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1. Introduction.

Electromagneticdepth soundingwith controlledsource,CSAMT,isa new
geophysicalprospectingmethod in Norway.The methodhas been tested

in a research programme for deep ore prospectingat the Norwegian
Institute of Technology,division of petroleum and applied

geophysics,since1984.The purposeof this programmeis to do deep ore

explorationclose to existingsulphidemines in operation. The ore

reserves for most of the Norwegian sulphide mines are rapidly
decreasingand the miningcompanieshave to find new ore reserves in

the near futureto extendthe lifetimeof the mine.

However,we thought that the CSAMT methodalso shouldbe tested for
other prospectingtargetslike disseminatedores. The resistivity of
the rocks is generallyvery high in Norway,severalthousandsohmm,and
even weak mineralizationwould give a resistivitycontrasthigh enough

to be detectedby EM sounding.When the OGR-programme,Oresassociated
with graniticrocks,startedin 1985,wejoinedthis research programme

with the geophysicalsubproject'Electromagneticfrequencysoundings'.

The geophysical projectwould be employedin the same area where the

geological work would be carriedout in the project'Porphyry-type
Mo-Cu mineralizationin the NorwegianCaledonides'.This area was the

Fremstfjell deposit in the centralNorwegianCaledonides,southeast

Grong District.
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2. The Melosmethod,CSAMT.

Electromagneticdepth soundingswith differentfrequencieshave been
used for many years by help of the technique known as AMT (Audio
Magneto Telluric) or MT (Magneto Telluric).The principleof this
method is to computethe apparent resistivity 2A by measuring the
magnetic ,Hx,and the electric,Ey,componentof the naturalEN-fieldat
a chosen frequency.Using the equationsfor plane waves,the apparent
resistivitycan be derived:

- 1
2

f=frequency

2wfpo po=magneticpermeability

The depth penetrationcan be expressedby the socalledskin depth:

6=1157:vrfp

According to this expression,thelower the frequency,thedeeper the
investigation.The EM field is consideredas plane waves.A problemin
AMT measurementsis noise from near field sources(powerlines etc.).
In some areas the AMT fieldcan have a very low level and combined
with noise it can be almost impossible to obtainreliabledata.
Therefore,J.Durouxin 1967proposedto use a controlled source as a
transmitter where the signal levelwas much higherthan the natural
field.This method is calledCSAWT (ControlledSource AMT) or Melos
(MagnetoElectriquepar Ondesde Surface)in France.The energysource
can eitherbe a horizontalloopon the ground or a long grounded
cable. The Melos method is describedby P.Valla,BRGM(1982)and in
Melos data interpretationmanual,BRGMInstruments(1985).
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2.1 The SYSCALEM instrument.

The instrumentused in this projectis developedby BRGM. It is called
SYSCAL EM. The SYSCALEM equipmentuses a horizontal loop (140x140m)
on the ground carrying alternatingcurrentas an energy source.12
preset frequenciesfrom 8.75Hzto 17920Hzin stepswith factor of 2
can be used. The receiverstationconsistsof 2 coils measuringthe
radialhorizontal,Hx,andvertical,Hz,magneticfieldcomponent and an
electric dipole measuring the tangential electricfield component
Ey.(fig.2.1).A microprocessorin the receivercomputes the apparent
resistivityfor each frequency.
A special feature on the SYSCALEM equipmentis that the apparent

resistivityalso can be computedfrom the magnetic field components
only. The electric field is very sensitiveto lateralvariationsof
superficialresistivities.The magneticfield is in a large range
independent of such variations,andthe apparentresistivitycomputed
from only the magneticcomponentsis therefore used in quantitative
depth interpretations.

For each frequency three basic apparentresistivitiesQA,QA. and
" are computed.The theory for these computations is given in

SYSCALEM , Noticed'utilistion,BRGMreport82 SGT 033ELIand in Melos
data interpretationmanual , BRGM Instruments(1985).The relationship
for these resistivitiesis:

QA= k )Ey
—
wp Hx

k as a functionof Hx/Hz

4

2

k as a functionof Hx/HzI  Ak,wur2

9

Hz


Hx

2
= k" as a functionof Hx/Hz and r
wp Hx

r=transmitterreceiverseparation
w=2xf



Experimental results from SYSCAL EM measurementsare plottedas
soundingcurves,resistivityprofilesor pseudosections,fig.2.2.Depth
interpretation is done by adjustingtheoreticaldata from a layered
model to the measured sounding curve. This is done by an
interpretationprogrammeon a HP 9816 microcomputer.

The Fremstfell deposit.

The Fremstfjell deposit is situated in the centralparts of the
NorwegianCaledonidesabout 250km north of Trondheim,fig.3.1.This
deposit is a porphyry / stockwork type Mo-Cu mineralization.The
depositwas discoveredearly in the 1970'sby the GeologicalSurveyof
Norway (NGU). Later a Norwegianmining companyhas investigatedthe
depositgeologically,geochemicallyand geophysically.The geophysical
measurements IP (induced polarization) and RP (resistivity
measurements)were carriedout by NGU early in the 1980's.The IP and
RP measurements indicatedthe conductivestructuresin the area. The
conductivestructuresare mostly related to pyrite mineralisation
which also occur in the area. There was no good correlationbetween
the Mo-Cu mineralizationand these IP-RP measurements. IP and RP
measurements only maps the near surfaceconductivestructures(the
outcropping)and do not say anythingabout the mineralizationdeeper
down. It was hoped that the Melos methodwhich is a depth sounding
method,couldtell us somethingabout the resistivityconditionsin the
deeperpart of the deposit.

The most interesting mineralis molybdenite,MoS,butthe analyses
2

show that the depositis not of economicsignificance.The Fremstfjell
deposit was chosenfor this geophysicalprojectbecauseit was one of
the most investigateddepositsof this type and becausethere would be
parallellgeologicalmappingof the area.

Joma and Mofjelletdeposits.

The Joma deposit,ownedby Grong GruberA/S,isa sulphideore deposit
about 70km northeastof Fremstfjell.A Turam surveyin 1984 indicated
a conductorjust outsidethe known depositat a depth of 300m.SYSCAL
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EM measurementswere carriedout on the same conductorin 1985-86 and
the conductorwas clearlyindicated.This conductorwas laterfound by
drillingto be a thick impregnationzone (sulphidemineralizationwith

Cu).

Sølvberg,MofjelletGruber,inthe middleof Norway,isalso a sulphide

ore deposit.It is a thin horizontalplateat a depth of 200-250m.
This deposit was well known by drilling. Test measurementswere

carriedout on this depositin 1986 showing that the Melos method
worked very well at this type of deposit.

5. Interpretationand results.

The main objective of this projectwas to test the Melosmethod in
connectionwith mineralizationsin granitic intrusives. However,the
method was new in Norwayand in order to get a betterunderstanding
of interpretationof data,it was decided to carry out test

measurementson deep sulphideore bodies.

A short presentation of the resultsfrom Joma and Mofjelletwill

firstbe given,andthen more detailedinterpretationsfrom Fremstfjell

will be presented.

5.1 Resultsfrom Joma.

Fig.5.1shows a pseudosectionof eikfrom Joma. Frequency1 represents
the lowestfrequency.This line is crossinga deep Turam anoamly. The
conductor was indicatedat B 1300-1400by the Turam measurements.As

we can see,there is a very low resistivity zone from 1200-1500
indicatinga conductor.An interpretationof g ' using a layeredmodel

å
is shown in fig.5.2.The apparentresistivity,gA',based on only the

magnetic components,is used. The *-signs indicate the measured

resistivityvalueswhile the solid line is the calculated sounding
curve.We can see that the model curve fits quitewell. Two conductors

are indicatedat 157m and 309m depth. The conductive lower halfspace

in the model representsthe underlyinggraphiteshale in the area. A
drillholein B 1300 laterhit a thick impregnationsulphidezone at a

depth of about 300m.

6



5.2 Resultsfrom Sølvberg,Mofjellet.

Fig.5.3 shows a pseudo section of gA from the Sølvbergdeposit,

Mofjellet.A conductoris indicatedon this profile from 24500X to

24800X. The apparentresistivityis very low at the lowest frquencies

at this part of the profile. The sounding curve,QA', with an

interpreted model is shown in fig.5.4.A thin conductoris indicated

at 172m depth and a thick and good conductor at 260m depth. The

deepest conductor is the Sølvbergdeposit.Such interpretationsare

done at every stationalong the profileand the resultsare shown in

fig.5.5. The resultsfrom 4 drillholesare plottedtogetherwith the

interpreteddepthsof the conductor. There is no big difference

between the drillingresultsand the geophysicalinterpretations.In

this case the conductivity-thicknessproduct of the conductor is

computed. The ot-product is very high in the conductorand it is

decreasingstronglyoutsidethe conductor.

The conclusionfrom the SYSCALEM measurementsin Joma and Mofjellet

is that the Melos methodis a well suited geophysical method for

prospecting deep sulphide ore bodies.The qualityof the conductors

can be evaluated by the conductivity-thickness product. The

measurements have also shownthat two conductorsat differentlevels

can be detected.

5.3 Resultsfrom Fremstfjell.

5.3.1 The fieldmeasurementsarea.

The map in fig.5.6 shows the area where all the SYSCAL EM

measurementsin Fremstfjellwere carriedout. This map is a part of

the IP contour map made by NGU and showsthe resultsfrom these

measurements.The profiles4600E to 5500Ecover the area investigated

by SYSCALEM. The lengthof the profileswere 6-700mand measurements

were made at every 50 m. The topographyis very variablein the area

and it was impossibleto do all the measurementsin the same plane as
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the transmitterloop.The size of the loopwas 140x140m.The loop was

moved once during the measurementperiode , loop 1 and loop 2.

5.3.2 Fieldprocedure.

Measurements were taken at every 50m. At every stationHx,Hz and Ey

were measuredat 12 frequencies.Four readings were taken of every

component and the three apparent resistivitieswere computed.

Sometimes,instrongwind,itwas impossible to get readings at the

lowest frequencies. The time used at one stationwas about one hour.

Loop 1,fig.5.6,wasused for the measurementson profile 5100E,5000E,

4900E,4800E,4700Eand 4600E.The distancebetweenthe transmitterand

the receiverwas in this case varyingfrom 300-975m.Loop 2 was used

for profile5200E,5300E,5400Eand 5500E , and the transmitter-receiver

spacingwas 315-705m.

The topographywas varying in the hole area with altitudevariations

of + 50m from the planeof the transmitterloop.The transmitter loop

was not horizontal,butdipping with an angle of e =-0.071rad(loop
1

1),and82=0.143rad(loop2). The topographiceffectsare computed and

will be describedlater.

The fieldmeasurementswere executedduringthe summer 1985.Most of

the fieldwork were done by two studentsfrom the Norwegian Institute

of Technology, Bernt Holst and Sten Ola Rasch.The weatherconditions

in the mountainsin this part of Norway is usuallybad with a lot of

rain and wind duringthe summerand 1985did not make any exception.

Measurementsduringheavy rain showed that the receiver was not

waterproof and there were big problems to take measurements.The

displaydid not work. When this happened,the receiverhad to be taken

inhouse to dry up. Besides problemswith rain and wind therewere no

other specialproblemsconnectedto the fieldmeasurements.

5.3.3Data plotting, pseudosections.

As mentioned,the calculated resistivity values can be plottedin

pseudosections.Pseudosectionsof pA , p ' and p " for all profiles

are shown in fig.5.7-5.36. Contour lines are drawn for

10,50,100,500,1000,2000and 5000 ohmm. If we look at the

p -sections,fig.5.7-5.16,thereis one characteristicpattern on
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profile 5500E to 5100E.The southernpart of the profilehas very low

resistivities at almostall frequencies.Especiallythe soundingsin

1900Non profile 5300Eand 5200E show extremelow resistivities.For

the western profiles the resistivities are quite high. The low

resistivitiesin the north on profile4900Eand 4800E are caused by

problems with the electrodesmeasuringthe electricfield.The lowest

frequencies(1 and 2) show very low resistivities on all profiles.

This is topographiceffectsand the phenomenoncan be observedon all

profilesand all three resistivities.These data can not be used. The

low resistivityzonesobservedon the pÅ-sectionsare observedat all

frequencies.This is caused by lateral variations of superficial

resistivitiesand the electric field is very sensitive to such

variations.p and o ",which use Ey,canbe used for a quality study

of conductors.This will be shown later.

The p ' pseudo sections1fig.5.17-5.26,isdifferentfrom p and
å

Howeverthe main patternis the same. In the north there are high

resis€ivities.From 18-1900N to the southon profile5500E to 5100E

there are fairlylow resistivitiesat low and middle frequencies.This

can be interpreted to be a conductor at depth in this area

(southeast).The westernpart of the area has high resistivities.

5.3.4Conductiveconditionsof the near surfacerocks.

Another way to plot data is to make a resistivity(orconductivity)

map of the area (horizontalsection).This is done by plotting the

resistivities on one certain frequencyfor all stations.Fig. 5.37

shows ph at 17920Hz(f=12).Some data are missingon line 4900E and

4800E (problemswith electrodes).Fig.5.38shows Qk for 4480Hz (f=10).

This is one of the most interestingresultsfrom the measurements at

Fremstfjell. The low resistivityzonesare clearlyindicated(yellow

and red zones).Fig.5.39and 5.40 show the conductivity and IP map

from the NGU measurements. The SYSCALEM measurementsindicatethe

same structures as the RP/IP measurements. The best conductive

structure is indicated along 1900N from 5100E to 5400E.The good

conductivestructurealong 1900Nprobablyindicates a small vein of

greenstone coming from the easternpart of the area.The easternpart

of the area consistsof greenstoneswith some pyriteand magnetite.

Fig.5.41 to 5.44 show the conductivity(RP) and IP along profile
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5100E,5200E,5300Eand 5400Ecomparedwith the SYSCAL EM results.There

is good correlationbetweenthe low resistivitySYSCALzonesand the

high conductivityRP zones.Profile5200E,fig.5.42,showsthis clearly.

As mentioned,thesezones represent shallowconductivestructuresand

it is clear that it is the electic field component that indicates

these zones. The question then is how these zones correlateto the

mineralization in the area. It is no good correlation to the

Mo-mineralization (NGU,Rønning 1984) so the conductive zones are

probablyconnectedto the pyritemineralization(halo).

Fig.5.45 shows where the mineralization occur in the area and

fig.5.46is a geologicalmap of the same area. These maps are results

of the geologicalprojecton the Fremstfjelldepositworkedout by M.

Martinsen,Sintef.The stockworkin fig.5.45is the main 14052 and FeS
 2

mineralization.Outside this stockworkthereare severalsmall MoS
2

mineralizations.A pyritehalo is surruonding the deposit. Outside

this halo there is no occurenceof pyrite.As can be seen from the

geologicalmap in fig.5.46and the resistivity map in fig.5.38,the

alternating acid and alkalic volcanitesin the centralpart of the

area seem to have lower apparent resistivity than the surrounding

greenstonesand trondhjemites.

The main part of the deposit ,thestockworkin fig.5.45,4800Eto

5100E , 2200N,2100N,isnot clearlyindicatedon the horizontalsection

by the SYSCAL measurements. Unfortunatelysome data are missing on

profile4800Eand 4900E.On the other hand the stockwork is situated

in a centralarea where the conductivestructuresalso are situated.

The south-easternpart of the stockworkis inside a low resistivity

area on the map in fig.5.37(på-17920Hz).All the indicatedconductive

structuresare insidethe pyritehalo in which the stockwork also

occurs. Most of the SYSCAL EM measurements are made insidethis

halo,butthe IP and RP measurementscovera large area outside the

halo without indicating conductivestructureslike thoseinsidethe

halo.

Fig.5.47 and 5.48 show the på' horizontalsectionsat 17920Hzand

280Hz.The zoneswhich are indicatedby pikare not indicated by gA1.

There are variations in the resistivities but thereare no good

conductorsindicatedat the 17920Hzsection.A weak conductivezone is

indicated on profile 4800E and 4900E ,2200N.This zone correlates

quite well with the north-easternpart of the stockwork.Another weak

conductive zone at 4600E,2300N is also a MoS2 mineralization.The

other indicated zones do not seem to have any connection to

outcroppingmineralization.
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The 280Hz map,fig.5.48, indicates a conductorin the southeast,

5100E to 5500E,1800N.Sincethe frequencyis only 280Hz (f=6),this

means that it is a deep conductor.The depth of the conductorcan not

be interpreteddirectlyfrom a pseudo section. For a quantitative

study of deep conductivestructuresthe ' soundingcurveshave to be

interpreted.This can be done by adjusting theoretical data from a

layeredmodel to the measuredsoundingcurve.

5.3.5Depth interpretationand topographiceffects.

Depth interpretationshave been done for profile5500Eto 4800E.The

' soundingcurves are all decreasing with decreasing frequency

indicating a conductor in the depth.With the strongvariationin

topography,theseconductorscould be topographic effects or ghost

conductors. Fig.5.49 shows the sounding curve and the interpreted

model in 1750N,5500E.A weak conductoris indicatedat 229m depth and

a good one at 340m depth.At 1800N,5500E,fig.5.501thesame conductors

are indicatedat 240m and 350m.At 1800N,5400E,fig.5.51,theconductors

are indicated at 220m and 300m depth.The conductorat 220-240mis

indicatedat the highestfrequenciesand does not seem to be a ghost

conductor. The deepest conductor,however,seemto be a typicalghost

conductor.The depth of a ghost conductor,z,canbe computedfrom the

formula:

z = 0.5r/113*-20

r is the transmitter-receiverseparation.8 is the angleof the plane

of the loop with the horizontalplane and * is the angle of the

transmitter-receiveraxis with the same horizontalplane.For loop 1

0=-0.071radand for loop 2 0=0.143rad.I dependson the altitudes and

the transmitter-receiverseparation.Fig.5.52showsboth the depth of

the interpretedconductorsand the depth of the ghost conductor (red

marks) for profile5500Eand 5400E. If the interpreteddepth from the

measuredcurve is biggerthan the depth of the ghost conductor,the

measured data have to be excludedfrom the interpretation.In this

case,profile5500Eand 5400E,theghost conductoris deeper than the

interpreted conductor,speciallyin the southernpart of the profiles.
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However,thedifferenceis not big and the measured sounding curve

follows a -2 slopeasymptotein the bilogaritmicdiagramlike the

curveof a ghost conductorwould do. This means that the deepest

conductor probably is induced by topographic effects. The other

conductorat 230-240mdepth is ratherweak with a ot-product of only

0.1-0.2.

The soundings at 1800N,5300Eand 1800N,5200Eare shown in fig.5.53

and 5.54.The interpretedmodel is a 2-layeredmodel and the indicated

conductor is induced by topographiceffects.The interpretationsof

all stationson profile5300E and 5200Eare shown in fig.5.55. For

both the interpreted conductor and the ghost conductorthe depth

increasesfrom 1750Nto 2000N and then it decreasesto 2200N.This is

due to the topography in the area and to the transmitter-receiver

separation.The centreof loop 2 was at 2100N,4900Eand r will have a

minimum value in 2100N on the easternprofiles.It must be said that

the transmitter-receiverseparationfor some profileswas too small.

It is important that r is big in rough terrainto minimizethe

topographiceffect.

Fig.5.56 shows the sounding curve and interpretationmodel for

station1900N,5100E.The conductoris inducedby topographic effect.

At profile 5000E a conductoris indicatedat higherfrequenciesat

2200Nand 2350N ,fig.5.57and 5.58. The depth is 275-300m and the

at-productis 0.20-0.25.The interpreteddepth and the ghost conductor

depth for profile5000Eand 5100E are shown in fig.5.59. On the

southern part of profile5100E it is probable that the interpreted

conductors from the measured sounding curves are induced by

topographic effects. This is suggestedby the parallellbehaviourof

the two curves.

The interpretationson profile 4900E and 4800E are shown in

fig.5.60.A fairlyweak conductoris also on these profiles indicated

at 2200-2300N. The soundingcurve in 2300N,4800E,fig.5.61,clearly

indicates2 conductors.The ghost conductoris at a depth of 625m.

On profile4700Eand 4600E there are no conductorsindicatedexcept

the ghostconductor.The 17920Hzmap in fig.5.47,however,indicates a

shallowweak conductorat 2450N,4700E.

The conductorsindicatedat the higher frequenciesare fairlyweak.

It is only at the two highestfrquencies,17920Hzand 8960Hz,that the

sounding curvesare decreasingindicatinga conductor.At 17920Hzthe

currentin the transmitterloop was only 0.25amp. From frequency 8

(1120Hz) the currentwas decreasingfrom 3amp. to 0.50amp.at 8960Hz

and 0.25amp.at 17920Hz.It is not advisibleto do measurements when
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the current is below 1.0amp.For this reasonthe data on 17920Hzand

8960Hz shouldbe excluded.

5.3.6 Conclusionof the depth interpretations.

Most of the indicated conductorsseem to be inducedby topographic

effects.In some cases the transmitter-receiverseparation has been

too small. The depth of investigationdepends not only on the

frequencybut also on the transmitter-receiverseparation. In many

cases the influence of the topographic effects occurs at all

frequenciesup to 1120Hz (f=8) and 2240Hz (f=9). This is rather

surprising because this influence is expected only at the lowest

frquencies(8.75Hz, 17.5Hz).Becausethe resistivityof the rock is

very high,we did not need to use the lowestfrequencies.For that

reasonwe thoughtthat the Melosmethod would be well suited for the

rough terrainat Fremstfjell.

However,a flat conductive structureis indicatedon profile5500E

and 5400Eat 1750-1800N,fig.5.52.The depth is 220-240m. The ok

horizontal section (17920Hz)indicateda high conductivestructureat

1900Non the same profilesIn the westernpart of the area a conductor

is indicated at 2200N and 2300N on profile5000E,4900Eand 4800E

,fig.5.59and 5.60.The depth is 250-300m.

6. Conclusionsand comments.

The SYSCAL EM measurementsin Fremstfjellindicatedthe near surface

conductivestructures in the area. The measurements showed good

correlation to the IP and RP measurementscarriedout by NGU. It is

clear that the conductivezonesare most sensible to the electrical

field. It is also clear that the method has some important

limitations:

The resolution of the method is too low to get good depth

interpretationsfor such deposits.

The method is more sensibleto topographiceffectsthan expected.
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On the other hand the Melosmethod is very suitableto detect deep

massive sulphideore bodies.This is shownby the results from Joma

and Mofjellet.

It is difficultto say if the method is suitablefor mineralization

connectedto graniticintrusives.This project has shown that near

suface conductivestructurescan be detected,butthis can also be done

by other methods.Even if the main deposit,the stockwork,was not

clearly indicated,the surrounding conductive structuresinsidethe

pyritehalo were detected. This was the ma n objective of this
project.

We also think that the Melos methodwould be suitableand helpfulin

prospectingfor depositwithoutoutcropsunder thick overburden. The

measurementsdid not clearlyindicateany conductivezonesat depth in

the Fremstfjellarea. The geologicalinvestigationscan neither say

anything about the possible existence of a deep deposit. The

drillholesin the area only show weak mineralization.

The total costs of this projectwere reducedby 30%. Becauseof

this, the fieldwork which was planned for 1986 could not be

fullfilled.
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