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Thellier-typemeasurementsof ancientfield intensityon specimensof clay andothersediments,which were
apparentlywell-bakedandoxidisedin ancienttimes,often fail to give consistentresultsover partor evenmostof the
blocking-temperaturespectrum.It is suggestedthat post-bakingchemicalalteration,orweathering,leadingto the
presenceof hydratedFe minerals,is a majorcauseof non-idealbehaviourin suchmaterial. Thebehaviourof hypo-
thetical specimenscontaining either goethiteor lepidocrocitecanbepredictedusingsimplemodels,andactualexam-
plesaregivenfrom two sites in southeasternAustraliawhich showsomesimilaritieswith thepredictedmodel behav-
iour. Theresultsof the Thellier measurements,afterinterpretation,agreecloselywith previouslypublishedresults
from thenorthernhemispherefor theperiod4700—4200yr. B.P.Thepresenceof hydratedmineralsmaynot be
readily detectedby methodsotherthantheThellier techniqueand,if so, would resultin estimatesof the ancient
geomagneticfield strengththataresystematicallytoo low.

1. Introduction field intensity,anddirectionif it is found still in its
original position.The Thellier andThellier (1959)

Depositsof highly weatheredsedimentoftencon- techniquefor measurementof ancient field intensity
tam a few percentby weightof variousFe-oxidesand was originally developedfor usewith bakedearthand
-oxyhydroxideswhich are progressivelydehydrated pottery.Thellier-typemeasurementson experimentally-
and oxidisedif the materialis heatedin air. Thisoc- fired andwell-preservedancientmaterialof this type,
cursin thesedimentaroundburninglogs, tree-stumps in which haematiteis thepredominantcarrier of TRM,
or man-madewoodenstructures,aswell asfireplaces, showan ideal linearity betweenoriginal magnetization
ovens,kilns andin the preparedclay shapeswhich are andlaboratorythermoremanenceoverthe entire
fired to makepottery.With prolongedbaking at more blocking-temperaturespectrum.
than 700°Cin air all the Fe mineralsare convertedto Frequently,however,Thellier-typemeasurements
haematite,which acquiresa stablethermoremanent on apparentlywell-fired and oxidisedsedimentshow
magnetization(TRM) asthe materialcools. Thether- deviationsfromlinearity oversomeor evenall partsof
moremanenceis bothproportionalandparallelto the the blocking-temperaturespectrum.Irreversiblephys-
appliedmagneticfield. ico-chemicalchangesduring laboratoryheating,lead-

Material bakedata particulartimeandplacethere- ing to an increaseor decreasein TRM-bearingcapacity
fore containsa recordof the instantaneousgeomagnetic at certaintemperatures,are commonlythe immediate

causeof observednon-idealbehaviour.But why do such
* Now at ResearchLaboratoryfor ArchaeologyandtheHistory changes,souncharacteristicof haematite,occur in

of Art, 6 Keble Road,Oxford OX! 3QJ,GreatBritain. ancientmaterialwhich shouldhavecontainedhaema-
*2 Address:ResearchSchoolof EarthSciences,Australian . . . .

NationalUniversity,P.O. Box 4, Canberra,A.C.T. 2600, tite asthe sole magneticmineralafter bakingin antiq-
Australia. uity? Post-bakingalteration, or weathering, is ob-
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viously one processwhich canleadto thepresenceof We havemadeour ancientfield intensitymeasure-
unstablemineralsin bakedsediment. mentsusingthe ThellierandThellier (1959)method,

In this paperwe attemptto model,in a very simple with theminor modification that thefirst heatingand
way, the behaviourof specimenscontaininghaematite cooling at eachtemperatureis performedin zero mag-
andvarying proportionsof thehydratedFe-oxides, neticfield [a proceduredescribedby Nagataet al.
goethiteandlepidocrocite.We then comparethe model (1963)and Coe (1967a)J.After the first heating,the
predictionswith someactualexamplesof non-ideal remainingnaturalremanentmagnetization(NRM) is
behaviour,observedin a studyof bakedsediments measured.The specimenis then reheatedto exactly
about5000yr. old from southeasternAustralia. Cer- the sametemperatureandcooledin a measuredweak
tam similaritiesare evidentbetweenmodel andexam- magneticfield to give it a laboratoryPTRM in addi-
ple, and we tentativelysuggesta procedurefor deduc- tion to the remainingpartial NRM. If the specimen
ing thecorrectvalueof ancientfield intensity for one TRM-bearingcapacityremainsunchangedat all tem-
characteristictypeof non-idealbehaviour. peratures,and the law of additivity is obeyed,then

thepointson a graphof remainingpartial NRM
againstacquiredpartialTRM for eachtemperature

2. The Thellier method and the origin of the thermo- will definea straightline with negativeslopeequal
remanence to the ratio of ancientto laboratorymagneticfields

(Nagataet al., 1963;Coe,1967a).Theplots are

Mössbauerstudies(Hessand Perlman,1974;Kosti- usually referredto asNRM—TRM diagrams.
kaset al., 1974)of modernandancientpottery,and In practice,for well-behavedspecimens,thepoints
the clay from which they were manufactured,have will be slightly scatteredaboutthe ideal straight line
demonstratedthat the haematiteproducedduring becauseof experimentalerror,andthe methodof
firing hasa broadgrain-sizedistribution. This is consis- least-squarescanbe usedto obtainan estimateof the
tent with theobservationthat TRM in bakedsediment true slope.Linearity of thepoints on an NRM—TRM
is usuallydistributedovera wide temperaturerange diagram,which correspondsto a constantratio of the
because,accordingto the theoryof Néel (1949,1955), partial NRM to PTRM associatedwith eachmember
the blocking temperature(TB) is directly relatedto of a set of consecutivearbitrary temperatureintervals,
grainvolume for a givenmaterial.The Mössbauer is a powerful argumentfor the absenceof physicalor
studiesalso indicatethat the largerhaematitegrains chemicalchangessincethe original cooling, and
are producedby grain growth,particularly during the hencefor thevalidity of theoverall result.
high-temperaturepart of the firing. Thisphenomenon Not infrequently,however,deviations fromlineari-
hasnotyet beenapparentin laboratorystudiesof the ty are evidentat low or hightemperatures,andit is
TRM of bakedsediment,but it mayhavesomesignifi- commonpracticeto excludethesepointsandderive
canceand we shall returnto this point later. an estimateof the slope from thelinearportion of the

The acquisitionof TRM is a continuousprocesswith NRM—TRM diagram.This procedureis justifiablewhen
cooling betweentheCurie temperature,TC (675°Cfor linearity existsovera considerabletemperaturerange
haematite)and thefinal ambienttemperature(about sothat the consistencyargumentcanstill beinvoked,
20°C).If the grainsare single-domained[~0.15 cm for anda plausibleexplanationcanbe given for anynon-
haematite(Stacey,1969)] andaredispersedsothat linearregion. Examples,of the latterare theeffectsof
thereareno interactionsbetweengrains,the partial secondarycomponentsof magnetization(VRM) or
TRM (PTRM)acquiredin anygiven TB interval will be PTRM acquiredafterthe original firing (Thellierand
uniquely associatedwith that interval andcompletely Thellier, 1959;Coe,1967b;Barbetti andMcElhinny,
independentof the stateof magnetizationof grains 1976).Non-lineareffectsathigh temperaturesmay
with TB’5 outside that interval.This leadsto the law of ariseif thematerialwasoriginally bakedbelow Tc
additivity ofPTR!~’I(Thellier, 1951), whichstatesthat (SchwarzandChristie,1967;Bucha, 1971), or if

the observedtotal TRM is equalto thevectorsumof physico-chemicalchanges(suchasgrain-sizealteration
all the PTRM’s acquiredseparatelyover consecutive or oxidation) occurduring laboratoryreheating(Naga-
arbitrary temperatureintervals. ta et al., 1963;Coe, l967b;Bucha,1971).



348

It is muchmore difficult to interpretNRM—TRM It is assumedthat theresulting TRM is distributed
diagramswhenthey containno significantlinearseg- evenlyovertheblocking-temperaturespectrumfrom
ments.Variouskinds of systematiccurvaturecanarise 0 to 600°C, and that no thermoremanenceis associated
if thematerialcontainsmultidomaingrains(Coe,1967b) with thetemperatureinterval 600—675°C(becauseof
or interactingsingle-domaingrains(Dunlop andWest, a lackof haematitegrainsof the appropriatesize).
1969),so that the law of additivity doesnot apply. Sometimelater “weathering” commences,and a frac-
Otherpossiblecausesof systematiccurvatureare dis- tion of the TRM-bearinghaematiteis convertedinto
paritiesin the original andlaboratorycooling rates, oneof the Fe-oxyhydroxides.Forsimplicity, it is
changesin the demagnetizingfield associatedwith the assumedthat equalfractionsof the original PTRM are
cuttingof specimens,andnon-linearityof PTRM with destroyedin eachtemperatureinterval,andthat mdi-
appliedfield (Coe,l967b).Barbettiand McElhinny vidual haematite grainsareeitherunalteredor com-
(1976)havesuggestedthat systematicdeviationsfrom pletely destroyedsothat no redistributionwith TB
linearity may occur overmostof the temperature occursfor thepersistentTRM. The newly hydrated
rangeif the materialhasundergoneweatheringsince mineralscarry negligible remanentmagnetization.
the original firing, and is thereforecontaminatedwith Alternatively, the oxyhydroxidemineralcouldsimply
hydratedFe mineralswhich are unstableto laboratory be introducedfrom externalsurroundings,without
reheating. any alterationof the TRM-bearinghaematite.

Non-linearNRM—TRM diagramswith closely HypotheticalNRM—TRM diagramscanbe calculat-
spacedpoints(correspondingto small temperature ed when thehydratedmineralis eithergoethite
incrementsbetweensuccessiveheatings)generally (a-FeOOH)or lepidocrocite(y-FeOOH),using
showsmoothtrendsand few, if any,are completely publishedinformation on the magneticpropertiesand
irregular.Attemptsto useothertechniques,suchas chemicaltransformationsof theseminerals(Hedley,
the measurementof saturationmagnetizationor low- 1968;Strangwayet al., 1968;Strangwayet al., 1969;
field susceptibility,asan aid for interpretingNRM— VlasovandGornushkina,1973),andassumingthat
TRM diagramshavenotbeenverysuccessful,because the law of additivity of PTRM canbe applied.
of the variety of mechanismswhich may leadto ob- Two examplesare shownin Fig. 1. In the first case,
servablechangesin the parameterbeingmeasured, 25%of the final haematiteis initially presentin the
andalso becausesuchtechniquesare often lesssensi- specimenas goethitegrainswhich remainpassiveuntil
tive indicatorsof changesthanarethe directmeasure- reverting to haematitegrainsbetween300 and375°C.
mentsof acquiredPTRM performedaspart of the In the secondcase,0.5%of the final haematite
Thellier method.Thesetwo factorsleadus to suggest is initially presentaslepidocrocitegrainswhich do not
that it might bea usefulapproachto try andidentify acquirea TRM, anddehydrateto form maghaemite
characteristictypesof non-linearbehaviour,someof between225 and 300°C. The maghaemitegrainsare
which maybe specificto a particularmineralor assumedto haverandomlyorientedmomentson form-
mechanism.If thatprocesscanbe successfullymodeled, ation,and to havePTRM capacityevenlydistributed
then it shouldbe possibleto interpretat leastsome between0 and 600°C.Those grainswith appropriate
non-lineardiagramswith confidence,andat thesame TB’s then acquirea TRM (130 timesstrongerthanfor
time enlargethe rangeof ancientbakedmaterialon haematite)asthey cool in the laboratory field. Above
which reliableancientfield-intensity measurements 375°Cthe maghaemitebeginsto revert to haematite,
canbe madeusingthe Thellier method. aprocesswhich is assumedto behalf completedat

450°C,three-quarterscompletedat 525°Candcom-
pletedat 600°C.In bothcasesthe final haematiteis

3. A simplemodel for goethite and lepidocrocitecon- assumedto haveTRM capacityevenlydistributedbe-
tamination tween0 and600°C.

Themodel predictsthat thecorrectratio between

The startingpoint is a hypotheticalspecimenof ancientand laboratorymagneticfield canbe found
materialwhich, immediatelyaftercooling from above by calculatingthe slope from thelow-temperature
Tc, containshaematiteasthesole magneticmineral, partof the NRM—TRM diagram,beforechemical
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transformation of the Fe-oxyhydroxide minerals oc-
NRM curs. This result is independentof theparticular
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SLOPE —071 application whenever interactions between grains are

225~\< negligible and the TB’S of surviving TRM-b earing
grainshavenot changedsincethe original firing.

L~ 300•\
(I

\\~375
cii 450 4. An exampleof weathering effects
a:
H- \~:5

600 4.1. Thesites
0.00 0.80 1.60

RMTJFJCIAL MPGN~TIZRTJ0N In 1971 and 1972 a total of eight sites were found
in a sectionof an ancientpoint-bardeposit,exposed

NRM
Z 0. 5 ‘/. F E by modernriver-bankerosionof theMurray River in~

L E p ~~[ southeasternAustralia,atlatitude 35.6°SandlongitudeH- \
~150 SLOPE 074

225~16.~ — l44.5°E. Pellets of charcoal and lumps of baked sedi-ment, rangingfrom 1 to about 15 cm across,were
foundinterspersedwith soft unbakedsediment,and
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Fig. 1. HypotheticalNRM—TRM diagramsfor specimenscon- Radiocarbonagedeterminationshavebeenmadeon
taminghydratedFe oxideminerals,when the“original” and

charcoalfrom theeight sites,anddetails havebeen
“laboratory” magneticfieldsareequal.
Calculatedmagneticmomentsarenormalized,with the total publishedby BarbettiandPolach(1973)andPolach
NRM takenasunity. Numbersnearthepointsindicate the et al. (1976).Agesfor MR7 andMR9 are given in
“heating” temperaturesin °C,with repeatedPTRM’s from Table I.
225°C, performedafter laboratory“heatings”haveprogressed The eight burnt zoneswere sealedbeneathseveral
to 525°C,shownby crosses.Least-squaresfitted lines, including metresof gently-dippingsediments,andaretherefore
all points(continuouslines with incorrectslopes)andlow tem-
peraturepointsonly (dashedlines with slopesof —1) are consideredto be contemporarywith sedimentdeposi-
shown.Detailsof thecalculationsaregivenin thetext. tion at the edge of the growing point-bar. With this

TABLE I
i
4C agesof sites

Site Laboratory Conventional True age Limits at
No. 14C age 68%confidence 95% confidence

(yr. B.P.) (yr. B.P.) (yr. B.P.)

MR7 ANU-699 4550±60 5180—5445 5010—5560
MR9 ANU-1084 4580±250 5010—5625 4645—5880

Conventionalradiocarbonages(yr. B.P.)arecalculatedusing5568-yr.half-life, with theuncertaintyarisingfrom countingstatistics
givenatone standarderror (68%-confidencelevel); detailsaregivenin Polachetal. (1976).Thecalibrationprocedureof Clark
(1975) hasbeenusedto placeconfidenceintervalson thetrue agein yearsB.P.
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assumption, analysis of the calibrated radiocarbon thepredictedmodel behaviourfor a specimencon-
ages and the positionsof the sitesalongthepoint-bar taming avery smallamount(~2%)of lepidocrocite.
indicates a constant rate of extension ~0.09 myr.~ The remainingtwo specimens, MR9-Al and -Dl, show
between 7000 yr. B.P. andthe present-day.Thehori- a continuouscurvatureof a differentnaturewhich is
zontal separationof 39 mbetween MR7and MR9 not adequately predicted by either model, but is simi-
thereforesuggeststhat thelatter sitemight be‘-~400 lar to thebehaviourreportedby BarbettiandMcE1-
yr. younger,andthis is consistentwith the calibrated hinny (1976)and frequentlyobservedby us (unpublish-
radiocarbonagesat the 95%-confidence level. ed data) in specimens of baked earth from ancientfire-

placesexposedin opencountryin southeastern

4.3. Ancientfield intensity measurements Australia.
Using the models described earlier, we have interpret-

Cylindrical specimens(28 mm diameter,28 mm ed andillustratedtheNRM—TRM diagramsin the
long) were cut from the unorientedlumpsof baked following way. Forthe first tenspecimenswe have
sediment,andtheir totalNRM was measuredusing calculateda least-squaresslope usingonly dataat
a Digico spinnermagnetometer(Molyneux,1971). 120°C(whereavailable),180°C,240°Cand 600°C;
Goodagreementin direction wasfound in all cases except,that is, for the two specimens(MR7-Al and
where morethan one specimenwasobtainedfrom a -Bl) for which a well-definedslope could beobtained
single lump. Specimens for Thellier-type ancient without including the measurementsat 600°C.Strictly
field-intensity measurements were chosen so that a speaking,we shouldnothaveusedany of thedataat
representative range of colours and specific magnetiza- 600°C, because, according to our model,the TRM
tions would be includedfor eachsite. The double- capacitywill haveincreasedby up to 2%, depending
heatingswereperformedusingspeciallydesigned on theamount of lepidocrociteinitially present
furnaces(Barbetti, 1973)in an automatjcallycon- during laboratoryheating.Increasesof about4 and
trolled field-freespacedescribedby McElhinny et al. 6% (respectively)aresuggestedby the NRM—TRM
(1971).A heatingtime of 1 h wasused,allowing diagramsfor MR7-A1 and-Bi, andit is possiblethere-
approximately 20 mm soaking afterstabilizationat fore that the calculatedslopesfor the othereight
the preselected temperature. The secondheating specimensmight be asmuch asabout5% too low.
and cooling at each temperature was performed in Forthe lasttwo specimens (MR9-Al and -Dl) the
a laboratoryfield of 59.3 pT (equivalentto 0.593 Oe). calculated slopes,usingdataat 180,240and300°C,

The NRM directionswerefoundto be stable,with are broadlyconsistentwith resultsfrom the other
changesof lessthan 10°occurringfor thermaldemag- specimensbut,becausewe do notyet havea quantita-
netizationup to 600°C,a temperatureat which only tive predictivemodelfor thetype of non-idealbehav-
about2% of theoriginal magnetizationremained.This jour displayed,theseresultshavenotbeenincludedin
indicatesthatnoneof the bakedmaterialstudiedhad the calculationof the site mean(Table II).
movedsignificantly during the original cooling,and
that thedispersionof the lumpswithin the sediment 4.4. Discussion
must haveoccurredaftercooling. Thefact that even
the softer less well-bakedmaterialpossesseda stable It canbe seenfrom Table II that, althoughthe ac-
magnetizationup to 600°Csuggeststhat the harder ceptedslopes(calculatedafterinterpretation)are not
brick-redmaterialwas originally bakedwell in excess noticeablymoretightly groupedthan slopescalculated
of 600°C,which is consistentwith everydayexperience usingdataat all temperatures,a significant decrease
that temperatures around 1,000°Care requiredto has occurredin the associatedstandarderrors.This is
producethelatter type of material, in accordwith the modelpredictionthat databelow

NRM—TRM diagramsare illustratedin Fig. 2 for 300°Cand,to a lesserextent,dataat 600°Cshould
the twelve specimensstudiedfrom sitesMR7 andMR9. exhibit linearity.
Details of the slope analysisare given in Table II. The Webelievethat theacceptedslopes(Table II) are

first ten specimensdisplayan enhancedPTRM capac- thebestestimatesthat canbe derivedfrom the available
ity between300 and 540°C, which is very similar to data. All thespecimenshavebeenreheatedin theearth’s
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Fig. 2. NRM—TRMdiagrams for the twelve specimens studied from sites MR7and MR9.
Specificmagnetizationsareplotted, in unitsof l0~Am

2 kg—i. Numbersnearthe pointsgive the double-heatingtemperaturesin
°C.Least-squaresfittedlines wereobtainedusingselecteddata (solid symbols).
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TABLE II

Slopes of NRM—TRMdiagrams

Specimen Least-squaresanalysisperformedusingdataat Site mean

all temperatures 180, 240, 300°C 120, 180, 240, 600°C 180, 240, 600°C 120, 180, 240°C
except NRM

MR7-A1 —0.59 ±0.04 —0.71 ±0.002
MR7-A2 —0.62 ±0.10 —0.89 ±0.03
MR7-A3 —0.53 ±0.09 —0.76 ±0.03 —0.76
MR7-A4 —0.59 ±0.09 —0.82 ±0.03 ±0.07(stan-

darddeviation)
MR7-B1 —0.56 ±0.03 —0.67 ±0.008 ±0.03(stan-

darderror)
MR7-C1 —0.47 ±0.09 —0.72 ±0.03

MR9-B1 —0.77 ±0.03 —0.81 ±0.003
MR9-C1 —0.86 ±0.04 —0.91 ±0.07
MR9-C2 —0.83 ±0.03 —0.87 ±0.05 —0.86
MR9-El —0.81 ±0.02 —0.84 ±0.02 ±0.04(stan-

dard deviation)
MR9-A1 —0.41 ±0.05 —0.91±0.25 ±0.02(stan-

darderror)
MR9-D1 —0.57 ±0.07 —1.19 ±0.88

Standarderrorsarequotedto theslope.Valuesto the right, obtainedusingdataat selectedtemperatures(asillustratedin Fig. 2),
have beenusedto calculatethesite meanratiosof ancientgeomagneticandlaboratorymagneticfield intensity;slopesfor MR9-A1
and-Dl havevery largestandarderrorsandwerenot included.

field to temperaturesof 420 and480°Candit has been in Thellier-type measurementsof a laboratory TRM in
confirmedthat thegreatly increasedTRM capacity, the samespecimens.This typeof behaviourmaybe
ascribedto thetemporarypresenceof maghaemite due to thepresenceof a hydratedmineralor minerals
during thefirst heatings,doesnotreappearin thefirst which undergochemicaltransformationat about
eight specimensaftertheyhavebeenheatedat 600°C. 100°C.It is also possiblethat weatheringmay produce
Theserepeatmeasurementsdo not,however,allow a alteredrims on somehaematitegrains,with the result
more preciseslope to be calculated,becauseof the that grainenlargementwould occurwith dehydration
presenceof small amountsof additionalhaematite during laboratoryheating.The origin of this typeof
formed by chemicaltransformation. behaviourmust remainsomewhatspeculativeat the

Theleast-squaresslopescalculatedfor specimens moment,eventhoughwe know that it alwaysleads
MR9-Al and -Dl usingdataat all temperaturesare to systematicallylow estimatesof ancientfield inten-
low in comparisonwith slopesfor theotherspecimens sity if dataat all temperaturesare includedin the
and thesitemean.This is in accordwith our experience slope calculation.
(unpublisheddata)that systematicallylow valuesare Table III givesthe site meanvaluesfor the ancient
obtainedfrom specimensdisplayingthis type of con- field intensityand thecorrespondingvaluesfor the
vex-downwardscurvature.In a detailedstudyof speci- virtual axial dipole moment(VADM), calculatedon
mensdisplayingthis typeof alteration,Barbetti and the assumptionthat themeasuredfield is due to a geo-
McElhinny (1976) found,as in thepresentstudy,no centricdipole alignedwith the earth’srotationaxis.
significant differencebetweenthe first PTRM’s and It is notpossibleto calculatea virtual dipole moment
repeatvaluesat thesametemperatures,performed in the normal way, becausethepalaeo-inclinationis
afterlaboratoryheatingshadbeendone at highertem- not known for thesesites,anda differenceof about
peratures,andthat convexcurvaturewas notobserved 23%in the calculateddipole momentwould occur if
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TABLE I~ techniques,which rely on a singleheatingto TC. The
derived estimates of ancient field intensity will be

Dipole moments
systematically too low.

Site Ancient field Virtual axial dipole (7) The VADM valuesreportedhereagreeclosely
intensity moment
(ST) (1022Am

2) with previously reportedvaluesfrom northern-hemi-
spheresiteswith the same(conventional)radiocarbon

MR7 45 ±2 8.2 ±0.3 ages.
MR9 51±1 9.3±0.2

Standarderrorsarequoted.Dipole momentsare calculated
assuminga geocentricaxial source(inclination—55°),andthe Acknowledgements
uncertaintydoesnot includeanallowancefor possibleerror
arising from this assumption.
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