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ABS’¡RACT

An automatiefeedbacksystemof titree units called MAVACS (Mag-
netic Vacuum Control System) provit!ing triaxial compensationof tite
Eartit’s magnetiefield and its variationswitich yields max. ± 2 nT de-
viation from zero in 51 volume is described.A largesize Helmholtz in-
duction coil unit 1-IFLICOS suppliedby induction coil control unit IC-
CON producestriaxial compensatingmagneticfield. Deviation of tite
fwlds is measunedby rotatingcoil magnetometenROCOMA witicit con-
trols ICCON to suppresstite deviationto zero.Uniquemagnetometerde-
sign using non-magneticsensorwith rotating coil being borneant! higit
speeddriven by compnessedair yields ± 0. 1 nT typical offset fnom zero
andlow noise.Unit openatingprincipIes,block diagrams,magnetometer
sensorconstructionandmethodsof its signal processingarepresentedas
well.

‘¡he paperalsopresentscasehistoriesindicating magneticpurity in
tite analysisof tite remanentmagnetizationstructureof geneticallydiffe-
rent nocksby meansof tite MAVACS system.Examplesof practicaluse
are given fon palaeovolcanics,sedimentswitit detritic magnetization,se-
dimentswitit chemoremanentmagnetization,stronglyremagnetizedrocks
of tite red bedstypeandorganogenielimestones.Someoftiteserockswere
affectedby a numberof pitasesof orogenicactivity. Tite itigh magnetic
vacuum,createdby tite MAVACS provedto be necessaryfon thequanti-
tativeanalysisof multi-componentmagnetization.

INTRODUCTION

Palaeomagneticdataderived from rocks of different genesesin va-
rious world laboratorieshaveyielded a lot of information on global tec-
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tonicsandotiten geologicaldisciplines.Problems,someof witicit are due
to labonatorytecitniques,itavearisen,itowever,in tite interpretationof pa-
laeomagneticdaLa. Especiallytite introduction of tite multi-component
analysisof magnetizationmakesit necessaryfor tite individual magneti-
zation componentsto be determinedwith high accuracy.Titis technique
requiresprogressivedemagnetizationto be performedin a itigitly non-
magneticenvironment.

In palaeomagneticstudiesof rocks stronglyaffectedby orogeniepro-
cesses,or of rocks remagnetizedin tite geologicalpast, it maybe t!ifficult
Lo reproducetite palaeomagneticcomponents.Sucit rocksrequireprogres-
sive demagnetization,generallyin a titermal regime,as a rule up to tite
Curietemperatureof magnetiteon haematite.In tite courseof thermalde-
magnetization,mineralswitit magneticallysoft propertiesoftenappearin
tite samplesso titaL demagnetizationitas to be carriedout in a non-mag-
netic environment.Numerousexperimentscarried out on pre-Variscan
rocks of tite Barrandian(BohemianMassif) itave sitown titat in a non-
magneticfurnaceevena residualmagneticfield of an intensity of a few
Lens of nanoteslacanbe a sourceof undersirablesamplemagnetization.

Tite aboyementionedfactorsformedtite basis for tite developmentof
asystemwiticit createsa magneticvacuumin a spaceof about5 litres be-
10w a valueof -~ 2 n’¡ tite typicaloffset of Lite magneticfield sensorbeing
smaller titan ± 0.1 nT. Tite systemwas expenimentallytestedby syste-
matic measurementsconductedfor a Lime period of oven titree years,
ant! given tite nameMAVACS, MagneticVacuum Control System.Muí-
ti-componentanalysisof tite structureof tite remanentmagnetizationant!
reproductionof tite palaeomagnetict!irections evenin rockswitosemag-
nitudeof secondarymagnetizationrepresents97 Lo 99 % of tite magnitu-
de of natural remanentmagnetization,can be acitievedaccuratelywitit
titis system.

Tite first part of tite presentwork dealswitit tite designof tite MA-
VACS apparatusdescribingLite blockt!iagramsof tite systemfunctionmo-
duli ant! tite metitodof signal processing.A detaileddescriptionis given
of tite principIesof tite functionant! mechanicalconstructionof tite uni-
que magneticfleid sensorwitit a rotatingcoil placed in a rotor, witich is
borne andhigit-speeddriven by compressedair. Tite secondpart of tite
work pnesentscasehistories indicating magneticpurity in tite analysisof
tite remanentmagnetizationstructureof genetically different rocks by
meansof tite MAVACS.

OPERATINO PRINCIPLE

‘¡he Magnetic VacuumControl SystemMAVACS is aseIL-contained
automatiesystemcreatinga limited spacewitit tite rnagneticfleld elimi-
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natedi.e. a non-magneticenvironmentor magnetievacuum.Field elimi-
nation is acitievedby meansof a compensatingmetitodusinganartificial
magnetiefield to compensatetite naturalmagnetiefield of tite Earth.Tite
Eartit’s magnetiefield vector is a time variablepitysical quantity, citan-
ging botit its magnitudeant! direction. Consequently,tite artificial field
vectoris to be controlledin magnitudeant! direction to ensurepreciseva-
riation-freecompensation.It is acitievedby composingtite compensating
vectorfrom titree individually controllablerectangularfleid components
fixed in space.

THREE UNITS FORMINO MAVACS

Tite MAVACS systemis composedof titreeunits forming a feedback
loop continuouslycompensatingtite Eartit’s magnetiefleld, ref, Fig. 1.

Tite threeLime-varyingcomponentsof Lite Earth’s magneticfield are
compensatedby Lite artificial field of tite samedireetionant! magnitude
but of oppositepolarity producedby electricalcurrentsflowing titrougit
a largeLitree componentHelmhlotz Induction Coil SystemHELICOS.
Precisionof field compensationis continuouslymonitored by a titree
citannel RotatingCoil MagnetometerROCOMA, which hasits sensoisfixed
inside Lite HELICOS. Deviation of any field componentfrom precise
compensationcausestite ROCOMA magnetometerLo produceaneletri-
cal conLrolsignal for atitreecitannelInductionCoil ControlUnit ICCON.

ZHh
VARIOMETER

outputs
Fig. 1. Block schema[ic diagramof theMAVACS system.
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Tite ICCON suppliesant! controls tite electricalcurrentsflowing titrough
tite HELICOS to eliminatetite field deviation. In titis way tite negative
feedbackíoop oftite MAVACS systemis completed,creatinga itigh qua-
lity non-magneticenvironmentin tite HELICOScentre.

Roconia

Tite RotatingCoil MagnetometerROCOMA is tite iteartof Lite MA-
VACS system,beingan instrumentdesignedfor titreecomponentmeasu-
rementsof tite magnetiefield vectorwititin tite rangeof0.1 nT Lo 100.000
nT. Tite main featureof tite ROCOMA is its non-magneticsensorusing
a rotatingcoil witicit is botit borneand higit speeddrivenby compressed
air. Tite classicrotating coil principIe, well proven in Lite early «Eartit’s
inductor»,securesmagnetometerzeroto an accuracyof ±0.1 n’¡, while
makinguseof tite presentstate-of-Lhe-artin mecitanicalandelectronieen-
gineeringyields0.02 nT peakto peaktypical magnetometernoisein a O
to 0.1 Hz bandwidtit.

The ROCOMA can be applied in four basicmodesof operation.It
canoperateeititerasa seIL-containedabsoluteort!ifferential magnetome-
ter, or asa fundamentalpartof tite MAVACS systemsecuringvariation-
free creationof eititer tite non-magnetieenvironmentwitit a typical off-
set from zero lessthan ± 0.3 nT, or titree componentcalibration fields
wititin tite rangeof O to ± 10.000 nT. Tite ROCOMA magnetometerco-
sistsof:

— two sensors,eacit itaving a coil inside a rotor rotatingon 20.000
rey/mm ant! a devicefor rotor positionmeasurement

— one electronicunit whicit filters noise, resolvestite sensorsignal
into two rectangularcomponentsant! controls sensorrotor position &
speed

— oneair unit which processestite air supply deliveredLo Lhe sen-
sorsfor rotor bearingsant! driving jets

— one air compressorwhicit providescompressedair to supply tite
sensors.

Tite basicpartsof tite ROCOMA magnetometeraredescribedin Lite
following sections.

Sensor

‘¡he sensorconvertstite magnetiefleId into alternatingsignalvoltage.
Its most importantpartsare tite rotating coil ant! an optical device fon
coil positionmeasurement.Tite coil generatesasine-wavesignalwitit an
amplitudepropoi-tionalto tite magneticfield vectormagnitude,while tite
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pitasesitift of tite signal yields informationabouttite vector direction.
Tite measuredmagneticfleld vectorB is resolvedto its componentsin
tite cartesiancoordinatesx, y, z definedinsidetite sensorby tite a~andap
axes - ref. Fig. 2.

Tite a~ is Lite meitanicalaxis of rotation of tite coil (e), witile the a~ is
optical axis connectingstationarybulb (b) ant! pitototransistor(t).

‘¡he ar ant! a~ axesaremutually perpendiularant! define tite ~plain.
Tite a2 axis is perpendicularto tite g plain and intersectswitit tite a~ ant!
ar axesin tite junction point O in tite coil centre.Along Lite a~, ar, a2 axes
are introducedtite x, y, z cartesiancoordinatesitaving origin O ant! tite
arrowspointing in tite positivedinectionsof tite coordinatessystem.Any
magneticfleld vectormaybe resolvedinto its components13,,, B~,, B, (pro-
jectedon tite cartesiancoordinateaxes)by using tite direction cosinesof
tite anglesbetweentite vectorant! tite respectivecoordinate(not depicted
in Fig. 2).

Alternating signalvoltage e generatedby tite coil rotatingin the mea-
suredmagnetieficíd is proportionalto tite rate of changeof tite flux ~
existing inside tite coil areaant! to tite numbern of tite coil tums

(1)e=-n
dt

Fig. 2. Cartesiancoordina[esx, y, z of theROCOMA sensor.Rota[ing coil (e) is depicted
late fundamentatcoil positionja whichte a, axiscoincideswith thecoil mechanicalaxis.
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Let us assumetite magneticfield vectorB is projectedon tite x coor-
dinateastite 13, componentant! tite coil rotatesaroundits a, axis - ref.
Fig. 2(13,, not depicted).‘¡he coil flux vector~, is determinedby a pro-
t!uct of tite B,, ant! periodicallyvariable instantcoil areaSbeinga projec-
tion of tite S0
0 = 13,, 5
5 = S0 cos9 = S~ cos m t

witere ~ = nominalcoil area(areaof circular síantedlining in Fig. 2)
9 = orientedanglebetweentite B,, component(x coordinate)and

tite rotatingmecitanicalaxis of tite coil winding (in tite fun-
damentalcoil position of Fig. 2 titis rotating winding axis
coincideswith tite a0 axis ant! ~ = 0; tite winding axis ant! 9
not depictedin Fig. 2)

= angularspeedof tite coil rotation
= time

From tite aboyeit follows

- dS=—nB —=nB,,S0msinmt (2)dt

Similarly, tite B7 componentof Lite B vectororiginaLes Lite e, signal
componentbeing 900 sitifted in respectLo tite t,,

e, =nfrS0ocoscot (3)

Tite signal voltage e generatedby Lite ROCOMA sensoris proportio~
nal to tite magneticfield vectormagnitude,nominalcoil area,its number
ofturns ant! tite angularspeedof coil rotation.Ifusingtite realsensorpa-
rameters,tite Eq. 2, 3 give 5 microvolt peaksignal amplitudeon 1 nT
fielt!.

‘¡he signal voltageé canbe consideredasbeingcomposedoftwo rec-
tangular(900 sitifted) signal componentse,,, e, correspont!ingto tite two
rectangularcomponentsB,,, B, oftite magneticfield vector13. Component
resolution is performedby tite synchronousdetectorsin Lite electronic
unit.

B~ componentof tite fl vectorgenerateszeroflux ~ dueto tite fact Lite
nominalcoil areaS~, projectedinto the y coordinatedirectiongives zero
instantarea5. ‘¡itus e~ = 0. Tite ROCOMA sensoris insensitiveLo a mag-
netic fleId componentcoincidingwith titear axisof tite coil rotation.Con-
sequently,two sensorsare neededto performsimultaneoustitreecompo-
nentmeasurementsof tite magnetiefleld vector.
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‘¡he operatingprincipIesoutlinedin Fig. 2 areimplementedin a com-
pactsensoritaving its coil mountedinside arotor botit borneanddriven
by compressedair. Fig, 3 ant! Fig. 4 depiet sensorpartsant! accessories
fundamentalfor its practicaluse.

5 5

14 6

Fig. 3. Sensorrotorant! its main accessories.
1. sensorrotor (buil[ — in coil with 8000 turasand20.5 mm diame[er is invisible)
2. coil coíitac[ pin (platiaum)
3. ligh[ channel(its axis coincideswith [he mechanicalaxis of the coil winding. The ro-

ta[ing light channelis partof [he coil positionmeasuringdevicegeneratinga sequence
of pulsesin its pho[otransis[or. Eachpulseoccurspreciselya[ he instan[ when[he coil
is in its fundamentalposition,depictedin Fig. 2)

4. driving blade
5. air bearings([here areeight barelyvisible air jets on [he conicalsurface)
6. contactcdl ([here is a drop of mercuryinsidethecdl connec[ing [he ccii contactpin

with the ccli s[ationary lead)

Electron¡cunit

Tite electronieunit containsmostof tite ROCOMAelectroniccircuits.
In generalit facilities magnetometersettingsto any of its four operatio-

1
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7

Fig. 4. Comple[e ROCOMA sensor.
7. level gauge(facilitateshorizontaladjus[ment of the p plain typical for mos[ sensorap-

plica[ions)
8. oneof the two sensorair inlets (bearing,driving air)
9. connectorand lO m long shieldedcable(links the non-magne[ic sensorbulb with its

heatingvoltageandthe phototransistorwith the amplifier in theelectronicunit — ref.
Fig. 5)

lO. coaxialconnectorand 10 m longshieldedcable(providesconnectionof [he sensorsig-
nal voltageto theA.C. preamplifierin theelectronic unit — ref. Fig. 5)

B. the latter distinguishesbetweenthe two ROCOMA sensors(A, B) [o facili[ate stan-
dardsensorconnectionsto theROCOMAunitsandits standardpositioningin theMA-
VACS system

Z, H. (top) — thearrowsdesignatedirectionandpositivepolari[y of thetwo rec[angular
sensitivitycomponentsof [he sensor.
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nal modesant! realizesboth tite electronicsupportLOT tite sensorandtite
sensorsignal processing.A comprehensiveinformationaboutelectronie
unit operationis given in tite ROCOMA block schematicdiagram(see
Fig. 5) and in tite brief descriptionwitich follows.

Sensorelectronicsupport

Tite suppont concernsbu¡b heating ant! rotor speedstabilization,
which takeplace in tite bulb control ant! tite speedcontrol blocks. Tite
blocks are controlledby Lite train of pitototransistorpulsesbeinggenera-
ted in tite coil positionmeasuringdeviceof Lite sensorant! amplified iii
tite amplifier block.

In Lite bulb control block titere is a sourceheatingtite bulb by a 20
kHz alternatingvoltage to secureeasyeliminationof tite disturbingsig-
nals due Lo itigit-intensity heatingcurrentsflowing neartite sensorcoil.
Moreover,tite bulb heatingvoltage is automaticallycontrolledto stabili-
ze amplitudeoftite pitototransistorpulses,whicit is apreconditionfor se-
curing higit accuracyof Lite coil positionmeasuringdevice. If tite bulb

L ‘5--—- -1

Fig. 5. ROCOMA block schematicdiagramdepictingtwo channels.
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iteatingvoltageapproacitestite maximumspecified,afront panel«Weak
bulb» signal lamp is graduallyswitchedon.

‘¡he speedcontrol block measuresfrequencyof tite train of Lite pito-
totransistorpulses(approx.330 Hz) ant! generatescontrol voltagefor tite
electro-pneutransducerof tite air unit whicit suppliesair to tite rotordri-
ring jets. In Ibis way tite rotor speedis siabilized,titis beingaprecondi-
tion fon stabilizingmagnetometersensitivity.Sensorspeeddeviationex-
ceedingtite limit of approx. ±0.2 % is indicatedon tite ROCOMA front
panelby signal lamps «Higit speed»,«Low speed»ant! tite sound alarm
is activatedin the alarm logic block. If ROCOMA operatesin tite MA-
VACS systemtite alarm logic block also automaticallydiscontinuestite
MAVACS loop.

Signal processing

‘¡he most importanttasksof tite ROCOMA signa] processingsystem
are tite resolutionof tite magnetiefleld vectorinto Lwo rectangularcom-
ponentsant! very efficient signal filtering soas Lo achievesuppressionof
magneticfield disturbancesant! noise.Among tite otiter impontanttasks
areitigh-accuracysignal voltageamplification, ROCOMA frequencyres-
ponsecorrection(neededto maketite MAVACS loop stable)ant! prompí
magnetometersettingsto any of its four operationalmodes.Tite methods
usedto fulfil tite aboyespecifiedtasksaredescribedin thefollowing sec-
tions neferringalio [o tite block schematicdiagram.

Tite A. C. preamplifierblock provideshigit input impedancefor Lite
sensor signal voltage ant! low-noise wit!ebant! amplification. ‘¡he pre-
amplifieralternatingoutputsignal is apíliedLo tite pairof tite synchronous
detectorblocks and tite ovenload sensingblock. Tite overload sensing
block indicatessignal excursionsexceedingtite specifiedmaximum by
botit tite «Overload» signal light ant! tite soundalarm activatedin tite
alarmlogic block. If tite ROCOMA is set to its MAVACS systemopera-
tional mode,tite alarm logie block also automaticallydiscontinuestite
MAVACS loop.

‘¡he ROCOMA signa] processingsystemutilizes tite crosscorre]ation
metitodof signaldeteetion.Titis metitodis basedon multiplicationof tite
detectedsignal by a so-calledcoherentneferencesignalwiticit itas a zero
or constantpitasesitift witit respectto tite sensorsignal. Tite multiplica-
tion of tite coherentalternatingsignaisresultsin aD. C. signalproportio-
nal to tite sensorsignal magnitudeant! cosmeof its pitasesitift witit res-
pect lo tite coiterentreference,Non-coiterentsignal multiplication yields
exclusivelyaltennatingoutput.

Tite cohereníreferencesignal is generatedin tite phase-Jockreference
generator.Titis is an integral part of tite coil position measuringdevice
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ant! tite ROCOMA signal processingsystem.It generatestwo square-wa-
ve signals,onebeingexactlyin-pitase(zerophaseshift), tite otherexactly
out-ofpitase(90’ sitift) relativeto the train of pitototransistorpulses.Tite-
se two neferencesquare-wavesignalsaretituscoiterentwitit tite two sensor
signalcomonentse,,, e, conrespondingto tite two rectangularcomponents
B5, 13, of tite magneticficíd vector13. -

‘¡he crosscornelationmetitodof signaldetectionis realizedin tite pair
of tite synchnonousdetectorblocksperformingessentiallytite signalmuí-
tiplication. Cnossconrelationof tite e,,, e, sensorsignal coniponents(com-
prised in tite detectedsignal) witit tite in-pitaseant! tite out-of pitasere-
ferencesignalsyields usefuldetectorD. C. output signaisnepresentingre-
solvedcomponentsproportional to tite rectangularfleld components13,,,
13, respectively.Cnosscorrelationof non-coherentdisturbancesant! noise
dominating in tite detectedsignal results in alternatingdetectoroutput
being suppressedin tite following blocks.

‘¡he D. C. amplifier & filter block providesvariousfunctionsassocta-
ied witit both the signalpnocessingandtite ROCOMA settingsLo its ope-
rational modes.‘¡itere aretwo basicROCOMA settingsin titis block, ma-
king tite particular ROCOMA citannel(Z or H in Fig. 5) operatecititer
as a self-containedmagnetometeror aspart of tite MAVACS system.

in tite magnetometenmodeof ROCOMA measurementtite b]ock ope-
natesas a step-controlledD. C. amplifier securingtite titreebasicmagne-
tometernanges(± 1 n’¡, ± 10 n’¡, ± 100 nT) along with tite noisesup-
pressiondue Lo filtering time constants(max. 8 s responsetime on ± 1
n’¡ nange).

If using ROCOMA in both tite MAVACS systemoperationalmodes,
the amplifier openatesas a signal integratorLo implement ROCOMA
frequencyresponsecorrection,secuningMAVACS systemfeedbackloop
stability ant! very accuratecompensationof slow Earth’smagneticfteld
variations.‘¡he settingsfacilitatedin tite block enabletite citannelto ope-
rateeithenin tite magneticvacuumcontrol modeor in tite magneticfleld
generationmodeof tite MAVXCS system.Becauseof tite fact titat the
non-magnetieenvironmentis only a specificmagneticfleid— zerofleld—
tite ROCOMA operationsdiffer only sligittly. Tite bipolar D. C. sitift sig-
nal is appliedin botit tite modesas [he ROCOMA sensorsoperateoff tite
HELICOS centreto keeptite valuablenon-magneticenvironmentfree for
tite applications.‘¡o achievea non-magnetieenvironmentin tite HELI-
COScentre,a specific low-level magneticfield mustbe adjustedin tite sen-
sor sites.Titis is doneby adjustingtite sitift signals.

‘¡he outputsignalof tite D. C. amplifier & filter block is broughteit-
iter to tite front paneldeflection meters, to tite digital voltmeter in tite
DVM block ant! Lo tite output terminalsif usingROCOMA in its magne-
tometermeasunementmode,or to tite loop filters if using it in tite MA-
VACS sys[em. In cititer modetite output signal levelsare monitoredant!
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iL titey exceedtite presetlevels ihe soundalarmis activatedin tite alanm
logic block andtite MAVACS loop is discontinued.

‘¡he íoop filters suppressitigit-frequencyproductsof synchronoussig-
nal detectionto preventinterferencein the MAVACS loop. Tite outputs
of tite íoop filters areusedto control tite D. C. currentsgeneratedby tite
ICCON witicit suppliestite HELICOS.

A¡r un¡t

‘¡ite air unit processestheair supplydeliveredto tite sensorsfrom tite
externalcompressor.In Lite pressurereductionblock tite unit reducesfirst
tite compnessonsourceair to tite stabilizedoperatingair pressureant! af-
ter beingfiltered in the air filter block it splits in tite bearingair ant! tite
drivingair patits.

In thebearingair path titere is a pressurereductionblock facilitating
manualset of tite constantair pnessurefor the sensorbearings.

In tite driving ain patit titeneare tite on-offvalveant! tite electro-pneu
tnansducer,witich is electricallycontrolled to keep[he sensorrotor revo-
lutionsstable. Tite on-off valve is electrically controlledby tite pressure
switcit witicit guardstite sourceair pressureof tite compressor.If Litis is
not suffcient, Lite driving air patit is automaticallydiscontinuedto bring
tite sensorrotor to a standstillbeforeits bearingslose performance.

A¡r compressor

Tite air unit processestite air suplly deliveredLo tite sensorsfrom tite
ce of tite compressedair deliveningapprox.50 normal litres/mm. It ope-
ratesas a self-containeddevicerequiringlittle attention.

ICCON

Tite InductionCoil Control Unit ICCONis atitreecitannelsourceof
controllabledirect electricalcurrent. It itas beendesignedto supply and
control cunrent in triaxial Helmitoltz induction coils compensatingtite
Eartit’s magneticfield. ‘¡ite designwastailored to meetthe specificneeds
of rock-sampledemagnetizationin palaeomagneticant! petropitysicalstu-
dies.

Control of tite currentin eacitof tite titree ICCON citannelsis indivi-
dualant! it is acitievedby meansof tite Currentcontrol systemant! tite
Digital programmer- ref. Fig. 6.
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Fig. 6. ICCON block schematicdiagramdepictingonechannel.

Tite Currentcontrolsystemis an analognegativefeedbackdevicecon-
vertingtite control ant! presetcurrentsignalsinto tite controland preset
outputcurrentsflowing thnoughtite Helmholtzcojis. Tite feedbacksystem
securesbotit tite accuracyof tite conversionand itigit-speedresponseof
tite control outputcurrentLo Lite controlcurrentsignal.

Tite signal summingblock carnesout additionant! subtractionof íts
input voltagesignalsandgeneratessignalalgebraicsumon its output.In
titis way the addedpresetant! control currentsignalsarecomparedwitit
tite subtractedfeet!back control signal,witicit representstite presetand
controloutputcurrents.Any deviationmakestite sumnon-zeroant! con-
trols tite control eiementsLo maketite signaisequalwititin a O to 1 kHz
frequencyrangewitich is fundamentalfor MAVACS loopspeedant!stabi-
liLy.

Tite Helmitoltz coils areconnectedto one of Lite outputsdepending
on whetiter tite generatedmagneticfleId mustbe unipolarorbipolar.Tite L
ant!R parametersrepresentHelmitoltz coil inductanceandresistance.Tite
R5 is a samplingresistorconvertingtite outputcurrentsinto feedbackcon-
trol signal voltage.M is adeflectionmeterindicatingtite outputcurrents
level. ‘¡he maximumoutputcurrentsare lA unipolarand±0.1 A bipolar.

Tite Digital programmeris basicallya very itigh stability sourceof tite
preset currentsignal. Tite requiredsignal level is adiustableeititer ma-
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nually or automaticallyby meansof tite control section.Manual at!just-
ment is carniedout by meansof tite up or down buttons,witicit activate
a deviceincreasingor decreasingtite presetcurrentsignalby meansof bi-
polar incremen[s. Automatic signal level at!justmentis carriedout in tite
control sectionby meansof tite AID interfacebeingcontrolledby tite ana-
log control curnentsignal. IL titis signal exceedsa particularlevel tite AID
interfaceis activatedant! tite control sectiontiten incrementallyincreses
on dereasestite presetcurrent signal, titus actuallybningingabouta bidi-
rectional transferof control output current portions uflo presetoutput
current.

Tite control section determinestite addressto tite digital memory
witicit generatestite presetcurrentsignal in digital form, beingconverted
to analogin tite digital to analogconverton.Tite digital memory is conti-
nuous(non-volatile)dueto internal battery.

Tite manualant! automaticadjustmentof tite presetcurrentsignalcan
be inhibited by meansof tite lock buttonwhicit is neededif recordingtite
Eartit’s magneticfleid variationson tite variometerterminals.

‘¡ite ICCON can be applied in tite stabilizationor automatiecurrent
control modeof openationdependingon tite requiredquality of tite non-
magnetieenvironment.

‘¡he stabilizationmode is suitable for less demandingapplications
witicit can toleratevariationsof tite Eartit’s magneticfield. In titis mode
tite ICCON operatesas a self-containedinstrumentgenenatingoutput
current of presetvalue (stableto ± 200 ppm.) being at!justedmanually
by tite up or down buttonsincrementingor decrementingtite digital me-
mory output. If tite ICCON mainssuppliesareturnedoff tite digital equi-
valentof tite pnes~toutput current will be retainedin tite continuousdi-
gRal memory, seduTingpreciseoutput curreat reproductionwhenresu-
ming ICCON operation.

In its automaticcontrol modetite ICCON operatesin tite MAVACS
loop andgenenatesboth tite presetant! tite control output currentsto fa-
cilitate tite creation of a variation —free non— magneticenvinonment.
‘¡he pnesetoutput curnentcompensatestite dominatingEartit’s magnetie
fleld meanvalue (typically tens titousandsof n’¡) witile tite control out-
pat cunrentcompensatestite ficíd variations.

‘¡o support continuity of tite generatedmagneticfielt! i.e. continuity
of tite magneticvacuumevenduring power failuresor cuts, tite control
section continually samplestite control current signal by meansof tite
A/D interface.If tite signal level exceedsa deadzoneequivalentto ± 5
n’¡ tite control sectionincnementsor decnementstite digital memoryto
transfertite control output cunrentportions equivalent to ±nT into
equalpnesetoutput current.Tite presetoutputcurrentportions can titus
be retainedduring power cuts when tite MAVACS loop (i.e. tite control
current signal)is discontinued.‘¡itis performanceis meaningfulif tite IC-
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CON suppliesremainperfectduringpowercuts. It canbe realizedby ex-
ternallow-powenmainsback-upsuppliesusedfor tite ICCON only.

HELICOS

Tite Helmholtz Induction Coil SystemHELICOS is a classictitree
componentdeviceusing titree pains of squarefield coils lo produceito-
mogeneousmagnetiefield in tite workingspacein tite centreofLite system.
‘¡he individual coil pairsarespacedto fulfil tite familiar Helmitoltz con-
dition that tite second-orderderivativeof tite fleld producedalong tite
axis oflite coil pairsis zeroat tite pair centre.‘¡bis appropiatespacingof
the squarefleld coils is 0.5445of tite sideof tite square.

Accuratecalculationsof magneticfields producedin tite nelativelylar-
ge working spaceof tite HELICOS were perfomedby applicationof tite
well-known BioL-Savart’s law combinedwitit numeric integration.‘¡his
provedto be an effectivemetitodfor calculatingbotit tite coil sizeneces-
saryLo createa working spaceof tite given volume ant! tite fleld magni-
tudeat any point inside,or evenoutsidetite HELICOS system.

From Biot-Savart’slaw it is obvioustite total magneticfleid vector
generatedin point P (x, y, z) can be expressedasa productof a vectorJ
(J,,, J~, J7) representingtite electricalcurrentsflowing in Lite edil conduc-
tors, andsometransformationrepresentingpositionof tite P point in res-
pectto tite conductorsystem

= ic,, ji

witere K~ is a linear transformationwiticit can be expressedasa 3 x 3
typematrix. tfinvertingtite FC, matrix, tite magnitudesofthecoil currents
correspondingLo tite requestedB0 vectormagnitudecan be calculated

a?
Tite actual algorititm fon determiningtite matnix elementsis simple in
principie but too extensiveto be given itere.

Using titis fleld representation,botit tite currentvectorJ~ carryingout
Earth’s magneticfield compensationin Lite HELICOScentre,and tite re-
sidual field BT in any linner or outerpoint of tite HELICOS systemcan
be evaluated.Let us denotetite linear transformationvalit! for tite HE-
LICOS centreas K0 ant! tite itomogeneousEartit’s magn.field, tite sub-
ject ofcompensation,as~ Tite vectoroftite coil currentsJ, cantiten be
formally expressedby

= -K0 ~
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‘¡ite residualmagneticfleld ~ existing in tite P point of tite HELICOS

systemis a superpositionof tite two fields

= B~ + B~ = ~ + K~J. = (K~ - K) J>,

‘¡he BT can also be expressedas a function of tite Earth’s mgn. field fl>,

beingcompensated
= (K, — K0) J>, = (K~ — FC]>. (—FC,,, ‘~ a>, = (1 — 1<4K0 ‘) 13>,

witere lis an identity matrix.
Theformalmatitematicalexpressionsgiven in tite previousyield prac-

tical guidancefor tite systemdesign.Fnomthe last equationit is cleartite
residualmagneticfield

13T at anypointof tite RETACOSsystemdependalso
on the Eanth’smagneticfield magnitude,regandlessof tite fact titat titere
is a non-magneticenvinonment(zeroficíd) in tite HELICOS centre.‘¡itis is
an importantfactorwitich coneernstite positioningof tite ROCOMAsen-
sorsinside tite HELICOS system.‘¡he sensorsmust operateoutsidetite
valuableworking spacewith non-magneticenvironmetant! tite residual
magneticfield 13T existingin titeir actualsitesis stabilizedas afixed value
by meansof tite Sbift potentiometersof tite ROCOMA magnetometer.
Variation of tite 13T vector transformsinto equalvariation (offset) of tite
non-magneticenvironmentin tite HELICOS centre.‘¡o suppresstitis cf-
Lcd, tite K..,, ant! 1(,, Lransformationsmustbe ascloseto eacitotiter as pos-
sible. Titis implies titat tite sensorsbe positionednearestto tite RETACOS
centre.Computeranalysisof tite HELICOS systemwitit tite actualsensor
positionsconfirmedtite resultof Earth’smagneticfield vaniations(witit am-
plitudes of max. ± 100 nT) in tite magnetic vacuum not excee-
ding ±0.1 nT.

Tite outlined matitematicalanalysis also supportcdcomputer-aided
designof tite RETACOS system,giving quantitativeinformationconcer-
ning minimum coil size for tite requiredworking spacevolume(i.e non-
magneticenvironmentvolume), necessarycoil stability, adjustmcntaccu-
racy etc. As a result, tite HELICOS systemyielding a wonking spaceyo-
lumeof approx.5 litres witit max.± 2 n’¡ itomogeneitydeviationwasrea-
lized by using tite square-shapcdcoils of 2 — 2.5 m size. Tite coils are
attacitedLo tite giassframeconstructionsecuringstabilityof tite systemgeo-
metnyint!ependentof tite environmentalparametcrsand time.
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4. EXAMPLES OF ‘¡HE PRACTICAL USE OF ‘¡HE MAVACS IN
STUDIESOF THE REMANENT MAGNETIZATION STRUCTURE
OF GENETICALLY DIFFEREN’¡ ROCKS

In tite following part,somerepresentativeexamplesaregiven for rocks
in witicit tite respectivecomponentsof nemanentmagnetizationitadLo be
determinedwitit itigh accuracy,or witich developedpitasechangesof mi-
nerals— the carriersof remanentmagnetization— in tite courseof titer-
mal treatment. ‘¡he MAVACS was testedby systematicmeasurcments
runningfor over titree ycars,and tite resultsof detailedstudiesare pre-
sentedin Lite works(Krs etaL, 1986, 1987;Pruner, 1987).Remanentmag-
netizationwas measuredon a spinnermagnetometerJR-4(Jelínek,1966),
on on an astatic magnetometerincluding tite magneticsusceptibilityin
tite Eartit’s magneticficíd (Pe~ina, 1968), tite magnetic susceptibility
havingbeenmeasuredbyakappa-bridgeKLY-2 (Jelínek,1973).Magnetic
susceptibilitywas measuredduring tite termal demagnetizationof samples
so titat the posiblephasecitangesof magneticallyactive mineralscould
be recognized.Primarydataproccssingwas canriedout with tite use of
tite programand computenby Sanda(1987), tite quantitativemulti-com-
ponentanalysiswas madeby tite programsof Chvojka (1987). In onder
to determinetite individual magneticcomponentsforming tite naturalre-
manentmagnetizationant! to define tite correspondingvectors, algo-
nithms wcre appliedwitich were basedon principal componentanalysis
(Kirscitvink, 1980; Scitmidt, 1982; Kent et aL, 1983). As arule, tite most
consistcnt results were obtainedwitit tite use of algorititm LINEFIND
(Kent et. al., 1983). Tite respectivecomponentswereanalyzedstatistically
in nelation to tite fold tests,wititin a layer, alocality ant! tite appurtenant
region.Tite resultsobtainedwere collatedwith the geologicalant! petro-
grapitical findings of geologistspnedominantlyfrom tite Geological Sur-
ve>’ in Prague.

Experimentalwork with tite MAVACS also indicated tite origin of
gynomagnctizationin tite courseof measurementson tite spinnermagne-
tometen,witicit lcd to devising a metitodologyfor measurementwitit tite
undesirableprasitiemagnetizationbeing suppressedor eveneliminated.
Tite rock samplestitat were termallydemagnatizedweretransportedin a
non-magneticenvironmentand measuredon tite spinnermagnetometer,
witosepermalloyscreeningcoverwassituatedin amagneticallycompen-
satedenvironmentin sucit away as tomakethe residualmagneticficíd
smallertitan 1 n’¡ at tite pointof measurement.Measurementsof titis type
were madepossibleby the sensorsof tite ROCOMA magnetometer(Krs
ant! Chvojka, 1987).
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Palaeovolcanics

Below, we give examplesof titenmal demagnetizationof UpperCam-
brianandesitesfrom tite locality ‘¡rovice,Barrandian,tite BohemianMas-
sif, andtiten of tite Carboniferoustuff and‘¡niassic andesitesfrom Mon-
golia, region Tel ‘¡in Gol.

In theirnaturalstate,UpperCambrianandesitesfrom tite Barrandian
are nonmally andrevenselypolarized.In tite courseof titermal demagne-
tization, tite normally polarizedsampleswene cleanedof pronuncedse-
condary magnetization,ant! reversedinections wene determined (see
Fig. 7). Figures 8 ant! 9 pnesentnormalizedgraphsof nemanentmagneti-
zation in dependenceon tite temperature,witere M, is tite modulusof tite
remanentmagneticmomentof tite samplesubjectedto [hermal demag-
netizationat a tempenatuneof t (5C), M

0 beingtite modulusof tite rema-
nentmagneticmomentof tite samplein naturalstate.Below tite norma-
lized graphsof M,/M0, dependencesof ~ = f(t) are given, witere ~,
is tite appanentvolumemagneticsusceptibilityof tite samplesubjectedto
titermal demagnetizationat temperaturet (‘C) and~ is tite susceptibility
of tite sample in tite naturalstate.Below are Zijt!erveld’s diagrams(Zij-
derveld, 1967), in witicit fulí circíes denoteprojectionsonto tite itonizon-
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Fig. 7. Stereographicprojection of directions of remanentmagnetizationof samplesof
UpperCambrianandesiteduringihermaltreatment,locality Tttovice, Barrandian,Bo-
hernianMassif. Fulí (open)small circíes indicateprojectiononto the lower (upper)he-
rnisphcre;across superimposedon a fuIl (open)small circle indicatesthe meandirec-
uion: thc traceof conticencecone(for P = 0.05) is denotedby a circle. Fisher’s(1953)
statisticswere applied.
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tal planeandopencircíesdenoteprojectionsonto tite verticalN-S plane.
The grapitsof representativesamplesof Nos. 3011A2 ant! 3013A] dis-
play a langeproportionofsecondarymagnetization(Fig. 8). Reverselypo-
larized samplesin naturalstate,on tite otiter itand, itave mostlyone-com-
ponentmagnetization.

Tite palaeomagneticdatadenivedfrom Mongolianrocksoftitreearcas
(HarunBuren, ‘¡el Tin Gol, Citulut ‘¡saganDel) indicateda palaeogeo-
grapiticalaffinity betweentite ternitoriesof nortit ant! soutit Mongoliaand
nontit China in tite periodsof tite Tniassic,Permianand tite Carbonife-
rous(Pruner,1987). In tite subsequentstageof investigations,sampleco-
llecting was greatlyextendedant! tite palaeomagneticresearcitconfirmed
tite conclusionsmadein tite precedingstage.‘¡ite applicationof tite MA-
VACS furnisited good-qualitylaboratorydata, examplesof titermal de-
magnetizationare given for titree representativesamplesin Fig. 9. Tite
gnapitssitow individual magnetizationconxponents,tite purity of titermal
demagnetizationis evidente.g. in samplesof Nos.M 305-2 andM 306-1.
In tite lower part of tite figures Zijderveld’s diagnamsare presentedonce
more on an enlargedscalein tite temperatuneintenval 540 — 690 ‘C.

Sedimentsw¡th detritiemagnetization

Tite itititerto studiedMiddle Cambriansedimentsof tite Barrandian
exitibitedrelatively 10w magnetizationvalues,larger statisticalsetstitere-
fore being usedin dataprocessing.‘¡hermal demagnetizationof Middle
Cambriangreywackefnom tite locality Bucitava— Slap, Barnandian,can
be introducedas an example; tite meanvalue of tite remanentmagneti-
zation modulusis 184 p’¡ ± 62 p’¡. Figure 10 shows tite directionsof
titermally demagnetizedsamples,optimum cleaningwas acitievetat tite
temperatureof 300 ‘C: O = 64.8>: a95 = 2,57’: 1< = 66.65 as the meanva-
luesof 47 samples.

Rocksof tite sametypewere sampledin otiter localitiesandsubjected
to multi-componentanalysis.We pnesenttite resultsof progressivetiter-
mal demagnetizationof weaklymagneticsamplesof tite Middle Cambrian
greywackefrom anotiterexposunein the locality Bucitava Slap,Barran-
dian.Tite meandirectionsof componentsA, 13, C, D wenecomputedwitit
tite useof Fisiter’s statistics(1953). ‘¡able 1 givestite directionsof tite res-
pective components.Four magnetizationcomponentswere identified;
componentA probablycorrespondsto tite laboratoryfield, component13
Lo tite recentgeomagnetiefleid, componentC is síatisticaliy jil-defined
andis apparantlyof Vaniscanonigin, componentD is pre-Variscan.Tite-
se resultswere collatedandcomparedwitit dalafrom otiter localitiesthat
wene derivedby tite sameprocedures,see tite work by Krs ¿4 aL (1987).
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E

Fig. 10. Directionsof remanentmagnetizationof samplesof Middle Cambriangreywac-
l’w. Locality Buchava— Slap. Barrandian,BohemianMassif?

Sediinentswith chemoremanentmagnetization

For tite purposesof palaeomagneticresearcitinto tite Ordovicianrocks
of tite Barrandian,BoitemianMassif,samplesof differentgeneseswereco-
llected, sucit as porpitynites,diabasenocks, tuffs ant! tuffites,oolitic itae-
matite ores,itaematitepigmentedsitales,greywackesant! red silicitespre-
dominantly of tite Lower Ondovicianage (seeKrs d aL, 1986). The sam-
píeswere collectedfrom tite outcropsof both subitorizontally-lying and
folded rocksto createconditionsfor combininglaboratorytestsof stabi-
lity ant! of magneticcleaningwith foid tests. Interestingresultswere ob-
tained in red silicites, in whicit, according to tite petrograpitieanalysis,
tite magnetizationcarrier was tite itaematitepigment: itaematiteas the
principal canrierof undoubtedlychemoremanentmagnetizationwaspro-
ved duning titermal demagnetization.‘¡he samplesof red silicites consti-
tute a macroscopicalí>’aswell as micnoscopicallyextraordinarilyitomo-
geneousrock witit very fine disperseditaematitepigment. As fan as tite
magnetic aspectis concerned,itowever, titey are distinctly unitomoge-
neousand containmagnetizationcomponentsof minenalsrangingmag-
netically from extraordinanilysoft to extraordinarily itard. In the samples
witit predominantlyone-componentmagnetization,pre-Variscanpalaeo-
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magnetiedirectionswere establisited.‘¡he meanpalaeomagneticdeclina-
tion of titeserocksamountsto 126.7’, inclination Lo —41.7X ti95 = 3.63’.
Tite palaeogeograpiticlatitudescomputedfrom tite palaeomagneticdata
of tite Lower Ordovician silicites follow up well witit the results of tite
dataof tite Middle ant! UpperCambrianof tite Barrandian.

Stronglyremagnetizedrocksof thered bedstype

In orderto extendtite magnetostratigraphicstudiesto tite entirepro-
file of tite Permo-Carboniferousrocks of Lite BohemianMassif, we also
carriedout metitodicalwork with strongly remagnetizedLower Permian
red bedsfrom tite Krkno~e-piedmontant! Intra-SudetieBasinsin tite Bo-
itemianMassif. Different variantsof tite multi-componentanalysisof re-
manentmagnetizationwere applied including Lite modified metitod of
greatcircíes(Hall, 1978). Tite palaeomagneticdirections were obtained
by meansof two algorititmsLINEFIND ant! Fisiter’s distribution,ant! se-
cond,witit tite useof tite polesofremagnetizationplanestreatedby Wat-
son’sdistribution(by Citvojka in Krs el. al?, in press).

Figure 11 presentsan exampleof Zijderveld’sdiagramfor a strongly
nemagnetizedsample,tite circíesaroundtite fulí andopencircíesdenote
Lite scatterof repeatedmeasurementson spinnermagnetometerJR-4, tite
lower part of Lite figure containsenlargedZijderveld’s diagramfor tite tem-
penatuneinterval 620 — 685’ C. ComponentA is conditionedby Lite ef-
fect of tite recent geomagneticfleId, componentB of a very 10w value
correspondsto theLower Permianpalaeomagneticdirectionsin tite area
of samplecollection. Analogousresultswere obtainedin otiter groupsof
samples.ComponentB wasdenivedfrom the temperatureinterval 620 —

685’ C, ant! altitoughit only representssomepercentageof naturalrema-
nentmagnetization,tite meanpalaeomagneticdirectioncould be derived
witit sufficient accuracy.

Organogenielimestones

Palaeomagneticresearcitinto tite pre-Variscanformationsof tite Ho-
hemianMassifalso comprisesinvestigationsof tite palaeomagneticcita-
ractenistiesof Lite Devonianorganogenielimestonesin tite Barrandian.
‘¡hesewititisit to greyisit limestones,witli a certain sitareof clayeycom-
ponent,occur in tite Devonianbase.In tite stratotypelocality of Klonk,
SW of Prague,titeneis an extensiveexposurewitit a continuoussequence
of limestone layers distinctly separatedfnom one anotiter from Lite Up-
per-mostSilurianto tite LowerDevonian,wititout aitiatus ant! lititologi-
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Fg. II. Zijderveld’sdiagramsfor astronglyremagnetizedsampleof Lower Permianrocks
of the red beds type. Locality Hyn~icc. BohemianMassif.

cal citanges.Individual layenswenemarked in tite fleId by numbersand
titis makestite locality convenientfor furtiten comparisonstudies.

Representativesamples-weresubjectedto combineddemagnetization
witit tite useof alternatingand titenmal fields, witicit was more effective
titan titermal demagnetizationonly. At finst, tite samplesweredemagneti-
zed by a[ernating fields to nelativcly Iow fieids of 12 tiff as titey were
rnagneticallysoft ant! in higiter fields prone to tite onigin of anitystenetic
magnetization.Following tite alternatingficíd demagnetization,tite sam-
píesweresubjectedto progressivetitenmal demagnetizationwitit tite use
of tite MAVACS.

Fig. 12 givesas an exampleZijderveld’sdiagnamsfor tite samplessub-
jected to combined demagnetization.Even titougit it involves samples
witit smallvaluesof remanentmagnetizationmoduli ant! tite samplesare
relativelymagneticallysoft, componentsA ant! B respectivelyarewell de-
fined. ‘¡ite results of tite multi-componentanalysisby tite LINEFIND
metitod arepresentedin tite next figure for tite groupof samplesinvesti-
gated.ComponentsA ant! 13 directionsare given in Fig. 13. Tite meandi-
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Fig. 13. Directionsof componentsA and B of samplesof Lower Devonianlimestone,lo-
cality Klonk, Barrandian.a) ComponentsA correctedfor dip of strata.b) Meandi-
rectionfor componentsA correctedfor dip of stra[a. c) ComponentsA not corrected
fordipof-strata.d) rnniponntv A “otco........~fordipofstrata-.-
e) ComponentsB correctedfor dip of strata.1) Mean direction for componentsB
correctedfor dip of strata.g) ComponentsB no[ correctedfor dip of strata.h) Mean
directionfor componenisE not correctedfor dip of strata.

rection of componentA agreeswitit tite direction of tite recentgeomag-
netiefleld. Fon tite BoitemianMassif, tite computedpalaeomagnetic(vir-
tual) poleposition of component13 falís wititin tite UpperCarboniferous
to LowerPermianpolepositions,cf. Krs (1968).Titus, in the rocksunder
study, tite original Lower Devonianpalaeomagneticdirectionswere not
presenved.Similar conclusion was earlier reacitedby Citamalaunand
Creen(1963) ant! laten by many otiters, tite cited autitors attnibuteda
world-widecitaracterto titis pitenomenon.In ourcase,tite limestonesare
weakly magnetic, tite carriersof magnetizationbeing mainly itydro-oxi-
desof Fe. Rock samplesof similar magnetiepropertiescan only be de-
magnetizedif tite magneticfield is perfectlycompensated,otiterwiseun-
desirableparÑl--tit-ermo--reman-ent-niagnetic-componen-tswould-be-gene--
ratedin tite samplesin tite courseof laboratorytitermal treatment.
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CONCLUSION

‘¡ite main objectivewas to developandtesta laboratoryapparatusfor
palaeomagneticant! rock-magneticresearcitfor securingtite itigit magne-
tic vacuumneededduring tite demagnetizationof rock samples.Rocks,
affectedby orogenicpitasesin general,display a numberof magnetiza-
tion components.Under titermal demagnetizationin particular, in tite
courseofwiticit ferrimagneticmineralswitit magneticallysoft properties
are created,preciselaboratoryproceduresare required.In many casesit
was necessaryto carry out the multi-componentanalysisof magnetiza-
tion on witole setsof rock samples,witicit, of course,imposeditigiter tecit-
nical demandson tite type of titermal demagnetizer.Tite innovativeap-
paratuscalled MAVACS providesa magneticvaeuumwith an aceuracy
itigiter titan ± 2 n’¡ in rougitly 5 litres in volume, facilitating demagneti-
zationof larger setsof samples.

Tite basiccomponentof tite MAVACS is tite ROCOMA magnetome-
ten, witich indicatesa true magneticvacuumwitit a typical deviationof
max. ±0.1 n’¡. Titis feature,uniqueamongmagnetometers,was acitie-
vedby meansof aspecialsensorutilizing a rotatingcoil (beingborneant!
itigit-speeddriven by compressedair), witicit alsoyields bidirectionalsen-
sorsensitivity ant! tite non-magnetiequality fundamentalfor titis appli-
cation. MAVACS is titus free of magneticpartsant! disturbingpitysical
fields, whicit facilitatestite furtiter extensionof its applicationsto mag-
netic metrology, geomagnetismand possibly SQUID magnetometry
applied to biomagnetism.
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