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DETECTION OF A BRINE CONDUCTOR UNDER AN OIL FIELD BY MEANS OF 
A FIXED TRANSMITTER ELECTROMAGNETIC SURVEY USING A SQUID MAGNETOMETER 

K. DUCKWORM AND D. O’NEILL~ 

ABSTRACT 

A luw-frequency (I f” IS H/J electromagnetic survey was con- 
ducted over a brine cnndumr locared in a sunds~onc tens underly- 
ing a heiwy oil field. This conductor is at a depth of 780 m and 
displays a conductivity on drill hole logs which is compureble to 
rhe conductivity of sulphide ore bodier. This suggested that the 
c”“ducl”r W”“ld he amenable 10 detec,ion by nmh”dS devetopcd 
for mctstlic mined exploration. The transmifter consiad of a 
6.X-h line. gmundrd iu each end. carrying a I-Hz. ktmp square 
Wa”r currmr. The me)“l,im, field was detected alung a 6-h ,r3- 
vme which ran parallel to the trilnsmittrr line 81 a distance of 
I.6 km. The detector was il tllrer-c”mpo”e”t SQUID-type miigne- 
WneLr. The uulpul d the magnetometer permittrd amplitude and 
phase of the secondq field tu be derived from its elliptical char- 
il~teristics. Digitill acquisition of the signal permitted frequency 
information from I to 15 Hz to be extracted from the square wave 
signal by Fourier transformarion. 

The rcrullant total secondnry-field profiles displayed a strung 
reflected component due to the tow (5 ohm-ml rcbistivity of the 
host environment. In addition. the profiles showed locatired 
anwnalirr which pr”“cd to he conrirtrnt with a s<Nrce kJcIlte<, ilt 
the known depth of the brine conducax 

Hydrocarbon deposits are commonly associated with 
highly saline brine which is localized within the same 
structure as the hydrocarbons. An example of this type of 
situation is provided by the David oil field which is located 
IO km northwest of the town of Provost in eastern Alberta 
(Figure I). The oil is contained in a structural drape over a 
sandstone lens of Lower Cretaceous age which is located at 
a depth of 780 m and is contained within an area 3 km long 
by I km wide, as shown in Figure 2. The very conductive 
brine contained within this 50-m thick sandstone lens causes 
the sandstone to display B conductivity (1.7 S/m) which is 
comparable to that of many metallic mineral ore structures 
(Parkhomenko, 1967). 

Electromagnetic surveys using fixed-loop, Turam-type 
transmitters are notably successful in the detection of deep 
localized conductors of the type commonly encountered in 
metallic mineral exploration (Bosschart, 1964; Jagodits et 
al., 1986; Duckworth, 1988). Thus, the localized character 
and high conductivity of the structure which controls the 
David oil field suggest that conductors of this type may be 
detectable by means of traverses conducted with fixed 
transmitter electromagnetic systems. 

The aim of the test survey described in this paper was to 
examine the possibility of using such methods to detect 
hydrocarbon traps of the type represented by the David 
field. 

While the high conductivity and localized character of 
the brine conductor below the David field make it appear 
to be an ideal electromagnetic target, the conductor and its 
environment display other features which obliged us to use 
unconventional adaptations of fixed transmitter methods in 
our attempt to detect it. 

The first of these features is its depth of 7X0 tn. which 
indicates that any anomalous field due to the conductor 
will be distributed over B distance of 3 to 4 km at the sur- 
face. Thus, the length of traverse required to fully explore 
such an anomaly needs to be significantly greater than 
4 km. However, in fixed transmitter surveys applied to 
mineral deposits, the traverse length seldom exceeds 2 km. 
This limitation is inherent to the conventional mode of 
operation in which traverses are run perpendicular to the 
transmitter which is normally a large rectangular loop. The 
strong geometric attenuation of the field as distance from a 
loop transmitter is increased. results in the field becoming 
too small to be detected at ranges of 2 to 3 km unless an 
unreasonably large current is used in the transmitter. 

An alternative mode of operation, which tallows traverses 
to be 8s long as required (Duckworth and Bays. 19X4). was 
adopted for the test survey described here. This procedure 
involves running the traverses parallel to the transmitter 
loop which is laid directly across the anticipated trend of 
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Flg. 1. Location map. The town 01 Provost which is located 10 km 
SE 01 the SWV.W area. 

the conductor. The length of traverse depends only on the 
length of the transmitter loop. 

This configuration provides very good inductive linkage 
to flat-lying conductors of the type represented by the 
sandstone lens under the David field, as shown by 
Duckworth and Cummins (1989). It also allows the trans- 
mitter current to be moderate (we used only 2 amps) while 
providing any desired length of traverse, which in the case 
of this test survey was 6 km. An additional advantage of 
this mode of operation is that the primary-field intensity 
can be made almost uniform along the traverse if the trans- 
mitter loop is made longer than the traverse line. This con- 
trasts with the strong gradient of the primary field which 
exists in data acquired along lines run perpendicular to a 
loop transmitter. The lack of gradient in the primary field 
offered by the alternative procedure is a considerable aid to 
the recognition of subtle anomalies due to deep conductors. 

A feature of the host environment which presented a 
special problem was the low resistivity of the rocks overly- 
ing the oil field. These are marine Cretaceous shales 
which, on drill logs, show an average resistivity of 5 ohm- 
m for the whole section down to the sandstone. In a 20-m 
section from 565 m to 585 m, the resistivity is as low as 
2 ohm-m while the highest resistivity is 17 ohm-m 
between depths of 90 m and 110 m. The resistivity of the 
sandstone lens is 0.6 ohm-m on the logs, so that its con- 
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Fig. 2. The transmitter line was laid between points A and A’. 
Readings were taken at 500-m intervals along the traverse D to D’. 

ductivity is approximately 8 times greater than that of the 
overlying rocks. 

Even at 20 Hz, absorption of the field in the overlying 
conductive rocks would cause the transmitted field experi- 
enced by the sandstone lens to be 95 percent weaker 
(I3 dB loss) than if the overlying rocks were resistive. A 
similar loss would be experienced by any field emitted 
from this conductor in propagating to the surface. An alter- 
native view of this situation is provided by noting that at 
20 Hz the 780-m depth of the target would be 3.1 times 
greater than the skin depth of the conductive environment 
and would be equal to one skin depth for a frequency of 
2.1 Hz. 

These absorption losses occur in combination with the 
inevitable strong geometric attenuation of the field. 
Therefore, it appeared improbable that any appreciable 
field due to the conductor could be generated or detected at 
20 Hz. 

A frequency of I Hz was chosen for this test survey 
because it offered only 49 percent (3.1 dB) attenuation loss 
at the depth of the target while also being relatively free of 
natural electromagnetic noise, as discussed by Keller and 
Frischknecht (1966). At this frequency, the skin depth of 
the host environment was I.4 times greater than the depth- 
to-target conductor. This frequency is not commonly avail- 
able in electromagnetic transmitters designed for mineral 
surveys but is available in the generators designed for 
induced polarisation (IP) surveys. We employed a Phoenix 
IPT-I 2.5 kW transmitter. The square wave output of this 
type of generator also allowed us to extract higher frequency 
information from the harmonics of the square wave up to 
I.5 Hz. 



DETECTI”N OF A BRlNE CONDUCT”R UNOER AN “11, FELD 63 

Electromagnetic receivers designed for mineral 
prospecting do not cover this low-frequency range, but the 
detection of electromagnetic fields in the frequency range 
from I to IS Hz is ideally suited to SQUID-type (super- 
conducting quantum interference device) magnetometers 
(Zimmerman and Campbell, 1975). These devices readily 
provide a sensitivity of IOA nT while also offering sepa- 
rate detectors for the vertical and the two horizontal com- 
ponents of the detected field within the same instrument. 
SQUID instruments present special operational demands 
because of the large volume of liquid helium that must be 
provided to keep the sensor in the superconducting state 
for a reasonable period of operation in the field. The unit 
we employed was a CTF DSQ/RFM-400 with a 30.litre 
cryostat (Figure 3) which allowed IO days of field opera- 
tion without reloading, although we did develop the means 
to reload the cryostat in the field. 

Another operational problem is the need to isolate the 
detector when taking readings. It was necessary to locate 
the magnetometer 100 m from the recording system and 
associated generators. However, a similar separation from 
a coil-type receiver system would be needed if it matched 
the sensitivity of the SQUID detector over this same I to 
IS Hz frequency range. A further problem when working 
at low frequency is the need to protect the detector from 
wind-induced vibration, which causes spurious signal due 
to the variation of the coupling of the detector with the 
Earth’s magnetic field. This protection can be provided by 

Fig. 3. The CTF Systems DSQ/RFM-400 three-component mag- 
netometer holds 30 litres of liquid helium for 10 days 01 operation. 
The wooden shield prevented wind-induced noise. 

partially burying the magnetometer, but we used a wooden 
shield as shown in Figure 3. The shield is shown with one 
wall removed. It permitted frequent movement of the mag- 
netometer to new stations without the need to dig holes. 
The shield was firmly anchored to the ground after the 
magnetometer had been levelled on its base plate. 

Thus, the brine underlying the David oil field appeared 
to present a target suitable for detection by means of a 
fixed transmitter electromagnetic survey and it appeared 
that appropriate equipment and procedures were available 
to allow such a survey to be conducted. 

SURVEY PRocEounE 

A large rectangular loop transmitter with a total length 
of 19.2 km laid along available roads was initially planned. 
However, encounters with farm machinery made it clear 
that a loop of this length would be hard to maintain in view 
of the numerous roads and farm entries which it would 
CTOSS. We therefore minimired this problem by using a 
grounded-line type of transmitter located where the front 
edge of the loop transmitter had been planned. The low 
resistivity of the ground in the test area allowed the genera- 
tor to deliver 2 amps consistently through the 6.8 km of I6 
gauge insulated copper wire between the grounding points. 

The transmitter wire was laid, as shown in Figure 2, 
along the north-south line denoted AA’ which was located 
to the east of the oil field. The parallel survey line denoted 
DD’ passed through the oil field and was located I .6 km to 
the west of the transmitter. Stations on this line were 

placed at 500 m intervals. The line CC’ was used for 
development tests and for easy access to the transmitter 
generator located at point B. 

DATA ACQUIWION AND TREATMENT 

An example of a record taken from one of the survey 
stations is shown in Figure 4. The channel 0 horizontal- 
component sensor was decoupled from the field by careful 
orientation of the instrumentation before the reading was 
taken. This was done at each station. 

The record shown in Figure 4 was the result of a 20.fold 
stack of two complete cycles of the recorded signal. Each 
trace consists of 256 discrete, digitally acquired samples 
which have been joined by a linear interpolator for display 
purposes. Stacking was achieved by transferring the digital 
output of the DSQ-400 to an IBM-PC computer by direct 
memory access. Triggering was controlled by a crystal 
clock which duplicated the period of the clock driving the 
transmitter. Relative drift between these two clocks was no 
more than 0.9 microseconds in any 24.hour period. 

Because of the quantiration of magnetic flux which is an 
inherent feature of a SQUID magnetometer, it is able to 
provide a dynamic range of 193 dB with no loss of accuracy 
throughout the range (Vrba et al.. 1981). It ccwnts changes 
in the number of flux quanta linked with the senscx but is 
also able to measure changes as small as IO” of a single 



64 K. DUCKWORTH and D. 0‘NEIt.L 

STATION L4NlS20 

-0.4 J I 

-3; 128 160 is2 224 256 
NO. ‘iF DATA POINTS 

Fig. 4. A typical record from the magnetometer. Signal magnitude 
was approximately 1 nT. Units are Flux 0uanta where one Flux 
Quantum was approximately 1 nT tar this magnetometer. The E-W 
horizontal component sensor was decoupled tram the field by care- 
ful Orientation of the instrument. 

tlux quantum, where one quantum (denoted +,,) is given 

by 
+,, = hi(2.e) = 2.07 x IO-15 Webers, 

where L, is the charge on an electron and h is Plank’s con- 
stant. 

For the instrument we were using, the calibration factors 
for conversion of flux quanta to magnetic field were 

$,, = 0.79 nT horizontal 
$,, = I .OS nT vertical. 
The difference between these values reflects the differ- 

ence between the tlux transformers which are interposed 
between the field being sampled and the separate SQUID 
device devoted to each channel. 

Thus, with the system able to detect changes of IOJ +,,, 
this gave a sensitivity of approximately IO-’ nT (i.e., 104 
gamma) for both vertical and horizontal components. 

The records for all three components of the field were 
acquired simultaneously to permit phase differences 
between the components to be determined. After stacking, 
the recorded signals were stored on disc. Subsequently. 
each record was Fourier transformed into its harmonic 
components. so that, for each station, the magnitudes of the 
vertical (V) and horizontal (H) vector components and the 

phase difference between these two components were cal- 
culated for frequencies of I, 3, 5, 7. 9, I I, I3 and 15 Hz. 

These values of V and H and their relative phase at each 
station were then combined with the calculated magnitude 
of the primary field (P) at each station to permit the magni- 
tude of the equivalent secondary field (S) at each station to 
be computed. This process also permitted the spatial direc- 
tion and absolute phase of the equivalent secondary field 
with respect to the transmitter to be determined. This over- 
all reduction process is embodied in Figure 5 which shows 
the polarisation ellipse generated by the recorded V and H 
vectors. This recorded polarization ellipse can be treated as 
being the result of the interaction of the vertically oriented 
primary field P and the resultant secondary field which is 
represented by an equivalent vector S. It must be noted that 
S is not the actual secondary field, 8s discussed later. 

The derivation of S was handled by a computer algo- 
rithm which performed a process which was equivalent to 
constructing the parallelogram ABCD in Figure 5, which 
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Fig. 5. The recorded field components V and H produced an 
ellipse of polarization which permitted the equivalent secondary 
field S to be derived. given the known magnitude of the transmined 
field P. 
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contained the known ellipse, the known vector P and the 
unknown vector S as shown. This process constrained the 
spatial direction and magnitude of the vector S. The phase 
relationships of the vectors are embodied in the points at 
which the ellipse touches the parallelograms which contain 
each pair of vectors. In the case shown, the phase differ- 
ence between V and H was approximately SO degrees 
while that between P and S was approximately I.30 
degrees. This is difficult to appreciate visually because 
phase is not linearly distributed along the axes represented 
by the parallelograms. 

If the secondary field at the station had been generated 
by a single isolated source, then that field would have been 
a linearly polarized field. However, when more than one 
source of secondary field is present, as was certainly the 
case for these results, then the secondary field will itself be 
elliptically polarised unless all the sources of secondary 
field are in phase, which is physically improbable. The 
vector, S, which was generated by the process described 
above, was a linearly polar&d vector, yet it represented a 
secondary field which was inevitably elliptically polar&d. 
Thus, it is necessary to refer to S as the linear equivalent 
secondary field. The essential property of S is that its vat- 
cal and horizontal components are identical to the vertical 
and horizontal components of the actual elliptically polar- 
ized secondary field. 

Profiles of S for the 8 frequencies extracted from the I-Hz 
square wave field are shown in Figures 6 to 9. The discrete 
data points represent the data obtained from the field 
records. The solid-line profiles matched to the amplitude 
data were generated by means of theoretical modelling. 

The main feature of the profiles presented in Figures 6 
to 9 is the arched form displayed by the amplitude of the 
secondary field. This is most easily seen in the I3 and 15. 
Hz data of Figure 9. This feature was also a characteristic 
of the primary field P, which inevitably weakened as the 
traverse approached the ends of the transmitter line at the 
northern and southern ends of the traverse. Thus, the arch 
in the secondary-field profiles can be understood as being 
due to a reflected image of the transmitted field created by 
inductive interaction between the primary field and the 
very conductive environment. 

In addition to this image of the transmitter field, there 
are localised secondary-field anomalies with magnitudes 
of the order of 0.1 nT which are most easily seen in the 
profiles for 5, 7, 9 and I I Hr. The 3 to 4 km lateral extent 
of each of these anomalies a ppears to be consistent with 
sources located at the 780-m depth of the brine conductor. 
It is notable that these localized anomalies fade out at 
higher frequencies, leaving only the secondary field due to 
the overall environment. This appears to confirm that. at 
these higher frequencies, fields from the brine conductor 
could not reach the surface with sufficient magnitude to be 
detectable. 

Absolute confirmation that the brine conductor is the 
source of these localised anomalies is not possible when 
only one traverse is available. However, it is possible to 
establish that the anomalies are compatible with this con- 
cept by matching the observed data with data generated by 
a theoretical model constrained to place the source of this 
localized secondary field at the known depth of the brine 
conductor. 

In the situation presented by the David oil field, seveml 
possible sources of concentrations of current within the 
brine must be considered. The first of these is the directly 
induced current due to the inductive interaction between 
the conductor and the magnetic field emitted by the cur- 
rent-carrying transmitter line. The second is the gathering 
into the conductor of the return (galvanic) current between 
the grounding points for the transmitter line. The third is 
the gathering into the brine conductor of current induced 
into the conductive host by the field from the transmitter 
line. as shown by Lajoie and West (1976). A fourth consid- 
eration (Duckworth and Cummins, 19X9) is that if more 
than one localized conductor is present in the area, then the 
fields emitted by the currents which are generated within 
each conductor must influence all other conductors. 

All of these effects can be treated fully only in a threr- 
dimensional theoretical model. Such models require exten- 
sive computing power. but a simple alternative is available 
which can be implemented on any personal computer 
(Duckworth, 1972. 19X8: Duckworth and O’Neill, 1989). 
This alternative method simulates the observed field by 
computing the vector characteristics of the field due to a 
grouping of hypothetical. subsurface, horizontal line cur- 
rent elements. The position, magnitude and phase of each 
current element within a simulated section of the target 
area are controlled by iterative matching of the total syn- 
thetic line current field to the observed field. It was shown 
by Duckworth and O’Neill (1989) that the positions adopt- 
ed by the currents derived by this process correspond well 
to the actual spatial locations of the target conductors, both 
laterally and in depth, even when those target conductors 
are located in a very conductive host. However, this process 
does not attempt to provide the actual current magnitudes 
and phases which existed within the conductors. 

The matching amplitude profiles. shown as solid lines in 
Figures 6 to 9. were generated by this simple model. The 
line current elements which generated the match to the 
localixd anomalies are s hewn in the section below each 
profile. These current elements were constrained to lie at 
the same 780-m depth for all frequencies. The arched pm- 
file in the amplitude data was simulated by means of a line 
current oriented parallel to the traverse line so that this par- 
ticular current does not appear on the cross-section helow 
each profile. 

The match to the observed amplitude data is particularly 
effective at 9 Hz (Figure 81, but at lower frequencies the 
increased noise level prevented a good match from being 
achieved. The phase profiles also appear to contain local- 
ired anomalies which correspond to the amplitude anoma 



66 K. DUCKW”RTH and D. “‘NEItJ 

SECONDARY FIELD 
i HZ 20 FOLD DATA AMPLITUDE 

PHASE ; 
HOOEL AMPLITUOE - 

0.6 

7 
-5 0.45 

E 

z 0.3 

2 
5 0.15 

E 0.0 

2 0.5 
:: 
n 1.0 J 

0 0 oooo”Do E 0 
0 0 

-120 
: 
13 

K 

Nti N;j N4 N? NF NJ L4 S,l S$ S? 514 S;1 S/2 
c” 

90 

53 * .c!L-- . . ..- C;? ?i4 

3 Hz 20 FOLD DATA AMPLITUDE x 

0.6 

i= 
c 0.45 

E 

2 0.3 

7 

$ 0.15 

5 0.0 

f 0.5 
4 
0 1.0 

PHASE 0 
MODEL AMPLITUOE - 

0 

Nfx N; N4 N,?a N,2 N,l L4 Sl SF S? 54 Sp Sfi 

. . ..-._ APPROX. EXTENT OF SCALE I I I S 
THE BRINE CONoUoTOR 0 SK” 

Fig. 6. Profiles of total secondary field obtained at t Hz and 3 Hz. The solid profiles were generated by a fheoretical line-curre,nt model. The 
positions of the currents used in this model are shown in the section below the prollle along with the approximate extent of the 011 field. 



DETECT1”N OF A BRlNE CONDUCTOR UNOER AN OIL FIELD 67 

SECONDARY FIELD 
5 Hz 20 FOLD DATA AMPLITUDE 

PHASE ii 
MODEL AMPLITUDE - 

0.6 

F: 
.= 0.45 

E 
2 0.3 

7 
a 
5 0.15 

E 0.0 

z 0.5 
B I C 
0 1.0 

7 HZ 

0.6 

r 
E. 0.45 

k!i 
2 0.3 

7 

!$ 0.E 

% 0.0 

F 0.5 
4 
0 1.0 

0 

0 0 0 0 

0 0 0 0 0 0 0 o 

Y 

x x X 

Np NF N:’ Ng Np Nj L,4 Sj Ss SF S$ SF Sp 

:3 Cl c2 
!a --w . . . . . -... = cp 

20 FOLD DATA AMPLITUDE x 
PHASE -0 

MODEL *MPLIT”OE - 

0 0 0 0 0 

0 0 0 0 0 o o o 

Np NP N:’ N? N,2 N,l L,4 S,i S$ S,3 S4 SF Sp 

2 
z 150 m 

Ei 

: 
120 II 

?I 
c” 

90 

2 
150 rci m 

E 

120 0” 
D 

z 
5!2 

90 

;3 Cl c2 
.4......ll-.. l c,4 

I “..“_. APPROX. EXTENT 0. E)CALC 1 S 
THE e)RINE 00NDtJ0T0R 

0 IKM 

Fig. 7. Localized anomalies with lateral extents of 3 to 4 km and magnitudes of approximately 0.1 nT are evident in these profiles for 5 and 
7 Hz. 



68 K. DLlCKW”RTH and D. O’NEILL 

SECONDARY FIELD 
3 Hz 20 FOLD DATA AMPLITULIE X 

PHASE 0 
MODEL AMPLITUDE - 

t- 
JE 0.45 

~- i E 3 _ - 

N/3 Np N4 N? N$ Nj L4 Sl SF S.7 S$ SF SF 
cd 

z 0.0 1 90 

Cl c2 
..-*--- --.. --- l cp 

11 HZ 20 FOLD DATA AMPLITUDE x 
PHASE 0 

HOOEL AMPLITUDE - 

0.6 

i= 
-G 0.45 

ii 
z 0.3 

7 

z 0.15 

= 
Y 

0.0 

F 0.5 
B 
0 1.0 

:t 

b 

0 0 0 0 0 0 0 0 0 0 0 0 0 

Np NP N4 N? NF Nj L4 Sj S,2 .?$I S:’ SF S/i 

i3 C7 c2 ..---..--- * c,4 
J . . ..__ APPROX . EXTENT OF SCALE , h 1 S THE SRINE CONO”CTOR 0 IK” 

100 

: 

150 ix m 

E 

120 2l 
D 

1 
i!! 

90 

Fig. 8. The 9~ and Il.Hz profiles. 



DETECTl”N OF A BRlNECOND”CTOR UNDER AN “IL FlELD 69 

SECONDARY FIELD 
13 Hz20 FOLD DATA 

0 0 

AMPLITUDE 
PHASE ii 

MODEL AMPLITUDE - 

0 0 0 0 0 0 0 0 0 0 0 - ii30 

-0 

E 

- 150 f 

e z 0.3 - 
7 E 
a -120 D 
z$ 0.15- i 

E 

z 0.0 -_ 
Np Nfi N:’ N? v N,’ L$ S,l S$ S? S:’ $5 S/3 

Y 
so 

E 0.5 - 
B . . . 
0 1.0 a 

13 HZ 20 FOLD DATA AHPLITUOE x 
PHASE 0 

“OOSL AMPLITUDE - 

0.6- ooooooooooooo - 100 

i= = z 
0.45. 

E 
i?J -150 m 

2 0.3 - is 
n 
2 -120 z 13 

5 0.15- ?I 

Np N;j N4 N? NF N,l Lfl S,l SF S? S:’ SF Sp 
s!? 

3 0.0 -- 90 

F 0.5 - 
I% -I- 
0 1.0 - N -- APPROX . EXTENT or SOALS , 4 S 

T”E BRINE EONo”CToR 0 LKH 

Fig. 9. At 13 and 15 Hz the localized anomalies were not present. The arched form of these profiles indicates that, at these frequencies, only 
a reflected image of the primary field was being detected. 
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lies. The best example of such an anomaly is shown by the 
S-Hz data (Figure 7). However, the noise level in the phase 
data was found to be too severe to allow a good fit to be 
achieved. as can be seen in the examples for 5 and 9 Hz 
shown in Figure IO. This level of noise indicates that the 
method of retrieving absolute phase from relative phase 
between the vertical and horizontal components was not as 
effective as anticipated. Accordingly, the system has now 
been developed to permit direct measurement of absolute 
phase. This can now be accomplished by taking simultane- 
ous, synchronized digital records of both the detected field 
and the transmitter-output waveform 

An unusuill characteristic of the profiles in Figures 6 to 
9 is that the anomalies display the character of typical ver- 
tical-component anomalies. yet these are profiles of total 
secondary field. A total-field anomaly over an isolated line 
current would be a single positive peak located directly 
over the line current. However, when the field of a line 
current is combined with a stronger regional field which 
has no horizontal component, then the resulting total-field 
vector shows characteristics which are dominated by the 
vertical component of the line current field. This effect is 
shown in Figure I I where the field due to a horizontaal line 
current is presented in the form of its vertical and horizon- 
tal components and the total field which results from the 
vector combination of those two components. The total- 
field profile was calculated for 5 cases in which a DC bias 
was added to the vertical component of the line current 
field. This bias was increased in steps of 25 percent of the 
peak total field which existed before any bias was applied. 
Each total-field profile has been plotted with the baseline 
displaced downwards to allow the transformation of the 
profile to be more easily appreciated. With a 25 percent 
bias, the total-field profile lost the symmetric form which it 
displayed for zero bias. At 100 percent bias. the total field 
displayed a form which was a quite close approximation to 
the form shown by the vertical-component profile. 

Thus. the vertical-component anomaly form, seen in the 
recorded data, was due to the combination of the fields 
from the brine conductor with the strong background 
image field of the transmitter retlected from the conductive 
environment. The image field was a pwlominantly vertical 
field at each station, as was the primary field. 

The positions of the currents Cl and C2 in Figures 6 to 9 
do not correspond exactly to the lateral position of the oil 
field, but their separation is comparable with the width of 
the field. This width comparison suggests that these cur- 
rents are associated with the edges oi. the brine conductor. 
Their displacement may be due to the position of the trans- 
mitter with respect to the conductor. If the transmitter had 
been located to the west of the survey line it is possible 
that a displacement of these current positions to the north 
would have been seen, rather than the southerly displace- 
ment observed with the transmitter to the east. 

An alternative explanation of this apparent southerly dis- 
placement of Cl nod C? may lie in the fact that the known 
extent of the oil field and the extent of the sandstone lens, 

which created the structure which traps the oil, are not 
identical. In addition, electric logs of the available explo- 
ration drill holes indicate that major changes io the conduc- 
tivity of the sandstone occur laterally and these are not 
related to the location of the oil at the top of the structure. 
Thus, the displacement observed is not unrealistic if Cl 
and C2 were confined within the most conductive part of 
the sandstone lens, the location and extent of which is not 
as well-defined as the extent of the oil field. 

Figure IO presents both amplitude and phase profiles for 
the S- and ~-HZ cases along with the matching profiles. 
The magnitudes and phases of the currents used to generate 
the matching profiles are shown below each set of profiles. 
Current C4 was omitted from the S-Hz profile match to 
illustrate that the currents which were introduced close to 
the ends of the traverse provided only 3 marginal improve- 
ment in the match to the observed data. Currents C3 and 
C4 cannot be viewed as being geologically real unless the 
traverse is extended to provide full development of these 
suggested anomalies. 

The relative magnitudes and phases of the matching cur- 
rents in Figure IO show that, at both 5 and 9 Hz. current Cl 
was stronger than C2 but that they had the same polarity. If 
the current gathered into the conductor had been due to 
direct induction alone, then it would have formed a hori- 
zontal vortex which would have followed the perimeter of 
the brine conductor. This would have resulted in currents 
of equal magnitude but exactly opposite polarity being 
associated with the north and south edges of the conductor. 
If any current had been gathered into the brine conductor 
from the host rock it would have had a single direction of 
flow within the conductor. Thus, a gathered current would 
have added to the directly induced current along one edge 
of the conductor while opposing the directly induced cur- 
rent along the other edge. If the currents Cl and C2 are 
associated with the brine conductor, then the fact that these 
currents are not equal suggests that Cl and C2 represent 
currents which were a combination of directly induced and 
gathered currents. The fact that Cl and C2 have the same 
polarity suggests that, in this case, the gathered currents 
overwhelmed the induced vortex. 

In Figure IO. the magnitude of the currents needed to 
match the S-Hz data was significantly greater than that 
needed for the Y-Hz data. This can possibly be ascribed to 
the gathered current becoming less effective at higher fre- 
quencies, as both the galvanic and the induced currents in 
the host environment were confined closer to the surface 
and were unable to reach the target conductor. 

Thus, it appears that the fclllowing points can be made: 

I. The results are compatible with the depth of the known 
brine conductor and appear to be associated with the 
known liltrral position of that conductor, although the 
lateral extent of the brine is not as well known from 
drilling as is its depth. 

2. The profiles have an unusual form, but this can be seen 
to be a logical and necessary consequence of the combi- 
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Fig. 11. The recorded profiles display the character of verlical-component profiles yet were actually total-field profiles. This illustration shows 
the transition 01 the total-field anomaly due to a line current from a single peaked form to a form which resembles the medical component of 
the field as different levels of bias are added to the vertical component of the line-current field. 

nation of fields from a deep-seated line current and a 
background field. 

3. The loss of the anomalies at higher frequencies is con- 
sistent with the local anomalies having been generated 
by a deep-seated conductor which could not be reached 
by either the directly induced or the current-gathering 
effects at higher frequencies. 

4. While the current magnitudes returned by the profile- 
matching process are not the actual magnitudes of the 
currents which flowed in the conductor, their relative 
magnitudes and polarities suggest that the currents with- 
in the conductor were dominantly gathered from the 
host environment. 

5. The theoretical model used to match the observed data 
is limited and simplistic, but it showed that the known 
brine conductor is at least as likely as any other conduc- 
tivity distribution to be the source of the observed 
anomalies. Of particular note is the fact that the model 
worked almost equally well at all frequencies despite 
the fact that the depth of the line currents was fixed at 
the known depth of the brine for all frequencies. Any 
attempt at a more sophisticated interpretation would 
need better phase data. 

DISCUSSION 

This survey was conducted with a prototype system and 
the results have shown a clear need for development in 
some components of the system. However, even without 

these developments, the system provided results which 
strongly suggest that we did detect the David oil field con- 
ductor at a depth of 780 m in an environment with a 
5 ohm-m resistivity. 

The SQUID detector proved to be a very effective sen- 
sor for the low-frequency fields which were necessary for 
this survey. Operating along a traverse parallel to the line 
transmitter allowed the traverse to be long enough for the 
full development of the anomalies while not requiring dan- 
gerously large currents in the transmitter. 

The survey required six days to complete with a crew of 
three people, but in more fully developed form the time 
required could be greatly reduced because the survey 
described here required a large number of tests which 
would not be needed in a fully developed system. This type 
of survey could provide a relatively low cost means of 
reconnaissance for brine-filled sand lenses and channels. 
The effective depth range for detecting such structures 
would be approximately I km. 

Only a very limited frequency range was used in this 
survey because of the emphasis on detecting the conductor 
by lateral profiling. However, the recording system is capa- 
ble of dealing with a frequency band from 0 to 5COO Hz so 
that a broad band of frequency data could be acquired at 
each station and could be inverted to a depth profile. 
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