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TheTheilier method for paleointensitydeterminationshasbeenappliedto preparedsamplescontaining
magnetiteswhosemeanparticlesizesrangefrom singledomain,SD, to multidomain,MD. Linear(ideal)
PNRM—PTRMcurvesareobtainedfor samplescontainingSD andsubmicronmagnetiteparticles.However,
for MD particlesnon-linear(concave-up)PNRM—PTRMcurvesareobservedsuchthat alinear approximation
to thelower blocking-temperaturedataleadsto apparentpaleointensitiesthat arehigher thantheactualpaleo-
field;however,theratio of the end-points,NRM/TRM, yields thecorrect (laboratory)intensity.The non-
linear (concave-up)PNRM—PTRMcurvesfor the MD particlesareexplainedin termsof thelack of symmetry
of thedomain-wallmovementsduringthe two heatingsof theThellier experiment.Low stabilitieswith respect
to alternatingfields andwith respectto temperaturecyclesbelowmagnetite’sisotropic temperaturearediag-
nostic in detectingsamplesmostlikely to exhibit non-linearitiesdueto the MD effect.

I. Introduction whereJ~is the TRM producedin the laboratoryin a

field of strengthhL; J~is the measuredNRM, andh
It is usuallymuch more difficult to obtain a reliable is the unknownfield intensity.

estimateof the intensityof the earth’smagneticfield Physicalandchemicalchangesare knownto occur
from a certain rockor other remanence-bearingartifact subsequentto the acquisitionof the primaryTRM,
thanit is to obtainthe directionof that field, which mayaffect the intensityof the remanence,
Folgheraiter(1899)suggestedthe possibilityof obtain- sometimesevenin caseswherethe remanencedirec-
ing paleointensitiesfrom thermoremanentmagnetiza- tionremainsunaltered.The probability that sucha
tion, TRM, of bakedclaysby comparingtheir original changehasoccurredduring a rock’shistory increases
or naturalremanence,NRM, which is assumedto be a with the rock’s age,makingreliablepaleointensity
pureTRM, with a laboratoryTRM, obtainedby heat- determinationsfrom older rocksverydifficult.
ing the sampleaboveits highestCurie temperature, In addition,it was recognizedearly(Folgheraiter,
Tc,andcooling it in theknown laboratoryfield. Both 1899)thatone of the majorsourcesof errorin ob-
the NRM and thelaboratoryTRM are assumedto be tamingpaleointensitiesis causedby chemicaland
linearly proportionalto the externalfield. A paleo- physicalalterationsof the samplewhenit is heatedin
intensityestimatecanthenbeobtainedfrom the equa- the laboratory.Indeed,Folgheraiterwasdiscouraged
tion: from intensitystudiesbecauserepeatedTRM’s were

I IhI not self-consistent.Therateand extentof mineralogi-
—~- = — (1) cal andchemicalreactionsincreaserapidly with tem-
1.151 11L1 perature,andthey may irreversiblyaffectthe chemi-

* Currentlyat the Departmentof GeologyandGeophysics, cal andphysicalpropertiesof the magneticminerals
Universityof Minnesota,Minneapolis,Minn. 55455,U.S.A. andthus alter their TRM capacityandblocking tem-
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peratures.Often,however,mostof the physicaland smallergrains.Theseresultsshowthat stablerema-
chemicalchangesoccur uponthe first heatingto nenceresidesin particleslarger than SD; that is, in
aboveT~,suchthat internalconsistencyof subsequent pseudosingle-domain,PSD,and multidomain,MD, par-
TRM’s might crownthe result of thefirst laboratory tides.(PSDrefersto particleswhosesizesand magnetic
TRM with falseconfidence.Forthesereasonsit is propertiesareintermediatebetweenthoseof “truly”
imperativethat any reliablemethodfor paleointensity SD and “truly” MD particles.)
determinationshavesomesort of consistencychecks It is often difficult to analyzea rockto determine
to detectthepresenceanddevelopmentof unwanted the particularreasonfor thefailure of a paleointensity
effects! determination,largely becauserockstypically contain

Since1899,severalmethodsfor paleointensity magneticmineralsthat vary widely in their shapes,
determinationshavebeenproposed(Thellier, 1938; sizes,and sometimescompositions.This researchwas
Thellier andThellier, 1959;Wilson, 1961;VanZijl et conductedin what appearsto be the first well-con-
al., 1962;Carmichael,1967;Shaw,1974).In principle, trolled experimentwheremagneticmineralsof known
all thesemethodsaresimilar in so far as theycompare compositions,sizesandshapeshavebeengiven a pure
the NRM with alaboratoryinducedTRM, usingspe- TRM in aknown field and thensubjectedto a paleo-
cific bracketedsegmentsof partial-NRMandpartial- intensitymethodto determinewhetheror not a reli-
TRM to arrive at anestimatefor the paleointensity. ableestimateof theknown field intensity canbe ex-
Eachmethodhascertainchecksto assesswhetherthe tractedfrom thatmineral. Magnetite(Fe304)was
NRM is a pureTRM andwhetherthe laboratoryheat- chosenfor this studyfor reasonsof experimentalcon-
ing(s)alter(s)the sample’smagneticbehaviour.Coe venienceandbecausemagnetitecommonlyoccursin
andGrommé(1973)comparedthreeof themore com- continentalrocks. Eachsamplewas preparedto con-
mon paleointensitymethodsin their study of historic tam a narrow distribution of particlesizesandshapes,
lavasthateruptedin known fields,and they find that varyingfrom SDto PSDto MD. The purposeof the
theThellier methodyields themost reliableresults. study is to isolate theeffects of particlesize and do-
Therefore,this paperis limited to studyingtheThel- main stateon theThellier methodfor paleointensity
lier method for paleointensitydeterminations, determinations.

The remanenceof many continentaligneousrocks
residesin titanomagnetiteswith relativelylow Ti con-
tent.Forstoichiometricmagnetitetheuppersizelimit 2. The Thellier method
for single-domain,SD, particlesis usuallyconsidered
to be lessthan0.1 pm(seereviewby Evans,1972; The Thelliermethodfor paleointensitydetermina-
Butler and Banerjee,1975).However,magneticparti- tions(Thellier andThellier, 1959;Coe, l967a,b)
deslargerthan 1 pmare commonin volcanicrocks consistsof a sequenceof pairedheatingsto a given
andtheir fraction increasesmarkedlyin intrusive rocks, temperatureT1 <Ta. The two heatingsare usedto
In addition,stableremanence,comparableto thatof determine:(1) the partial-NRM(PNRM ~ that
manyigneousrocks,hasbeenobservedin naturaland would be lost upon heatingfrom roomtemperature,
syntheticmagnetiteparticleslarger than the SDlimit TR, to T1 in zerofield; and(2) the partial-TRM
and alsoin particleslarger than 1 pm(Roquet,1954; (PTRM ~.J5)that would be acquiredby cooling the
Morrish andYu, 1955;Rimbert,1959;Parry,1965; samplein a knownfield, hL, from T1 to TR. Ideal be-
Dunlop, 1973;Levi, 1974).The electron-microscope haviourin theThelliersenseis definedsuchthat:
studiesof Evansand Wayman(1970)suggestthatthe
unusuallystableremanenceof theModipe gabbrois làJ0(T2,T1,h)l hI
carriedby magnetiteparticleswhoseparticle-sizedis- I~J5(T2T1 ,hL)I = (2)
tributionpeaksnear0.25pm. In addition,Soffel (1971)
observeddomain walls in titanomagnetiteparticlesof is obeyedfor anytemperatureinterval T2,T1. The
composition(Fe2TiO4)0~ ‘ (Fe304)0~ with diam- notation~J(T2,T1,h) refersto the magnetization
etersassmall as1.3 pm,suggestingthat for Ti-free acquiredduring cooling from T2 to T1 in a constant
magnetitedomainwalls canexistin substantially magneticfield, h. Thesubscriptsn andt respectively
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refer to NRM and TRM. In the Thellier methodthe ~ curves;in addition, stability criteria are
temperatureof the pairedheatingsis progressivelyin- establishedto help identify sampleswhich are most
creasedfrom TR until all blocking temperaturesare likely to exhibit non-linear ~.J0—~J5curves.
exceeded,generatinga dataset [i~.,Jn(T), z~J5(fllfor
the different temperaturesteps.Eachpoint givesan
independentdeterminationof Ih 1/ IhLI, providingthe 3. Descriptionof the magnetitepowders
necessaryself-consistencycheck.It is convenientto
representthedatagraphicallyby plotting z~J~vs. In order to obtain thebroadestspectrumof parti-
for the different temperatures[Arai (1963) in Coe cle-sizedistributions,bothnaturaland synthetic
(1967b);seealso Figs. I and 21. Thedataof an ideally magnetiteswere used.The physicaldescriptionsand
behavingsamplewill form a line whoseslopeis IhI/IhLI Tc valuesof themagnetitepowdersand the TRM
from which the paleointensitycanbe directly deter- propertiesof thecorrespondingsamplesare summa-
mined.The following assumptionsare implied by the rized in TableI. The samplesand powdersare num-
Thellier method: beredasin Levi (1974).

(1) PTRM’s acquiredin differenttemperature High-purity naturalmagnetitecrystalswhosesatura-
intervalsareindependentandadditive. tion magnetization,Js(T1~),is 93 ±1 e.m.u./gand

(2) J,-~is a TRM with negligiblesecondarycompo- whoseCurie point, Tc, is 580°C weredry ground
nentsof magnetization. andsievedto obtain different size fractions(powders

(3) Both ~n and f~are in the regionwheretheTRM 2—4). Grinding and ball-milling were donein re-
is linearlydependenton theexternalfield. peatedshort intervalsto avoid heatingwhich might

(4) J~and ft areindependentof cooling rates, causeoxidation.The X-ray diffraction patternof one
(5) The sample-demagnetizingfield due to its sur- of the groundpowdersexhibitedonly spinellines

roundings(e.g., theremainderof the lava flow) hasa associatedwith magnetite,yielding a cubic cell edge
negligibleeffect on the acquisitionof the primary TRM. of 8.39±0.01 A.

(6) Heatingin the laboratory causesno physicalor Syntheticmagnetitepowdersweregenerouslysup-
chemicalchangesof the samplethat alterin anyway plied by severalsources.Powder11 (TodaIndustries,
its TRIVI properties. Japan)is a syntheticmagnetitepowderwhoseparticles

Deviationsfrom linearity of the ~J~—/.~J5curves arehighly acicular(rod-shaped)with a meanaxial
areusuallyattributedto thefailure of one or more of ratio of 8 : 1. The expectationthat powder11 con-
the aboveassumptions.Effectson the shapesof tainsSDparticlesis supportedby its bulk coercivity.

~Jn—i~J5 plots causedby the violation of someof J~J~= 438 ±3 Oe and by its ratio of saturationrema-
theaboveassumptionshavebeendiscussedin detail nenceto saturationmagnetization,JRs/Js= 0.44±
by Coe (1967b,1973). 0.01.This compareswell with thetheoreticalvalue,

Experimentally, it is knownthat only a small frac- JRSIJS= 0.50,for an assemblageof randomlyoriented,
tion of paleointensityexperimentsyields reliablere- magneticallyuniaxial SDparticles.Samples5—9 con-
sults.(It hasbeensaid that only rockswhich acquire tam equidimensional,syntheticmagnetitepowders,
remanencein known magneticfields yield reliable havingHc valuesnear100 OeandJRSIJSvaluesof
paleointensities!)Since the Thelliermethodis so about0.11. Sample5 containsmagnetitepowdersup-
time-consumingandbecauseof therelatively few plied by PfizerCo. (BK-S 099);samples6 and 7 con-
samplesyeilding linear

1n’~1t curvesover their tam identical magnetitepowdersuppliedby the
entirespectrumof blocking temperatures,it is impor- Columbian CarbonCo.; samples8 and 9 contain iden-

tant to understandthe causesfor non-ideal(non- tical magnetitepowderpreparedafter a recipeby
linear) ~Jn—z~.Jt curvesand the effectsof suchnon- Elmore (1938).
idealbehaviouron paleointensitydeterminations.It Electronmicrographswere usedto determinethe
would alsobehelpful to establishcriteria that would particleshapesand sizedistributions.Dependingon
help maximizethesuccessof paleointensitydeter- the particularpowder,between64 and 249 particles

minations.In this paperit will be shown that the pres- were countedto arrive at the medianvalues.Theon-
enceof MD particlesof magnetitecausesnon-linear ginsandshapesof themagnetiteparticlesand their



248

,-~

Z ii ~ — ~ ~~o~o’n ~
cc c’~c~c~o ~

— ~ ~V~O ~fl.-~N ‘~00rl ~t)V)C~ ~0-”fl ~c~.Or—c~r~lc~c’00r~1 ~nr~ r-~ c’N’0 cc’,c~‘i~. ‘i~. ~ cc cc c~c~c~ q~c~
0 ~ ~CO ~ CCC CCC CC

2 2 2 29 ~9 9
+1 +1 +1 +1 +~ +1 +1 +1 +1

~‘L) ~ ~ ~‘ N 00 C 00 C~
C C C — —

~ ~. ~. ~. ~. ,,, ,, ~, ~, ~

9 00 i”) f) C ~) C

— — r.’)
+1 +1 +1 +1 +1 +1 +1 +~ +1

e.I
0) 00 00 C N ~‘ © ~i ~

N 00 c~ ~ N
— ~ ,.-~

C

N ‘fl
r~I ,.~ N 00 N Cfl

~III r~ c ~ c

C C — — C cfl

.11 C
n. °©,~
E — C C C C ‘fl

00 00 00 N N c~
~j, ~t__ ~ ~7’~ ‘t) ~f) ~l~)

0)

s— ~—~---

0

0~ —
Ro C C

~ .~ — +1 -H +1 ‘~ q
~ C0) 0 C~ ‘fl . “1 x

N~ “)© m
~ ,v~ ~r’i ~d ~o

‘~ ‘~6 uV uV uV uV IV uV0) ~3 I’~’~ I’0)’0) I’~’0) j’~’0) I’~’~ I’0)’0) ~00C

F
0) .- ~ ~ ~

.0) -‘0) ‘0)
0) 0) 0) 0 0),~ 0,0 0,0

~ ‘~ a- a- 00 00) 000) 000)
0) a-~ 000 ,~.0 ~o ~‘ ~©

~ ~ “ “ ‘~1..ir~’2 ~ a2 ,~2 .~ ‘~ —
~ •~• ~ ‘~~h~ ~

~ ~‘0) ~ ~ 0)’~.0) 0)a~,0) ~ ~ .~E0
~ 0)0.,., ~,02 ~ ~

— 00)

0)0)

I I IL ~ 00 0\ ~ — —



249

medianandmaximumdiametersarelisted,respec- moldedinto cylindersabout 24 mm in diameterwhose
tively, in columns2 and 3 of Table I. height is about22 mm. Samplevolume is usually

Synthetic magnetiteswhich are preparedby precipi- between9 and 10 cm3,and thesamplesweighbetween
tation from an aqueoussolutionare usuallypartly 15 and 19 g. The sampleswere slowly heatedto 650°C
oxidized(Gallagheret al., 1968).In addition,the for 6 h in a slightly reducingenvironment(identical
grindingof thenatural magnetiteintroducesstrains to themethoddescribedin Section3) to stabilizethe
into the magneticparticleswhich substantiallyinflu- chemicalandmagneticpropertiesof the samples.The
encetheir magneticproperties.Forthesereasonsand sampleswere given repeatedTRM’s, usingan identical
becausethe Thellier methoddealswith magneticbe- heatingprocedure,until the TRM’s were reproducible
haviourat elevatedtemperatures,thedataof TableI to within 2—3%. All samplesspentat least20 h above
and thebulk magneticpropertiesdiscussedabove 600°Cprior to the Thellierexperimentsof this study.
wereobtainedafterheatingthe magnetitepowders Someof thesamples’pertinentTRM parameters
to 650°Cfor 6 h in a slightly reducingenvironment, arelistedin the lastfour columnsof Table I. Column
usingcarbonanda residualN

2 atmosphereat pres- 5 lists the samples’TRM (1 Gauss= 1 e.m.u./cm
3)

suresof about 10_i torr. No higher temperatures acquiredin a laboratoryfield of 0.46Oe. Thesemag-
were attainedin the subsequentexperiments.This netizationvaluesare typical of the naturalremanence
heattreatmentreducedthe syntheticpowdersto of manyigneousrocks.Thelargedifferencein the
stoichiometricmagnetite(from X-ray diffraction) and TRM’s of samples6 and 7 is due to approximatelyan
stabilizedthepowders’ magneticpropertiesthrough orderof magnitudedifferencein theconcentrationof
annealingandgraingrowth(fromhysteresisparam- their magnetiteparticles.Differencesin the TRM’s of
eters).It is interestingto notethat heatingto 650°C othersamplesaredueto bothdifferencesin thecon-
causedno significant graingrowth for particleswhose centrationaswell as to intrinsicdifferencesin themag-
unheateddiametersare greaterthan0.2pm (Levi, netites.Column 6 lists thesamples’mediandemagne-
1974). tizing field, MDF ~H

112:thatpeakalternatingfield
High-field magnetizationvs. temperature,J—T, requiredto reducethesamplemagnetizationto half

curveswere donefor the heatedpowders;theseheat- its initial value. Excludingsample11, thereis a max-
ings werealso carriedout in a similar reducingen- imum in theMDF dataoccurringnearsample4, whose
vironmentasdescribedabove.The curvesof all the meanparticlediameteris about0.31 pm;sampleswith
magnetitepowdersare reversiblewithin 5%, eachex- smallerequidimensionalparticleshavelesserMDF
hibiting a singleCurie point, listed in column4 of values.The uncertaintiesassociatedwith the MDF
Table I. valuesare deviationsfrom themeanof two indepen-

dent determinations.Column7 lists thesamples’
meanblocking temperatures,T112: that temperature

4. Samplepreparationand magneticproperties to which thesamplemustbeheatedin zero field to
demagnetizehalf its remanence.The remanenceis

Samplesfor the Thellier experimentswerepre- alwaysmeasuredat roomtemperature.Column 8
paredby dilutely dispersinga particularmagnetite gives thesamples’TRM-decayaftercooling cyclesto
powderin a matrix of high-purityalumina(Alcoa’s liquid N2 temperatureandreheatingto TR in zero
A-l 6) andcalcium-aluminatecement(Alcoa’s CA-25). field. Temperaturecyclesto belowthe isotropic point,
This matrix hasexcellenthigh-temperaturecharacter- which for stoichiometricmagnetiteis near130°K
isticsandis non-magneticfor thepurposesof the pres- (Bickford et al., 1956;Syono andIshikawa,1963),
entstudy (Levi, 1974).The magnetitepowdercon- werefirst studiedby Ozimaet al. (1964).Subsequent
centrationis of the orderof 1%by weight,the maxi- studiesby Kobayashiet al. (1965)andMerril (1970)
mumconcentrationbeingless than4% for sample3 haveshownthat the relative low-temperaturedecay
(duetoits low J~~/Jsvalue).The samplemixtures of themagnetizationdecreaseswith decreasinggrain
weresievedthrougha 250-pmsieveto breakdown size andis essentiallyabsentfor SD particles. It is
clumpsof the matrix andof themagnetitepowderand now known that suchlow-temperaturecycling re-
improvesamplehomogeneity.Thesampleswere ducesthe remanencein MD particleswhoserema-
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nenceis primarily controlledby magnetocrystalline a few percentmight be significant.
anisotropy.The dataof column 8 is consistentwith Modified Thellierexperimentswere executedfol-
thesefindings, showingthat the low-temperature lowing Coe(l967a,b)andCoeandGrommé(1973):
decaydecreaseswith grain sizefrom MD to SD parti- (a) The NRM is measuredat TR.
des.Thedatafor eachsamplerepresentthe fraction (b) Thesampleis heatedto T1 > TR and cooled
of TRM remainingaftereachof threesuccessivelow- backto Tp, in zero field; the magnetizationis mea-
temperaturecycles.Becausethetotal remanencein suredat TRto obtain the PNRM lost betweenTR and
magnetitedecreasesfurther with eachlow-tempera- T1.
ture cycle,threelow-temperaturecycleswere usedto (c) The sampleis reheatedto T1 > TRandcooled
obtainthesedata.However,theamountof remanence backto TR in hL. Thefield hL is continuouslypresent
lost in an individualcycle usuallydecreaseswith each throughouttheentireheatingand coolingcycle.The
successivecycle suchthat it is notparticularly useful magnetizationis measuredat TRto obtainthe PTRM
to do more thanaboutthreesuchcycles.It is inter- acquiredbetweenT1 andTR.
estingto note that thepatternof magnetizationdecay Steps(b) and(c) arerepeatedat successivelyhigher
after low-temperaturecyclesis theone magneticprop- temperaturesuntil all theblocking temperaturesare
erty whichmostclosely resemblesthe patternof the exceeded.Thetemperatureis maintainedat the partic-
samples’meanparticlesizes. ular elevatedtemperatureto allow thermalequilibrium

to be established.Dependingon the temperature,the
time at ~‘1 variesfrom 30 to 75 mm. Thelaboratory

5. Experimentsandresults field,hL, in theseexperimentsis knownto betterthan
±0.5%and is reproducibleto within ±0.5%.The field

In this studyof the Thellier method,the sam- duringstep(b) is nulled to within ±507 in theregion
ple remanencesare alwayslaboratory TRM’s (total of the experiment.The absolutetemperatureis known
or partial TRM’s) acquiredin a constantfield of to ±10°C,and the reproducibilityof the temperature
0.460Oe. Therefore,assumptions(2)—(5) of the during a particularstepof the pairedheatingsis deter-
Thelliermethod(seep. 247),are immediatelysatis- minedby an automatictemperaturecontrollerand is
fled. To satisfy assumption(6),to minimize irrevers- thoughtto be betterthan±3°C.The main difficulty
ible changesof thesamples’TRM properties,thesam- encounteredin reproducingthetemperatureis in re-
ples’ magneticand chemicalpropertieswere first producingthesamples’positionsin theoven.
stabilizedby heatingto 650°C in aslightly reducing Thedatais representedin Figs. 1 and2. The mag-
chemicalenvironment,asdescribedpreviously,andan netizationis always normalizedwith respectto the
identicalprocedurewas followed for all subsequent NRM (laboratoryTRM). The remanencesare always
heatingsof the Thellier experiments.In addition,Levi alongtheaxesof thesamplecylinders.The numbers
(in press,1976)hasshownexperimentallythat the ad- associatedwith the (PNRM, PTRM) pointscorrespond
ditivity of PTRIVI’s in smallexternalfields,h <0.5 Oe, to thetemperaturestepsin °C.Thelines are drawnto
is obeyedto thesamedegreeby thesesamplesregardless connectthe initial and final points.Theinitial point is
of their magnetiteparticlesizes,satisfyingassumption definedas (1 .000,0.000),and thesmalldeviationsof
(1). Thusthepresentexperimentsare designedto test thefinal pointsfrom (0.00,1.00)are attributedto
theeffect of the magnetiteparticlesizeon theThellier smallchangesin the samples’TRM uponheating.The
method. lines represent“ideal” behaviourin the Thelliersense.

In actualpaleointensitydeterminationmanyparam- The pointsof the~ plots for samples
eterswhich may affectthe resultsareeitherpoorly 2—4 (Fig. 1) systematicallysagbelowthe “ideal” line,
knownor notknown at all, suchthat accuraciesof andthe sag(curvature)decreasesfrom sample2 to
betterthan 10%arerarely expectedor claimed— sample4. A linearapproximationto the lowertem-
unless,of course,one is dealingwith a samplewhich peraturepointsof samples2 and3 resultsin apparent
acquiredremanencein a known field. In the present paleointensitieswhich aresystematicallyhighby as
experiments,however,most of the sampleandfield muchas 35%,dependingon theparticularnumberof
parametersare known suchthat deviationsof even pointsusedto definethe line (TableII). If the linear
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Sample 2 approximationis requiredto includedatacoveringat
10 - leasthalfof the sample’smagnetization,including

datathrough493°Cfor sample2, 501°Cfor sample
3 and486°Cfor sample4, the apparentpaleointen-

397 - sities,usinga least-squaresfit, would be systematically
6 - ~ 350 J

0 182 xIO

3amu446 high by 22%for sample2, 14% for sample3, and 5%
for sample4. Thesedataare in sharpcontrastwith

493 the ratiosof the initial to final pointsof all threesam-
\\• “\512

pleswhich are 0.99±0.01. Theuncertaintyrepresents
\. \_ the deviation from themean for two determinations

.2 •\ “\ ‘\ for eachsample.~ was alwaysparallelto theNRM\ ‘\
for samples2 and 4, and~-J~was alwaysinducedanti-\ ‘\

\ \~575

parallelto theNRM for sample3.It is noteworthythat thedeviationfrom ideal be-
~Jj (T)/Jn haviour increaseswith increasingmeanmagnetitepar-

ticle sizes,andwithdecreasingmediandemagnetizing-

Sample 3 field (valuesfor samples2, 3 and4 are 78, 138 and
.0 380 Oe, respectively).Both in termsof particlesizes

256 - (Table I) andin termsof their stability themagnetic
particlesof samples2—4are typical of thosefound in

6 ~:405 J,.2.04x10 2amu manyigneousrocks.“~ 452 The L~.Jn_L~Jtplots for samples5—9and11 (Fig. 2)areessentiallylinear for all their blocking temperatures.

\\\~5~~ The reasonfor thedeviationof the 522°C point ofsample6 is notknownbut maybe dueto a tempera-
~

ture discrepancyin steps(b) and(c) of the522°C step
of the Thellierexperiment.In additionother factors2 ~ N, maybeinvolved assomeslight reductionis observed

\
\ ‘\

________________________________ for all samples,whichis exhibitedby the factthat the\ \575.2 .6 1.0 NRM/TRM ~ 1. In Table III, the slopesof the linear

~Jt (T)/J
0 least-squaresfits are shownfor the .AJ~—.A.,J5dataof

samples5—9and11. Althoughthevalue for sample6
is —0.89,by excludingthe 522°Cpoint the least-

Sample 4 squaresslopesbecomesindistinguishable(—0.96) from
the ratios of the initial to final points.Samples8 and

J0’ 91 xIo

2emu 9 containthe samemagnetitepowderandtheir TRMS.’“1 240

\26 sample8 was alwaysgivenPTRM’s antiparallelto theNRM, and for sample9 the PTRM’s weregiven parallel
~0

\468 to the original NRM; despitethesedifferencesin pro-

486 propertiesare quitesimilar. In theThellier experimentscedure,bothsamplesareseento havenearlyidentical~0 \\~

Fig. 1. Normalized~ curvesfor samples2—4.Solid2 lines representidealbehaviourin the Thellier sense.Broken

.2 .6 .0 lines are linear approximationsof thelower-temperaturedata.
The numbersassociatedwith thepointsarethetemperatures

A~1t(T)/J~ in °Cof the heatingsteps.
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Sample 5 Sample 8
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J, 2 84 X 10
20mu

= .6

.0 \240 J~ 102 XIO2emu468C~0.0) 426 486

.2

495 535575
.2 .6 1.0 .0

~ CT)/J~ ~ (T>/J

0

Sample 6 Sample 9405 J,-l

493

426 -0 II 240 ~ 92x10

2emu

__ N 486. 495____________________________________________ 535.2 .6 1.0 .6 1.0(T)IJ
0 ~ (T)/.i~

Sample 7 .0 Sample II

IOT\T\\in-126010-Iemu

_452 ,j 300x10

2em

= .6 E .6 \20

t
512

2 2
.2

52

.2 .6 .0 .2 .6 1.0

AJt1TVJ

0 ~ (T)/J~

Fig. 2. Normalized~ curvesfor samples5—9and11. Solidlinesjoin the initial and final points.Thenumbersassociated
with thepointsarethetemperaturesin °Cof theheatingsteps.
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TABLE II

Linearleast-squaresfit of ~ datafor MD samples

Sample2 Sample3 Sample4

T(°C) J/J
0 slopeofline T(°C) J/J~ slopeofline T(°C) f/f0 slopeofline

397 0.63 —1.36 405 0.67 —1.34 380 0.74 —1.10
446 0.57 —1.30 452 0.60 —1.15 426 0.62 —1.09
493 0.41 —1.22 501 0.42 —1.14 468 0.41 —1.05
521 0.31 —1.14 530 0.18 —1.12 486 0.28 —1.05

Ratio of
end-points —0.99 ±0.01 —0.99 ±0.01 —0.99 ±0.01

~J0—~J~plots.The datafor sample11 indicatevery Thellier (1959).To seewhetherthe experimentalre-
linearbehaviour,which is comforting,sincesample11 sults dependon theparticularprocedure,theexperi-
containsneedle-shapedsingle-domainparticles. mentswere repeatedfollowing theprocedureof

Forcompletenessit shouldbe statedthat samples1 Thellier andThellier, wherethe samplesarealways
and10 do existbut werenot includedin this article, heatedin presenceof the laboratoryfield, as outlined
Sample1 is a chip (3.569g) from a single crystalof below.
stoichiometricmagnetite,which hassuchunstable (a) The NRM is measuredat TR.
remanencethat no meaningful~ curvecanbe (b) The sampleis heatedto T1 > TR andcooled
constructed.In contrast,samplelOis verystableand backto TR in the continuouspresenceof hL; the
thecorresponding&1~—L~J5curve is linearthroughout magnetizationis measuredat TR.
theentirespectrumof blocking temperatures;thedata (c) Thesampleis rotated180°abouta horizontal
for sample10 areomitted,because,dueto the very axis normalto thelaboratorygeomagneticmeridian.
dilute concentrationof themagnetiteparticles,their (d) The sampleis reheatedto the sameT1 > TR
sizesandshapesare not known, andcooledbackto TR in the continuouspresenceof

In the Thellierexperimentsdescribedthusfar the hL. The magnetizationis measuredat TR.
procedureof Coe(l967a,b)wasfollowed; this meth- Half the vectorsumof the remanencesmeasured
od is differentfrom that describedby Thellierand aftersteps(b) and(d) representsthe PNRMthat

would remainafterheatingto temperatureT1 in zero
field. Half the vectordifferenceof the remanencesob-
tainedin steps(b) and(d) representsthePTRM ac-

TABLE III quiredbetweenT1 andTR.Steps(b), (c) and(d) are

Linearleast-squaresfit of ~ data for SD and PSD repeatedat successivelyhigher temperaturesuntil all
samples(all points) the blocking temperaturesare exceeded.Thedataob-

tainedusingthe Thellierprocedure(Levi, 1974) has
Sample Slopeof linear Ratioof initial thesamefeaturesasthe dataobtainedusing Coe’s

least-squaresfit to final points procedureof Figs. 1 and2:
(all pomts)

(i) The L~.Jn—L~.Jtplotsof samples2—4sagbelow
5 —0.95 —0.98 ±0.01 the line connectingthe initial andfinal pointsand
6 —0.89 —0.96 ±0.01 areconcaveup with respectto it.
7 —0.98 —1.00 (ii) The ~J0—~J~plotsof samples5—9and 11 are

essentiallylinear, andasin the previousruns the

11 0:96 —0:96 ~ plots of samples8 and9 sagsomewhatbe-low the line connectingthe initial andfinal points.
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6. Explanationof the non-linear~ curves D is the particledemagnetizingfactor,which is de-
pendenton theparticle geometryand domainconfig-

Since thenon-linear~ curvesare observed uration,and,although it is a grossoversimplification,
only for samplescontainingMD particlesandbecause D is assumedto be a constant.
thenon-linearlity increaseswith an increasingfraction (c) Thethird energyterm is due to theinteraction
of MD particles,it is concludedthat the observednon- of thedomainwall with stressaccumulationsin the
linear&10—~J~curvesareindeeddueto thepresence particlecausedby crystal imperfectionsandthepres-
of MD remanencecarrying particles.To explain the enceof impurities. The distributionof stressconcen-
non-linearbehaviourthe following observationsmust trations isgivenby F(r) which is assumedto betern-
beexplained: (1) The non-linear~ curvesare peratureindependent.The interactionis strongly

alwaysconcave-up;(2) the sameconcave-upnon- affectedby Js’ accordingto the relationJ~,whereP
linearbehaviouris observedwhen the PTRM is pro- is an exponent>2. An additional temperaturedepen-
ducedboth parallelandantiparallelto theoriginal denceis presentin thevalue for thestress(u) which
remanence;and(3) thesame typeof non-linearcurves usuallydecreaseswith increasingT:
is observedfor both theThelliers’ (1959)and Coe’s = C~”~ Fr
(1967a,b)executionsof theThellier experiment. W S

Only a very simplified modelfor MD remanenceis whereCis a measureof the interactionat T= 0°K.
considered,which is essentiallyidentical to theone The energyequationbecomes:
discussedby Schmidt(1973)consistingof rectangular ~= 2AJShX+ (DAJ~/a)x

2— CJ~a(I)F(r) (3)
particlesof width a and length 2a,whosetwo domains
areseparatedby asingle 180°domainwall. It is as- The temperaturedependenceof theenergyfunction
sumedthat thesamedomain configurationis main- is containedin J

5 andin a, andbecauseof thevarying
tamedfor all temperaturesT< Tc.Temperaturevaria- temperaturedependenceof the different energyfac-
tionsof thedomain-wallwidth (6) are neglected,and tors, theeffectson the remanenceof the different
it is assumedthat 6/a << 1. Any externalfield (Ii) is energy termsbecomedominantat different tempera-
appliedin theplaneof the domainwall, whosearea tures.JustbelowTc, UM is dominant,andit exerts

S= a~.In their demagnetizedstateeachparticlecon- pressureon the domainwall:
sists of two oppositelymagnetizeddomainsof equal
size. The coordinatex is definedto measurethe dis- PM = ~j-~j-—= 2Jsh
placementof the wall fromits demagnetizedposition
suchthat theparticlemagnetization(J) is given by: favouringhomogeneousparticle magnetization,thus

= ~. / ~, tendingto forcethe wall out of the particle. At lower
~x1a S temperatures,asJsincreases,the wall experiences

whereJ~is the saturationmagnetization.To discuss increasingpressuredue to thegrainself-demagnetizing
the remanenceof suchparticlesan energyfunction energytrying to displacethewall to a moredemagne-
is constructed,assumingthat the particlesdo not tized position in the interior of theparticle. U~also
interact.Following Schmidt(1973),the following increaseswith decreasingtemperature,expressingthe
magneticinteractionsareconsidered: increasein the interactionof the domainwall with

(a) Themagnetostaticenergy due to the interaction theparticle’sstressfield, which producesbarriersto
of theparticlemagnetization(.1) andthe externalfield thedomain-wallmovement.TRM is blockedat tern-
(h) is: peratureTB, when the wall can no longerovercome
U h ‘JV 2AJ h suchan energybarrier.Althoughat TB the wall may

M — — — — S X havebarely beenblocked(i.e., wall movementat TB

(b) Themagnetostaticself-energyof the interaction might havebeenblockednear thetop of a particular
of theparticlemagnetizationand thedemagnetizing energybarrier)as thetemperaturedecreasesbelowTB,
field (Hd) due to the surfacepoles is: the energybarriersincreasefasterthanthe otherenergy

terms,becauseof thegreatertemperaturedependence

UD = —4Hd ‘fV = (DJ~A/a)x
2 of U~suchthat nearroomtemperature(TR) the wall
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finds itself blockedby a formidablebarrier. slightly moreenergythan duringthethermaldemag-
With decreasingtemperatureUD increasesmore netizationis requiredfor the wall to overcomethe

rapidly than UM; at T< TB thereis met demagnetizing barrier. In addition, themagnitudeof theoutward
pressureon the wall, favouringa newwall position, (magnetizing)pressureon the wall during thePTRM
which shouldyield a more demagnetizedparticle.This step is less than thedemagnetizingpressureduring the
is equivalentto sayingthat for T< TB the wall climbs thermaldemagnetizationstep.Thus a two-domain
part way up thepotential-energybarrier,but sinceUw particlewhichis thermally demagnetizedby heating
increasesmorerapidly thanboth UM andUD thewall to a particular temperatureT1 is likely to be remag-
remainsblocked.When the field is removedat TR, as netizedwith lessremanencewhen reheatedto T~in
for measuringtheremanence,thenetnegativepressure an externalfield of equalintensity to theoriginal
on thedomainwall is greateryet, so that in the ab- TRM-producingfield. This modelrequireshigher
senceof stressaccumulations,J = 0 would be theequi- temperatureor moreintensefield during thePTRM
librium statefor the particle’s magnetization.However, stepto producez~J~= z~J0.In termsof viscousrerna-
the wall is blockedandthereis no changein therema- nence,the abovemodelpredictsthatat a given tern-
nence. peraturethespontaneousdecayof TRM is greater

As the particleis reheatedto TB in zero field,j~ than theviscousacquisitionin an externalfield equal
decreasesaffectinga decreaseof theenergybarriers, to the TRM field. This conclusionis identical to that
The absenceof anexternalfield duringthe thermal of Dunlop (1 973b,pp. 873—879),regardingthe
demagnetizationstep,placesthe particlein a higher viscousmagnetizationof two-domainparticles.
energyconfigurationthan during the blocking of the For theMD modeldiscussedabovethe PNRM lost
original TRM. Equivalently,theabsenceof an external during thermaldemagnetizationof a total TRM
field producesa net negativepressureactingon the betweenTRandsometemperatureT1 <Tc exceeds
domainwall. The presenceof thermalfluctuations the PTRM acquiredby cooling from T1 to TR in an
impliesthat thereis a finite probability thatsufficient externalfield of equalintensityto the field which im-
energywill be availablefor thedomainwall to over- partedthe original TRM. For an ensembleof MD par-
comeits potential-energybarrier,The mechanismby tideswith distributedblocking temperatures,this
which this energybecomesavailableis notknown, would leadto theconcave-up~Jn~~Jt curvesthat
but it is probablyrelatedto the probability of genera- are observedfor samplescontainingMD particles.
tion of spinwaveswith the requiredenergy.When Since theparticleswhich are critical in the discussion
sufficient energyis availablefor the domainwall to of the abovemodelarestatisticallydemagnetizedafter
overcometheenergybarrier,the self-demagnetizing thethermaldemagnetizationstep,thesamebehaviour
pressure: is expectedwhetherthePTRM is inducedparallelto
p = —2 [DSP /ajx antiparallelto theoriginal remanence.Concave-up

D S ~
1n’~1t curvesarepredictedfor boththeThelliers’

will drive the wall towardthe particle’s demagnetized (1959)and Coe’s(l967a,b)executionsof the Thellier
configuration.(During the acquisitionof the original method.It is predictedthat thedegreeof curvatureof
TRM theavailability of sufficientenergyto overcome the~.J

0—~.J5curveswill increasefor increasingfrac-
thebarrierwill resultin no netdemagnetization,be- tions of MD remanence,Generalizingtheabovemodel
causeat TB andin the presenceof h thereis no net to includemore complexMD particleswould seemto
pressureon thedomainwall.) explain theobservedconcave-up&Ifl—&It curvesof

During the PTRM stepthe particleis reheatedto samples2—4, andit shouldapplyequallywell to MD
TBin the presenceof anexternalfield. The domain particlesof all fern-and ferromagneticsubstances.
wall is subjectedto amagnetizingpressure: Clearly,this mechanismis valid only for MD particles.
p = 2J h — 2 r~j

21 Therefore,the linearz~.J~—z~.J
5curvesof samples

S I SJ~ 5—9suggestthat for equidimensionalmagnetitepar-

which drives thewall to the demagnetizedside of the tideswith diametersless than0.25pm theacquisition
“blocking” potentialbarrier.Due to thepresenceof of TRM andits thermaldemagnetizationarenot
theexternalfield duringthePTRM step,the input of throughdomain-wallmovements.
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7. Discussion irreversiblechangesof thesample.Rather,it is dueto
intrinsic, reproducibledifferencesbetweenthe rema-

We haveseenthatsamplescontainingSD magnetite nenceof MD particleson the onehandandSDand
particles(sample11) and samplescontainingsmall submicronmagnetiteparticleson the other, andto
particles,whichareentirely in thesubmicronsize thelackof symmetryof thedomain-wallmovements
range(samples5—9)behaveideally in theThellier during the two heatingsof theThellier experiment.
sense.In addition,linearàJ~—~Jtplots of the mag- A linear approximationto thelower-temperature

netitesamplescorrelatewith highstabilitieswith dataof samples2—4would leadto substantialerrors
respectto alternatingfields, AF (H112~ 300Oe). This in thepaleointensity,whichwould alwaysleadto
hasalso beenobservedby Kono (1974)for volcanic paleointensitieswhicharehigherthan theactualfield,
rocks. Ontheother hand,thereis no apparentrela- althoughthe ratio of theend-pointsgivesthecorrect
tionship betweenblocking temperatures,T~12,and results.On theotherhand,if only thehigherblocking-
the degreeof linearity of thePNRM—PTRMcurves, temperaturedataareused,the analysiswould leadto
Thereis high correlationbetweenlinear PNRM--PTRM apparentpaleointensitieslower than theactualfield.
curvesand high magnetizationresistanceto tempera- Similar behaviourwas observedby Coe(1967a,b)for
ture cyclesin zero field to belowmagnetite’sisotropic the 1915 A.D. Mount Lassendacite,Coespeculated
temperature.Such low-temperaturecyclesin magne- at that time that thecuriousbehaviourwasdueto
tites provide a measurefor the fractionof the thepresenceof multidomainparticles.
remamenceresidingin non-SDsizedparticles.Com- It hasbeenamply demonstratedthat high tempera-
parisonof columns8 and3 of Table I showsthat the turescanandoften do causeirreversiblechangesin a
low-temperaturecyclesprovide a bettermeasurethan sample’sTRM properties,thusit is notadvocatedthat
AF or thermalstability for the relativemagnetite theNRM/TRM ratio be usedfor paleointensitydeter-
grain sizesof the samples.More than 50%of the TRM minations.Sucha procedurewould discardthe con-
of samples2 and3 decaysafterthreesuccessivelow- sistencychecksfor which theThellier methodwas
temperaturecycles,but thereis less than 10%decay originally developed.Conversely,theexperiments
of theTRM of sampleswhosemagnetiteparticlesare discussedhereshowthatnon-linearPNRM—PTRM
wholly submicron.Thebehaviourof sample4 is par- diagramscannotbeassumedto becausedby irrevers-
ticularly interestingbecauseof its high AF stability, ible changesof theTRM propertiesof the sample.If
H112 = 380 Oe(secondonly to sample11),although thegeomagneticintensity is to be determinedusing
18%of its remanencedecaysafterthreelow-tempera- non-linearPNRM—PTRMdiagrams,further experi-
tune cycles.Theconcave-up~ curve for sam- mentsmust be conductedto determinethecauseof
ple 4 suggeststhat for magnetitesthe low-tempera- thenon-linearity.Forexample,the PTRM testpro-
ture decaycharacteris more reliablethan AF stability posedby Thellier andThellier (1959)canbe usedto
asa predictor for idealbehaviourin a Thellier expeni- redeterminePTRMacquisitionat lower temperatures.
ment. Changesin thePTRM show that irreversiblechanges

Whenevernon-linearitiesin the ~ curves havetakenplace.However,Coe (1967b)pointedout
are observedduring a Thellierexperiment,it is com- that theThelliers’ PTRM testcannotdetectirreversible
monto calculatethe ancientfield intensity from a changesof magneticregionswith blocking tempera-
linear approximationto thelower-temperaturedata, tureshigher thanthe PTRM intervals;thusneproduc-
therationalebeingthat physicalandchemicalchanges ibility of PTRM is a necessarybut not sufficient con-
that irreversiblyalterthe sample’sTRM propertiesare dition to prove that no irreversiblechangeshaveoc-
much morelikely at elevatedtemperatures.Thishas curredin thesample’sTRM properties.A further test
beenrecentlydemonstratedby Coe and Grommé to checkwhetherobservednon-linearitiesare intrinsic
(1973).The experimentsdiscussedhereshowthat to thesample’smagneticpropertiesor whetherthey
whenevermultidomainparticlescontributeto a sam- aredue to irreversiblechangesof thesampleis to
ple’s TRM, non-linear PNRM—PTRMcurvesmay repeatthe Thellierexperiment,usingas “NRM” a
result,which areconcave-upwith respectto the laboratoryTRM. If thesameor similarnon-linear
“ideal” line, andthis behaviouris not associatedwith featuresare observedin bothThellierexperiments,
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andif the end-pointsof the P’NRM’—FTRM curve re- oxidationandunmixing of the magneticminerals.
producethelaboratoryfield, then thelinearapprox- Such a changemight be subtleanddifficult to detect
imation to thelowertemperaturedatamight leadto andthe resultingmagnetization(no longerthe original
an erroneouspaleointensity.TheNRM/TRM ratio TRM) might be stable,yielding ~ curvesthat
shouldnotbe usedby itself for paleointensitydeter- arelinear, whoseslopeis totally unrelatedto the
minations,unlessfurther testsjustify its use. paleofield.

If testsshowthat a sample’sTRM propertiesunder-
go irreversiblechangesat higher temperatures,then an
intensitydetermination,usinga linearapproximation 8. Conclusions
to the lower-temperaturedatamight yield a reliable
result,providedthesamples’NRM’s arecharacterizedby The Thellier methodfor paleointensitydetermina-
high AF stabilities,H112 ~ 300 Oe.The last statement tionshasbeenappliedto preparedsamplescontaining
is very subjectiveanddependson theaccuracydesired magnetitewhosemeanparticlesizesrange from SDto
for thepaleointensitydeterminationandon the frac- MD. The following arethe principal findings.
tion of theNRM usedto obtain the linearapproxima- (1) linear(ideal) L~.J0—&f~curvesare obtainedfor
tion. For a particularaccuracy,lesserstabilitieswould samplescontainingSDandsubmicronmagnetiteparti-
require that a relativelygreaterfraction of the NRM be des.
usedandconversely;seeTable II. Sample4 couples (2) Thereis positivecorrelationbetweenlinear
non-linearbehaviourwith high AF stability of its TRM. ~J0—~J~curvesandhighstability of the magnetiza-
However,using60%of the NRM for a linearapproxi- tion: (1) with respectto AF demagnetization,H112
mation,the resultingerror in the intensityis only 5%, ~ 300 Oe;and(2) with respectto temperaturecycles
which is an acceptableerrorfor most experiments.For in zero field to belowmagnetite’sisotropic tempera-
magnetitesandtitanomagnetitesthat exhibit a low- ture,J/J~> 0.90.
temperaturemagnetocrystallineanisotropytransition (3) Whena largefraction of the remanenceresides
[lessthan 10%ulvöspinel,accordingto Syono(1965)J in MD particles,non-linear(concave-up)~.J0—&1~

abetterstability testto assessthepotential linearity curvesare observedsuchthat a linearapproximation
of the PNRM—PTRMcurvesis thestability of the mag- to the lowerblocking-temperaturedataleadsto ap-
netizationsubjectto temperaturecyclesto belowthe parentpaleointensitiesthat arehigher thanthe actual
isotropicpoint. In magnetites,TRM decayof less than paleofield;however,theratio of the end-points,NRM/
10%is an indication for linear PNRM—PTRMcurves. TRM, yields thecorrect(laboratory)intensity.

As a consequenceof the abovediscussion,it might (4) The non-linear(non-ideal)~J0—i.~J~ curves,
be prudentto re-assessexistingpaleointensitydata associatedwith MD particles,are explainedin terms
with particularemphasison caseswherea linearap- of the lack of symmetryof the domain-wallmove-
proximationto the lower-temperaturepointsis used mentsduring thetwo heatingsof theThellier experi-
withoutsufficientjustification in determiningpaleo- ment.
intensities. (5) Paleointensitydeterminationsshouldbebased

In the precedingdiscussionwe havebeenpreoc- on dataspanningthe sample’sentire blocking-tempera.
cupiedwith linear àJ,~—I~J1curves.If theframework ture spectrum,and,whenevernon-idealbehaviouris
outlinedby theassumptionsof the Thelliermethod observed,furthertestsshouldbe conductedto deter-
is satisfiedandif the resultingThellierexperiment mine whetherthe non-linearbehaviouris causedby
yields a linear àJ~—~J5curve for thesample’sentire irreversiblephysical or chemicalchangesof thesample
blocking-temperaturespectrum,then the geomagnetic or whetherthenon-linearbehaviouris intrinsic to
intensityis obtaineddirectly from theslopeof the the magneticparticles.
line. However,a linear ~,J~I_àJ~plot in itself, is a (6) If non-linearitiesare causedby irreversible
necessarybut notsufficient conditionfor a reliable changesof a magnetitecontainingsample,an accurate
andaccurateintensitydetermination.It is easyto paleointensitymight be obtainedfrom a linear ap-
visualizea post-igneousprocesswherebyassumption proximationof theunalteredlower-temperaturedata,
(2) (p. 247) is violated throughrecrystallizationor providedthe sampleis characterizedby highAF sta-
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bility, H112 ~ 300 Oe, andhigh stability with respect Dunlop, DJ.,1973b.Theoryof magneticviscosityof lunar
to temperaturecycles in zero field to belowtheiso- andterrestrialrocks. Rev. Geophys.SpacePhys.,11:

855—901.
tropic point,J/Jt~

Elmore, W.C., 1938. Ferromagneticcolloid for studyingmag-
(7) Paleointensitiesshouldnot be obtainedsolely netic structures.Phys.Rev.,54: 309—310.

from theratio NRM/TRM, becausesucha procedure Evans,M.E., 1972. Single-domainparticlesandTRM in rocks.

would forfeit thebuilt-in consistencychecksfor CommentsEarth Sci. Geophys.,2: 139—148.
which the Thellier methodwassopainstakingly Evans,M.E. andWayman,M.L., 1970.Aninvestigationof
developed small magneticparticles by meansof electron microscopy.
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