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Abstract

To test the reliability of the Thellier method for paleointensity determinations, we studied six historic lavas from Hawaii and
two Gauss-age lava flows from Raiatea Island (French Polynesia). Our aim is to investigate the effects of the NRM fraction
and concave-up behavior of NRM—-thermal remanent magnetization (TRM) diagrams on paleointensity determinations. For the
Hawaiian samples, the paleointensity results were investigated at both sample and site levels. For consistency and confidence in
the paleointensity results, it is important to measure multiple samples from each cooling unit. The results from the Raiatea Island
samples confirm that reliable paleointensities can be obtained from NRM—-TRM diagrams with concave-up curvature, provided
the data are accompanied by successful partial TRM (pTRM) checks and no significant chemical remanent magnetization (CRM)
production. We conclude that reliable determinations of the paleofield strength require analyses of linear segments representing
at least 40-50% of the total NRM. This new criterion has to be considered for future studies and for evaluating published
paleointensities for calculating average geomagnetic field models. Using this condition together with other commonly employed
selection criteria, the observed mean site paleointensities are typically within 10% of the Definitive Geomagnetic Reference
Field (DGRF). Our new results for the Hawaii 1960 lava flow are in excellent agreement with the expected value, in contrast to
significant discrepancies observed in some earlier studies.

Overestimates of paleointensity determinations can arise from cooling-rate dependence of TRM acquisition, viscous remanent
magnetization (VRM) at elevated temperatures, and TRM properties of multidomain (MD) particles. These outcomes are
exaggerated at lower temperature ranges. Therefore, we suggest that, provided the pTRM checks are successful and there is n
significant CRM production, it is better to increase the NRM fraction used in paleointensity analyses rather than to maximize
correlation coefficients of line segments on the NRM—TRM diagrams.

We introduce the factoQ =N(q), to assess the quality of the weighted mean paleointeikjtyfor each cooling unit.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 120

* DG 46
@ DG13 |

Thermal remanent magnetization (TRM) is the only 100
magnetization that can be used for obtaining absolute
paleointensities of the Earth’s magnetic field, and TRM
in igneous rocks is the only recorder of absolute pa-
leointensities prior to about 10,000 years agertin
and Schnepp, 2004The Thellier method Thellier
and Thellier, 195Premains the most reliable and fre- O e cee o
guently used procedurgglet, 2003. Itis based on spe- ! B -B . e |
cific properties of TRM, mainly the linear dependence *
of TRM intensity on the inducing field and the ad- . i i i
ditivity and independence of partial-TRMs (pTRMs). 0 0.2 0.4 0.6 0.8 1
These properties are exhibited by populations of NRM fraction
non-interacting single-domain (SD) grains but not by
multidomain (MD) or pseudo-single domains (PSD) Fig. 1. Palecintensities for two directional groups: DG46 (reverse)
particles [evi, 1977; Dunlop ancbzdemir, 199Y. and DG13 (normal) from the Steens MountaiRg{ot et al., 1985

. ) . . vs. the NRM fraction used for the calculations. DG46: relatively little
Thelliers technlque requires thatthe samples be heatedvariation of field strength is observed when more than 30% of the

gradually in steps from room temperature to the Curie ry was used, while for DG13 paleointensities vary from 20 to
point. Together with the use of pTRM checks, the 100,T when using less than 20% of the NRM.

Thellier method makes it possible to detect the onset-

temperature of modifications of TRM characteristics group DG13 were extruded after the reversal. High pa-
of the samples, caused by physico/chemical alterationsleointensities were found in flows from group DG13,
of the magnetic minerals. Changes of TRM properties and for this reasoRrévot et al. (1985argued that the

at higher temperatures lead to non-linear behavior of field was more unstable after the transitionFig. 1,

the NRM-TRM diagrams, failure of pTRM checks, paleointensity estimates on samples from the DG46 and
and/or acquisition of chemical remanent magnetiza- DG13 directional groups are plotted versus the NRM
tions (CRM) that can be detected in the orthogonal fraction used to determine the paleointensity. While the
demagnetization diagrams. Such changes often lead ei-paleointensity data from DG46 were determined with
ther to outright rejection of samples or the selection of a low to high NRM fraction, only low NRM fraction was
restricted temperature interval for calculating the pale- used for DG13. One possible interpretation of the re-
ointensity, where non-linearities and changes in TRM sults is that the high paleointensities determined with
acquisition capacity can be neglected. Because signif- less than 30% of the NRM might be unreliable.

icant mineralogical changes and TRM modifications Calvo etal. (20023tudied six recent lava flows from
during the Thellier procedure are more likely to occur Mt. Etna. They applied the following reliability checks
at higher experimental temperatures, the paleointensity of the Thellier method: (i) a minimun of four points
is frequently obtained from lower unblocking temper- in the NRM-TRM segment; (ii) NRM fraction equal
atures, where the NRM-TRM diagrams are substan- or greater than 0.15; (iii) negligible secondary magne-
tially linear. In one of the most detailed paleointensity tization; (iv) differences between original pTRM and
studies at the Steens Mountains volcaniigyot et al., pPTRM checks less than 15%; (v) differences between
1989, there is evidence for unreliable results obtained the slopes of the segments of the NRM-TRM curves
from lower temperatures. In volcanic sequences, it is betweenTmax and Teheck before and after the pTRM
often the case that several successive lava-flows recordcheck less than 15%alvo et al. (2002pbtained suc-
indistinguishable paleomagnetic directions, which are cessful paleointensity results from only 6 of 28 sam-
treated as a distinct directional group. In the Steens ples, and the mean value was about 25% higher than
Mountains study, the directional group DG46 com- the expected known field.

prises flows with reverse polarity, magnetized before  We conducted Thellier experiments on NRM carried
a reversal, whereas the normal flows from directional by six historical lava flows from Hawaii and two from
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Raiatea Island. The primary goal of this research is to Thellier paleointensity determinations were performed
achieve a broader understanding of factors that influ- on 5-7 specimens from each flow at the paleomagnetic
ence the reliability of absolute paleointensity determi- laboratories of Rennes and Oregon State University.
nations by the Thellier method, and to provide further Laboratory fields of 40 and 35T were applied during
guidelines for interpreting NRM—-TRM diagrams. the experiments. Most of the samples were heated in
air at low pressures (<18 Torr) and a few at 1 atm.
Although the procedure proposed Bpe (1967)
2. Paleomagnetic sampling and methodology where the first heating is performed in zero field, is
very popular, we prefer the original Thellier method

On the island of Hawaii, we drilled between 7 and (Thellier and Thellier, 1950where both heatings are
16 standard, 25.4 mm diameter, cores from six recent done in the laboratory field, reversing the field (or
flows (AD 1950, 1955, 1960, 1972, 1977, and 1982) inverting the specimen) between the first and second
(Fig. 2. On Raiatea Island (French Polynesia) 38 lavas heating. In this way, CRM with unblocking temper-
were sampled with an average of seven cores per flow. atures higher than the temperature of the chemical
The ages of these lava flows are between 2.44 andtransformation will be more easily detected in the
2. 75Ma Puncan and McDougall, 1976; Blais et al., orthogonal demagnetization diagran&h@uvin et al.,
1997. Because these units have normal polarity, their 1991).
ages are likely to be older than 2.6 Ma. FurthermoreYu etal. (20045lemonstrated that only

Most samples were oriented with both magnetic and the Thellier method is independent of the direction
sun compass and during sampling, the vertical coverageof laboratory field and detects reciprocity better than
of the lava flows was maximizeddnaka and Kono,  other techniques. We use the following procedures for
1991; Biggin et al., 2003 pTRM checks: after the two heatingsTpin opposite

All cores were cut to 22 mm long cylindrical speci- fields, we calculate the remaining NRM and the ac-
mens. Progressive alternating fields (AF) demagnetiza- quired pTRM [I; — Tg]. The pTRM check at a lower
tions were performed on one specimen from each core. temperaturd; <T; is performed in a field of opposite
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Fig. 2. Location map of (a) the six historical lava flows from Hawaii and (b) the volcanic section sampled in Raiatea Island.
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direction to the second heatingfat The pTRM check
at Tj <T; is simply half the difference of the magne-
tization measured after the second stefjatnd the
magnetization measured after heating/cooling &tT;

in the opposite field. We agree wittu et al. (2004)
that pTRM checks are essential for detecting alterations
of specimens during the experiment and should be re-
quired in all modern paleointensity investigations. We
consider that the original in-field Thellier double heat-
ing procedure is the true optimal paleointensity (TOP)
method.

3. Paleomagnetic directions

Characteristic directions were determined with lin-
ear least squares fit through the origin for both AF and
thermal demagnetizations obtained during the paleoin-
tensity experiments.

For the historical Hawaiian flows, the expected di-
rection from Definitive Reference Field (DGRF) model
is about Dec=11 and Inc=37. The mean direc-
tion for the six flows, Dec=11%8 Inc=34.5, and
ag5=3.1° (Table 1), is very close to the expected
direction. Three flows H1960, H1977, and H1982
form a very tight directional group with Dec=13,4
Inc=37.4, andags=1.0°, indistinguishable from the
DGRF (Table ). However, a small negative inclina-

Table 1

Site-mean paleomagnetic directions

Hawaiian n/N Dec Inc Dec Inc k o5
flow Obs Obs exp. exp.

H1950 17/18 1® 329 111 377 265 21
H1955 15/20 1B 297 110 376 252 21
H1960 12/19 12 370 11.0 377 296 2.0
H1972 15/11 % 321 111 377 593 1.9
H1977 15/16 140 371 113 378 662 1.4
H1982 7112 13 38.0 11.0 37.8 515

Mean 6 118 345 480 3.1
Polynesian flow  n/N Dec Obs Inc Obs g5
RFA15 141 —40.6 131 45
RFA22 37 —-25.0 116 6.3

n/N, number of samples used in the analysis/total number of samples
collected; Dec (Inc) Obs, mean measured declination (inclination);
Dec (Inc) exp., declination (inclination) given by the DGRF mod-
els; k, precision parameteugs, 95% confidence cone about mean
direction of Fisher distribution.
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Fig. 3. Stereographic projections of the mean directions after pro-
gressive alternating fields demagnetizations for the six lava flows
from Hawaii. Three units (H1950, H1955, and H1972) have lower
inclinations than the expected 37

tion anomaly is recorded by flows H1950, H1955, and
H1972 (Table 1 Fig. 3), which might be attributed to
magnetic terrain effectBaag et al., 1995; Valet and
Soler, 1999.

The paleomagnetic results from Raiatea Island
will be discussed elsewhere. Here, we present re-
sults from only two lava flows (RFA15 and RFA22;
Table ). The paleomagnetic directions are stable,
with no evidence of secondary overprints during
the first steps of AF demagnetizations or Thellier
experiments.

4. Magnetic properties
4.1. Historical samples from Hawaii

Samples from the six sites exhibit variations of
the magnetic properties typical of aerial basaltic lavas
(Fig. 4). Flow H1977 has the lowest geometric site-
mean magnetization intensity (3.1 A/m), while the
mean NRM value for flow H1955 is 11.2 A/m. Me-
dian demagnetizing fields (MDFs) are usually greater
than 20 mT except for samples for flow H1972, which
all have MDF values less than 20 mT.

The magnetic mineralogy and the thermal sta-
bility of the magnetic minerals were assessed from
thermomagnetic experiments performed in air on 26
specimensKig. 5. Most of the samples from flows
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Fig. 4. Mean NRM intensity in Ampere/meter (logarithmic scale) vs.
the MDF in milliTesla for all the Hawaiian samples demagnetized
by alternating fields.
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no exsolution of ilmenite. Samples with low Curie
temperatures and reversible J&urves may give reli-
able paleointensity resultd@nkinen and Champion,
1993. JsT curves for samples from the other flows
have higher Curie temperatures, indicating higher
degrees of deuteric oxidation during emplacement of
the lavas. The ratio of the intensity of the viscous re-
manent magnetization (VRM) acquired during 10 days
of storage in the laboratory field to that of the NRM
(Thellier and Thellier, 1944 was measured for 63
samples, and the magnetic viscosity was lower than 3%
for all samples. From the observed range in magnetic
properties (NRM intensity, MDF, and Curie points), we
expect to encounter various types of behavior during
the paleointensity experiments, comparable to typical
paleointensity studies on non-altered aerial basaltic
lavas.

4.2. Samples from Raiatea

The low-field susceptibility versus temperature
(k=T) was measured in air for eight samples from

H1977, H1972, and H1982 have low Curie tempera- flows RFA15 and RFA22. With one exception, the
tures. Lavas H1977 and H1982 are vesicular pahoehoek-T curves are reversible with Curie points above
flows and the thermomagnetic behavior is typical 560°C (Fig. 6), suggesting low Ti contents for the

of quenched titanomagnetite minerals with little or

titanomagnetites.
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1960

" B00 e O

600 <C 0 200 400

Fig. 5. Strong field thermomagnetic curves for samples from the six flows from Hawaii. Experiments were performed in air; heating and cooling

rates were 8C/min. Arrows indicate heating or cooling.
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Fig. 6. Variations of the low-field susceptibility vs. temperature for samples from the two lavas from Raiatea Island. Arrows indicate heating or
cooling.

Four samples from the flow RFA22 (samples 5. Paleointensity data
RFA22246, 22245, 22249, and 22252), which pre-
sumable carry TRM, were measured for decay of the 5.1. Historical lavas from Hawaii
remanence after one cooling cycle to liquid nitro-
gen temperature (77 K) and reheating to room tem-  We conducted Thellier experiments on 43 samples
perature in zero field. The NRM intensity decayed from the six historical lava flows from Hawaii. Exam-
between 4 and 6%. For stoichiometric magnetite, ples of NRM-TRM diagrams and orthogonal vector
low-temperature decay of the magnetization decreasesprojection plots of the paleomagnetic directions are
with decreasing grain size and is essentially absent shown inFig. 7. Samples H1955-03B, H1950-03D,
for single-domain particles (e.gMerrill, 1970; Levi, and H1982-01B have ideal behavior during the
1977; Levi and Merrill, 1978 Levi and Merrill (1978) Thellier experiment with almost all the points aligned
showed that low-temperature cycles to below mag- on a straight line with successful pTRM checks.
netite's isotropic temperature (130 K) are a very consis- About 65% of the samples have this behavior. Increase
tent indicator for domain structure in pure magnetite. or decrease of the TRM capacity is also observed
They reported that for some MD grains carrying TRM, (Fig. 7, sample H1972-01A, at 49@). Only one
the decay after one low-temperature cycle can be 40%. sample (from flow H1977) had an entirely unreliable
However, even modest concentrations of titanium on NRM-TRM diagram, characterized by CRM acqui-
the order of a few percent can suppress the Verwey sition for temperatures between 360 and 480the
transition. CRM was demagnetized at about 5@ The results

The NRMs of all samples from flow RFA22 have from this sample were rejected. For all other samples,
MDF values greater than 40 mT. For flow RFA15, the it was possible to interpret the NRM—TRM plot in
MDFs of the NRMs are lower, with values about 30 mT the classical way; that is, a temperature interval that
for four samples and 10 mT for the remaining three. includes at least five points distributed on a straight
These MDF values together with the small decay dur- line and representing more than 15% of the original
ing low temperature cycling are in agreement with the NRM intensity Coe, 1967 with successful pTRM
hysteresis parameters (to be introduced later). These re-checks.
sults suggest that MD particles make only a relatively =~ The expected field strengths are between 36.2 and
minor contribution to the NRM of these Raiatea Island 35.5u.T, consistent with the 1950, 1955, 1970, 1975,
samples. and 1980 DGRF models.
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Fig. 7. Examples of NRM-TRM diagrams for samples from Hawaiian flows H1955, H1972, H1982, H1960, H1950, and H1977 and correspond-
ing orthogonal vector projections of the remanence directions in sample coordinates. Filled (open) circles are projections onto the horizontal
(vertical) plane. Experiments were performed in vacuum. Diagrams are normalized to the initial NRMYNRMintensity of the laboratory

field in microTeslaH, paleointensity determined; quality factor Coe et al., 1978 triangles, pTRM checks. Temperature steps are in degree
Celsius. Closed circles on the NRM-TRM diagrams are data used for the paleointensity calculations.

5.2. Gauss-age lavas from Raiatea Island no CRM acquisition during the Thellier experiment
(Fig. 8a).

We studied nine samples from two Gauss-age
flows on Raiatea Island (RFA15 and RFA22) with
clear examples of non-linear concave-up behavior 6. Interpretation of NRM—TRM diagrams
(Fig. 8a). Two samples (RFA22245B and RFA15158B)
are only mildly non-linear and seem to give reli- The results from Raiatea Island illustrate the diffi-
able paleointensity resultsFig. 80). On the other  culties in interpreting paleointensity data. Completely
hand, three samples from flow RFA22 (RFA22249B, different paleointensities would be obtained, depend-
RFA22251B, and RFA22252B) and two from flow ing on which line segment is chosen. Variations of
RFA15 (RFA15157B and RFA15156B) show strongly the calculated paleointensities on increasing the NRM
concave-up NRM— TRM diagrams, but they have suc- fraction are shown irFig. & for five samples. It is
cessful pTRM checks to high temperatures and show evident that using smaller NRM fractions from the
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lower temperature ranges leads to higher paleointensi-a given flow, and each sample was assigned its own
ties. When the NRM fractions are extended, all sam- symbol. For example, all the NRM-TRM data for the
ples give paleointensities approachingu3Q similar flow H1955 are well distributed on a straight line. The
to values for samples RAF22245B and RFA15158B slope of this line is 0.97, calculated by a simple lin-
(Fig. &d). ear fit, using least squares analysis, and the correlation
Although the curvature is significantly less pro- coefficient is 0.99. The resulting paleointensity value
nounced in samples from the historical lava flows from is 36.3uT, very close to the expected value. In most
Hawaii than for some of the Raiatea samples, several cases, the points that clearly deviate from the general
Hawaiian samples show significant concave-up behav- trend correspond to samples with poor pTRM checks,
ior. indicating magnetic evolution during heating. These
To establish guidelines for interpreting the points are indicated by squareshiy. 9. If these data
NRM-TRM diagrams, we will further examine the are rejected, the overall paleointensity for each flow is
Hawaiian data for which the geomagnetic paleointen- in good agreement with the expected value. The largest

sities are known. discrepancy is for the H1960 flow. This method of dis-
playing the data is very useful for assessing the quality
6.1. A multispecimen approach and consistency of the data at a site level, when sec-

ondary overprints can be largely neglected.
For each lava flow, a single Arai diagramig. 9)
was constructed using NRM—TRM data for all samples 6.2. Effect of the NRM fraction
from that unit. TRM values produced in different lab-
oratory fields were renormalized to a field intensity of To check if a reliable paleointensity estimate can be
37.5u.T, assuming linear TRM acquisition. Each Arai obtained from lower unblocking temperatures of our
diagram inFig. 9includes data from all specimens of samples, we calculated the paleointensities using dif-
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particular sample. Data within squares deviate significantly from the trend and were rejected. Also shown are the slopes of the best lines through

the data, values of the coefficients of linear correlatigngnd the calculated paleointensities.
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Fig. 10. Paleointensities for the 43 measured samples from the [ Accepted samples
Hawaiian lavas vs. the percentage of the NRMuged for the cal- = i flow 1960
culations. =270 ° Yamamoto et al. 2003
=
‘B i .
S 60 F o*
ferent NRM fractions. We used only linear segments £ [ .
with at least three points. We required that within any % 50 | e "
chosen temperature interval the pTRM checks had to ; . '. .
be successful with no evidence for CRM acquisition. 40 — 3 o
Two hundred and four determinations of field strength - : : ‘ | - 1
versus NRM fraction are shown on thigy. 10 Because 0 02 04 06 08 i
our samples carry almost no secondary overprints, the NRM fraction

data inFig. 10reflect the primary remanence. It is ap-
parent that the scatter in the paleointensity estimates Fig. 11. (a) Arithmetic_ mean pale_ointensity per flow and standard
ncreases signifcantly forlower NRM fractons, when 11 e i, 130d tree asens vaues o e i e
only the first few steps of the Thellier experiments are Solid squares: weighted mean paleointendity; calculated using
used. For NRM fractions less than 20%, field strengths the “best estimate” analysis (see text). Expected value of the field is
range between 66 and g4, while for NRM fractions about 36.T. (b) Paleointensity values dmamoto et al. (2003pr
greater than 80% the paleointensities are between 44samples frqm the 1960 Hawaiian flow vs. the NRM fraction used for
the calculations.

and 33uT.

We calculated the arithmetic mean paleointensity
per flow using three different values of the NRM frac- calculations for all threé-ranges of each sample, be-
tion (f): less then 20%, between 20 and 40%, and be- cause of their different blocking temperature distribu-
tween 40 and 50%. For eafitange, only one deter- tions (Table 2 Fig. 11a).
mination per sample was used, and in e&atterval The mean intensity per flow is more scattered when
we retained the paleointensity value corresponding to less than 40-50% of the NRM is used, and sometimes it
the lowest value of the NRM fraction, and satisfying is very different from the expected field strength. How-
the conditions of linearity defined by a minimum of ever, the observed scatter could be partly explained by
three points, successful pTRM checks, and no evidencethe fewer number of samples used for the calculations
for CRM. Sometimes it was not possible to do these in the lowerf-intervals (se@able 2.
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Table 2
Paleointensity results for different NRM fractions
Sample Tmin—Tmax N f H q Tmin—Tmax N f H q Tmin—Tmax N f H q
H195001A 100-240 3 3 425 191
H195003D 100-370 5 .05 435 24 100-430 6 (@7 447 91 100-470 7 @2 46 203
H195005A 100-400 6 .85 337 22 100-480 8 35 332 147
H195007A 100-350 5 @6 531 24
H195009B 100-430 6 @5 376 17
H195010B  70-250 5 5 569 12 70-300 6 @®1 519 24
H195011A 100-400 7 @5 626 17 100-460 9 5 580 80
H195012B 100-350 5 .02 642 15 100-480 6 6 443 43
1950 54.8+10.5 47.3:10.7 44.8+8.8
H195503A 70-200 4 Q@2 353 312 70-350 7 35 385 163
H195504B  100-350 6 .06 549 13 100-430 8 @5 47 36  100-490 10 @5 498 103
H195505A 100-400 6 @8 559 11 100-440 7 ®4 532 24 100-500 9 M3 464 77
H195507A 100-400 6 .20 484 17 100-440 7 (@5 422 26 100-500 9 ™3 464 77
H195508B 100-300 4 06 538 16 100-370 5 ®5 483 33
H195509B 150-440 6 81 304 16
H195510A 100-350 5 @4 445 20 100-480 6 (B2 441 129
H195513A 100-310 4 @0 603 15 100-370 5 @2 518 31
1955 53+5.6 444+7.9 42.4+6.9
H196001A 100-310 4 06 508 21 100-370 5 ®2 503 59
H196002B 75-325 11 .03 656 16 75400 13 (@1 486 25
H196003B 100-400 6 .02 622 3 100-500 9 @7 490 52
H196007A 100-235 3 @8 443 25 100-400 6 4 343 17
H196008C  70-300 5 .03 533 11 70-390 7 @®1 589 34 70-440 8 ® 366 43
H196010A 100-200 3 Qa7 271 15 100-400 7 A3 280 31
H196011A 70-150 3 24 38 372
1960 58.6:7.0 44.7+9.5 32.6£3.7
H197201A 70-150 3 @6 379 17 70-200 4 M3 332 42
H197207A 100-260 4 05 602 12 100-350 6 ®6 417 22 100-430 8 9 385 86
H197207B 100-350 5 O 466 20
H197211B
H197215B 150-390 4 B84 268 15 150-440 5 ;7 252 38
1972 602 35.5£7.7 35.9£9.0
H197710B  75-200 6 @9 266 10 75-225 7 ®2 271 17 75-450 14 6 384 54
H197704B 100-200 3 .85 337 95
H197701A 100-200 3 @4 366 13 100-275 4 ®5 339 41 100-350 5 @2 397 45
H197702A 70-150 3 81 375 35 70-250 4 M6 351 69
H197706A 100-235 3 (™5 380 16
H197713B 70-490 B89 588 16
H197713A 100-240 3 @ 376 12 100-300 4 (@2 396 15
H197714B 70-250 4 @1 331 14
1977 33.6:6.0 37.7£10. 37.8£1.9
H198203A 100-200 100-200 3 4 353 65
H198203B  70-200 4 Q7 399 13 70-250 5 ®5 405 42 70-350 7 (8 387 165
H198204A  70-250 4 05 340 10 70-300 5 @® 320 32 70-390 7 8 376 94
H198202B  70-250 4 09 398 17 70-300 5 @®7 401 57 70-350 6 00 417 115
H198206C  75-175 5 @0 436 18 75-275 9 (@1 395 40 100-350 12 @80 393 169
H198201B 100-250 4 @2 378 20 100-300 5 8 384 58 100-350 6 (B9 384 144
1982 39.G:3.5 38.1£3.5 38.2£2.1

Tmin—Tmax temperature interval used to determine the paleointerfsityRM fraction; N, number of points in the temperature intervdl;

paleointensity estimate for individual specimeuT{; g, quality factor.
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Results presented fRigs. 10 and 11andicate that paleointensity was chosen to represent at least 40%
paleointensity determinations using smaller fractions of the original NRM intensity. The results are pre-
of the NRM intensity, typically less than 40%, are of- sented inTable 3andFig. 11a. The average paleoin-
ten in error and are usually biased to higher paleoin- tensity was calculated using the weighting factgr
tensity values. In older and even recent publications, defined byPrévot et al. (1985) This weighting fac-
paleointensity data are frequently restricted to lower tor depends on the quality factqr{Coe et al., 1978
temperature intervals, often comprising less then 25% Theg-factor is especially low when low NRM fractions
of the NRM intensity. Therefore, caution should be ex- are usediig. 12b). Also, paleointensity determinations
ercised before interpreting the absolute paleointensitiesfor samples with median demagnetizing temperatures
from such studies, as part of the observed scatter in the(MDTSs) lower than 300C have low quality factors

results could be explained by this effect. (Fig. 1). Samples with large MAD or DANG usu-
ally have low quality factorsHig. 1), but there are
6.3. The best estimate a few samples with low quality factor q, which have

low MAD and DANG values. There is a correlation
In this case, we determined the paleointensity fol- (Fig. 122) between thg-factor and the ratiop/b (o is
lowing the usual analysis: at least five points must be the standard error of the slope dni$ the least squares
distributed on a straight line in a temperature interval slope). The data shown iig. 12indicate that the qual-
Tmin—Tmax- The highest temperaturéyay) is the tem- ity factor g remains valuable for weighting paleointen-
perature where significant modifications of the mag- sity determinations.
netic mineralogy are observed, as detected by changes When the weighted mean paleointensitidg ) are
in pTRM acquisition or by the growth of CRM. We con- compared to those expected from the DGRF models,
sider that a pTRM check is successful when it deviates the typical deviations are less than 10%. Also, discrep-
from the corresponding double-heating data point by ancies between weighted field strength and paleoin-
less than 10% of the total laboratory TRM acquired tensities determined by the multispecimen approach
by the sample. This criterion is very similar to that re- are typically less than 10%, except for the flow H1960
cently proposed byelkin and Tauxe (200G3nd Laj (Table 3.
et al. (2002) Following Chauvin et al. (1991)the R- We consider thaHy, our best estimate value, is
factor, defined byCoe et al. (1984)was calculated for ~ the most accurate and representative paleointensity for
each sample. This factor is an estimate of the maximum each cooling unit, because it includes data from every
potential error to the paleointensity caused by CRM ac- sample in proportion to itg| factor. To compare the
quisition during the Thellier experiment in percent of quality of paleointensity values for different units, we
the applied field. We fixed the acceptable error limits propose a new facto=N(q), for the samples with
at no more than 15%. More recent8glkin and Tauxe useful paleointensity data for whichyavas calculated
(2000)andTauxe and Staudigel (2004uggested us-  ((g) is the arithmetic mean per flow of values,N is
ing two angles: maximum angular deviation (MAD, the total number of samples used to calculate the pa-
which is a measure of the scatter in NRM directions) leointensity).Q-values are listed iffable 3 This rep-
and deviation angle (DANG, which tests whether the resentation o) emphasize the importance of measur-
component selected is actually trending to the origin) ing multiple samples from each unf@ for H1960 is
to characterize the stability of the NRM vector used not very high which might explain the discrepant re-
in the paleointensity experiment. The paramefers  sults of former studies. To assess the accuracy of the
MAD, and DANG give almost the same information field estimate within a flowSelkin and Tauxe (2000)
(Fig. 12a; Table 3. also propose to calculate the ratifB, whereB is the
FollowingChauvin et al. (200Q}he temperaturein-  field average and its standard deviation. According
terval chosen for calculating the best estimates of the to these authors, values of this ratio should not ex-

Fig. 12. Variations of some parameters obtained on Hawaiian sample$alsiee3. MAD, maximum angle of deviation; DANG, deviation
angle Tauxe and Staudigel, 2094, NRM fraction;q, quality factor Coe et al., 1978 R, percentage of CRM acquire@¢e et al., 198 o,
standard error of the slophk, absolute value of the best fit slopay/b, uncertainty of the slope; MDT, median destructive temperature.
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Table 3
Best estimate paleointensity results
Sample Tmin-Tmax MDT H. N f g b sb op/lb MAD DANG R ¢ H H+SD. Hy, Hw Q

H195001A 100-427 199 40 6
H195003D 100-549 484 40 11
H195005A 100-560 483 40 12
H195009B  100-549 456 40 11
H195012B  100-480 473 40 7

073 10512 Q0675 Q064 15 44 51 78 420
087 10160 0019 Q019 34 32 74 397 406
087 08271 00131 0016 22 12 25 512 331
070 09164 00119 0013 3 13 86 538 366
038 10231 00264 0026 31 19 71 46 443 39.3+45 372 363 157

H195503B 100-490 351 45 10
H195504B  100-540 484 40 11
H195505A 100-560 505 40 12
H195507A  100-549 491 40 12
H195509B  100-531 453 30 10
H195510A 100-530 493 40 7
H195513A  100-427 407 40 6

087 08147 00207 0025 29 28 42 307 367
074 10326 00494 0048 48 59 93 125 413
084 10462 00258 0025 11 0.7 15 314 418
085 09429 00290 0031 24 0.7 39 252 377
077 12115 Q0314 0026 34 12 57 275 363
056 11443 Q0098 Q009 26 10 20 596 457
068 08910 00950 011 28 35 34 36 356 39.3+3.7 411 363 1904
39.9+3. 7 41.2

BhcBB8 5i3BE.

H196002A  100-530 499 40 7 .88 040 09460 00335 0035 34 21 73 99 378
H196003B 100-549 530 40 12 .7 081 09581 00384 Q04 25 0.4 82 156 383
H196007A  100-437 419 30 7 .58 080 0935 Q1540 016 48 113 74 28 281
H196008C 70-490 434 45 9 .8 071 08330 00325 0039 16 20 28 158 375
H196010A 100-350 226 40 6 .48 Q073 07013 00696 0099 163 7.8 116 31 280
H196011A 70-440 192 45 9 .6 086 07094 Q0360 0051 71 26 59 104 319 33.6+49 355 282 576
34.7£4.6* 36.00
H197201A 70-300 212 45 6 .88 076 07543 00247 0033 32 6.7 41 137 340
H197207A 100-520 414 40 11 .8» 087 08578 00323 0038 22 30 98 207 343
H197207B  100-530 354 40 7 9D 068 09168 00494 Q054 27 31 153 115 367
H197211B  100-350 130 45 6 .® 070 08369 00554 0066 30 82 131 83 376
H197215B 150-518 336 30 8 8B 078 09076 00504 Q056 106 115 159 72 28 341437 345 324 615
H197701A 100-530 328 40 7 @ Q075 08121 00599 0074 27 13 40 197 397
H197702A 70-300 223 45 5 .80 072 08071 00319 Q04 59 31 78 96 363
H197704B  100-350 210 40 6 .8y 072 09985 Q0501 Q05 56 20 94 82 399
H197706A 100-350 199 30 5 .@ 068 12904 00758 0059 37 43 85 72 388
H197710B 70-450 229 40 14 4B 089 09642 00722 0075 105 0.6 125 57 384 386+14 387 364 504
H198201B  100-520 379 40 11 .8 085 08924 00111 0012 21 19 51 624 357
H198202B 70-490 357 45 9 .8 084 08872 00187 0021 33 14 58 350 399
H198203B 70490 335 45 10 .85 087 08147 00190 0023 37 20 42 315 366
H198203A  100-350 281 40 6 .41 Q078 08827 00440 Q05 123 48 154 65 355
H198204A 70-490 386 45 9 .@0 082 07972 00180 0023 23 0.2 22 343 359
H198206C 70-450 370 40 14 7@ 084 08615 00225 0026 41 22 42 238 344 36.3£19 366 359 1932
RFA22252B 100-560 510 35 13 .8B6 Q878 0947 Q091 Q096 33 33 92 76 331
RFA22249B 100-560 521 35 14 .782 (888 0834 0073 Q088 35 26 59 79 292
RFA22246B 100-560 532 35 13 .72 Q856 0990 0070 Q071 35 42 87 92 347

RFA22245B 100-560 536 35

=
i

B7 0841 Q775 Q041 QOS53 37 22 43 121 271 31.0£35 308 308 368

RFA15157B 100-540 519 35 12 .584 0886 1007 Q093 Q092 52 34 6.6 56 352
RFA15158B 100-550 483 35 12 .95 0864 0910 Q053 Q058 43 34 70 141 319 335+23 328 311 196

Tmin—Tmax temperature interval used to determine the paleointerisity N, number of points in the temperature intentd;, laboratory field
(1.T); f, NRM fraction;q, quality factor;H, paleointensity estimate for individual specimep3); H + S.D., unweighted mean paleointensity
of individual lava flows (.T) plus or minus its standard deviatidry,, weighted mean paleointensfyT); Hu, multispecimen (see texT); b,
absolute value of the slopey, standard error on the slop®; percentage of CRM; MAD, DANG, maximum angle of deviation and deviation
angle.

a Site-mean paleointensity calculated excluding samplesaith>0.1.

ceed 0.25 for the field estimate to be considered re- hations of poor reliabilities with low individuaj with
liable and accurate. This criterion does not however Similar paleointensities values and thus a low ratio of
take into account the quality of individual paleointen- o/B. TheQ factor will reflect the reliability at the site
sities. It is easy to imagine a case with few determi- level.
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Fig. 13. Unblocking and blocking temperatures for samples from Raiatea IslanéfgoBa andFig. 14 Values for each sample are normalized
to the initial NRM (NRM).

7. Discussion erentially to higher mean paleofield strengths. Sam-
ples from flows H1950, H1955, and H1960 are more
Three of the six Hawaiian flows (H1950, H1955, oxidized than the other three flows, and one of the
and H1960) have mean paleointensity values which de- reason for concave-up behavior seems to be related
pend strongly on the NRM fractiorfr{g. 11a; Table 2, to a significant unblocking of NRM in the tempera-
and restricting the analyses to the lower tempera- ture range 200-450C for samples with MDT above
ture points on the NRM-TRM diagrams leads pref- 400°C.
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Several studies using both the Shaw and Thel- the much slower initial cooling of the rock in nature
lier methods, including microwave heating, have re- than heating/cooling cycles in the laboratory during
ported discrepant values for the Hawaiian H1960 Thellier experiments. First, cooling-rate-dependence
lava (Abokhodair, 1977; Tanaka and Kono, 1991; in SD particles will cause higher TRM intensity during
Tsunakawa and Shaw, 1994; Hill and Shaw, 2000; slower cooling Dodson and McClelland, 1980; Fox
Yamamoto et al., 2003 Typically the paleointensity  and Aitkin, 198(). Second, high temperature VRM
estimates are 11-35% higher than the International Ge-during the slower initial cooling in nature would also
omagnetic Reference Field (IGRF) value of 3gR enhance the NRM. The VRM contribution in any
Yamamoto et al. (20033tudied the H1960 flow, and  temperature interval will be greater during the initial
they classified their samples in three groups (A, B, and cooling than during subsequent pTRM steps in the
C) according to increasing oxidation state. Higher than same temperature interval during Thellier experi-
expected paleointensities were observed for group B ments. Both mechanisms act in the same direction to
samples, while the least oxidized samples (group A) increase the TRM. The magnitude and temperature
and samples with highest deuteric oxidation (class C) distribution of the VRM will depend on the blocking
gave more accurate values. Group C samples had thetemperature distribution in the sample. At a particular
most linear NRM-TRM diagrams over the full tem- temperature, during the Thellier experiment, NRM
perature rangeYamamoto et al. (2003 ttributed the decay will exceed the pTRM production, especially
high paleointensity values observed on group B sam- at lower temperatures; this disparity will diminish as
ples to the acquisition of thermochemical remanent the Curie point is approached, producing concave-up
magnetization (TCRM) during the natural cooling of NRM-TRM diagrams.
this lava with continuous oxidation occurring below Samples from Raiatea Island have concave-up cur-
the Curie temperature. If true, this kind of samples vature of their NRM-TRM diagrams more pronounced
would be unsuitable for paleointensity experiments. than the slight curvature observed in samples of his-
However, TCRM may not be the only explanation for torical flows from Hawaii. The decrease of the NRM
the erroneous paleointensities previously obtained for intensity between 200 and 48G is not matched by
the Hawaii 1960 flow. Most high paleointensities found a corresponding pTRM acquisition. In this tempera-
by Yamamoto etal. (2003)prrespond alsotolowNRM  ture range, the unblocking and blocking temperatures
fraction Fig. 11b). are different for these sampleBig. 13a—c). For the

Our results on flows H1950, H1955, and H1960 (see two samples RAF22245B and RFA15158Hd. 8b),
Figs. 9 and 1Pshow that taking the best-fitting line  whose NRM-TRM diagrams are more nearly linear,
through all points with successful pTRM checks and no the blocking and unblocking temperatures are simi-
CRM acquisition, leads to more accurate paleointensity lar (Fig. 13d). The difference between blocking and
results thantrying to define the “most straight” likll unblocking temperaturesFig. 13—c) might be at-
and Shaw (2000jeached the same conclusions using tributed to: (1) MD or PSD particles, with lower un-
microwave heating. However, their experiments did not blocking than blocking temperatures; (2) irreversible
include pTRM checks. chemical changes during heating, transforming mag-

In order to explain the higher than expected netic minerals with unblocking temperatures between
paleointensitiesKig. 11a), we consider two physical 200and480C to anew magnetic phase with higher un-
processes that can lead to overestimates of paleointenblocking temperatures. Such transformations usually
sity determinations with no recourse to chemical or leads to CRM acquisition, not observed in the present
mineralogical alterations. These processes arise fromstudy.

Fig. 14. (a) NRM-TRM diagrams for samples from Raiatea Island, where the “NRM” was produced in a known laboratory figld ¢6&5

text). The paleointensity listed for each panel is the value obtained using temperature intervals given in the parenthesis. Crosses indicates pTRM
checksg is the quality factor. (b) Variations of the paleointensity versus the NRM fraction included in the linear segments chosen to compute
the field strength for the samples shown in (a). (c) Linear correlation coefficients of linear fits for different NRM fractions used for the same
samples.
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Concave-up NRM-TRM pilots frequently originate
from chemical alterations and increased TRM capac-
ity of the minerals at higher temperatures of the Thel-
lier experiments. However, MD patrticles can also give
rise to reproducible concave-up NRM-TRM diagrams.
Levi (1977)demonstrated concave-up Arai diagrams
for laboratory-prepared samples with MD magnetite
particles, and he noted that for samples exhibiting
such behavior “the ratio of the end-points, NRM:TRM,
yields the correct (laboratory) intensity”. We empha-
size, however, that for typical paleointensity studies,
where the NRM was produced in an unknown pa-
leofield, it would be a mistake to base the paleoin-
tensity determinations on a two point calculation. In
both synthesized and natural MD samples, a linear
fit to the lower temperature points on Arai diagrams
leads to paleointensity overestimat8h¢herbakov and
Shcherbakova, 2001 The experimental pTRM talil
check ofRiisager and Riisager (200%jas introduced
in the Coe version of the Thellier method to detect sam-
ples where there is failure to fully demagnetize a labo-
ratory pTRM (acquired ata particular temperature step)
carried by magnetic grains with blocking temperatures
lower than unblocking temperature. In our experiment

we observe that the NRM (acquired between Curie and

room temperatures) is carried partially by grains with
blocking temperatures higher than unblocking temper-
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The curvatures of the NRM-TRM plots of the sec-
ond Thellier experiments are diminished in compari-
son to the first experiment (compdfig. 8a and ¢ with
Fig. 14a and b). pTRM checks up to 54Q are suc-
cessful and orthogonal plots of the directions indicate
no CRM acquisition. While the unblocking tempera-
tures of samples have changed significantly between
the first and second Thellier experimerfegy; 13a—c),
the changes in the blocking temperatures are small.
The discrepancy between the blocking and unblocking
temperatures in the temperature interval 200430
remains, but is much diminished during the second
Thellier experimentKig. 13—c)

The second Thellier experiment indicates that the
paleointensities derived from the slopes of straight-
line segments through the initial and highest tempera-
ture steps (prior to failures of pTRM checks) are very
close to the correct (laboratory) field. In contrast, the
lower (or higher) temperature data still yield erroneous
paleointensity values that are too high (or too low;
Fig. 14a), especially for sample RFA22252T. We rec-
ommend against selecting points on the NRM-TRM
diagram that define the best straight line, or data that
maximize the linear correlation coefficierig. 14c).

High temperature VRM, cooling rates cannot ex-
plain the slight curvature~{g. 14a) of the NRM-TRM
plots and the higher than expected paleointensities

atures, consistent with the phenomenological theory of (Fig. 1) in the experiment involving the laboratory

TRM of Fabian (2001)where curvature of the Arai
plot can be attributed to magnetizations in PSD and
MD particles, which are unblocked at temperatures be-
low their blocking temperatures. Therefore, the pTRM
tail check will be inefficient in this case (see aloet
al., 2004.

To further investigate the concave-up behavior of

samples from Raiatea Island, we performed a sec-

ond Thellier experiment on four samples that exhibited
concave-up behavior during the initial Thellier experi-
ments. The “NRM” for the second Thellier experiment
was the partial-TRM produced by cooling from 58D

at the end of the first Thellier experiment in a labora-
tory field of 35uT, which, of course, is the expected
paleointensity.

partial-TRM. This is perhaps more easily explained
by PSD (or MD) grains Kosterov and Favot, 1998;
Biggin and Thomas, 2003; Coe et al., 2003, 200#an

by some chemical changes.

If the large concave-up behaviors seen in the first
Thellier experimentKig. 8a) were also due only to
MD or PSD grains, the decrease in curvature of the
NRM-TRM diagrams, during the second Thellier ex-
periment, might be caused by transformation of some
of these patrticules to SD-behaving particles caused by
heating during the first experiments. However, hys-
teresis data on unheated and heated samples show
only small changesHig. 15), and the total TRM of
the heated samples have slightly lower MDFs than
the original NRMs. It is thus difficult to attribute

Fig. 15. (a) Comparison of hysteresis parameters for unheated (open symbols) and heated samples (black symbols) from Raiatea Island. Circles,
sample RFA15157; diamonds, RFA222252; squares, RFA222249 [diert al., 197). (b) Variations of low-field susceptibility versus
temperature before and after the first Thellier experiment (sample RFA22245T) and before and after the second Thellier experiment (the other
three samples). Arrows indicate the direction of temperature change.
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the decrease in curvature to a shift in the particle paleointensity overestimation can result for PSD-MD
size distribution to smaller more SD-behaving grains. particles, caused by the asymmetry of TRM acquisi-

However, the shapes of theT curves have changed

tion and demagnetization, when only lower tempera-

slightly after the first or the second Thellier experiment ture data are considered.

(Fig. 1%). Theses changes might indicate minor chem-
ical alteration of the magnetic carriers during the first
heating.

The key observation for the samples in
Fig. 8a and b and Fig. 14as that the lack of p-
TRM acquisition in the lower temperature intervals
seems to be compensated by p-TRMs acquired at
higher temperature$ig. 14).

The results of the two flows from Raiatea Island
provide a good illustration for the need of measuring

multiple samples from each unit. Despite their non- 2.

linear, concave-up curvatur€ify. 8a), we calculated
paleointensity values from these samples in tempera-
ture intervals of successful pTRM checks and absence
of CRM acquisition.

Six samples have A (op/b) factor lower than 0.1,
which is used as a maximum value for selecting pale-
ointensities bySelkin and Tauxe (200@®)r Kissel and
Laj (2004) Because of non-linearities, their quality fac-
tor, g, are considerably lower, and their contribution to
the weighted mean “best estimate” paleointensity is
less. These “lesser” samples provide consistency and
add confidence in the value of the weighted mé#q,
Itisinteresting to note ifrig. 8 and c that with increas-
ing NRM fraction the paleointensity values converge
to the results of the more linear samples. Therefore,
samples showing curvature during paleointensity ex-
perimentsTable 3 need not be automatically rejected.

8. Conclusions

The goal of this work is to better understand factors

that influence NRM-TRM diagrams obtained during 5.

Thellier experiments and ultimately to improve the ac-
curacy and precision of paleointensity determinations
by the Thellier TOP method.
Cooling-rate-dependence of TRM and high temper-
ature VRM augment the initial primary NRM, arising
from the slower initial cooling of the rock in nature
versus the more rapid heating/cooling cycles during
the laboratory experiments. This enhanced NRM can
lead to overestimation of paleointensity determinations
when only lower temperature data are considered. Also,

Therefore:

. We show that during Thellier experiments, the

temperature interval chosen to calculate the
paleointensity must include at least 40-50% of
the NRM intensity. This criterion is in agreement
with the study ofBiggin and Thomas (2003)t
should be considered for future studies and when
evaluating published paleointensity results for
calculating average geomagnetic field models.

It is better to increase the NRM fraction used in
the paleointensity determination rather than use a
lower NRM fraction to maximize the correlation
coefficient of the selected line segment.

. To assess the consistency of data from a single

site, we propose merging the NRM-TRM data for
all the samples from the particular site, with the
TRM intensity normalized to a common laboratory
field. When secondary remanences can be largely
neglected, combining all the NRM-TRM data
from a given site to a single Arai diagram is
useful for detecting outlying data and samples (see
Fig. 9.

. The R-factor, which estimates the percentage of

CRM acquisition Coe et al., 198y the MAD and
DANG parametersSelkin and Tauxe, 2000; Tauxe
and Staudigel, 2004provide similar information.
We use an upper limit of 15% foR as a cutoff
for selecting paleointensity data. Factp(Coe et
al., 1979 is a good estimate of the quality of the
paleointensity determination, and we recommand
to use it to weight individual results in calculating
Hu.

Our results indicate that samples with mild or
strong concave-up curvature of their NRM-TRM
diagrams during paleointensity experiments need
not be automatically rejected (s&gy. 8a and b).
Such samples can provide useful paleointensity
determinations, provided they are accompanied
by successful pTRM checks and absence of CRM
production. Paleointensity experiments should be
continued to almost complete demagnetization of
the NRM with adequate pTRM checks, so that
the concave-up behavior can be recognized and
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its origin assessed. If the complete behavior of the
samples is not well determined, the use of lower (or
higher) temperature interval might yield erroneous
paleointensity values.

6. We consider that the best paleointensity value is

provided byHy,, our “best estimate” Table 3,
which weights individual determinations by
their quality factor. Consequently, samples with
concave-up NRM—TRM diagrams will have lower
g values and will contribute less to ty.

7. We introduce a site quality fact@=N(q) to assess
the comparative quality of paleointensity results
from different cooling units.

Acknowledgments

We appreciated the technical support of the late
Franmise Calza during this study. We thank Melina

285

Coe, R.S., Gromme, S., Mankinen, E.A., 1978. Geomagnetic pale-
ointensities from radiocarbon-dated lava flows on Hawaii and
the question of the Pacific nondipole low. J. Geophys. Res. 83,
1740-1756.

Coe, R.S., Gromme, S., Mankinen, E.A., 1984. Geomagnetic pale-
ointensities from excursioreguences in lavas on Oahu, Hawaii.

J. Geophys. Res. 89, 1059-1069.

Coe, R.S., Riisager, J., Plenier, G., 2003. Multidomain behavior in
paleointensity experiments. Geophys. Res. Abstr. 5, 03052.

Coe, R.S., Riisager, J., Plenier, G., Leonhardt, Rasiér D., 2004.
Multidomain behavior during Thellier paleointensity experi-
ments: results from the 1915 Mt. Lassen flow. Phys. Earth Planet.
Int. 147, 141-153.

Chauvin, A., Gillot, P.Y., Bonhommet, N., 1991. Paleointensity of
the Earth’s magnetic field recorded by two late quaternary vol-
canic sequences at the island of La Reunion (Indian Ocean). J.
Geophys. Res. 96, 1981-2006.

Chauvin, A., Garcia, Y., Lanos, Ph., Laubenheimer, F., 2000. Paleoin-
tensity of the geomagnetic field recovered on archaeomagnetic
sites from France. Phys. Earth Planet. Int. 120, 111-136.

Day, R., Fuller, M., Schmidt, V.A., 1977. Hysteresis properties of ti-
tanomagnetites: grain-size and compositional dependence. Phys.
Earth Planet. Int. 13, 260-267.

Macouin and the plaeomagnetic laboratory team of the podson, M.H., McClelland, E., 1980. Magnetic blocking tempera-

CEREGE for help during hysteresis measurements. Re-

views by M. Hill, N. Teanby, and an anonymous re-
viewer were greatly appreciated.

References

Abokhodair, A.A., 1977. The accuracy of the Thellier’s technique
for the determination of paleointensities of the Earth’s magnetic
field. Ph.D. Thesis, University of California, Santa Cruz, 346 pp.

Baag, C., Helsley, C.E., Xu, S., Lienert, B.R., 1995. Deflection of
paleomagnetic directions due to magnetization of the underlying
terrain. J. Geophys. Res. 100, 10013-10028.

Biggin, A.J., Bdhnel, H.N., Zuniga, F.R., 2003. How many paleoin-
tensity determinations are required from a single flow to consti-
tute a reliable average? Geophys. Res. Lett. 30 (11), 1575, DOI
10.1029.

Biggin, A.J., Thomas, D.N., 2003. The application of acceptance
criteria to results of Thellier palaeointensity experiments per-
formed on samples with pseudo-single-domain-like characteris-
tics. Phys. Earth Planet. Inter. 138, 279-287.

Blais, S., Guille, G., Maury, R.C., Guillou, H., Miau, D., Cotten, J.,
1997. Geologie et ptrologie de I'ile de Raiatea (S, Plyrésie
frangaise), &rie lla. C. R. Acad. Sci. Paris t324, 435-442.

Calvo, M., Pévot, M., Perrin, M., Riisager, J., 2002. Investigating

the reasons for the failure of palaeointensity experiments: a study

on historical lava flows from Mt. Etna (Italy). Geophys. J. Int.
149, 44-63.

Coe, R.S., 1967. Determination of paleo-intensity of the Earth’s mag-
netic field whith emphasis on mechanisms which could cause
non-ideal behavior in Thellier's method. J. Geomagn. Geoelec.
25, 415-435.

tures of single-domain grains during slow cooling. J. Geophys.
Res. 85, 2625-2637.

Duncan, R.A., McDougall, I., 1976. Linear volcanism in French
Polynesia. J. Volcanol. Geotherm. Res. 1, 197-227.

Dunlop, D.,Ozdemir, O., 1997. Rock Magnetism: Fundamentals
and Frontiers. Cambridge University Press, Cambridge and New
York, 573 pp.

Fabian, K., 2001. A theoretical treatment of paleointensity determi-
nation experiments on rocks containing pseudo-single or multi
domains magnetic particules. Earth Planet. Sci. Lett. 188, 45-58.

Fox, J.M.W., Aitkin, M.J., 1980. Cooling-rate dependence of ther-
moremanent magnetization. Nature 283, 462—-463.

Hill, M., Shaw, J., 2000. Magnetic field intensity study of the 1960
Kilauea lava flow, Hawaii, using the microwave palaeointensity
technique. Geophys. J. Int. 142, 487-504.

Kissel, C., Laj, C., 2004. Improvements in procedure and paleointen-
sity selection criteria (PICRIT-03) for Thellier and Thellier de-
terminations: application to Hawaiian basaltic longcores. Phys.
Earth Planet. Int. 147, 155-169.

Kosterov, A.A., Pevot, M., 1998. Possible mechanisms causing fail-
ure of Thellier palaeointensity experiments in some basalts. Geo-
phys. J. Int. 134, 554-572.

Laj, C., Kissel, C., Scao, V., Beer, J., Thomas, D.M., Guillou, H.,
Muscheler, R., Wagner, G., 2002. Geomagnetic intensity and
inclination variations at Hawaii for the past 98 Kyr from core
SOH-4 (Big Island): a new study and a comparison with existing
contemporary data. Phys. Earth Planet. Int. 129, 205-243.

Levi, S., 1977. The effect of magnetite particule size on paleointen-
sity determinations of geomagnetic field. Phys. Earth Planet. Int.
13, 245-259.

Levi, S., Merrill, R.T., 1978. Properties of single-domain, pseudo-
single-domain, and multidomain magnetite. J. Geophys. Res. 83,
309-323.



286

Mankinen, E.A., Champion, D.E., 1993. Broad trends in geomag-
netic paleointensity on Hawaii during Holocene time. J. Geophys.
Res. 98, 7959-7976.

Merrill, R.T., 1970. Low-temperature treatments of magnetization
and magnetite-bearing rocks. J. Geophys. Res. 75, 3343-3349.

Perrin, M., Schnepp, 2004. IAGA paleointensity database: distri-
bution and quality of the data set. Phys. Earth Planet. Int. 147,
255-267.

Prévot, M., Mankinen, E.A., Coe, R.S., Gromme, C.S., 1985. The
Steens Mountain (Oregon) geomagnetic polarity transition. 2.
Field intensity variations and discussion of reversal models. J.
Geophys. Res. 90, 10417-10448.

Riisager, P., Riisager, J., 2001. Detecting multidomain magnetic
grains in Thellier palaeointensity experiments. Phys. Earth
Planet. Int. 125, 111-117.

Selkin, P.A., Tauxe, L., 2000. Long-term variations in palaeointen-
sity. Phil. Trans. R. Soc. Lond. A 358, 1065-1088.

Shcherbakov, V.P., Shcherbakova, V.V., 2001. On the suitabillity of
the Thellier method of palaeointensity determinations on pseudo-
single-domain and multidomain grains. Geophys. J. Int. 124,
20-30.

Tanaka, H., Kono, M., 1991. Preliminary results and reliability of
palaeointensity studies on historical and 14C dated Hawaiian
lavas. J. Geomagn. Geoelect. 43, 375-388.

A. Chauvin et al. / Physics of the Earth and Planetary Interiors 150 (2005) 265-286

Tauxe, L., Staudigel, H., 2004. Strength of the geomagnetic field
in the Cretaceous normal superchron: new data from subma-
rine basaltic glass of the Troodos Ophiolite. Geochem. Geophys.
Geosyst. 5, doi:10.1029/2003GC000635, Q02HO06.

Thellier, E., Thellier, O., 1944. Recherchemognaggtiques sur des
coukes volcaniques d’Auvergne. Ann. Geophys. 1, 34—42.

Thellier, E., Thellier, O., 1959. Sur I'intengilu champ maggtique
terrestre dans le passistorique et gologique. Ann. Geophys.

15, 285-376.

Tsunakawa, H., Shaw, J., 1994. The Shaw method of palaeointen-
sity determinations and its application to recent volcanic rocks.
Geophys. J. Int. 118, 781-787.

Valet, J.P., 2003. Time variations in geomagnetic intensity. Rev. Geo-
phys. 41 (1), 1004, doi:10.1029/2001RG000104.

Valet, J.P., Soler, V., 1999. Magnetic anomalies of lava fields in the
Canary island. Possible consequences for paleomagnetic records.
Phys. Earth Planet. Int. 115, 109-118.

Yamamoto, Y., Tsunakawa, H., Shibuya, H., 2003. Palaeointen-
sity study of the Hawaiian 1960 lava: implications for possible
causes of erroneously high intensities. Geophys. J. Int. 153, 263—
276.

Yu, Y., Tauxe, L., Genevey, A., 2004. Toward an optimal geomag-
netic field intenisty determination technique. Geochem. Geo-
phys. Geosyst. 5, doi:10.1029/2003GC000630, Q02HO07.



	Reliability of geomagnetic paleointensity data: the effects of the NRM fraction and concave-up behavior on paleointensity determinations by the Thellier method
	Introduction
	Paleomagnetic sampling and methodology
	Paleomagnetic directions
	Magnetic properties
	Historical samples from Hawaii
	Samples from Raiatea

	Paleointensity data
	Historical lavas from Hawaii
	Gauss-age lavas from Raiatea Island

	Interpretation of NRM-TRM diagrams
	A multispecimen approach
	Effect of the NRM fraction
	The best estimate

	Discussion
	Conclusions
	Acknowledgments
	References


