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Abstract 

In this paper we study the scattered ma_gnetic field above the .. surface of the earth 

due to a buried sheet-like conductor excited by a grounded and oscillating vertical elec-

tric dipole (G.V.E.D.) in the earth. The significance of this technique for the detection 

of water-filled fractures is that there is no magnetic field in the air, assuming that the 

displacement current is negligible, so long as the G.V.E.D .. source is buried in a layered 

half-space. If any signal is detected it must be due to the presence of a 2-D or 3-D inho

mogeneity, such as a sheet-like conductor. Using a numerical modeling approach, we 
' . . . 

calculated .the strength and anomaly shape of the secondary magnetic field from the 

sheet to determine whether a G.V.E.D. is a suitable sour.ce for detecting a major conduc~ 

tive fracture zone. 

Introduction 

A practical problem that anses m geothermal reservmr exploration and develop-

ment, as well as in other site characterization studies, is to detect and to characterize a 

major water-filled fracture zone that occurs close to but was missed by a drill hole. In 

the geothermal case, it is not uncommon to drill a well on the basis of geological infor-

mation to intersect a specific fluid-producing fault or fracture zone. If the zone is not 

encountered the questions to be answered are; (1) is the zone locally sealed? or (2) was 

the well depth, placement and inclination wrong to intersect the permeable zone? 

If there is at least one hole available in the area or-interest borehole electromagnetic 

techniques can be used for detecting possible major water-filled fractures (or fracture 

zones) missed by the holes. The implied assumptions are always that the zone is a good 

reflector of electromagnetic waves, that the zone is embedded in a less conductive but 

otherwise homogeneous region, and that in situ thermal and chemical conditions are not 

so severe that they would prevent the use of suitably engineered in-hole sources and/or 

receivers. To date, most of the electromagnetic studies for fracture detection have 
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considered a downhole VHF radar source using directional source and receiver antennas 

in the borehole (Chang et al., 1984). While this technique seems promising, it requires a 

steerable, directional antenna and a transmitter with sufficient power to offset the high 

attenuation of the VHF waves in rock, yet the probe must be sufficiently small to 

operate within the confines of a drillhole. 

As part of our on-going study to evaluate numerically the applicability of various 
.. 

electromagnetic techniques for detecting the "missed" fracture zone, we consider in this 

paper a very simple downhole source consisting of a grounded vertical electric dipole 

(G.V.E.D.j with observations made at the surface. The fracture zone is approximated by 

a thin, conductive three-dimensional sheet with variable conductance and dip. The 

G.V.E.D. is an interesting and important source for this application because in the 

absence of the thin sheet conductor the magnetic field is everywhere zero on and above 

the surface of a layered half-space. Numerical calculations have been carried out to com-

pute the horizontal and vertical magnetic field components at the surface over a thin 

sheet concealed beneath an overburden layer. Calculations were made for variable sheet 

conductance, sheet dip, overburden thickness and frequency of excitation from 10 Hz to 

10 kHz. The purpose of the calculations is to determine whether diagnostic information 

on the location and dip of the sheet can be extracted from the shapes of the anomaly 

curves. 

Formulation of the Problem 

The physical model studied Is shown in Figure i. The fracture zone is simulated by 

a rectangular thin sheet with a conductance of r siemens (S) located in an otherwise 

homogeneous, porous, and water-saturated half-space with resistivity p
2

. The fractured 

half-space is concealed by an overburden layer with resistivity p and thickness D . The 
1 

upper edge of the sheet is horizontal and lies at a depth H (H > D) below the surface. 

The thin sheet is assigned a range of conductances r (conductivity-thickness products) 
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representative of natural conditions. The G.V.E.D. may be placed anywhere in the earth 

except very close to the sheet conductor, and has a moment I 81 that oscillates harmoni-

cally at angular frequency w = 21r f . 

Other sheet parameters specified m this problem are sheet strike length L 8 , dip .. 
length L b• dip angle /3, and the angle I between sheet strike and the line of observa-

tions, or profile line, on the surface. H tx and H rx are the vertical distances of the 

transmitter below and the receivers above the ground planes, respectively. 

The approach we have used to calculate the scattered (i.e., secondary) magnetic 

fields at the surface is based on the algorithm developed by Weidelt (1981}. In our 

modified version of the code SHEET we have included a G.V.E.D. source embedded in 

the conductive medium. A brief description of the algorithm is given here. 

Beginning with Maxwell's equations 

'\lXE = -iw~tH (1} 

'V XH = (o+i wt)E + J (2} 

Weidelt (1981} derived the following two integral equations using the thin sheet approxi-

mation (Price, 1949} 

Es(ro) = Eniro}-i WJl I T (r)g (r0/r}E8 (r}ds (3} 
s 

on the sheet, and 

H(ro) = Hn(ro}+ I T (r)E8 (r)'V0 X g (ro/r)ds (4) 
s 

everywhere. E 8 is the total tangential electric field on the sheet and E 08 is the primary 

(incident) tangential electric field on the sheet. H is the magnetic field at the paint of 

interest and H 0 is the primary magnetic field. Throughout the analysis Jl is set equal to 

the free space permeability Jlo, and g (r0/r} is the Green's dyadic function relating the 

tangential current distribution on the sheet with the electric fields everywhere. 
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To modify Weidelt's SHEET program for a G.V.E.D. source buried in the conduc

tive medium we only have to change the primary tangential field Ens on the sheet. The 

primary magnetic field Hn in the air will be zero assuming that the displacement current 

is negligible. The derivation of Ens due to a G.V.E.D. source is given in Appendix A. 

Numerical Results and Analysis 

A few numerical checks have been made to ensure the desired performance of the 

algorithm. The primary electric fields at low frequencies have been found to correctly 

asymptote to DC fields inside the conductive medium. Another numerical check has 

been made by setting the overburden resistivity equal to that of the host rock resistivity, 

and then making the computation as if the earth were two-layered. Keeping the source 

position fixed, we also varied the thickness of the overburden, which is equivalent to 

placing the source in the overburden or in the host rock. The results obtained for 

different thicknesses of the overburden have been found to be the same, which shows 

that the program is at least self-consistent. Other checks, such as reciprocity, duality 

and symmetry, also show that the results are acceptable. 

Some typical model results have been obtained to demonstrate the characteristics of 

the anomalous fields from the G.V.E.D. and its advantages over the vertical magnetic 

dipole (V.M.D.) source. The model parameters held fixed in this study are listed in 

Table 1. The center of the top edge of the sheet ( Xc ,Yc ) is located directly below the 

line of observations (or profile line), and the profile line coincides with the x-axis for 

these calculations. In the following cases we allow parameters r, f , f3 and p11 to vary, 

changing only one at a time to find its effect on the anomaly. 

The first model considered is a vertical ({3 = 90 • ) sheet m a uniform half-space, 

p1 = P2 = 100 ohm-m, with varying conductance; r = 0.5, 1, 3, 5 and 10 S. The real 

and imaginary components of the horizontal magnetic field (Hy) at 1000 Hz are plotted 

in Figure 2.1. Contrary to what one might expect, the real component decreases with 
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Table 1 

Fixed Model Parameters Used in the G.V.E.D. Study 

Parameter Parameter Symbol Value 

Sheet strike length L 100m 
a 

Sheet dip length Lb 60 m 

Coordinate of the (x, y, H) (200, 0, 60) m 
center of the top edge c c 

of the sheet 

Source Coordinate {xd, yd' Ht) (100, 0, 100) m 

Height of the receiver H 1m 
above surface rz 

Overburden thickness D 10m 

Host rock resistivity Pe 100 ohm-m 

Strike angle 

"' 
90 ° 
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increasing sheet conductance from 0.5 to 3 S and crosses zero between 3 and 5 S. How

ever, as the conductance increases further, the real component of H 11 changes sign and 

increases in amplitude. The imaginary component of the anomaly is better behaved, 

varying little over the range of sheet conductances used. To explain this phenomenon, 

we calculated and show the current distributions on the sheet for different sheet conduc

tances in Figures 2.2, 2.3 and 2.4. Since the current in the dip direction is vertical in 

this case, it does not contribute to the magnetic field in the air. Thus, only the current 

in the strike direction needs to be considered. Following Weidelt's {1981) approach the 

total current (Fig. 2.2) is split into .two parts. The first part is the current in the sheet 

caused by electromagnetic induction (Fig. 2.3), and the second part is the current drawn 

into the sheet conductor from the conductive host rock, the so-called current channeling 

(Fig. 2.4). Note that in these figures the contours are not to be confused with current 

lines. The contours are lines of equal current density in the strike direction. The label

ing on the contours is the surface current density in units of Amp/m X 107
. Figures 2.3 

and 2.4 show that both parts of the current increase in amplitude as the sheet conduc

tance T increases. For the real component of the total current, the current channeling is 

dominant when Tis small. As T increases the induced current on the sheet increases and 

finally dominates. Since the two parts of the current flow in opposite directions on the 

upper edge of the sheet conductor, the real component of the total current on the upper 

part of the sheet in Figure 2.2 changes sign as T increases. This explains why the real 

component of the magnetic field (H11 ) changes sign as T increases. As for the imaginary 

component of the current, the two parts of the current are in the same direction on the 

upper part of the sheet, and therefore there is no sign change for the imaginary com

ponent of the magnetic field as T increases. 

Figure 3 shows magnetic field (H11 ) anomaly at different frequencies. The model is 

a vertical thin sheet (r = 1.0 S) buried in a uniform half-space; p1 = p2 = 100 ohm-m. 

Both the real and imaginary components of the responses are plotted for varying 
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frequencies of 10, 100, 1000, 3000, and 10000 Hz. The effect of the increasing frequency 

on the observed magnetic field anomaly is essentially similar to that of the increasing 

conductance of the sheet. At low frequencies the real component is dominant, but with 

the increase of the frequency the imaginary component becomes larger. The responses 

for the real component at 10 and, 100 Hz are essentially equal and cannot be 

differentiated in the figure. At higher frequencies, the responses of the real component 

change sign as in the case of increasing sheet conductance. For a G.V.E.D. source there 

always exists current channeling and its associated magnetic fields even if the frequency 

goes to zero because of the conduction current from the source. On the other hand, for 

a magnetic dipole source both the real and imaginary components of the secondary field 

would vanish a8 the frequency goes to zero. 

The next model studied is the same as the previous one, except that the resistivity 

of the 10-m-thick overburden is varied and the frequency used is held at 1000 Hz. The 

four curves in Figure 4 are for overburden resistivity (p1) of 1, 3, 10 and 100 ohm-m. It 

was found, as expected, that the amplitude of the anomaly, both the real and imaginary 

components, decreases as the overburden resistivity decreases. At lower values of p1, 

more conduction current frotn the source and more of the current induced in the host 

rock would flow i~to the overburden, resulting in less current channelled into the sheet. 

For p1 = 1 and 3 ohm-m, for example, the current channelled into the sheet is 

insignificant, and consequently the anomaly decreases rapidly. The induced current 

within the sheet seems to have contributed most of the anomaly, if any, in this case. 

One of the important parameters involving sheet response study is the dip angle 

(/3). The plots in Figure 5 show the magnetic field anomaly for a dipping sheet with j3 

= 90 o, 75 o, 60 o, 45 o and 30 o. The model is a thin sheet of conductance 1.0 S, buried 

in a uniform half-space of 100 ohm-m. The frequency used is again fixed at 1000 Hz. 

Major changes in the shape of the anomaly occur as the sheet dips away from the verti

cal position; the zero crossing disappears, and the anomaly sharply increases with a 
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sudden phase reversal at smaller dip angle (/3 = 30 • in this case). The increase in ano

maly is caused by the fact that, as the bottom edge of the sheet swings clockwise from 

the vertical position, the sheet comes closer to the source and to the surface. In addi

tion, the current in the dip direction is no longer vertical in this case, and therefore, it 

contributes increasingly more to the magnetic fields as the dip angle decreases. The 

abrupt phase reversal of the anomaly is directly related to the position of the G.V.E.D. 

source with respect to the plane that contains the sheet. The current in the sheet, espe

cially the conduction current, reverses its direction depending upon the relative position 

of the source to the sheet plane, which in turn results in the observed phase reversal in 

the magnetic field. If a. sufficient number and density of surface measurements are made 

with respect to one or more source positions, we may then be able to deduce some of the 

important sheet geometrical parameters, such as its strike length, strike angle, and dip 

angle. 

Finally, a comparison has been made between the anomalous magnetic fields from 

the sheet conductor due to a buried V.M.D. (Zhou and Becker, 1985) and those due to a 

G.V.E.D. excitation. Figures 6.1, 6.2 and 6.3 are magnetic fields H:r, H11 and Hz, respec

tively, from the G.V.E.D. source, and Figures 6.4 and 6.5 are magnetic fields H:r and 

Hz from the V.M.D. source. The model is a vertical sheet of conductance 1.0 S, buried 

in a uniform half-space of resistivity 100 ohm-m. The frequency used is 1000 Hz for 

both source types. The results show that the anomalies associated with the G.V.E.D. 

source are more complex in shape, suggesting that the G.V.E.D. anomalies are more 

diagnostic of fracture parameters. Based on this and the fact that the anomalies associ

ated with the V.M.D. source is superimposed on the large primary fields, the technique 

involving a G.V.E.D. source seems more attractive and useful for the detection of a 

major fracture zone. 
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Conclusions' 

In our evaluation of surface-to-borehole electromagnetic methods for detecting a 

major fracture zone in a geothermal reservoir or other related geological situations, we 

have. analyzed and presented a n·umerical study involving the use of the G.V.E.D. source 

in the frequency domain. Particular attentions have been paid to the effect of the 

changing conductance of the thin sheet that simulate a conductive fracture. The effect 

of the changing frequency is found similar to that of the changing conductance, as long 

as the product of the conductance and the frequency remains small. 

The anomalous currents contained in a vertical sheet conductor generate surface 

magnetic fields whose profile is either symmetric or antisymmetric in shape. This is a 

valuable diagnostic information in finding a vertical fracture, since no other 2-D or 3-D 

lateral inhomogeneities can produce such an anomaly when a fixed source is used. In the 

case of a dipping fracture, including a horizontal one, the symmetry in the anomaly 

disappears and, without further comprehensive analysis of the subject, it cannot be said 

whether the shape of the anomaly is distinguishable from those caused by other types of 

inhomogeneites. Within the context of models studied in this paper, however, the dip 

angle and the location of the down-dip portion of the sheet with respect to the G.V.E.D. 

source may be approximately deduced by examining the phase and the amplitude of the 

anomalous magnetic field on the surface. 

From the study we also find that the G.V.E.D. source has certain advantages over 

the V.M.D. source. The main reason is that the magnetic field measured in the air due 

to a G.V.E.D. is only caused by the presence of a lateral inhomogeneity. Also, with a 

conductor present signal is more diagnostic than from a V.M.D. excitation. Therefore, 

one can safely assume that there is a better chance of detecting a conductive target if 

the G.V.E.D. is used. Because the anomalies due to the G.V.E.D. excitation are more 

complex, care should be taken when one attemps to interpret G.V.E.D. field data. 
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Appendix A 

The electromagnetic field from a G.V.E.D. embedded in a two layered half space is 

evaluated. Using a vector potential A and a scalar potential V we write 

H = '\lXA (A.1) 

E = -i wp,A- '\JV. (A.2) 

If we choose 

V =- --~-'V·A. 
o+awf. 

(A.3) 

Then, from equations (1) and (2) 

(A.4) 

where 

If the medium is both homogeneous and unbounded 

+oo 
1 -1r 

A= -
4 

I I I J(x' ,y' ,z' )-e- dx' dy' dz' 
~ -oo r 

(A.5) 

In the presence of a horizontal boundary, the vector potential A must have a secon-

dary component in the direction normal to the boundary. In the cylindrical coordinate 

as shown in Figure A.1, a G.V.E.D. in a horizontally stratified homogeneous medium has 

only the z component vector potential 

A= Az(p,z)z 

then the equations (A.1) and (A.2) become 

H 
oAz 

----op (A.6) 
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(A.7) 

The small bold characters p and z represent unit vectors in p and z directions, respec-

tively. The boundary conditions at layer boundaries are 

and the "+" and "-" signs denote the different sides of the boundary. 

Let the depth to the source be H tx and the thickness of the overburden be D . The 

G.V.E.D. source is driven by a current I from C 1 to C 2 then through the medium back 

to C 1 (Fig. A.1 ). The separation between C 1 and C 2 is 81 and thus the electric dipole 

moment p =I 81. 

(1) Homogeneous and unbounded whole space. 

00 

Az= _!!_ e4r = ....!!._ J :J.... e-u lz-Htxl Jo("Ap)d).. 
47rr 411" 0 u 

(2) Half-space with the source in the lower half-space. 

where 

00 

A zo = -
4
p J A 1("A)e "oZ J o("Ap)d).. · 

11" 0 

ui
2 

= "A 2 + 1]; j = 0, 1; J = 0 is for air and j = 1 for the lower half-space. 
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(3) Half-space with an overburden; source in the lower half-space. 

where 

()() 

A zO = _L J A 2(A)e "oZ J o(Ap)d A 
411" 0 

~ (1 + R 1)(1 + R 2)e -u .v e -u.J..H tx-D) 

A 2(A) = _u__:2=----------:=---;:-----
1 + R 1 R 2 e -2

u 1D 

( R 2 + R 1 e -2u tD ) e 2u :P 
B 

2
(A) = _.:;.__ ___ ---;:,---::--

1 + R 1 R 2 e -2u •D 

u/ = A2 + "1]; j = 0, 1, 2; j = 0 is for air; j = 1 for overburden and 

j = 2 for lower half-space. 

( 4) Half-space with an overburden; source in the overburden. 

where 

()() 

A zO = _L J A 3(A)e "oZ J o(Ap)d A 
411" 0 

()() 

Az2 = _L J ~ B3(A)e-u 2(z+Htx) fo(Ap)dA 
411" o u2 

~ (1 + R 1)(1- R 2 e -2u.(D-Htx)) e -ulHtx 

A3(A)= _u_1 ______ ~~~~----
1 + R 1 R 2 e - 2

u 1D 

u2 (1- R2)(1 + R1 e-2u1Htx) 

B 
3
(A) = _u_1 -------:::----=--- e u .J..D +H tx) e -u 1(D -H tx) 

1 + R 1 R 2 e -2
u 1D 

and the reflection coefficients, R 1 and R 2, used throughout are given as 
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Since the displacement current is negligible and the air conductivity is zero, we 

have /o == 0. Thus from the expressions it is found that A;(>.) == 0, i = 1 ,..._, 3, and 

consequently A z0 == 0. This confirms that there is no field in the air when a G.V.E.D. is 

used in a layered half-space. 

Using the equations (A.6) and (A. 7), we can compute the electric field in the lower. 
' 

half-space. After computing E P and E zof the two layered earth, the primary tangential 

fields E 88( r 0) in a (parallel to the strike) and b (parallel to the dip) directions on the 

sheet can be easily obtained. 

E 8 = E P (cosO COS/+ sin/ sinO) 

Eb = E P (-sin/ cos/3 cosO+ COS/ cosf3 sinO)+ E z sinf3 

where 

/3 is the dip angle of the sheet and 1 is the angle between the sheet strike and the profile 

line. x, y, and (} are shown in Figure A.l. 
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(A) 3-D View Point of Observation 

G.V.E.D. 

(B) Top View 

Figure 1. 

Profile 
(Xd, Y d) Direction 

~--~--~--~~----------~~--~~~x 
G.V.E.D. 

y 

XBL 869-1 0985 

A conductive thin sheet buried in a conductive half-space (resistivity p2) 

with an overburden (resistivity p1) of thickness D . The rectangular thin 
sheet is characterized by its conductance ( r), strike length (L8 ), dip extent 
(Lb), dip angle (/3), and strike {1). The coordinate of the center of the top 
edge of the sheet is ( xc , Yc , H). The medium is excited by a grounded 
vertical electric dipole located at (xd, Yd, H1z ), and the resultant mag
netic field is measured at (x, o , H,z) on or above the ground. 
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The magnetic field (Hy) anomaly for varying sheet conductance; T = 0.5, 
1, 3, 5, 10 S .. The sheet is vertical (/3 = 90 • ), .and is buried in a uniform 
half-space of resistivity p1 = p2 = 100 ohm-m. The frequency used is 
1000 Hz. The magnetic field intensity is expressed in A/m X 107 (SI 
units). 
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Figure 2.3. The induced current. that circulates and closes on the sheet for varying 
conductance; T = 1, 5, 10 S. The contour represents equal current den
sity in the strike direction. · The sheet is vertical (f3 = 90 • ), and is buried 
in a uniform half-space of resistivity p1 = p2 = 100 ohm-m. The fre
quenc; used is 1000 Hz. The magnetic field intensity is expressed in A/m 
X 10 (SI units). 
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field intensity is expressed in A/m X 107 (SI units). 
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The magnetic field (H11 ) anomaly for varying frequency; f = 10, 100, 
1000, 3000, 10000 Hz. The sheet is vertical (/3 = 90 o ), and is buried in a 
uniform half-space of resistivity p1 = p2 = 100 ohm-m. The sheet con
ductance used is 1.0 S. The magnetic field intensity is expressed in A/m 
X 107 (SI units). 
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p2 :____ 100 ohm-m. The sheet conductance used is 1.0 S, and the frequency 
used is 1000 Hz. The magnetic field intensity is expressed in A/m X 107 
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The magnetic field (H
11

) anomaly for varying dip angle; f3 = 30 o, 45 o, 
60 o , 75 o, 90 o • The sheet is buried in a uniform half-space of resistivity 
p1 = p2 = 100 ohm-m. The sheet conductance used is 1.0 S, and the fre
quencJ used is 1000 Hz. The magnetic field intensity is expressed in A/m 
X 10 (SI units). 
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The magnetic field (Hy) anomaly due to a G.V.E.D. source in 3-D view. 
The sheet is vertical ((3 = 90 • ), and is buried in a uniform half-space of 
resistivity p1 = p2 = 100 ohm-m. The sheet conductance used is 1.0 S, 
and the frequency used is 1000 Hz. The magnetic field intensity is 
expressed in A/m X 107 (SI units). 
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expressed in A/m X 107 (SI units). 

,. 

XBL 869-3576 

~:>:) 
C) 



~ 
'oo 
-ci .,. ... 

q 

"' 
...JO 
0 . 
G>o 

tx:: 

C! 

"' I 

C! 
~ . 

'11\\.o . 

~ ll.o 
'flXJs 

Figure 6.4. 

~ 
'oq 
-o .,_ ... 

q 

"' ::7l 
1.-
00 c: . 
• .J 0 

C1l 
0 
EO 

.-'C! 
'{' 

C! 
~ . 

'11\1.1) 

ll.l) 
~ ... ~~ 

"'s 

<: 

~-0 

The magnetic field (Hz) anomaly due to a vertical magnetic dipole source 
in 3-D view. The sheet is vertical ((3 = 90 o ), and is buried in a uniform 
half-space of resistivity p1 = p2 = 100 ohm-m. The sheet conductance 
used is 1.0 S, and the frequency used ·is 1000 Hz. The magnetic field 
intensity is expressed in A/m X 107 (SI units). 
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The magnetic field (Hz) anomaly due to a vertical magnetic dipole source 
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half-space of resistivity p1 = p2 = 100 ohm-m. The sheet conductance 
used is 1.0 S, and the frequency used is 1000 Hz. The magnetic field 
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Figure A.l. Two layered earth model used for the calculation of normal electric field 
E 08 due to an oscillating electric dipole of moment 161 buried at 
Z =Htz· 
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