética total del sistema compuesto y
las respuestas aisladas del cuerpo de mena (superficie interior) y del cuerpo de roca encajonante
(superficie exterior), para combinaciones de pardmetros diferentes. Las contribuciones relati-
vas y/o diferenciales de la mena y de la roca encajonante se reflejan predominantemente en la
representacion de Argand y las curvas de variacion de frecuencia contra gradiente. Los diagra-
mas de Argand se han utilizado también para identificar las zonas de frecuencia que resultan en
un encubrimiento completo de la mena y las que resultan en poco efecto de la roca encajonante.

Los resultados pueden resultar de utilidad en:

(i) entender el efecto de encubrimiento de las formaciones corticales superiores (en particu-
lar para delinear depésitos de sulfuros en los fondos ocednicos; explorar la distribucidn y altera-
cién de menas de porfidos cupriferos y proveer informaci6n ttil para una seleccién adecuada de
la perforacién, minado y excavacidn, etc.).

(i) inteipietacién de datos obtenidos por sistemas de induccidn electromagnéticos de espéc-
tro miltiple (ejemplo ‘Geoprobe EMR-14’).

* Theoretical Geophysics Group, National Geophysical Research Institute. Hyderabad 500 007
(A. P.), INDIA.
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ABSTRACT

Multifrequency electromagnetic response of a composite overburden-ore system, theoretically
represented by a concentric spherical two-shell model (in nongalvanic contact), has been ob-

" tained. Qualitative and quantitative comparisons of the total electromagnetic response of the
composite system to the individual responses of the ore body (inner shell) and the overburden
(outer shell) have been investigated for different parameteric combinations. Differential and/or
relative contributions from the ore body and the overburden are predominantly reflected in the
argand representation and gradient versus frequency variation curves. Argand diagrams have
also been used to identify frequency zones characterizing complete shielding of the ore body
and almost transparency of the overburden formations. Results may provide an aid:

(i) in understanding the shielding behaviour of the upper crustal formations (more particu-
larly for delineating sulphur deposits buried in the ocean; exploring porphyry copper ores of
alterations and mineralization zoning, and providing useful informations for the proper choice
of the bore holes; mine openings, tunnellings, etc.) and

(i) in the interpretation of the data collected by multispectral electromagnetic induction
systems (viz. Geoprob EMR - 14).

INTRODUCTION

Geoelectromagnetic methods have been proved a powerful tool for the exploration
of mineral deposits occurring in the first few hundred meters of the upper crustal
formations. Several case histories of exploration of base metal deposits covered un-
der glaciated conditions of Scandinavia, Canada, Sweden, etc., are published in S.E.
G. Mining Geophysics Volume I (1966). However, in low latitudes of Australia, In-
dia, etc., the conducting weathered rocks cause serious difficulties in searching the
underlying mineral deposits. Such a problem of cover-target system has also gained
importance in delineating sulphur deposits buried in the ocean (Francheteau et al.,
1979) and providing useful informations for proper choice of the sites for boreholes,
mine-openings, tunnelings, etc. In geophysical prospecting overburden-ore problem
has also received significant attention after the Raux’s (1959) observation on the
occurrence of disseminated conducting zones surrounding the massive sulphide ore
deposits. Among such sub-surface situations one of the most interesting one has
been reported by Lowell (1968) and Lowell and Gilbert (1970) in Kalamazoo and
Sanmuel portions of the Arizona, revealing the coaxial symmetry of the alteration
and mineralization zoning in porphyry copper deposits. These porphyry deposits,
shown in figures 1 and 2, consist of copper and molybdenum sulphides emplaced in
various host rocks altered by hydrothermal solutions into roughly concentric zonal
patterns and contain pyrite, chalchopyrite, molybalenite, quartz with other altera-
tions/ore minerals. Tarkhov (1965) also referred some usually occurring field ob-
servations in which the conducting grains are separated from one another by insul-
ating minerals. '
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Schematic horizontal plan showing alteration and mineralization
zones of the Kalamazoo ore body (after Lowell 1968)

Fig. 1. Schematic horizontal plane showing alternation and mineralization zones of Kalamazoo
ore body.
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Concentric alteration mineralization zcires at
San Manuel Kalamazoo, after Lowell and Guilbert (1970)

Fig. 2. Concentric alteration mineralization zone at San Manuel Kalamazoo.

Velekin and Bulgakov (1967) experimentally studied the transient response of a_
sphere covered by a conducting sheet and found that the earlier and later parts of
the total response corresponded to individual responses due to sheet and sphere, re-
spectively. Later, Negi and Verma (1972), Rao, Gupta and Raval (1972), Verma
(1974), Nagendra et al. (1980-1981) etc., examined similar resolutions of time do-
main responses due to individual components (overburden and target) theoretically.
However, it is realized that in spite of the present day technical advantages of the
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transient field methods, the ultimate advantages in selecting and identifying the ef-
fects of conducting overburden from the ore body, probably, rests with multifre-
quency electromagnetic techniques (Parasnis, 1974). In the last decade several
theoretical works (Negi, Gupta and Raval, 1972a, 1972b, 1973; Fuller, 1971; Ne-
gi, Raval and Rao, 1976; Negi and Saraf, 1981, 1983 and Saraf and Negi, 1983)
have also shown that the multifrequency techniques have the capabilities of detect-
ing subsurface conditions under the conducting overburden.

Hence, in this paper an attempt is made to demonstrate theoretically, }h&quan-
titative comparison of the total response of the composite conductor tc the indiv-
idual responses of the ore body and overburden rocks, considering coaxial, spher-
ical double shell model by multifrequency electromagnetic techniques.

FORMULATION

The physical system of the problem is described in Figure 3. It consists of two con-

lM
R

P(r,0)

Fig. 3. Double shell model.
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centric thin spherical shells at radial distances B and A; thicknesses di and d, and
conductivities 0, and o, respectively. The source of the primary magnetic field is
assumed to be a uniform magnetic current ‘M’ situated at (£, 0, 0). Displacement
currents are neglected, throughout the analysis. Field distribution at any point (P
1, 8) can be derived from (Singh, 1972); -

E¢ = (1/r) (8u/89), (1)
H. = [1/(iwnrsin?6)] 2 sing 2% )
r 60 60
and
H, = (1/iwur) (8%u/86 -81), (3)

where U is a scalar stream function.

The magnetic potential V is related to the magnetic field H through H = —grad V
where
V = -(lfiwp) (8u/dr) (4)

Following Negi and Verma (1972), the total magnetic potential V in the outer
region is given by:

. 1 Ron ¥
Viow = (M/4micn) [+ Z GF)

*_p2n+l n+1)1+ '
e e ] (5)
et (2n+1)+rudlB(1+a)
where
= iwo,
Ly = iwHo, | and
- fv d2 A I+l
*- {(2n+1)+rw LA @ ©)
Following Wait (1969), reflection factors can be written as:
Ry + 1 - { (2n+1) (1+ao) } 7

(2n+1) +r;Bdi(1+a)
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On putting n = 1, A/ and B/¢ <<'1 and using only the first term in the expression
(viz., uniform field considerations) the corresponding values for the reflection fac-
tor defined in equation (7) can be re-written as:

R =1 [3(1+py)] } o
T 3+m;Bd; (1+py) (8)
where
3
_ flv Ad2 A 9
Py 3ty Ad, | \B )

DISCUSSION OF THE NUMERICAL RESULTS

Reflection factor for the composite system, shown in equation 8, has been com-
puted under quasi-static limits to illustrate the effects of changing conductivity and
radius of outer shell on the variations of real, imaginary, amplitude and phase com-
ponents of the response parameter with the frequency of the incident electromag-
netic waves. Resolution of the overburden ore system in the multifrequency tech-
nique has also been presented through argand diagrams and gradient versus frequency
variation curves. Individual responses of overburden or ore bodies (viz., a single
shell model) have also been obtained for quantitative comparison with the total re-
sponse of the composite-system.

A. Variation with radius (B) of the overburden { Outer shell):

In figure 4, components of the reflection factor have been plotted against the
frequency content of the electromagnetic waves. Solid line curves represent the
case of a single shell. One finds that:

(i) In the intermediate frequencies (~10* Hz) inflexation in the curves has been
observed. Physically, this means that in this intermediate frequency range ef-
fects of both shells are observed, viz., the outer shell is partially transparent
while the inner shell is partially shielded.

(ii)) Two conducting regions can be distinguished from each other before and af-
ter this inflexation zone in the form of two peaks; and

(iii) Imaginary component of the reflection factor is more sensitive in resolving
cover target system in comparison to the other components of the reflection
factor. '




.3t B
fTo 28 VO AN U S I,

10 10" 10° 10°

FREQUENCY IN Hz

AMPLITUDE —

FREQUENCY IN Hz

A = 25M P.: Pz My B/A =

07 = 1P MHOS/M D,z D, =1OM
07 = 10 MHOS/M

DOUBLE SHELL MODEL -

IMAGINARY —>

FREQUINCY IN Hz

10 B/A = e 40
L 20 z —— 50
—eee 30

Fig. 4. Variations of Real, Imaginary, Amplitude and Phase components of the reflection fac-
tor agamst the frequency of the electromagnetxc waves for B/A=1.0, 1.2, 1.4, 1.6, 1.8 and 2.0,
=D, =10m.

In figure 5, argand diagram (Real versus imaginary components of the response
factor) has been plotted at several frequencies for various values of the radius of the
cover (B), keeping the radius (A) of the target (ore body/inner shell) constant. Fre-
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Fig. 5. Argand diagram (Real vs. Imaginary) for change in frequencies and B/A=1.0, 1.2, 1.4,

1.6, 1.8 and 2.0, D; =D, =10m. -
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quency ranges for resolving overburden and ore body are tabulated in Table 1 and
can be classified as:

(a) Zone of complete transparency:

(i) In multifrequency variation pattern the first peak obtained in the low fre-
quency range (<10® Hz) is due to the ore body (or inner shell), as the outer
shell (or overburden) can be penetrated by such slowly varying fields.

(i) Frequency range for resolving the target (or inner shell) increases by an or-
der of magnitude, with the decrease in the radius of the cover (viz., in Table
1, resolution range of inner shell for B = 200 m, is from 10 Hz to 6 x 10* Hz;
while the corresponding range for B = 120 m, is from 10 Hz to 6 x 10% Hz).

VARIATION WITH RADIUS OF THE QUTER SHELL

FIRST PEAK (inner sheit) SECOND PEAK {nyter shell)
—_— e e e - — e e — —— e e e -
8 Reao! imaginory Frequency Fraquencies for Real image | Freguency | Frequent es for resiiving
resolving inner shelt ’ outer shett
-~ -—-—————tr_-—-——_-1—— - = - 4t — - = — ==

H 2 § [3

{100 W 0 5321 | 04986 4X10 Hz | 10 1010 W2 - - — —_

. 2 U 3 4 3 L3
S120 M 0-3102 { 0-2940 4X10 Hr | 10 106 Xi0H: |0776 |02t [7X10H: |6 X10 Hr 1010 Hz

2 3 4 3 L3
! 140 M 0-1960 | 0-1910 4X10 Hz I()l t103Xi10H [O 660103173 4Xi0Hz [3XI0H 010 K
i

i 2 ) 3 4 3 3
{160 M 0-1320 0 1343 4X10 Hz 10 to tX10Hz O 607 [0 377613XI0 Hz 10 Hz 1010 Hz
2 1 : 4 3 ]
t8oOM 00936 | 010 4X10 Hz | 10 1o IXI0 Mz | 0-430 | 0 403 {3 X10 H2 10 Ht 1010 Hz

2 ' 2 a 2 6
l 200 M 0-0933 0-824 6 X10 H2 10 106X 10 Hz | 0-529 ] 0436 |2 XI10 H: 10 Hz 1010 H2
JRNUURRY IO U S I —_—— b
-2
O7 = (0 MHOS/M, D, =D, = 1-0M
07 = 1LOMHOS/M, A =100M

Table 1

Variation with the radius of the outer shell (¢, = 102 mhos/m, 0, = 1.0 mhos/m,
D, =D; =10m, A =100 m).

(b) Zone of complete shielding:

(i) The second peak is mainly due to the cover (or outer shell) as the high fre-
quency electromagnetic fields (6 x 10% Hz) have greater skin effects re-
sulting in the high shielding behaviour of the cover. In this frequency zone,
the ore body is completely shielded and hence the contribution of the con-
ducting overburden is reflected well in the argand diagram.

(ii) The frequency range for resolving the cover (outer shell) increases with an
increase in the cover radius from 120 m, to 200 m (viz., in Table 1, resolu-
tion range of outer shell for B = 120 m is 6 x 103 Hz to 10° Hz, while the
corresponding range for B = 200 m is from 10% Hz to 10° Hz).

\!
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In figure 6, the resolving capabilities of the gradient (d (rﬁ:al ) versus frequency

curves (ie., the gradient of the real component is plotted against the frequency of
the electromagnetic waves for various values of B/A ratios) have been examined.
Some observations are:

(i) Contributions of overburden (second peak) and ore body (first peak) are
identified clearly in higher and lower frequency bands,

(ii) For higher B/A ratios the frequency values for resolving the cover and the
magnitude of the gradient values are significantly large, and

(iii) - the frequency range of e.m. waves capable of resolving the ore body shifts,
proportionately, towards higher frequencies with decreasing B/A ratios.

DOUBLE SHELL MODEL
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Fig. 6. '(%HF{' (gradient of the real component) vs. (F) frequency for B/A=1.0, 2.0, 3.0 anid 5.0,
D= Dy= 10m.
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B. Variations in the conductivity (o, } of the overburden (outer shell):

In figure 7, components of the reflection factor have been plotted against the
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Fig. 7. Variations of real, imaginary, amplitude and phase components of the reflection factor
against the freguency of the electromagnetic waves for (o1/0,) = 104, 102, 10! , 1.0, ]0'1, 10_2,
103,10*,107,and 10, D, =D, = 10m.

frequency of the electromagnetic waves for several values of the conductivity of
the overburden. One finds that:

(i) The phase and the imaginary components are more sensitive to the conduc-
tivity variations than the corresponding real and amplitude components of
the reflection factor,

(ii) Only for the moderate conductivity values (¢, ~1072, 10°mhos/m) of the
overburden two characteristic and distinct peaks are clearly visualized in
the phase and imaginary components, while in both the extreme conditions
of highly conducting (~10 mhos/m) and highly insulating overburden  or
cover (~10®mhos/m) the variation pattern resemble that of a single shell
only,

(iii) with decreasing o,value, penetration of electromagnetic energy through the
conducting cover increases resulting into more contributions from the ore
body and this shifts the second peaks towards higher frequency sides.
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Two conditions corresponding to the cases when the ore body is covered by
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more, and less conducting cover are illustrated in figure 8 and Table 2.

Fig. 8. Argand diagrams (real, vs. imaginary) for change in frequencies and (0,/03)= 104, 10_2,
= D2 =10m.

107, 1.0, 10%, D,

035
i DOUBLE SHEIL  MODEL
0-3
0-25
T 02
>
g
=
3
<o,
=9 s-n0m
B=125 M
By et |
D,=D,2r0M by
Go=1-0 MHOS /M Ly
0t s
[N TRNT ¥
® 0%k ®10%H:
0-05}-
ool L 1 L __}_ I
010 02 04 06 08

REAL —

ia
=

VARIATION WITH THE CONDUCTIVITY OF THE QUTER SHELL

O MHOS/ M
o

10 MHOS/M

10 MHOS/ M

10" MHOS/ M

e oy = — — — — — o —

Reol |imaginory| Frequency | Resolving range Rea! rl—

‘0269 {0255 4X|02Hz 10 10 5 X10" W2 0-524 | 0767

{ Moz} Mozt

0275|0261 |4 X10°H | 10 o5XIC°H | 0-749 | 0243

2 (]
04590[0 4638 | | X10 Hz 10 to 10 Hz - -

- —_ — —

(3
0916 | 0276 10 Hz 10 4010 Hz - -
{Mas ) (man}
-2 s
[e] 0 3Xi0 10 Hz 10 to 10 Hz - -
—_—d ——

{ A=10CM,B=125M , D =0,=10M,0; =IMHI/N )

Table 2

FIRST PEAK (inner shell) SECOND PEAX (outer sheli)

- - T r
maginary rFyequencyiResolv-r-g ronge

1% M 101010 H2

&
& X102 110% 016 1z

L -

Variation with the conductivity of the outer shell (A =100m, B=125m,

05 = 1.0 mhos/m, D, =D, = 10m).




J. G. Negi and P. D. Saraf

(i) Case of perfect shielding: Viz., the conductivity of the outer shell is more
than the conductivity of the inner sheil (0,>0,). In the geophysical ex-
‘ploration problem such a situation is usually obtained in the areas where the
highly conducting tertiary formations cover the less conducting bodies. Sim-
ilar situations are also found where the conducting and insulating minerals
are intermixed so that the insulating minerals are formed earlier (inner shell)
and the conducting ones later (conducting cover). Such conducting miner-
als screen the inner layers (mostly the zones of sulphide enrichment). In
this argand diagram, figure 8, one also finds that the inner shell is complete-
ly shielded for the cases when ¢,>0,.

(ii) Less conducting cover: (0,<0,) This is the situation which is impor-
tant from the geophysical exploration point of view and resembles the ac-
tual field conditions when the conducting grains are formed earlier and
then they are covered by insulating minerals. Minerals of oxidized zones
come under this class of problem. In such situation contributions of both
overburden as well as the ore body are reflected well in the argand dia-
gram. In the total response of the system, contributions of ore body are
observed more in the lower frequency band than the contribution of the
cover (outer shell). With an increase in the conductivity of the cover (0,)
from 10*mhos/m to 10™mhos/m the frequency range for resolving the
ore body changes by an order of magnitude (viz., in Table 2, for ¢, =10
mhos/m the resolution range is from 10 Hz to 5 x 10*Hz while for ¢, = 1072
mhos/m the corresponding range is from 10 Hz to 5 x 10* Hz).

The first peak value, corresponding to target (ore body) is obtained at the fre-
quency 4 x 10 Hz and this is unaltered by a-change in the conductivity of the cover.
While the second peak value (corresponding to the cover) shifts towards lower fre-
quency sides with an increase in the ¢, value. For 0,>>0,, the overburden shields
the ore body completely and this is true for any frequency value considered in this
analysis.
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