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SUMMARY

FUrther reoonnaissanoe gradient array induced poLarization surveys oarried

out in the Bulgobao area near Rosebery Tasmania have reoorded some eleven

zones of anomalous induoed polarizationwhioh are oharaoteristic of essentially

disseminated chargeable material within resistive hosts. None are oonsidered

•

•

of primary interest.

Some five anomalies located on the original survey were investigated using

a 50 metre dipole-dipole array. These revealed essentially similar anomalies

of similar magnitude but Zess resolution than those originally located on the

gradient survey•
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INTRODUCTION

Following on gradient array electrical induced polarization

surveys carried out over the Boco grid over three separate periods

in April, May and July, 1976 and described in scintrex report

TAS-033 dated October/November, 1976, some l5~ kilometres of

gradient array extensions to the area were surveyed on about

• 14 production days between 31st September and 14th October, 1977.

In addition, some five dipole-dipole set-ups over anomalies

located on the original gradient array surveys were read. These

had to be repeated due to an instrument fault and this was done

in February and April, 1978.

The gradient array survey was executed by R. Sims, while the repeat

dipole-dipole surveys were undertaken byB.Ekstrom, R. Sims and

R. Bennett.

The magnetic field data was surveyed and supplied by Electrolytic

Zinc Company of Australasia Limited.
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The dipole-dipole data is presented on standard Scintrex dipole-

dipole sheets at the scale of 1:2500.

The gradient array reconnaissance survey data is plotted on a

horizontal scale of 1:5000, and vertical scales of 1 centimetre:

2 milliseconds for chargeability, and 10 centimetres = 1 log cycle

for resistivity expressed. in ohm-metres, while the magnetic field

data is shown at the scale of 1 centimetre: 10 gamma.

The above data was contoured onto the standard 1:5000 scale EZ

map sheets on which the original 1976 survey data was contoured .

Some modifications to the original contour data was necessary due

to resurveying of the original grid lines showing some errors.

DIPOLE-DIPOLE SURVEYS

The repeat surveys carried out in February and April, 1978 were

executed using scintrex IPR-8 receivers employing a three slice

programme. The chargeability is presented in miZZivoZts/voZt,

while the original survey data was in terms of miZZiseeonds.

The approximate relationship between the two is as follows:

1 millisecond (Ms) : 1.45 millivolts/volt (mV/V)

Each of the set-ups is individually described below. All were

surveyed using 50 metre a spacings from n : 1 to n : 5/6
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Gradient Array Data •••••• The ,original gradient array induced polarization

high of 10 milliseconds was located between 9325E and 9400E

superimposed on a low 3 milliseconds background to the west and a

higher (but still low) background of 5 milliseconds to the east.

The zone occurred some 100 metres within a relatively high 3000

ohm-metres unit, with resistivities falling to 200 ohm-metres west

of about 9200E. The priority was assessed tQbe. a'B' (TAS-033,

1976 page 22». The maximum depth inferred from the gradient array

data was about 50 metres.

Dipole-Dipole Data •••••• The dipole-dipole data shows chargeability

responses of 18.1 millivolts/volt (12.5 milliseconds) and 16.8

millivolts/volt (11.6 milliseconds). at n = 1 centred either side

of 9350E. The source is between 9325E and 9375E and at a depth

of less than the spacing, namely 50 metres. This is confirmed by

the double peak on the larger. n = 2 to 6 spacings.

The resistivity data shows the chargeable source to lie on or close

to a marked change in resistivities from 150 ohm-metres(~) in the

west to 4000 to 5000 ohm-metres in the east.

LINE H080N (B800E - l0200E) ANOMALY VI I I

Gradient Array Data •••••• The gradient array reconnaissance survey

• recorded a 4 millisecond anomaly coincident with a 50% fall in



apparent resistivity.centred on line l3080N at 10125E. The form

and amplitude suggested it to be of minor interest only. (Priority

•
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'D' - TAS-033, 1976 page 14). The profile shape suggested a maximum

depth to source of about 50 metres.

DipoZe-DipoZe Data •••••• n = 1 values for chargeabili ty of 11. 6

millivolts/volt (8 milliseconds) and 12.1 millivolts/volt (8.2

milliseconds) were recorded at 10125E and 10175E compared with

backgrounds to east and west of 8.6 millivolts/volt (5.9 milliseconds)

and 9.7 millivolts/volt(6.7 milliseconds). . Over this section

the resistivity also shows a substantial fall of 40% to 50%; This

confirms the gradient array reconnaissance anomaly VIII to be of

• minor interest only.

RAILWAY
A substantial negative induced polarization response over the

railway line centred at and to the immediate east of 10,000E did

not cause anomalous conditions on the dipole-dipole data.

ANOMALY XI

Gradient Army Data •.•••• On line l3080N at 9730E a small 5 to 6

milliseconds response was recorded coincident with an 80% fall

in apparent resistivity to 3000 ohm-metres. The source was assessed

to be shallow. The anomaly was assessed to be of Priority'B'

• (TAS-033, 1976, page 16).

DipoZe-DipoZe Data...... At about 9825E a better than twice background
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18.1 millivolts/volt (12.4 milliseconds) response was recorded,

which, on consideration of gradient "end effect" (see diagram 2a

TAS-033), and the volume sampled with the dipole-dipole array,

probably represent the same source. The dipole-dipole data suggests

a narrow source as the anomalism does not extend through n : 2 and

greater. The maximum depth to source is less than the a spacing,

i.e. 50 metres.

LINE 13720N (9200E - 96008) ANOMALY XIII

•

•

Gradient Array Data •••••• A distinct 8 to 10 milliseconds response

was recorded on a 10 to 12 milliseconds background coincident with

a significant change in resistivity from 2000 ohm-metres at 9360E

to 6000 ohm-metres at 9425E. The maximum depth was estimated to

be 20 metres and the priority assessed as 'B'. (TAS-033, 1976,

page 18).

Dipole-Dipole Data •••••• This data shows a distinct "double peak"

anomaly starting at n = 1 at 9325E of 22 millivolts/volt (15

milliseconds) to 9425E of 25 millivolts/volt (17 milliseconds) •

This indicates a shallow source, considerably less than the a

spacing of 50 metres, and is centred at 9375E. The 45° double

peak anomalies on n : 2 to 6 merely represent the "interference

pattern" of the two dipoles as they cross the shallow source, and

does not indicate depth extent information .

The resistivity data on the dipole-dipole data ranges from 500

ohm-metres to 3000 ohm-metres and does not show the contact anomaly



form that the gradient array shows. However, the n = 6 apparent•
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resistivity data is very similar to the gradient array data in

form and magnitude.

LINE 13?20N (11000E - 11300E) ANOMALY III

•

Gradient Array Data •••••• The gradient array data showed a significant

12 milliseconds above· 4± milliseconds background between 11100E and

l1300E (allowing for pegging error), on line l3720N. The resistivity

remained a high 2000 to 3000 ohm-metres over this.zone •.. The source

was interpreted as disseminated chargeable material within a resistive

bedrock, and the maximum depth assessed as 20 metres. The response

was considered of priority 'B'. (TAS-033, 1976, page 11).

Dipol.e-Dipol.e Data •••••• The dipole_dipole data indicates a significant

increase in chargeability from 5 ±2 millivolts/volt (3~ ±l~ milli­

seconds) to the west, to over 30 millivolts/volt (20 milliseconds)

at l1225E, and 25 millivolts/volt (17 milliseconds) for 100 metres

to the west. These values are accompanied by 2~ fold increases in

resistivity from east to west. The interpretation is a disseminated

chargeable zone within resistive rocks between l1200B and l1300B (+?)

The maximum depth to the source of the chargeability response is

less than the dipole (50 metres) used.

A sharp drop off in the gradient array resistivity at about l1390E

• is matched by a significant resistivity drop off at about l1350E

of 600 ohm-metres as against 1000 ohm-metres to the west.
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ANOMALY XVI

•

G:r>adient APray Data •••••• The response of 7 milliseconds against a

low 5 milliseconds background centred at 10070E was assessed to be

of Priority 'B'. (TAS-033, 1976, page 19). The increase in apparent

resistivity from 2000 ohm-metres to 15,000 ohm-metres inferred an

extremely resistive host to the chargeable material. The maximum

depth to source was assessed as 20 metres.

Subsequent drilling showed deeper overburden and a steep sub-altered

profile, while sulphides were intersected at about 10075E.

Dipole-Dipole Data •••••• The dipole-dipole chargeabili ty data shows

increased chargeability of 10.2 millivolts/volt (7 milliseconds)

at 10025E and 11.7 millivolts/volt (8 milliseconds) at 10125E,

with a low of 7 millivolts/volt (5 milliseconds) between these

points (at 10075E). This pattern is taken up over two adjacent

spacings as a "double peak" anomaly originally centred at 10050E

and 10150E on the n = 1 spacing, and on subsequent increasing n

spacings. This is interpreted as a broad 50 metres wide chargeable

zone which lies within 50 metres of the surface. (This is a very

similar interpretation to the gradient array data).

One noticeable difference is the very low resistivities recorded

of less than 100 to 400 ohm-metres over the chargeability anomaly

• centred at 10070E. The gradient data shows average resistivities

of over 2000 ohm-metres. The explanation is that the dipole-dipole

resistivity is characteristic of the overburden and is in fact
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comparable to sounding SX*3 at 13880N/10040E (TAS-033, 1976, page 26),

which shows resistivity within the overburden of 500 ohm-metres+.

The high gradient data infers that the more substantial electrode

spacings penetrate the bedrock more deeply, and is thus more

representative of it. This is suggested by Edwards' paper (see

Appendix). This does not, however, invalidate the dipole-dipole

data, particularly the chargeabi1ity data. When energised, a source

within the bedrock would preferentially decay over the source within

the less resistive overburden, and thus be detectable. Only when

the overburden resistivities become grossly inhomogeneous will

masking occur. The dipole-dipole data does not demonstrate that

effect over the zones surveyed.

CONCLUSIONS

1 - It is concluded that the dipole-dipole in general confirms the

anomalies located during the gradient array reconnaissance survey.

2 - In the author's opinion the priorities placed on the original

gradient data would not be changed by the dipole-dipole surveys

subsequently run.

3 - In the author's opinion the resolution and the ability to isolate

relatively anomalous chargeable zones was superior with the

gradient array. A 25 or 20 metres dipole-dipole spacing would,

however, have given equal resolution for the shallower sources

located.



4 - The dipole-dipole data obtained was comparable to the gradient•
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array data for chargeability and was subject to normal geometric

distortion by the overburden for the resistivity data.

GRADIENT ARRAY SURVEY

METHOD

Salient points on the method, equipment and nature of the results

were made in report TAS-033, 1976, pages 2 to 4 and 7 to 9.

DISCUSSION OF RESULTS

Each of the more substantial above-background induced polarization

responses is discussed in detail below.

ZONE 'A' Line 11640N at 9240E (Priority 'B')

Line 11960N at 9200E (Priority 'D')

Line 12120N at 9210E & 9250E (Priority 'B')

On line l1640N the 8 milliseconds above background anomaly was centred

at 9240E within a local reduction of 30% in the otherwise high

5000 to 6000 ohm-metres resistivities. The source is interpreted

as disseminated chargeable material having a maximum depth of about

20 metres at 9240E.

~ On line l1960N the response was minor and still within highly

resistive rocks, but on line l2l20N two separate maxima of.8 to 9



milliseconds above the 8 milliseconds background were recorded•
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centred at 92l0E and 9250E where the maximum depth to source in

each case is less than 40 metres. Each anomaly is associated with

a local fall in apparent resistivity (of 45% and 30% respectively)

to 1800 ohm-metres and 2400 ohm-metres. The source is disseminated

sulphides (or graphite) within a host less' resistive than the enclosing

rocks.

SUMMARY' ••• This anomaZy indicates a disseminated 01' weakZy interconnected

sou~e within a host less resistive than the enclosing material. The host

contains increased magnetite, but .itis not the soZe source. On Unes 11640N

and 12120N the anomaly is of Priority 'B' at best.

• ZONE ' B ' Line 11640N at 9370E (Priority 'D' )

Line 11960N at 9300E (Priority 'D' )

Line 12120N at 9325E (Priority 'B' )

On lines l1640N and l1960N the response recorded was 4 to 5 milli­

seconds above background and the resistivity data showed it to be

less resistive than the enclosing rocks. Only on line l2l20N was

the anomaly more substantial at 8 milliseconds above background.

The maximum depth to source is about 2a metres.

SUMMARY ••• The source is again considered to be a disseminated suZphide or

•
graphi te within a host 'less resistive than the enclosing rocks. The source is

at best of Priority 'B' on line 12120N.
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Line 12600N at 8590E &8630E

•

Line 12760N(?) at 8520E &8570E

Two significant maxima were located on line l2600N. The 9 and 11

milliseconds above background responses were centred at 8590E and

8630E where the maximum depth to source is estimated to be less than

40 metres. The resistivity observed is reduced over these maxima,

to 1500 ohm-metres.

The two maxima may pass across line l2760N at 8520E and 8570E as

very minor responses, and across line l2280N at 8530E and 8690E.

However, only on line l2600N is the anomaly significant •

SUMMARY .•. Significant maxima at 8590E and 8630E are interpreted as being

due to disseminated suZphides (01' graphite) within a Zess resistive host at

a maximum depth of 40 metres.

ZONE 'DN' Line 12760N at 8375E (P:rio:rity 'D/C')

Line 12600N at 8430E (P:rio:rity 'B')

The anomaly is best displayed on line l2600N centred at 8430E,

where a 10 milliseconds above 12 milliseconds background was

recorded over material whose resistivity is about 1200 ohm-metres.

Resistivities increase sharply to the east to reach 2000 ohm-metres

at 8460E. The source is interpreted as disseminated or electrically

~ discontinuous sulphides or graphite at a maximum depth of 50 metres.

On line l2760N a minor 3 milliseconds anomaly at 8375E is associated

with low 1100 ohm-metres resistivities which rise to 7500 ohm-metres



only 100 metres to the west. The maximum depth to source is•
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interpreted as 50 metres.

SUMMARY ••. The souraes on both lines are interpreted to be disseminated

sulphides 01' graphite within a host less resistive than the enalosing roaks.

The maximum depth to sourae is about 50 metres. The anomaly is of Priority

'B' on line 12600N.

ZONE 'DS' Line 11960N at 847SE

Line 116409 at 847SE _

Significant, if moderate, induced polarization responses of 6 to 8

milliseconds were recorded on the above lines, and in each case an

~ apparent resistivity low was recorded some 10 metres to the east.

The resistivities remain high, however, thus the source is interpreted

as being due to disseminated chargeable material within a host less

conductive than the enclosing rocks.

ZONE 'E' Line 12920N at 8800E (Priority 'C/B')

Line 12760N at· 8850E (Priority 'C')

Line 12600N at 8900E (Priority 'D')

A formational type increase in chargeability was centred on lines

l2600N to l2920N as set out above .. As all lie within resistive

1500 to 3500 ohm-metres units, the source is considered to be

disseminated sulphides within a resistive host. The response is

4It best developed on line l2920N at 8BOOE where the source has a maximum

depth of 50 metres.



SUMMARY ••• The disseminated SOUPae is considered of formational- origin.•
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ZONE ' F ' Line 13720N at 8370E (PrioPity 'B+' )

Line 13400N at 8340E (Priority 'B' )

Line 13240N at 8350E (PrioPity 'c' )

Line 13080N at 8340E (PPiority 'BIC' )

The anomaly is best developed on line 13720N where a 14 milliseconds,

above the 10 milliseconds·background, response was recorded. The

anomaly on this line is broad and overall is associated with a fall

in background resistivity to 600 ohm-metres. Howeveri a sharp local

rise was noted at 8370E. The maximum depth to source is estimated

at 70 metres, and multiple sources are inferred at 8300E, 8370E and

41' 8430E. On line l3400N the major source was 10 milliseconds above

background at 8340E coincident with a discrete resistivity low of

500 ohm-metres as against the 1000 ohm-metres background. Multiple

sources are again inferred either side of the peak, while the maximum

depth to source is about 60 metres. 8 milliseconds above background

chargeabilities on line 13240N at 8350E are accompanied by high

1100 to 1200 ohm~metres resistivities, while on line 13080N a single

narrow peak at 8340E is accompanied by an increase in resistivity

to 2000 ohm-metres. The depth to source on this line is 40 metres.

SUMMARY ••• The source is aonsidered to be weakl-y interaonneated suLphides 01'

•



SCINTREX

• ZONE 'G' Line l3400N at 81BOE (Priority 'B')

Line 13240N at 8150E (Priority 'BIC')

Line l3080N at 8230E (Priority 'BIC')

25501.8
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This zone is seen as a material anomaly on lines 13400N, 13240N

and 13080N. On the most northerly line a 12 milliseconds above

background response was associated with higher background resistivities

while on the southerly line, 8 milliseconds responses were recorded

with a depression in apparent resistivity. The maximum depth to

source is considered to be 65 metres, 50 metres and 50 metres

respectively.

SUMMARY ... The soupce is considered to be disseminated chargeable material

• within a more resistive host on line 13400N. while to the south. less resistive

rocks host the source.

ZONE 'H' Line 13720N at 8730E (Priority 'C')

Line l3400N at 8655E (Priority 'B')

Only on line 13400N is the anomaly significant. There, a 7 to 9

milliseconds above background response was recorded coincident with

700 ohm-metres resistivities as against 1300 to 2000 ohm-metres

background. The maximum depth to source is calculated to be 50

metres.

SUMMARY ... A disseminated source within a less resistive host. or a weakly

• interoonneoted host. is the source. Of Priority 'B' on line 13400N and Priority

'c' on line l3720N.
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This anomaly of 6 milliseconds above the 11 to 12 milliseconds

background was recorded within a relatively low 1200 ohm-metres

resistivity. The source is again considered to be disseminated.

The maximum depth to source is 30 metres.

SUMMARY ••• The disseminated source within a less resistive host is considered

to be of Priority 'e')

ZONE ' J ' Line 14200N at 9010E

Line 14040N at. 9050E

Line 13880N at 8800E (Priority 'E' )

• Line 13720N at 8830E (Priority 'e' )

Line 13400N at 8710E (Priority 'e' )

Line 13240N at 8790E (Priority 'e')

Line 13080N at - 8830E (Priority 'e' )

This zone is a long "formational" type response which extends across

the above lines.

On lines 13880N, 14040N and 14200N, the chargeability high is

associated with a distinct resistivity low. The most significant

responses were of 6 milliseconds at 8800E on line 13880N with a

resistivity low of 1100 ohm-metres at 8830E, and on line 14200N

where the chargeability is 6 milliseconds within a less resistive host.

• The maximum depth to source is about 30 to 45 metres on all lines,

while the source itself is invariably disseminated.



SUMMARY ••• The soupce is consUleped to be of fOY'TTJationaZ origin and disseminated•
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in natuPe. It maybea de:x;tpaUy displaced extension of Zone 'E', which may itself

be a dextraUy disp laced extension of Zones 'AlB'.

ZONE 'K' Line 14680N at 90SSE (Priority 'C')

The most northerly anomaly located was situated at 9055E on line

l4680N and is open to the north. The 1800 ohm-metres resistivities

infer a generally resistive host to the source mineralisation. The

magnetic field data shows a 25 gamma increase, inferring magnetite

to be present within the source.

SUMMARY .•. The sulphide (with magnetite) soupce is considered to be disseminated

• and contained within a resistive rock whose maximum depth is about 40 metres.

PHYSICAL PROPERTY CONTOUR INTERPRETATIONS

The three physical properties surveyed, namely, chargeability

resistivity and total magnetic field, have been contoured onto the

standard 1:5000 sheets. The best general fit has been attempted

for each property. The three physical properties have been compiled

into an interpretation plan which includes only the data from the

present survey and compiled into a single sheet.

All three physical properties show a tendency to terminate along

• east-west to north-east/south-west trends. These trends have been

termed "dislocations" on the interpretation plan. In the south,



these trends appear to show sinistral displacements in gross•
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chargeability and total magnetic field. The apparent resistivity

data also shows terminations against these trends, but the offsets

along these trends are more difficult to ascertain. The dislocations

may be due to faults, flexures or even facies changes, but they

certainly represent major changes over which physical properties

change.

The interpretation plan is a representation of the underlying

physical properties and is thus a representation of the underlying

geological units.

• CONCLUSIONS

1 - The observed induced polarization background is, in common

with the original survey, extremely low for the West Coast.

This is due to an absence of chargeable material within the

freshrocks.

2 - Each of the induced polarization anomalies located has been

assigned a priority in the same manner as in the 1976 report

(page 29, item 2). These are discussed in the main body of the

report.

•
However, no anomalies akin to those observed over classical

pyrite-lead-zinc mineralisation have been located on the present

survey. Although the anomalism may well be due to pyrite-lead-

zinc, this is not considered to be "massive" or substantial



across any of the lines surveyed in this case. This is not to say•
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•

•

"end effects" have been observed on the lines covered, however,

no truly "conductive" sources were inferred.to exist across

the lines surveyed.

4 - The contour interpretations of all three properties show a

similar strike, while all show some degree of termination

against grid east-west to north-east/south-west trending

dislocations.

5 - As always, the relative merit of the geophysical anomalies

located must be biased using available geological and geochemical

data, and not primarily on ampZitude or form of the anomalies

defined by geophysical methods.

Respectfully submitted on behalf of:

SCINTREX PTY, LTD,

A.W. HOWLAND-ROSE, MSc,DIC,AMAusIMM,FGS.

GEOPHYSICIST



•
255023

GEOPHySICS, VOL. 41. NO. 6A (DECEMBER 1976), P. 1170-1183. 19 FIGS.

A FIELD TEST OF THE MAGNETOMETRIC RESISTIVITY (MMR) METHOD

R. N. EDWARDS' AND E. c. HOWElLt

Manuscript received by the Editor February 5, 1976; revised ll1allu~cript received April I, 1976.
* Unjv~rsity of Toronto. Toronto, Ont. 1\155 IA7.
:t Gulf Oil (Canada) Ltd., Calgary, Alta. T2P 2H7; rormed)·, University of Toronto.
@ 1976 Society of Exploration Geophysicists. All rights reserved.

•

•

The electrical prospecting method, known as
the M<:tgnetometric Resistivity (M M R) method. is
based on the measurement of the low level (about
100 milligamma), low-frequency (1-5 Hz) mag­
netic fields associated with noninductive current
flow in the ground. The horizontal component of
the magnetic field is measured along profiles
v."hich are at right angles to a baseline joining two
widely separated current electrodes.

The field test was conducted on a plateau in the
western cordillera, where the topography is
characterizcd by Sleep hills, bold ridges. gullies
and narrow canyons. A steep faulted contact be­
t"ceo basement rocks of differing resistivity is
exposed on one flank of the plateau, beneath
over 500 m of Tertiary volcanics and sediments.

I"TROIH '(TIOI\

Electrical expJor<ltion methods have been used
successfully for over half a century for locating
base metal mineral deposits. They exploit the fact
that these minerals are usually vastly better con~

du~tors of electricity than the basement rocks in
which they occur. However, there are many areas
of the world, of potential economic interest,
where the b:Jscment is covered by overburden.
The conductivity of the overburden is usually in­
homogeneous, its average value being much larger
than that of the basement rock. The overhurden
may often he associated with severe local topogra­
phy, particularly if it is of recent volcanic origin.

Under these adverse conditions, many electrical
methods hecome unreliable. The electromagnetic
methods may not see through the overburden be­
C:luse electromagnetic disturbances cannot pene­
Irate the conductive layer unless comparatively

The object of the test was to determine if the
b.sement conlact could be mapped by the MMR
method, working entirely on top of the plateau.
The plan position of the contact could be inferred
approximately from measurements at the out­
crop.

The object was achieved with a minimum of
data processing. Using a theoretical model which
resembles a thick, outcropping vertical dike of
infinite vertical extent, the contrast in resistivity
across the contact is estimated. A further model,
that of an exponential "alpha" center, is also fit­
ted to the data in an effort to pin-point an anoma­
lous region which may have unusually high con­
ductivity.

low frequencies are used. Even jf data are ob­
t&.lined, as often as not their interpretation is very
difficult, if it is possible at all.

The galvanic methods, such as resistivity, give
very noisy data for two reasons. First, the electric
field is being measured in aconductor. The acqui­
sition of good data under these circumstances re­
quires a prohibitively long integration time to im·
prove the ratio of signal to instrumental noise.
Second, superficial inhomogeneities in the con­
ductivity of the overburden, or local topographic
features, may distort (he measured electric field
llnd produce a form of noise which has a broad
band of spatial wavelengths and whic~ can effec­
tively mask an anomaly due to a structure at
depth. The presence of this noise is an inherent
limitation of these methods.

This report describes the application of the
Magnctometric Resistivity (MMR) method in a
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region particularly dillkull for prospection with
conventional electrical mdhods. The overburden
in the region is comparatively thick and is com­
posed of about 300 m of Tertiary stream deposits,
derived frolll older rocks, covered with about 300
m of Tertiary volcanics. The topogr;Jphy is char­
aCh:rized by steep hills, n<lfrOW canyons, gullies
and bold ridgl.:s and it is typical of many prospects
in tht: weskrn cordillt:ra.

The report should not be taken as a detailed
case history but only as a field test of the magneto­
metric resistivity rndhod itself. Its principal aim is
to demonstrate that good data can be obtained in
these regions and that they can be easily and
successfully interpreted.

MAG:-IETOi\lETRIC RESISTIVITY (~ti\lR)

J\IETHOD

The MMR method was first patented by Ja­
kosky (1933) and a brief description of the
method appC<.IfS in his classic text on exploration
geophysics (Jakosky, 1940). It is based on the
mt::lsurt:menl of the low level, low~frcquency mag­
netic fields associated with noninductive current
flow in the ground. The trJditional resistivity
mdhod m<Jps the electrical properties of the
ground by me:lsuring the electric field caused by
galvanic current flow bctv.een a pair of current
e1edrod~s. The MMR method differs from it in
that the potential electrodes are replaced by a
sensitive coil or a magnetornder an.d a component
of the Ol<lgndic field due to the current flow is
n:corded. Tht.: presence of an inhomogeneity re­
distributes the current flow which results in a per­
turbation of the electric field and, usually. of the
o1agnclic field. The ekctric field immediately
above a relatively conductive inhomogeneity
must. by Ohm's law, be smaller than that ex.pected
for a uniform earth. The current density in this
region is also reduced, but the current density
within the inhomogeneity itself is enhanced so
that the horizontal component of the magnetic
field measured above the inhomogeneity is usually
larger than that expected for a uniform earth.

Then: are many common configurations of the
pU1cnti:J1 electrodes and the current dcctrode~ in
the resistivity method suitable for obtaining field
measurements. Similarly, in the MMR method,
one or both current electrodes may be moved with
the magndomeh:r. either horizontally over the
surface of the earth or vertically in a borehole.
Alternatively, the current electrodes may be main­
tained in fixed positions and the magnetometer
alone moved.

Perhaps the most useful MMR configuration is
that which is comparable with the gradient array
in resistivity. The horizontal component of the
magndic field at right angles to a line joining two
widely spaced current e1edrodes is me:lsurc;d from
place to pl:lce. Edwards (1974) recorded the first
successful field survey using this :lrray and also
developed the methodology and the procedures
for normalizing :lod interpreting the data which
are used in this work.. He points out that in the
C:lse of a two·dimensional structure, the current
electrodes should be arranged to drive the current
along the strike of the structure. The structure
then looks like a set of resistors in parallel, which
C:lrry different' currents, and a perturbation in the
magnetic field must bt: produced. In contrast, for
differences. in the electric field to be produced, the
Current flow should be directed across the strike.
so that the structure looks like a set of resistors in
series. which have different potential differences
..cross them.

Using a simple analog model, Edwards also
demonstrates an important advantage of the
M MR method over the resistivity method. The
electric field can be severely distorted by local,
insignificant inhomogeneities in conductivity or
local fluctuations in topography whereas the mag­
netic field, being an integral over a volume distri­
bution of current, is not greatly affected by the
local distortion of current in a surface layer, pro­
vided that most of the ..:urrent flow is not confined
to the surface layer. It is this property of the
rnethod vihich prompted the work described here.
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Flc;. I. The geologic section along the x axis of
Figure 2. The resistivities shown are estimates
based on measurements of the physical properties
of drill cores.
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TilE FIELD TEST

FICi. 2. A plan view of the experimental configu­
ration. The licks on lines A, B, and Care .2L
apart where L = 3048 m.

•

.0

J(a) ~ (JOO/a)l(~/2)[H,(I/a)- Y,(I/a)] - 11.

Oind it is plotted in Figure 3. The abbreviations HI
and YI denote Struve's function and Bessel's func­
tion of the second kind, respectively, of order I.
The diffnence function HI - Y1 is tabulated by
A bramowitl (1965). The percentage of the current
~hich penetrates beneath the overburden is, of

Edwards and Howell

A baseline, and y axis, is defined as the line joining
CI and C2. The point halfway between CI and C2
is defined as the mid-point of the array. The prin­
cipal profile of the array is also the x axis and it
passes 3t right angles to the baseline through the
mid-point of the <Ural'. The z axis is directed
vertically downward.

In <.lny MMR survey. the separation L of the
current electrodes has to be determined theo­
retically before field work commences. In a uni·
form earth, the current flow will penetrate to a
depth of the order of the electrode separation.
However, if the overburden is more conductive
than the basement rocks, then the current will
tend to collect in the surface layer and not pene·
trate into the basement. Consequently. geologic
structure in the basement may not be de1ine~ted.

In the Appendix. we derive a simple, useful
function which may be used to determine approxi­
mately the percentage of current which remains in
a thin conductive surface layer resting on a resis-
tive half-space in terms of a dimensionless param­
cter a. The parameter'a = 2Sp/L, where S is the
conductivity-thickness product of the overburden
and p is the resistivitj or lh.: o;:',.'nent. The func­
tion itself J(a) is given by

~
I
I
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Introduction Gnd objective

The field test was a joint project of the Univer­
sity of Toronto and Newmont Exploration Ltd.
The test area is the top of a plateau believed to
contain a steep, faulted contact, between base­
ment rocks of moderate conductivity contrast.
which lies beneath approximalely500 m of Ter­
tiary volcanics and sediments. A simplified geo­
logical section is shoy.'n in Figure 1. The contact is
exposed on one flank or the plateau, and its posi­
tion under the test area may be inferred approxi­
mately from measurements at the outcrop. The

.test area has been previously utilized by Newmont
Exploration Ltd. for various experimental pur­
poses.

•

•
Localing III(' (·urrcnl eh'Clrodes

A plan vicw of the experimental configuration
is shown in Figure 2. The current electrodes, C I
and C2. were located along and immediately
above the expected strike of the structure. direct­
ing current flow parallel to the strike of the fault.

'0

FIG. 3. The function !(ex) which determines the
percentage of current remaining in a conductive.
thin surface layer above a resistive half-space.

. -
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L

FIG. 4. The x-component of the normal magnetic field due to current flow between a pair of electrodes
located on the y axis and separated by a distance L. The numbers on the contours are values of the
component expressed as a percentage of the value at the cenler oflhe array. If L were 4000 m, the values
would be in milligamma per ampere of current flow (after Edwards, 1974).

•

•

course, 100 - f(a). By inspection of Figure 3.
clearly L should be selected so that a is much less
than I.

A representative value of a for this survey is at
most 1800/L where the overburden is assigned a
conductivity-thickness product of 6 Se and the
rocks beneath it a mC<.In resistivity of 150 ohm-m.
The selected value of L of 3048 m (10.000 ft) is a
compromise. The corn::sponding value of a is 0.59
and consequently no less than about 70 percent of
the transmitted current enters the basement rocks .

. A much larger value of L would reduce a but
would not improve the delint:ation of the fault
because its depth extent is limited.

Apparatus

A constant current of 2.5 A at a frequency of 3
Hz was generated by a Heinrichs-Geoex Mk 4b
induced-polarization transmitter. A discussion of
why this frequency is an optimum for the MM R
method is given in Edv.'ards (1974). Two no. 14
gauge copper wires connected the transmitter to
the electrodes. These followed the three sides of
the square outlined in Figure 2. The total resist­
ance of the wire and the two current electrodes
was about 120 ohm. In any MM R survey the wire
loop has to be located carefully. If the loop is too
close to a measurement site and if that site is
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at the center of the array Bx"(O, 0) where

8x'(O,O) = 4001/ L.

FIG. 5. The experimental MMR anomalies in the
horizontal field measured along the lines A. B.
and C shown jn Figure 2.
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above or below the plane of the loop, then the
current in the loop will produce a horizontal mag­
netic field at the site and contaminate the data. In
this region of rough topography, the loop was
placed as far as possible from a measurement sileo

The magnetic field was measured using a Scin­
lrex M FM 3 high-scn5ilivity nuxgatc magnetome­
ter. This instrument is described by Seigel (1974)
:md its <lbility to recover sinusoidal signals of the
order of 10 pT (10 milJigamma) in amplitude over
a time interval of about 30 sec was demonstrated
by Edwards (1974). The output orthe magnetom­
eter is an analog voltage representing the mea·
sUTed magnetic field at 50 mVInT. The magnetom­
etcr was connected directly into the input of a
Hcinrichs-Geoex Mk 4c induced-polarization re­
ceiver which measured the voltage and, hence,
indirectly the magnetic field, About 5 minutes are
required at each site to take a measurement.

Field observations and their reduction

Mcusurcmcnts of the x component of the mag­
netic field Bx were made at intervals of at most
.04L (122 m) along the three lines A, B, and C
shown in Fi£ure 2. All three lines are at right
un~lcs to the baseline, Line B coincides with the x
axis, and Ijnes A ;wd Care al)' = .2L and y =
-.2L, respectively.

The data were reduced in the following manner.
First. the normal magnetic field Bx". expected
over a uniform earth at each observation point,
was calculated from the formula:'

•

•

[
(2I'!L) + I

Bx"(x,)') ~ (200I/L) (2x/L)' +«2)'/L) + I)'

(2)'/L) - J ]
(2x/L)' + «2)'/L) - I)' ,

which was derived by Edwards (1974). In com­
mon with all expressions for magnetic field given
in this paper. the magnetic permeability is as­
sumed to be that of free space, 411" X 10- 1 Him,
and J. L, and Bx" are in amperes, meters, and
nano-Tesla (gamma), respectively. The current is
assumed to enter the ground at C2 and Icave the
ground at C I. The expression is plotted as a func­
tion of x and J' in Figure 4, taken from Edwards
(1974).

Second, the normal field is subtracted from the
ob5crved field Bx(x, y). to give the anomalous
field Hxfl(x. y), Finally, the anomalous field is
expressed as a percentage of the normal field value

The result is defined as the dimensionless MMR
anomaly in the horizontal field, i.e .•

MMR anomaly ~ 100(Bx(x. y)

- Bx'(x, )'»/Bx"(O, 0)

= 100Bx"(x. )')/Bx"(O, 0).

The anomalies measured along lines A, B, and
C are plotted as single profiles in Figure 5 and as a
contour map in Figure 6. The errors in the obser­
vations are about J percent determined from the
scatter of a few repeated observations. The short
wa\'clength noise on the curves is not random. It
is strongly correlated with the topography and is
due in part to a horizontal field caused by current
flow in the cables joining the electrodes to the
transmitter and in part to the increased distance
from the current flow in the ground. Both these
effects have similar orders of magnitude and they
ha"'e the same sign.
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INTERPRETATtON Of THE DATA

FIG. 6. A contour map of the M MR anomaly in
the horizontal field. The contour interval is 10
percent.

greatest contributions to the anomaly corne from
wavenumbas of the order of .0003 m~' (IlL),
because the magnetic field is an integral over the
whole Currt:nt flow. Nevertheless, it should be
possible to determine:: a "depth-to-target'" from
the profiles, provided the data an: noise free over
a wide band of wavenumhers. Depth-ta-target
information is perhaps better obtained using an
alternative M MR method in which the current
electrodes are expanded about a fixed central
point where the magnetic field is measured.

The overburden also limits the:: amount of cur­
renl that can be perturbed by the contacts. The
estimates of the resistivity contrasts therefore are
likely to be underestimates.

One feature of the data is poorly explained by
the dike model; the increase in amplitude of the
MMR anomaly from line A through line B to line
C cannot be represented in a model of linear
symmetry. A local conductive region or a change
in geometry of the structure is required in the
vicinity of x = .ISL on line C.

The exponential alpha center is an analytic ap­
proach to three·dimensional modeling. This type
of model developed by Stefanescu (1950, 1970)
and by Stefanescu and Stefanescu (1974) differs

-KlO

FIG. 7. The symmetric.: vertical MMR anomaly
and the antisymmetric horizontal M M R anomaly
due to t\\O current electrodes embedded in a con­
tact and separated by a distance L. The profiles
are along the principal profile of the array.

y
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Introduction

The data are interpreted using three models: a
contact, an outcropping thick dike of infinite ver­
tical extent, and a single exponential ··alpha" cen­
ter. The model of the contact was chosen because
it is the simplest model that could possibly de­
scribe the geologic section of Figure I. It proves to
be a useful starting point enabling the strike of the
expected structure to be located, mainly by study­
ing the horizontal gradient of the MMR anomaly.
The presence of a second contact is deduced.

The contact model leads naturally into the
model of the thick dike. The two contacts delin­
eated earlier can be simultaneously included in
this model and a surprisingly good fit to the:: data
is obtained. Estimates of the resistivity contrasts
across the contacts are also determined. The
model is limited in that it neglects the presence of
the Tertiary overbu~den and also the limited
depth extent of the contacts.

The overburden on its own produces no MMR
anomaly, but it does elevate the plane of measure­
ment to 500 m above the outcropping dike in the
basement. This must have the effect of reducing
the cO!"Jtributions to the observed anomaly of the
larger wavenumbers, of the order of .002 m -I. The
anomaly is thus broader than the theoretical
anomaly of an outcropping. thick dike. The ex.tent
of the broadening is under our investigation but is
presently unknown. However, the effect may be
difficult to observe on the profiles by eye as the

•

•
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FIG. 8. Thc horizontal gradient of the MMR
anomalies measured along the lines A. B, <::lnd C.
The values on C<::lch line have been normalized
independently to a maximum value of unity.

'~~
LINE C

o ;2b ,,~~-~~---;.6e----.Illl

-I

imum value in the range - .3L ~ x $; .6L was
unity. The resulting curves for the three profiles
<:Ire presented in Figure 8. Two contacts are delin·
ealed, at about x = -.1 SL and at about x := .40L,
respectively. The former contact appears to be
further from the baseline on line B than on either
line A or line C.

.. x/l

from the beHer known moders in that the bound­
aries between media are not sharply defined. In­
stead, the resistivity varies in a continuous fashion
from point to point. The simulated model is that
of a conductive center surrounded by a halo of
resistive material whose conductivity decreases
exponentially with distance from the center. This
Icchnique cn<Jhlcs the region of higher con­
ductivity 10 be pinpointed.

No doubt, the real structure is some combina­
tion of all these models and others. Clearly, Ihe
interpretation is limiled. We arc writing a numeri­
cal computer program to model a more realistic
structure. Any conclusions drawn by the reader
from Ihe models should only be of a general
nature.

The contact model

Referring to Figure 2, suppose that the quarter
spaces in the ground defined by (x < 0, z > 0) and
(x > 0, Z > 0) have resistivities PI and P:, respec­
tively. Stefane,cu and Nabighian (1962) show Ihat
the M MR anomaly in the horizontal field along
the x axis, 100Bx"(x, O)/Bx"(O, 0), is given by

[
2x/L ]

(lOOk,,/.-) I + (2x/L)' log,

[
J + (1/(1 + (2x/L)')''') ]
1-(1/(1 +(2x/L)')") ,

",,·here k 12 := (PI - P:z)/{PI + p:z).

The corresponding anomaly in the vertical
field, looBz"(x, O)/Bx"(O, 0), is given by

- (lOOk,,) [I - (l2xlLI /(1 + (2xIL)')''')).

•

•

The 1\.1/0 expressions arc plotted. as a function of
xlL in Figure 7, for the special case k l2 =: 1. The
horizontal and vertical anomalies are, respec­
tively. antisymmetric and symmetric about the
contact. If the electrodes are not in the contact but
some distance away from it, the anomalies main­
tain their symmetry about the contact, although
their amplitudes reduce rapidly with increasing
electrode offset. Therefore, an extremum in the
vertical anomaly or in the horizontal gradient of
the horizontal anomaly delineates the contact.

The horizontal ,gradient of the field data was
determined for each of the profiles A, 8, and C
taken in turn. A fifth order polynomial in x was
filted by least-squares to the measurements on the
profile. The analytic deri\'ative of the polynomial
was obtained and normalized such that its max-

Th~ thick. outcropping dike model

The second model, "":hich includes three adja­
cent spaces 1,2, and 3 of resistivities PI' p" and p"
respectively, looks like a thick, outcropping verti·
cal dike of infinile vertical exlent. The mathemati­
cal expressions describing the model, which fol­
low, use a set of coordinates x, )', and z which
differ slightly from those used previously. For
convenience. the)' axis does not pass through the
electrodes but is moved temporarily so that the
electrodes are located on the line x := b.

The plane x = 0 divides region I from region 2;
the plane x = d, region 2 from region 3. Consider
first, a single current electrode located at (h, 0, 0)
where a current J enters the ground. Edwards
( 1975), folio" ing exaclly Ihe method given by Sle­
fanescu and Nabighian (1962), derives the aooma-
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10us vertical magnetic field in regions I, 2, and 3.
BZla, 8z2o. and Bz:sD. as:

1177

[ {
• (k"k,,)"(2(n + I)d - b- x)

Bz," = (100/ly) k" + (I - k")k,, ];:, (y' + (2(n + I)d _ b _ x)')'"

• (k"k,,)"(2(n + I)d + b- x) } (b - x) ]
+ k" f.=,(;.'+ (2(n + l)d + b - ~)')'" - k" (y' + (b - x)')'" '

_ • _ , [, {' (k"k,,)"(2(n + I)d - b- xL
B., - (IOO/!» k" + k" ];:, (y' + (2(n + I)d _ b - x)')"

• (k"k,,)n(2(n + I)d + b- xl }
+ k".6 (y' + (2(n + l)d + b - x)')'"

{
~ ' (k"k,,)"(2nd+ b + xl ~ '(k"k,,)"(2(n + l)d - b+ x) }]

- k" n~ (y' + (2nd + b + x)')'" + k" f.:, (y' + (2(n + I )d- b + x)')'" '

• (k"k,,)"(2(n+l)d-b+X)} (X-b)]
+ k" ];:, (y' + (2(n + I)d _ b + x)')'" + k" (y' + (x - b)')'" .

•

• •
•

•
••,/:':-- --- ----:_""""

o'/--.~o"'<' "b~--O~2---0"'-4--"O"\-'/L
--_ .... +
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FIG. 9. The measured MMR anom:.11ies along
lines A. B, and C compared with the theoretical
anomalies due to the best fitting dike mo·deL The
boundary between region I and region 2 is at x =
- .16L, that between region 2 and region 3 is at x
~ .45L.

(k"k,,)"(2nd + b + x)

(y' + (2nd + b + x)')'"

and

Bz," = (IOO/Iy) [k" - (I - k")k,, {t.,

The n:nection coefficients kl) are given by k jj = (PI

- p,)/(p, + p,).
The anomalous vertical field. due to two e1ec­

lrodes at (b, -L!2, 0) and (b, L!2, 0), is obtained
by the superposition of solutions of the type given
above for one electrode. The anomalous horizon­
tal fields C<.lnnat be expressed so sjmply but may
be derived from the vertical field through the sur­
face convolution integrals of Skeels and Watson
(19.t9) which are readily evalua(ed using Fourier
transform techniques.

Using the starting values of d = .55L and b =
.ISL, which are suggested from the preceding
analysis of the gradient of the M M R anomaly, the
parame!ers d. b, k.i, and kZJ were altered until a
best fit, in the least-squares sense, was obtained to
the data on line B. Naturally, the computed hori~

zontal fields have to be normalized in the same
manner as the experimental data before any fit
can be attempted. The values of the variables d, b,
k 12. and k13• corresponding to this best fit, were
,161-. .61L, 517, and 9/11, respectively. In terms
of the coordin<t!c:; shown in Figure 2, this places
the contacts at x = - .16L and x = A51.. respec­
tively.

The profiles computed for the three lin~s for
this model are compared with the experimental
profiles in Figure 9. Notice that the fit to line C is
quite POOL It is impossible to fit the data on line C

•

•



25503:1

• 1178

,
Edwards and Howell

,

p.

y

FIG. 11. A contour map of the theoretical MMR
anomaly in the vertical field. The contour interval
is 5 percent. The vertical field has extrema over
the two contacts.

Z

FIG. 12. The geometry of the alpha center. S is
the center, S* its image, M the field point, and P
the current electrode.
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A general solution for 11', consistent with the
current boundary conditions at the earth's surp

race, the plane z = 0, is

a ~ v'a ~ a,[exp(- kR)/R + exp (- kR'J/R']

+ a,[exp (+ kR)/R + exp (+ kR')IR'].

The variables Rand R* are defined in Figure 12.
They represent the distances of a field point M(x,
y, z) from the alpha center S(x., y", z.) and the
image of the center S*(x., y" -:~.) in the plane z =
0. The conductivity is a continuous function of
position. It has axial symmetry about a vertical
axis through Sand S· and a singular, maximum

'1'a/a ~ '1'''';''' ~ f.

'1'a - k'a ~ '1'''' - k'''' ~ 0

FIG. 10. A cOnlour map of the [heoretical MMR
anomaly in the horizontal field due to the best
filling dike model (dashed lines). The electrodes
arc shown as black dots. The contour interval is 5
percent. The gradient of the field has extrema over
the two contact.,; as shown by the hunching of the
contours.

'1a . '1¢ + a'1'q, ~ O.

The conductivil)' or alpha center model

The conductivity or alpha center model was
inlroduccd by Stefanescu (1950. 1970) in the fol­
lowing manner. The differential equation which
reiales the electric potential ¢ to the conductivity
(1 in a continuous, inhomogeneous medium is

a = V'(1 and y,. = crib

causes a scp;Jration of variables. and the equation
reduces to two simultaneous equations

The substitution

with this model, even jf extreme values of the
parameters are selected. The misfit is further dem­
onstr<itcd in Figure 10 which is a contour map of
the theoretical anomaly. It should be compared
with Figure 6.

For completeness. the corresponding vertical
M M R anomal), is shown in Figure I J. It was from
this map that the horizontal anomaly wa.s calcu­
lated using the Skcels/\\'atson surface integrals.

where / is some function of position. If f = k 2
,

where k is a real positive constant, then the equa­
tions

have two well-known elementar)' solutions with
spherical symmetry. exp (± kR)/R.

•

•
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value at S itselr. Its variation elsewhere is deter·
mined by the parameters a h Q2, and k.

An analytic expression for tht: anomalous verti­
cal magnetic field 8:tI

, due to current flow from a
single electrode P(xp•YP' =p) near an alpha center,
was obtained by Tang Muoi (1972). It is

Absolute values of resistivity cannot be deter­
mined by the MMR method. The anomalous
magnetic fields for the dike and the contact de­
pend on the reneclion coefficients k. j • or contrasts
in resistivity. In the case of the alpha center. the
field depends only upon the ratio of 0 1 to 02, SO

8:"(x, y, 0) = (400/IlIRo) !o,(-exp (- k(R + r»)/r (1/(G,G,) + I/(G,*G,*)]

+ [exp (-kd)/(dG,G,) + exp (-kd*j/(d*G,*G,*m

+ a, (exp (k(R - r»/r [I/(G,G.) + I!(G,*G.*)J

- [exp (-kd)/(dG,G.) + exp (-kd*)/(d*G,*G.*m

- (R/r) [m/(dG,G,) + m*/(d*G,*G'*)JI.

•

where the variables R = R*. d: d*. and r are as
shown in Figure 12, and

a ~ a, [exp (-kd)/d + exp (-kd*)/d*J

+ a, [exp (+kd)/d + exp (+kd*)/d*],

u = x(yp - y,) - y(xp - x.) + xp)'. - x,)'p.

m ~ a, exp (--kd) +a, exp (+kd),

m- = 0\ exp (-kd*) + O2 exp (+ kd*).

G. = d + R + r. G1* = d* + R + r.

G'l = R + r ~ d. G'l* = R + r - d*.

GJ = d - R + r. G,* = d* - R + r.

G4 = d + R ~ r. G.* = d* + R - r.

that 01 and a2 are not independent parameters.
Nevertheless. 3· range of different models can be
produced by varying aJa, and k.

Two typical models are illustrated in Figures 13
and 14. The parameters a,/a1 and k are. respec­
tively, .01 and .75/z, and 100. and .751z, for the
two models. The values on the contours are of the
logarithm. to base 10. of the resistivity. the zero
contour being defined arbitrarily. If k is increased
f<?r a given 0 1102• then the contours bunch to­
gether around the alpha center and the overall
geometry tends to look more like Figure IJ than
Figure 14. Hence. when modeling. k and 0 1/0 2 are
often increased or decreased together.

Fitting an alpha ct:'nter model to the observed
M M R data is not a very straightforward process.
There are essentially five variables. -"s. y•. =•. 0 1/0 2,

FIG. 13. The resl",tlvlty section about a typical
alpha center. The parameters of the center are
at/02 = .01. k ::;:0 .75/-=•. The values on the con~

tours are the logarithm of the resistivity to base
10. The zero contour was selected arbitrarily.

.0'

°,

"

","OdiuS/Z.
o"'---"°i"----"¥O----,r"i"----''\;---

'ol--------=------L-

FIG. 14. The resistivity section of an alpha center
whose parameters are ai/a: = 100. k = .75/;:&.

20 Rodiuslr.
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0°

0'

•



•
255033

1180 Edwards and Howell

FIG. 15. The measured M M R anomalies along
lines A, B, and C comp~Hed with the theoretical
anomalies duc to the alpha centcr model.

and k. all of which influence the horizontal field.
As for the case of the dike, for every model the
veTljcaJ field due to two eleclrodes in the vicinity
of the center has to be computed and from it the
horizontal field obtained through a numerical sur­
face integral. Through experience and trial and
crror, the following very general properties of the
model were determined.

Increasing the ratio 0 1/02 increases the peak
value of the horizontal field directly over the cen­
ter. Increasing k decreases the half-width of a
profile across the cenler. Increasing Zs both de­
creases the peak value and increases the half­
width of the anomaly.

The guidelines used in the modeling were, first,
to ohtain a best fit to the data on line C and,
serond, to match the Ecneral features of the map
of the data given in Figure 6. The values of the
parameters in the final model wcrc Xli = .2L,)'. =

-.14L, =. ~ .58L, 0,/0, ~ 2.1 X 10', "nd k ~

6.08/L. In Figure 15 the experimental data meas­
ured along the three lines arc compared with those
predicted by the model. The fit on line C is quite
good, as onc might expect, but the model does not
match the data on the other two lines. However,

y

,

the conlour map of the model results given in
Fi~ure 16 matches tolerably the general features
of Figure 6; for example, the elongated maximum
directed lowJrd the current electrode Ct is well
represented. Again, for completeness. Figure 17
shows the vatical field anolll~lly corresponding to
the hori/onlal anolllJ.ly of Figure 16.

A resistivity sccrion lhrough the selected i:tJpha
center is shown in Figure 18. How does one com·
pare the resistivities in the real c;.lfth with those
predicted by the model? Clearly, the resistivity of
the real earth, in this area, does not change by so
many orders of magnitude in such a short dis~

lance.
One scheme is to divide the section into three

·general zones: normal, conductive, and resistive.
This djvision is not merely a function of the con­
ductivity distribution but obviously has to depend
upon where the current electrodes are located in
relation to the distribution.

The resistive lone is perhaps the easiest to de­
fine. Current fiow lines are cssentiall.r p"ralJeJ to
the resistivity contour which marks the edge of the
lone, and little or no current flows v.'ithin the
zone. Any increase or decrease of resistivity
within the zone should not be interpreted in terms
of corresponding changes in the real earth.

Current flo\\lines cross the boundary of the
conductive lone nearly at right angles. The lone
appe<lrs to behave almost like a perfect conductor
.1od, .1gajn, changes in resistivity within thc zone
are unlikely to he real.

FIG. 16. A contour map of the theoretical MMR
anomaly in the horizontal field due to the alpha
center model. The contour interval is 10 percent.
The hori7ontal anomaly is almost symmetric over
the alpha epicenter, shown with a cross.
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FIG. 17. A contour map of the" theoretical M M R
anomaly in the vertical field. The contour interval
is 10 percent. The vertical anomaly is almost an­
tisymmetri.c over the alpha epicenter.

The normal lone lies between the conductive
zone and the resistive zone. Current flowlines
cross resistivity contours in the normal lone at
acute angles. Ch:lOges in resistivity within the
zone should be identified with corresponding
changes in the real earth.

Before the section of Figure 18 is qualitatively
divided into zones, the relation of the current
electrodes to the distribution should be noted. CI
and C2 are AI Land .67 L from the- alpha epicen.
ler, respectively. Current flow from C2 to the
alpha center is blocked by an annulus of resistive
material. It seems reasonable to define the -I
contour as the boundary between a normal zone
and a conductive zone. This definition appears to
be consistent with the geology, placing the top of
the conductor immediately above the alpha center
at a depth or .22L or 670 m.

In some respects. the alpha center model does
not differ greatly in form from the dike model. It,
too. in section has three spaces, a conductive
space sandwiched between two resistive spaces.
The conductive zone at large distances from the
center should h;Jve no great effect on the overall
current now.

CO"Ct.!:DI"G RE\IAR~S

The fidd test descrihed in this paper does dem­
onstrate that the M M R method works. The test
was conducted in a region of se ....ere topography
where the overburden is quite thick, and where no

>lL

FIG. 18. The resistivity section of the alpha center
model that was fitted to the data. The parameters
are a,la, = 2.1 X 10', k ~ 6.08/L, z, = .58L.

other geophysical method has given equivalent
data. The interpretation is consistent with the ge­
ology. and the object of the survey. delineation of
a deep conwct. was achieved with the minimum of
data processing. Additional modeling of the data
revc<lled a second contact and a local region of
high conductivity was mapped. The models used
were all analytic: A more nexible numerical model
of the buried thick dike might ha ....e enabled a
"dcpth-to~targct" to be inferred directly from the
profiles.
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APPE7\DlX

Currentflowfrom Q point curf('nT pole in a thin
cOl1ductive layer over a resistive' halfspace:
Derkor;otl ofthe fUfiction f(a).

A horizontal, thin conductive layer, of con­
ductivity-thickness product S. is bounded by the
pklOes: = 0- and z = o~ as shown in Fipure 19.

The h<llf-spaces in the regions z < 0- <lnd z > o·
have resistivities prJ and p, respectively. A current
pole. of strength J. is located at z := -h.

The ekclric potentials in the upper and lower
regions may be written as

<1>,(', z) ~ (P,1/4,,) [(exp (-ulz+hl)

+ A(u) exp (U1»)./,(U') du,

and

<1>(', z) ~ (pl/4,,) [(exp (-u(z+h»)

+ B (u) exp (-u=»)./,(ur) du,

where r is the horizontal distance from the verlical
axis through the current pole J.

The constants A and B are determined from the

•

I 2::: -h

P"

Z::: 0-
---_._-

I
,

0 I' r,
0 2=0·

P

Z

FIG. 19. The geometry of thc thin conductive layer. In the practical case of a pole at the surface of the
ground, h := 0 and po » p.
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1wo boundary conditions v"'hich ddine the thin
conductive layer. First, then: is no drop in poten·
tial across the layer, or

•

•

•

<1>,1,- ~ <1>1,··
Second, the differential form of the equation of
continuity of current, applied to a small bo.' in the
layer, reduces to

0<1>, l 0<1> I 0'<1> I(III',) - ~ (1/1') --- - S -, .az _ 0 Z (I. aZ (1+

(A rigorous proof of this boundary condition has
recently been given by Hurley .. 1975.)

Solving these equations gives

A ~ (k - Ru) exp (-uh)/(1 + Ru).

and

B ~ (-k - Ru) e,p (-uh)/(1 + Ru).

where

R ~ Sp",/(P + 1',).

and

k ~ (P - 1',)1(1' + 1',).

The tangential component of the electric field is
continuous across a conductive layer. Hence.
"·;thin the layer,

0<1> IEr(r) ~ - - .or o.

The practical case corresponds to a current pole at
the surface of the ground, so that we set h ::= 0 and
Po » p. Then,

Er(r) ~ (PI/h) ["(ul(1 + Spu»)J,(ru)du.

The total current I' crossing the vertical edge of a
thin horizontal disk .. of radius G, in the layer is
given by

1183

I' ~ haSEr (a)

~ I [(atl(l + at»)J,(t) dt

~ II(a)/loo.

where the function f(a) represents the percentage
of curn:n! which remains in the conductive layer
a1 a dist.:lnce a from the current pole, Jnd the
dimensionless parameter n is given by

a ~ Spla.

But.

1/(1 + al) ~ (1Ia) [exp(-ts) exp (-sla)ds.

Hence,

I(a) ~ 100 [exp(-sla) [eXp(-ts)IJ,(t)dtds.

Abramowitz (1965) lists a standard integral in­
volving the Struve function H o and a Bessel func­
tion of the second kind Yo, of the form

(~12) (H,(Pq) - Y,(pq»

~ [-exp (-ps)/(s' + q')'" ds

["exp(-ps) [exp (-ts)J,(ql)dt ds.

Differentiating both sides with respect to q yields

(~pl2) [(2/~) - H,(Pq) + Y,(pq)j

~ - J,-exp(-ps) [exp(-tS)IJ,(qt) dt ds.

Hence .. by inspection,

j{a) ~ (100Ia)«~/2)(H,(lla)- Y,(lla» - I).
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