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ABSTRACT

Magneticsusceptibilityof rockscan bedominatedby diamagneticandparamagneticmatrix minerals,ferrimagneticand
antiferromagnetictraceminerals,or a combination.The interpretationof magneticfabric data (anisotropyof magnetic
susceptibility,AMS) hingeson the qualitativeandquantitativeanalysisof thesourcesof magneticsusceptibility.We discuss
two methodsthat quantify the contribution of the different groups to the AMS: (1) comparativemeasurementsof the
magneticsusceptibilityin low fields andhigh fields and(2) heatingcurvesfrom 77 K to roomtemperature(low temperature
magneticsusceptibility,LTMS). Method1 measuresparamagnetic,diamagnetic,andantiferromagneticsusceptibilitiesabove
the saturationmagnetizationof the ferrimagneticmineralsand method 2 interpretsheatingcurvesbasedon the fact that
only the paramagneticsusceptibilityis a functionof temperature(Curie—Weisslaw). Curieconstants,paramagneticCurie
temperatures,and phase transitions(Verwey at 118 K: magnetite;Morin at 263 K: hematite)are diagnosticfor specific
mineralsand provide further information aboutthe contributingmineralsof the sample.The relativecontribution of the
ferrimagneticand paramagneticmineralsto the total susceptibilitycan be estimatedfrom both methodswith the same
precision,if antiferromagneticand diamagneticcontributionsare insignificant. However, the LTMS method requiresonly
simple equipmentand procedures.The low temperaturemethod can be extendedto the three-dimensionalcaseto
decomposethe total susceptibility tensorinto its paramagneticand ferrimagnetic sub-tensors(low temperatureAMS,
LTAMS). L1’MS andLTAMS arepowerfuladditions to thegroupof magneticfabric methodsthat allow thequantification
of mineralpreferredorientationin naturalsamples.

1. Introduction and relationshipsbetweenthe two tensorswere
detenninedempirically (review by Borradaile,

After its introductionto the geosciences(Ising, 1991), in experiments(e.g. Borradaile and Pu-
1942; Graham, 1966), measurementsof the umala, 1989), and mathematically(Owens,1974;
anisotropyof magneticsusceptibility(AMS; e.g. Hrouda, 1980; Richter, 1992). Strong influences
reviews by Hrouda, 1982; Borradaile,1988) have of the rock composition on the AMS ellipsoid
beenusedto obtainpreferredmineralorientation (Owens and Bamford, 1976; Borradaile, 1987)
data in sedimentology,volcanology, and struc- and the fact that morefrequently paramagnetic
tural geology. The AMS ellipsoid hasbeenpro- mineralsand not, as it was previously thought,
posedto correlatewith the finite strainellipsoid the ferrimagnetic trace minerals dominate the

AMS of natural rocks (Rochette,1987; Housen
andvander Pluijm, 1990) led to a re-evaluation

* Correspondingauthor at: OceanDrilling Programand Dc- of the valueof themethod.It was concludedthat
partmentof GeologyandGeophysics,TexasA&M Univer- AMS measurementsare not interpretableif the
sity, 1000 DiscoveryDrive, CollegeStation,TX 77845,USA sourcesof magneticsusceptibility are unknown.
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AMS measuresthe degreeof preferredorienta- (Stephensonet al., 1986; Jacksonet al., 1988;
tion of the short andlong axesof the magnetites Jackson,1991).Methods3 and4 arebasedon the
in a ferrimagnetic-dominatedrock and the crys- specific behaviorof the magneticsusceptibilityin
tallographicpreferredorientation of mica basal different fields and temperaturesand yield a
planes in a mica-dominatedrock (Uyeda et a!., unique solution. Methods to resolve both high
1963). In manycasesboth groupscontributesig- field and low field anisotropyhave beendevel-
nificantly to the AMS andan interpretationof oped, but require specific rock magneticequip-
the data is only possible if the ferrimagneticor ment that is not available to most laboratories.
the paramagneticpart can be separatedfrom the Rochetteand Pillion (1988), for example,use a
total AMS tensor.Undertheseconditions,AMS rotating sample in a cryogenicmagnetometerat
is a powerful petrofabrictool,similar to a U-stage fields from 0to 4 TandParma(1988)andHrouda
or an X-ray texturegoniometerif the sourcesof andJelinek(1990)usea high field torquemeter.
magneticsusceptibility are known. Moreover, if In this paperwe discuss a low temperature
strainandmineralpreferredorientationrelation- method for bulk properties(experimentalproce-
ships correlatewell (March, 1932; Oertel, 1983; duresand data analysis) and further expandits
Richteret al., 1993),AtvIS providesa direct mea- application. Throughout we will refer to this
surementof finite strain, methodas low temperaturemagneticsusceptibil-

The useof AMS data as a method to deter- ity (LTMS), which needsonly simple equipment
mine mineralpreferredorientationsrequiresthe (thermocoupleandliquid nitrogen)in addition to
identificationof thesourcesof magneticsuscepti- a susceptibility meter.The LTMS will be corn-
bility andif morethanonemineralcontributesto paredwith resultsobtainedfrom the high field/
the magneticsusceptibilitythe quantificationand low field methodon a seriesof natural samples
separation of the different sub-tensors(fern- from differentstudies.Furtheron,wewill extend
magnetic, paramagnetic,and diamagneticsub- the low temperaturemethod to the threedimen-
tensors).Fourseparationmethodshavebeenpro- sional caseto demonstratehow to separatethe
posedto analyzebulk propertiesquantitatively: ferrimagneticfrom the paramagneticpart of the
(1) a numericalmethodthat usesdata reduction totalAMS tensor,i.e. howto obtainthe paramag-
(Henry and Daly, 1983; Henry, 1985), (2) the netic, and the ferrimagneticsub-tensors.We will
anisotropyof remanence(e.g.Jackson,1991), (3) refer to this method as low temperature
heatingcurvesof the susceptibilityfrom low tern- anisotropyof magneticsusceptibility(LTAMS).
peratures(typically 77 K) to room temperature The aim of our paperis to provide the basic
(Schultz-Krutischand Heller, 1985; Jover et al., theory and technologyfor the identification and
1989), (4) the comparisonbetweenhigh field and separation of ferrimagnetic and paramagnetic
low field susceptibilities(Rochetteand Pillion, fabrics, which is essentialfor any interpretation
1988; Hrouda and Jelinek, 1990). Method 1 of magneticsusceptibilitydatawith standardAMS
(Henry method)doesnot work on the specimen equipment.
scaleand is only valid underthe assumptionthat
variations in the magneticsusceptibility of the
site result from variationsin the amountof fern- 2. Identification of the sourcesof magnetic sus-
magnetic minerals. The second method, the ceptibility
anisotropy of remanence(anisotropy of anhys-
tereticremanenceor isothermalremanence)that 2.1. Lowfield andhigh field susceptibilities
can be acquiredonly by ferrimagneticminerals,
yields resultsthat arenot simplycomparablewith The magneticsusceptibility(k) is the dimen-
thoseobtainedfrom any othermethod.The rea- sionlessproportionality factorbetweenthe mag-
son is that the acquisitionof arernanentmagneti- nitude of induced magnetization (M) and the
zation is a function of physical parameterssuch applied magneticfield strength(H): M1= k~I-I~
as grain size, coercitive force, andapplied field (e.g. Hrouda, 1982; Nye, 1985), where k~is a
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second-ranksymmetric tensor.This relationship ~ o.i

The low field susceptibility(k0) is usuallyde- ~ JIS — 9.54E-3Am
2lk~is valid for low fieldsandhigh saturatingfields. —

terminedatfields in the orderof 0.1—0.5mT and E 0.5 Mc - 26.36mT a
measuresthe inducedmagnetizationof all miner- :~.. 64~ml

C
als (diamagnetic, paramagnetic, antiferromag- o ~

The applied field is so weak that it hasno ~MSnetic, andferrimagnetic)in the rock underinves- ~tigationk
0 = kpara + kdia + kantfferro+ kteri~i -0.5

0)effect on theremanentmagnetizationof the sam- -t ~ .5 -1.0 -0.5 0 0:5 1.0 1.5
pie.

Figure 1(a) showsthe inducedmagnetization Field strength[TJ
of a sample as a function of an applied field
(hysteresisloop) with up to 1 T field strength .—.o.~

0)(high field). In this example the ferrimagnetic ,~
.1. — 1.OQE.3Am

2lkgminerals havereachedtheir saturationmagneti- c~i02 Jm E4Am2lk9
Mc — ~0 ml

zation Msat at c. 0.2 T. At fields above Msat only ~ ~ — 56.07 ml
the paramagnetic,diamagnetic,and antiferro-

C
magneticminerals(matth minerals)respondto ~ o - - -

the externalfield. The inducedmagnetizationin
fields above Msat can be used to calculatethe
high field susceptibility 0)

tan(a)= kHF = kpara+ kdia + kafltjfe,_jo

where a is the slopeof the regressionline (Fig. ~ .5 -1.0 -0.5 0 0:5 1.0 1.5
1(a)). The differencebetweenthe low field and Field strength[T]
the high field susceptibilityof a sampleyields the

Fig. 1. High field susceptibilityis determinedin fields aboveferrimagneticsusceptibility the saturationmagnetization(M~~)of ferrimagneticminerals

kferrj = k
0 — kHF (kHF = M/H; mass susceptibilityin SI units). (a) The hys-

teresisloop of a magnetitebearingsample;the ferrimagnetic
A correctionfor the diamagneticminerals(not mineralsaresaturatedat0.2T. In higherfields only paramag-

the total diamagneticsusceptibility), like quartz, netic, diamagnetic,andantiferromagneticmineralsrespondto

feldspar,or calcite is possibleif their volume Vdja the applied field and their susceptibilitycan be determined

is estimatedand a constantvalue of — 14 x 106 from the slope a of the linear part of the loop. (b) The

(e.g. Nye, 1985; Hrouda, 1986; Borradaile,1987) hysteresisloop is a straight line if ferrimagneticmineralsareabsentor negligible;the low field andthehigh field measure-
is usedas the diamagneticvolume susceptibility. mentsare identicaland both measurethe susceptibilityof the

Thetotaldiamagneticsusceptibility,however,also matrixminerals.

containsthe diamagneticcontributionof all other
minerals(paramagneticandferrimagnetic),which ple). Hence,thereis virtually no contributionof a
is in the orderof —1 x iO~for most rockform- ferrimagneticphaseand the low field anisotropy
ing minerals. (AMS) measuresthe crystallographicpreferred

Figure 1(b) showsan exampleof the magneti- orientationof the matrix minerals.
zationbehaviorof a paramagneticschist in fields Low field measurementswerecarriedout on a
up to 1 T. The straight line demonstrates(1) that Sapphire InstrumentsSI-2 susceptibility meter
a ferrimagneticremanenceis absentand (2) that (applied field: 0.1 mT) and high field measure-
the susceptibility is the same in low and high mentson a vibrating samplemagnetometer(ap-
fields (kHF = k0 k0 = 1.91x iO~for this exam- plied field up to 1.5 T).
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2.2. Analysisoflow temperaturemagneticsuscepti- fereswith the susceptibilityreadings.Therefore,
bility (LTMS) wefirst cool the sampledown to 77 K (ca. 25 mm

fully emergedin a liquid nitrogenbath)andmea-
The low temperaturemethod investigatesthe sure the temperatureduring heating to room

temperaturedependenceof the magneticsuscep- temperatureas a function of time. A computer
tibility. The paramagneticsusceptibility(kpara) is utility automaticallyrecordsthe time at which a
a function of temperature(T) andis describedby readingis enteredand storesthe temperature—
the Curie—Weisslaw time T(t) data.This stepcan be fully automated.

k = C/( T — 9 The sampleis thencooledagainandthe suscepti-para ‘~ / bility is measuredas a function of time k(t). The
with C the Curie constantand 0 the paramag- T(t) and k(t) curvesare combined to a k(T)
netic Curie temperature.0 can vary from —20 to curve using a computerroutine.The time inter-
40 K for biotite (Bouchez et al., 1990) and is valsbetweenthe temperatureandthe susceptibil-
negligible for muscoviteand most chlorite bear- ity readingscan be independentlyselectedand
ing rocks. The Curie—Weisslaw is valid only for the sameT(t) curve can be used for different
paramagneticmaterials. Antiferromagnetic,dia- specimenswith the samelithology. Typical heat-
magnetic,andmostferrimagneticmineralshavea ing times are 15—30 mm dependingon sample
temperature independentsusceptibility in the size and rock composition. A better resolution
rangeusedhere(77—295K). Analysisof suscepti- and precision can be obtainedby slowing down
bility vs. temperaturethereforeallows us to iden- the heating processwith a styrofoam insulated
tify whetherthe sampleis entirely paramagnetic, sampleholder. Dependingon the insulation the
diamagnetic,or ferrimagnetic,or containsa mix- heating processtakes 2—3 times longer, which
ture of thesegroups.Two methodshave been allows the determinationof extremely well de-
proposed to measure the temperaturedepen- fined curves and accuratedetection of phase
denceof a sample:(1) heatingup to ca. 800°C transitions(seebelow).
(e.g. Zapletal,1990); and(2) cooling to low tem- The temperaturedistributioninsidea cylindri-
peratures(Rochetteand Vialon, 1984; Schultz- cal specimenwithout insulationshowsa gradient
KrutischandHeller, 1985).Heatingis destructive with lowest temperaturesin the core (Fig. 2).
and alters the sample (oxidation, dehydration, Initially, the surfaceheatsup fastest,but after
and other irreversible mineral transitions) and about3 mm surfaceeffects from condensingliq-
requiresa specially equipped furnace. Cooling, uids keepthe temperaturesat the rim down. The
on the otherhand, can be carriedout by emerg- temperaturedistribution is homogenousafter
ing the sampleinto a refrigeratedgas(e.g.nitro- about 20 mm. The best place to measurethe
genat77 K or heliumat4.2K) anddoesnot alter averagetemperatureof such a specimenis ap-
the sample.This requiresonly slight equipment proximatelyhalf-waybetweencoreandrim. Mea-
modification. surementsfrom the centerof the specimencan

havean up to 8 K lower readingthanthe average
2.3. Experimentalprocedures temperature,which, becausewe are dealingwith

the bulk magneticproperties,introducesa slight
We usea SI-2 (SapphireInstruments)suscep- error. The temperatureof insulatedspecimens

tibility meterin combinationwith athermocouple hasmore time to equilibrate,and hencehasa
(1 mm probe diameter; accuracy±1°, type K) smallergradientfrom the coreto the rim.
connectedto a hand-helddigital thermometerfor
temperaturecontrol.The sample(2.1 X 2.4stand- 2.4. LTMS results from paramagneticand fern-
ard cylinder) hasa 1 mm diameterhole for the magneticsamples
thermocouple.It is not possiblewith this setupto
measure the susceptibility—temperaturek(T) The LTMS data are representedin diagrams
curve directly, becausethe thermocoupleinter- that plot thenormalizedreciprocal(k0/k) or the
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reciprocalmagneticsusceptibility(1/k) vs. tern- 1 .2
perature.Both functions transform a paramag-
netic curve into a straight line. The normalized 1.0 I par~nmgneti

schist
plot is preferablefor representationandthe 1/k 08curve shows differencesin absolutevalues that

0
can be used to determineC and 9. Figure 3(a) ~
showsthe k0/k vs. T curveof a muscovite—chlo-
rite bearing schist. The regression line goes 0.4
through the origin of the graph and R

2 is very
close to 1. Hence,the sample obeysthe Curie— 0.2
Weiss law perfectly. The paramagneticCurie
temperature0 is zeroand ferrimagneticminerals ~0 5o ico 150 200 250 300
do not contributeto the susceptibility.AMS data Temperature[K]
from this specimencan be used to quantify the
crystallographic preferred orientation of the 8
paramagneticminerals (muscoviteand chlorite) ferrirnagnetic I
present.Figure 3(b) showsthe low temperature 6 separate
behaviorof amagnetiteseparate.The susceptibil-
ity jump around 118 K is causedby a lattice 0
transition(orthorhombicto cubic (Verwey) tran- .~

sition), which is a diagnostic criterion for the ,,/Verwey transition
presencesof magnetite.The susceptibilityabove 2
118 K shows no temperaturedependenceand b -

050 100 10 200 250 300

Temperature[K]
fin COle nm Fig. 3. Thenormalizedreciprocalof themagneticsusceptibil-

30C 100 ity is plotted as a function of temperature.(a) The k
0/k

curve of a mica-dominatedschist is a straight line with a

regressioncoefficientR
2 close to 1 and an interceptat zero.

250 The magneticsusceptibilityobeysthe Curie—Weisslaw per-
o .—~—-----._....~6~Os - - ~50 fectly; the paramagneticCurie temperatureis zero, ferrimag-

• netic influencesare not detectable.(b) The k
0 /k curve of

a-
separatedmagnetitemineralsshows the lattice transition at

~ 20o ——-..~.~Os — . - -- - - — - -. 118 K (Verwey transition)and no temperaturedependence
between120 K and273 K.

E ~—~~Os
a)

150 ~ iS - - -. - -. 150

remains constant until room temperature is
mc ~ ~ ~& ~ ~ ~& ~ 2)0 100 reached.Magnetite-dominatedrocksamplesshow

the samebehavior, and AMS in this casemea-
distance[mm] sures the shape anisotropy of magnetite. The

Fig. 2. Temperatureprofile througha standard-sizedcylinder temperaturedependenceof the susceptibilityof
(diameter:2.4 cm; length:2.2 cm) at different time intervals titanornagnetitesand superparamagneticmag-
during heatingfrom 77 K to room temperature.After 180 s netitesis, however,not negligible,which excludes
the condensationof waterinsulatesthe sampleand decreases
the temperaturegradient. Dashedlines are interpolations theseminerals from a simple low temperature
assumingsymmetry. analysis.
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25. Mixedferrimagneticandparamagneticbehav -________________________________
ior R21.0 04,~<p\~ ~V

In manysamplesparamagneticand ferrimag- -

neticmineralsboth contributeto the susceptibil- ~ 08 o.ga
ity, andheatingcurvesaretheresultof the super- ~ subtract
position of the paramagneticand ferrimagnetic x 0.4
effects. Figure 4 showsthe results of a model ____________

calculation that usesideal paramagnetic(9 = 0)
and ferrimagnetic(k(T) = constant)compounds. 0.2

each temperaturestepwere addedto obtain the 0 ~ for regressio4The paramagneticand ferrimagneticvalues at 0 50 100 150 200 250 300superimposedcurve. The ferrimagneticsuscepti- Temperature[K]
bility of the initial mixture is 90% of the total
susceptibility. From the initial mixture an as- 1.2
sumedferrimagneticsusceptibilityktem (given in I.. used I
percentof the total ferrimagneticsusceptibilityin 1.0 • ~i0t used 0
Fig. 4) was removed,and the (k

0 — kfC~t)/(k— ___________

kferri) curve plotted vs. temperature.The result- 08 for regressiol ~
ing curveshavea convexshapethat evolvesto a ~
straight line (regressioncoefficient R

2 reachesa
maximum), when the ferrimagneticcontribution 0.4
is entirely removed. In a natural sample kferrj 0.96

actually representsthe sum of kferri + kdia + 0.2 78% 0 - - 560 ibo
kantife~o,dependingon the rock composition. 00 subtractedk

50 100 150 200 250 300

_________________________ Temperature[K]1.2

Ideal ~errimacjnetIc Fig. 5. Magnetic susceptibility(k
0/k) as a function of tern-

sion lines are calculatedfor T greaterthan 120 K to exclude

0.8 • effectsfrom the Verwey transitionand from deviationsfrom
40% the Curie—Weiss law that occur at low temperatures.(a)1.0 peratureof paramagneticandferrimagneticmixtures.Regres-

0 6 00% Artificial sample:the upper curve is the heatingcurve with0. 0% ferrimagneticsusceptibilitysubtracted,the lower curve is

____ a straight line representingthe paramagneticcontributionto
0.4 • the initial curve.Inset shows the maximizationof the regres-

100,6 sion coefficient R
2 to determinetheparamagneticpart of the

0.2 ~ te~~gn&Jo~ curveand the temperatureindependentpart of the suscepti-
fromInitial mix àUTV bility (kterri + kdia + kantee~o);subtractedsusceptibility k in

00 50 100 1~ 200 250 SI volume units(x10—6). The temperatureindependentsus-
ceptibility is 55% of the total susceptibility.(b) Natural sam-

Temperature[K] pie with 78%ferrimagneticcontributionand no visible Ver-

Fig. 4. Numericalmodelof ideal paramagneticand ferrimag- wey transition. Compare the shapeof the curves with the
theoreticalcurves(Fig. 4).neticcurvesin a k

0/k vs. T plot. Both curveswereaddedto
an initial mixture that hasa ratio of 90: 10 ferrimagneticto
paramagneticcontributionto the total susceptibility.The fer-
rimagneticcontributionwasstepwiseremovedfrom theinitial Figures 5(a) and 5(b) show the low tempera-
curve;numbersin [%] are removedpercentof ferrimagnetic ture analysisof two samplesconsistingof apara-
contribution.The resulting curveshave a convex shapethat
evolvesinto a straightline, astheferrimagneticcontributionis magneticanda ferrimagneticpart.The paramag-
removed. netic susceptibility is determinedby subtracting
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anassumedferrimagneticsusceptibilityktern from dure.A bulk estimatefor the diamagneticsuscep-
eachdata point; ktem is continuouslyincreased, tibility if the volume of diamagneticminerals
until theregressioncoefficient R2 reachesa max- (k = —14 x 10—6) is known and a meanvalue of
imum. The insetsof Figs.5(a) and5(b) showhow k = —1 X iO~for the diamagneticcontribution
R2 increasesas the convex curves are trans- of the paramagneticmineralsis usedcan be sub-
formed into a straightentirely paramagneticline tractedfrom the ferrimagneticsusceptibility.
and rapidly decreasesas the curvesbecomecon-
cave.Thebestfit line is definedas 2.6. ComparisonofLTMSandhighfield/low field

k’(T) = T/C — 0/C methods

Comparisonwith the generalequationfor a The high field/low field method and the
line LTMS methodboth quantifythe sourcesof mag-

— b netic susceptibility. The fundamentaldifferenceY — mx + is that the high field method separates(kdia +

where (m) is the slope and (b) the intercept, kpara+ kantiferro) 1~mmkfern and that the LTMS
rapidly yields the Curie constant C (C = m~) method separates(kferri + kdia + kantjferro) from
and the paramagneticCurie temperature0 (0 = kpara. Thus the resultsfrom both methods are
—b/rn) of the sample.The samplein Fig. 5(a) is only comparableif kdia and kantiterro are negligi-
an artificial biotite—magnetitemixture andshows ble, i.e. in rocks that are not dominatedby dia-
the Verwey transitionwhich is excludedfrom our magneticminerals(quartz,feldspar,or calcite)or
regressionanalysis.Thenegativeinterceptof the antiferromagneticminerals(hematiteor goethite).
best-fit line yields a paramagneticCurie tempera- Only the combination of both methods yields
ture of 0 = 19.6 K. Figure 5(b)showsthe heating unique solutions for kpara, kferri, and kdja +

curveof a naturalmagnetite-bearingschistwith- kantiferro in thegeneralcase.However, in practice
out avisible Verwey transition.The ferrirnagnetic the kdia and kantiferro areoften negligible,or kdja
susceptibilityin this exampleis 78% of the room can be estimated.We havecomparedresultsob-
temperaturesusceptibility.The convexshapeof
the initial curve is straightenedout as R2 in-
creasesfrom 0.9536 to its maximum value at ioo
0.9931.We havedevelopeda computerprogram ~
that iteratively straightensout the heatingcurve 60 ~1
until R2 reachesa maximum and calculatesC
and 0 from the best-fit regressionline.

We cautionthat a quantificationof thecontri- 60

bution to the magneticsusceptibilityof the van-
ous mineralswith the low temperaturemethod I— 40
can only be obtainedfor multidomain magnetite, ~ /
not for titanomagnetitesor superparamagnetic
magnetitesbecausetheir susceptibilityis not tern- •/ —

peratureindependent.Hematite bearing rocks —

can only be qualitativelyanalyzed.The important ci
assumptionthat the temperaturedependenceof 0 20 40 60 80 100
the ferrimagneticsusceptibilityis negligible can high4leld/Iow4ieldE%1
be examinedon a magneticseparate(e.g. Fig. Fig. 6. Comparisonof the ferrimagneticsusceptibilitydeter-
3(b)). If the temperaturedependenceof the mag- mined independentlyfrom the low temperaturemethod and

netite susceptibilityis not negligible,k must from the high field-low field method.Both methodsyield the
err, sameestimatebecauseof negligible influencesfrom diamag-be determined as a function of temperature netic and antiferromagneticminerals; regressioncoefficient

kiern(T) andaccountedfor in the iterationproce- R2= 0.993.
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tamedfrom both methods(Fig. 6) usinga variety terminesthe susceptibility tensorat 77 K (e.g.
of samplesfrom different localities(slates,phyl- Ihmlé et al., 1989). This approachis not a true
lites, and mica schists from the Central and separationmethodandonly usesthe fact thatthe
SouthernAlps and mudstonesfrom ODP hole paramagneticbulk susceptibility is strongly en-
808C)that havenegligible diamagneticand anti- hancedat low temperatures.The Curie—Weiss
ferromagneticcontributions.The graph (Fig. 6) law (assumingthat 0 = 0) showsthat the para-
showsa one-to-onecorrelationwith a regression magneticsusceptibility will be enhancedby a
coefficient close to 1 (R2= 0.993). The slope of factor of factor3.8 if the temperatureis lowered
the regressionline is close to 1 (0.977) and the from 290 to 77 K
interceptis close to zero (0.1). The slight devia- (C/77)/(C/290) = 3.8

tion betweenthe two methodsmayarisefrom: (1)
the physical properties were not determined However,the LTAMS of a paramagneticmm-
strictly in the samedirection, (2) not always the eral is not necessarilythe same as the AMS at
samespecimensfrom one samplewereused,(3)
high field andlow field—field susceptibilitieswere ____________________________________
measuredon different instruments,(4) the low 0.5
temperaturemethod assumesthat the ferrimag- ~ ~ooi

~ e p~’aIlel(OOlJI
and (5) diamagneticand antiferromagneticcon-netic mineralshaveno temperaturedependence 0.4 • p~q~wJ
tributionswereneglected.Thesensitivityanddrift ~ o.~
of the equipmentis not a significant quality fac- 0
tor, becausethe high field method takesabout
300 readingsduring the hysteresisloop and the .,.. 0.2
low temperaturemethod,dependingon the tern- ‘ .‘ (001J 5.3

surements,which balancesout most nonsystem- / - fi00J 5.61 ~.8peratureinterval used,is basedon 100—140mea- 0.1 a (010J 5.55 61.7
atic instrumentalerrors. The comparisonshows

50 100 150 200 250 300
that the correlationbetweenthe two methodsis Temperature[K]
very good and that the low temperaturemethod
is equally effective in separatingferrimagnetic
andparamagneticcomponents. ~ 1.4 b ..~ bIøtit~at •

I m 295K I
3. Decomposing the magnetic susceptibility ten- E12 ~ * 77K

.~

sor

1~l*. • • 4.1
1 1.2 1.4 1.6 1.8 2Quantification of the sourcesof magneticsus-

ceptibility providesan estimateof the contribu- kirit
1kmin

tion of the paramagnetic(LTMS) and ferrimag- Fig. 7. (a) Low temperaturesusceptibilitycurvesin different

netic (high field) minerals to the bulk magnetic crystallographicorientationsof a singlebiotite mineral.Prop-
susceptibility. This is the fundamentalbasis for ertiesparallel[100] and[010] overlap;theparamagneticCurie

temperature0 differs significantly betweenthe basalplane
the interpretation of samples that have been andcrystallographicc axis.Deviation from the Curie—Weiss
identified as dominatedby ferrimagneticor para- behavioroccursat temperaturesbelow110 K. Values for the

magneticminerals.If both groupscontributesig- Curie constant are >( 102. (b) Comparisonof the room

nificantly, a separationof the paramagneticand temperatureAMS andtheLTAMS of singlebiotite minerals.
Causedby the anisotropyof 0 anddeviationfrom theCurie—the ferrimagneticpart of the magneticsuscepti- Weiss law at low temperatures,AMS is not temperature

bility tensoris necessaryfor a quantitativeinter- independent.The 77 K measurementshave an enhanced
pretation.Low temperatureAMS (LTAMS) de- anisotropyand anup to 4 timeshigherbulk susceptibility.
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room temperature.The Curie—Weisslaw demon- the measurementsno longer obey the Curie—
strates that the paramagneticanisotropy is tern- Weisslaw (Fig. 7(a)), whichis probablyaresultof
peratureindependentonly if 0 is not a function ordering effects causedby the reducedatomic
of the crystallographicorientation. Our LTMS motion closeto the paramagneticCurie tempera-
curvesof a single biotite crystal (Fig. 7(a))paral- ture (57—62 K) or by superparamagneticbehav-
lel to the crystallographicaxes([001], [010],[100]) ior. The magneticanisotropy of single biotite
show that C and 0 are directional dependent. minerals measuredat room temperatureand at
Within the biotite basal plane the values are 77 K is shown in Fig. 7(b) in a Flinn-type dia-
almost identical (C = 5.55—5.61K; 0 = 58—62 K) gram. The change in the degreeof anisotropy
but differ drastically from c axis parallel data (km~,,/kmin,with km~,,,~ k~~ kmin as the princi-
(C = 5.37 K 0 = 2.1 K). Ferrimagneticinclusions, pal susceptibilities)is a result of the directional
which are likely to occur in biotite crystals, ap- dependenceof 0. The kmax/kjnt ratio (C and 0
pearto haveno effecton the magneticsuscepti- for [100] and [010] are almost identical) stays
bility of this crystal.At temperaturesbelow 110K almostconstantwith decreasingtemperaturesbut

a______

~.0i__~~!7~ j ~ ~ j 57j ¶~7P~

100 200 300 - 100 200 300 100 200 300 100 200 300 100 200 300 - iào 200 - 300

b Temperature [K]
paramagnetic contribution

13.8% 16.1% 22.0% 28.4% 24.4% 29.0%

~\ /~
C ferrimagnetic ~ -::~~~ fparamagnetic

(dia-, antiferro) ~ subtensor
subtensor

Fig. 8. Principleof the separationof the ferrimagneticand paramagneticsub-tensorsfrom the total AMS tensorusing LTMS
curves.(a) Six specimenorientationsareusedto definethe susceptibilitytensor.Arrowsdefinecoordinatesystemanddirectionof
applied field. (b) The relativeamountof paramagneticand ferrimagneticsusceptibilitiesis determinedin six orientationsfrom
heatingcurves.Theuppercurve is theoriginalheatingcurveand thelower curvethe paramagneticremnant.(c) The ferrimagnetic
susceptibilitiesare combined to the ferrimagnetic sub-tensorand the six paramagneticsusceptibilitiesto the paramagnetic
sub-tensor,which yield the magnitudesandprincipal directionsof theferrimagneticand theparamagneticsusceptibilityellipsoid.
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