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Abstract

The double heating technique of the Shaw method with low-temperature demagnetisation (LTD-DHT Shaw method) for
determination of geomagnetic palaeointensity is applied to samples exhibiting high-temperature oxidation states from the Kilauea
1970 lava, Hawaii Island. Results are obtained for 11 of the 12 specimens prepared from five block samples, yielding an average
palaeointensity of 38.2± 2.8�T (N= 11,±1σ). This value is consistent with the expected value determined from DGRF 1970
(35.8�T), and does not appear to be significantly dependent on the high-temperature oxidation state. Coe’s version of the Thellier
method was also applied to nine specimens prepared from the same block samples, and successful results were obtained for
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seven specimens, giving an average palaeointensity of 43.2± 8.4�T (N= 7). Although this average is statistically consist
with the expected value, the results include erroneously high palaeointensities (52.1 and 55.4�T) for specimens from one bloc
sample of intermediate high-temperature oxidation state. The present results therefore reinforce the broader appli
the LTD-DHT Shaw method for samples with high-temperature oxidation states compared with Coe’s version of the
method. It is also shown that the samples yielding overestimated Thellier palaeointensities tend to fall close to the m
between single-domain (and/or pseudo-single-domain) and multidomain components on the Day plot. This relationsh
useful as a pre-selection technique for application of the Thellier method.
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1. Introduction

Correct determination of the absolute intensity
the ancient geomagnetic field is important for inve
gating the evolution of the geodynamo and the rel
conditions in the earth’s deep interior. The Thel
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method (Thellier and Thellier, 1959) applied to natural
remanent magnetisation (NRM) of thermoremanent
magnetisation (TRM) origin is considered at present
to be the most reliable means of determining the ge-
omagnetic palaeointensity. Since thermal alteration of
the sample during heating in the Thellier experiments
can impair the results, the partial thermoremanent
magnetisation (pTRM) check (Coe, 1967) is generally
employed to detect thermal alteration due to laboratory
heating. Nevertheless, several studies using natural
and artificial samples have indicated that the Thellier
method often gives an incorrect palaeointensity (e.g.
Tanaka and Kono, 1991; Kosterov and Prévot, 1998;
Calvo et al., 2002; Yamamoto et al., 2003; Biggin
and Thomas, 2003; Mochizuki et al., 2004), and
many improvements to the Thellier method have been
proposed (e.g.Valet, 2003). It should also be noted
that the database of Thellier palaeointensities possibly
includes a positive bias, as almost all incorrect values
reported to date have been overestimates.

The Shaw method (Shaw, 1974) is an alternative
method for determining the palaeointensity in which
samples are heated above the Curie temperatures in the
laboratory to give a full TRM. The method has since
been modified to incorporate a correction technique
for thermal alteration of the samples due to labora-
tory heating (e.g.Kono, 1978; Tsunakawa and Shaw,
1994). Yamamoto et al. (2003)andMochizuki et al.
(2004) applied the double heating technique of the
Shaw method with low-temperature demagnetisation
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after ARM correction (e.g.Rolph and Shaw, 1985).
In the double heating technique, the sample is heated
twice in the same laboratory field, and the applicability
of the ARM correction is also examined by agreement
between the first and second TRM after ARM correc-
tion (Tsunakawa and Shaw, 1994). The LTD treatment
prevents possible effects due to multidomain (MD)
components (Tsunakawa et al., 1997; Yamamoto et al.,
2003).

The LTD-DHT Shaw method has been applied to a
few lavas with high-temperature oxidation states, yield-
ing average palaeointensities of 35.7± 3.3�T (N= 7)
for the Kilauea 1960 lava (Yamamoto et al., 2003)
and 46.4± 4.7�T (N= 6) for the Oshima 1986 lava
(Mochizuki et al., 2004). These values are consis-
tent with the expected values of 36.2�T for Hawaii
Island (DGRF1965) and 45.5�T for Oshima Island
(DGRF 1985), suggesting that the LTD-DHT Shaw
method is valid for samples with a wide range of
high-temperature oxidation states. Thus, it appears
possible that the use of the LTD-DHT Shaw method
may give more reliable palaeointensity determinations.
In this study, the validity of the LTD-DHT Shaw
method is further examined by application to an-
other historical lava with high-temperature oxidation
states.

The Thellier method may prove to be more use-
ful if pre-selection criteria can be applied to sam-
ples. The erroneously high Thellier palaeointensities
of the Kilauea 1960 lava (Yamamoto et al., 2003)
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LTD-DHT Shaw method;Tsunakawa et al., 199
amamoto et al., 2003) to samples from the Kilaue
960 lava and the Oshima 1986 lava, respecti
he LTD-DHT Shaw method is an improved vers
f the Shaw method, utilising anhysteretic reman
agnetisation (ARM) correction, the double hea

echnique, and LTD treatment. In the original Sh
ethod, sample alteration due to laboratory hea
as checked based on the agreement between
oercivity spectra obtained before and after labora
eating (Shaw, 1974). The ARM correction techniqu
e.g.Kono, 1978; Rolph and Shaw, 1985) allows for the
orrection of laboratory-induced TRM due to sam
lteration during laboratory heating. This technique
umes that the ARM coercivity spectra are analog
o the TRM. In the single heating version of the mo
ed Shaw method, this assumption is examined ma
y the linearity of the diagram of NRM versus TR
nd Oshima 1986 lava (Mochizuki et al., 2004) were
ostly obtained for samples containing titanom
etite grains and well-developed ilmenite lamellae,
esponding to oxidation indices of III (or II) to V,
efined byWilson and Watkins (1967)and Watkins
nd Haggerty (1967). Volcanic rock samples contai

ng magnetic grains with intermediate oxidation
ices may therefore be inappropriate for use with
hellier method. The potential of such a relati
hip for use as a pre-selection criterion for appl
ion of the Thellier method is also investigated in t
tudy.

The lava examined in this study is the Kilauea 1
ava, which is regarded as a typical hot-spot basalt.
TD-DHT Shaw method is applied to several blo
amples from a massive section of the lava and c
ared with the results of Coe’s version of the The
ethod applied to the same samples.
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2. Samples and magnetic properties

2.1. Samples

Samples were taken from a basaltic lava extruded
in 1970 on the southeast flank of the Kilauea volcano,
Hawaii Island (Fig. 1). The sampling site is located at
(19.303◦N, 155.174◦W), where the Chain of Craters
Road traverses the 1970 lava exposing a 3 m-high out-
crop of a massive section of the lava flow. Five block
samples (labelled A–E) were collected at a height of
about 1 m from the road surface within a distance of
about 10 m along the road. As a sun compass could
not be used, sample orientation was determined us-
ing a magnetic compass after checking for the ab-
sence of significant deflection of magnetic north. A few
cores of 25 mm diameter were drilled from the block
samples and cut into one or two specimens of about
25 mm in length in the laboratory for palaeomagnetic
measurements.

The DGRF 1970 field at the sampling site was cal-
culated to beD= 11.0◦, I = 36.8◦ andF= 35.8�T. Af-
ter alternating field (AF) demagnetisation of the NRM,
principal component analysis (Kirschvink, 1980) was
performed to extract the primary components. The av-
erage direction for the five block samples isD= 16.8◦,
I = 38.4◦ andα95 = 6.4◦ (N= 5), and thus is not signifi-
cantly deflected from the expected field.

2.2. Thermomagnetic analyses, hysteresis
properties and LTD ratios

Thermomagnetic analyses of the Curie temperature
(Tc) were performed under helium gas flow using a
vibrating sample magnetometer (VSM; Micro Mag
3900, Princeton Measurements Corporation). Most of
the thermomagnetic curves exhibited a major phase
with Tc > 520◦C (Fig. 2), indicating the presence of
titanium-poor titanomagnetites. Minor phases with
Tc ∼= 300◦C were identified in the heating curve for
sample D and in the heating and cooling curves for
sample E. The heating and cooling curves for samples
A, B, C, and E displayed largely reversible features,
although the cooling curves were somewhat lower
than the heating curves possibly due to some thermal
alteration during heating and/or instrumental lag in the
measured temperatures between heating and cooling
stages. In contrast, the difference between the heating
and cooling curves for sample D is relatively large,
probably due to thermal alteration during heating.
Sample D also produced an unsuccessful result in the
Thellier experiment (see Section3.2).

VSM hysteresis property measurements (Ms:
saturation magnetisation,Mrs: remanent saturation
magnetisation,Brc: remanent coercivity, andBc:
coercivity) were performed at room temperature
using several small chips from each block sample.

F d from f historical
l

ig. 1. Locality map of the sampling site. Samples were collecte
avas extruded since 1965.
the Kilauea 1970 lava. Shaded areas indicate the distribution o
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Fig. 2. Thermomagnetic curves of the block samples used in this study. The vertical axis is saturation magnetisation (MS) normalised to that at
room temperature (MS0). Arrows indicate heating or cooling curves.



Y. Oishi et al. / Physics of the Earth and Planetary Interiors 149 (2005) 243–257 247

As shown inFig. 3(a), the samples exhibit proper-
ties of 0.12 <Mrs/Ms < 0.29 and 1.7 <Brc/Bc < 2.9,
corresponding to single-domain (SD) or pseudo-
single-domain (PSD) regions of the Day plot (Day
et al., 1977; Dunlop, 2002a). It should be noted that the
data points for samples A and D appear to be distributed
along mixing lines between SD and MD components
(after Dunlop, 2002a). This will be discussed in
Section4.1.

2.3. High-temperature oxidation states

Magnetic minerals exhibiting various degrees of
high-temperature oxidation were observed under a
reflected-light microscope with a magnification of
100–500, and the samples were free of other forms
of oxidation such as low-temperature oxidation. Using
oxidation indices of I–VI (Wilson and Watkins, 1967;
Watkins and Haggerty, 1967), the high-temperature ox-
idation states were classified into three levels in the
same way asMochizuki et al. (2004): (1) a low oxi-
dation state with oxidation indices of I–II, (2) an in-
termediate oxidation state with III–V, and (3) a high
oxidation state with oxidation index VI (Fig. 4). All
samples contained titanomagnetite grains in both low
and high oxidation states. However, grains of interme-
diate oxidation level were not found in samples B, C
and E, whereas some amount was found in samples A
and D. Based on these observations, the block samples
can be divided into two groups: (1) intermediate oxida-
tion group (samples A and D) and (2) non-intermediate
oxidation group (samples B, C and E). These samples
were therefore deemed to be suitable for testing the re-
liability of palaeointensity determinations using high-
temperature oxidation states.

All samples were observed to contain many vesicles
of 102 to 103 �m in size under the microscope, and
the high-temperature oxidation was seen to be more
intensive in magnetic grains in contact with vesicles,
similar to observations made for the Oshima 1986 lava
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Mochizuki et al., 2004). As a more detailed investig
ion, the high-temperature oxidation states of magn

ig. 3. (a) Day plot (Day et al., 1977; Dunlop, 2002a) of the block
amples used in this study. Several small chips were taken from
lock sample and measured at room temperature with a VSM.
nd closed symbols denote intermediate and non-intermedia

dation samples, respectively. Data points of the samples from
ilauea 1960 lava (Yamamoto et al., 2003) are also shown. Sam
les from 1960-A, -B and -C are of low, intermediate and h
igh-temperature oxidation levels, respectively (see the text)

er Dunlop (2002a), the theoretical mixing lines between SD a
D end members are also shown together with ratios of MD c
onents: mixing line 1 (dot-dashed line) assuming the end mem
f Day et al. (1977)and mixing line 2 (dashed line) assuming
nd members ofParry (1965). The shift of mixtures with SP par
les is represented by an arrow. (b) Day plot of the samples fro
shima 1986 lava (Mochizuki et al., 2004) and the Mt. Etna lava

Calvo et al., 2002). Other symbols are the same as above.
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Fig. 4. Representative photographs of titanomagnetite grains taken
through the reflected-light microscope: low oxidation level (sam-
ple D, top), intermediate oxidation level (sample D, middle), and
high oxidation level (sample A, bottom). Bars indicate 10�m
length.

Table 1
Relative distribution of magnetic grains with respect to oxidation
indices

Block sample ID
observed part

Oxidation index

I–II III–V VI

Intermediate oxidation group
A

Surrounding vesicles 0.42 0.16 0.42
Away from vesicles 0.92 0.05 0.03

D
Surrounding vesicles 0.26 0.10 0.64
Away from vesicles 0.96 0.02 0.02

Non-intermediate oxidation group
B

Surrounding vesicles 0.03 0.00 0.97
Away from vesicles 0.21 0.00 0.79

C
Surrounding vesicles 0.19 0.00 0.81
Away from vesicles 0.87 0.00 0.13

E
Surrounding vesicles 0.00 0.00 1.00
Away from vesicles 1.00 0.00 0.00

Several tens of grains were counted in individual regions. The sam-
ples are classified into intermediate and non-intermediate groups.
Details are in the text.

grains were identified and counted in individual
areas surrounding vesicles and distant from vesicle
surfaces. Microscopic identification was confirmed
from chemical composition measurements of some
grains in each block sample by energy-dispersive x-ray
spectroscopy (EDS). The results are summarised in
Table 1.

In the intermediate oxidation group (samples A
and D), 10–16% of titanomagnetite grains surround-
ing vesicles were in an intermediate oxidation state,
while 42–64% were in a high oxidation state (Table 1).
Further from vesicle surfaces, only 2–5% of grains
were in an intermediate oxidation state, while most
(92–96%) were in a low oxidation state. Therefore, the
areas away from vesicles have been subjected to a rela-
tively low degree of high-temperature oxidation. In the
non-intermediate oxidation group (samples B, C and
E), more than 80% of grains surrounding vesicles were
in the high oxidation state, and no grains of interme-
diate oxidation state were found. In areas away from
the vesicle surfaces, the fraction of grains in the high
oxidation state varied from 0 to 79%.
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Table 2
Palaeointensity results of the LTD-DHT Shaw method

Specimen
ID

NRM0
*

(10−5 A m2/kg)
LTD ratio 1st heating 2nd heating FL (�T) F± σF (�T)

HL SlopeA1 SlopeN fN rN HL SlopeA2 SlopeT fT rT

A-02-1 341 0.174 0 0.919 1.22± 0.01 1.000 0.999 0 1.02 0.926 1.000 1.000 30.0 –
A-02-2 346 0.170 5 0.940 1.20± 0.01 0.934 0.999 0 0.969 1.01 1.000 0.999 30.0 36.0± 0.4
A-11-2 254 0.304 30 0.909 1.15± 0.02 0.304 0.995 0 0.969 1.01 1.000 1.000 30.0 34.6± 0.7

B-01-2 604 0.132 15 0.823 1.51± 0.01 0.890 1.000 5 0.980 0.982 1.000 1.000 30.0 45.3± 0.2
B-02-1 711 0.099 5 0.976 1.21± 0.01 0.969 1.000 0 1.01 0.979 1.000 1.000 30.0 36.3± 0.1
B-03-1 501 0.096 15 1.00 1.24± 0.01 0.932 1.000 0 0.982 1.03 1.000 1.000 30.0 37.3± 0.1

C-02-2 286 0.123 10 0.970 1.24± 0.01 0.811 0.999 0 0.956 1.03 1.000 1.000 30.0 37.3± 0.3
C-11-1 426 0.103 10 0.978 1.29± 0.01 0.878 1.000 0 0.986 0.975 1.000 1.000 30.0 38.8± 0.1
C-12-3 273 0.131 10 1.02 1.26± 0.01 0.777 0.999 0 1.01 0.956 1.000 0.999 30.0 37.8± 0.3

D-02-1 225 0.131 10 0.950 1.27± 0.01 0.729 1.000 0 0.990 0.980 1.000 0.999 30.0 38.1± 0.2
D-04-1 232 0.141 0 0.955 1.32± 0.01 1.000 0.999 0 0.968 0.992 1.000 1.000 30.0 39.6± 0.3

E-01-2 272 0.114 0 0.977 1.26± 0.01 1.000 1.000 0 1.00 0.987 1.000 1.000 30.0 37.9± 0.2

Average 38.2± 2.8 (N= 11),
37.4± 1.4 (N= 10)

NRM0: NRM intensity before LTD; LTD ratio: a ratio of the LTD-erased component to the initial NRM;HL: the lowest AF step of the linear portion; slopeA1 and slopeA2: slopes
of the portion with AF steps >HL in the ARM0–ARM1 and ARM1–ARM2 diagrams, respectively; slopeN and slopeT: a slope of the linear portion in the NRM–TRM1* and
TRM1–TRM2* diagrams, respectively;fN: NRM fraction of the linear portion in the NRM–TRM1* diagram;fT: TRM fraction of the linear portion in the TRM1–TRM2* diagram;
rN andrT: correlation coefficients of the linear portions in the NRM–TRM1* and TRM1–TRM2* diagrams, respectively;FL: laboratory field;F andσF: palaeointensity and its
error. The averaged palaeointensity is calculated from all the results passing the selection criteria (N= 11) and also from the results except for B-01-2 (N= 10). The italic value does
not fulfill the selection criteria (sample A-02-1).
249
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These observations imply that in addition to the
cooling rate, the high-temperature oxidation of the
present samples was strongly controlled by the oxygen
fugacity of the fluid phase in vesicles and by the oxygen
permeability of the regions around vesicles. It is likely
that the high-temperature oxidation of the samples pro-
gressed during the initial cooling stage and thus more
intensively in the immediate area around vesicles.

3. Palaeointensity measurements and results

3.1. LTD-DHT Shaw method

The LTD-DHT Shaw method (Tsunakawa et al.,
1997; Yamamoto et al., 2003) was applied to these
samples using the ARM correction technique ofRolph
and Shaw (1985)for correction of the TRM for ther-
mal alteration of the samples during laboratory heat-
ing. Samples were heated twice in a vacuum of 10 to
102 Pa at 610◦C. The peak temperature was held for
20 and 30 min in the first and second heating stage,
respectively. The TRM was induced by application
of a 30�T dc field during the heating and cooling
stages, and the ARM was induced by the application
of a 100�T dc field. Samples were subjected to step-
wise AF demagnetisation in 5–10 mT intervals up to
160 mT. All remanences were measured using an au-
tomated spinner magnetometer with AF demagnetiser
(Natsuhara-Giken Dspin-2;Kono et al., 1984, 1997).
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diagram (fT ≥ 0.15). The associated correlation
coefficients should also be no less than 0.995
(rN, rT ≥ 0.995). Slopes of the corresponding
coercivity portion in the ARM0–ARM1 and
ARM1–ARM2 diagrams are defined by slopeA1
and slopeA2, respectively.

The results are summarised inTable 2, and repre-
sentative NRM–TRM1* diagrams are shown inFig. 5.
Eleven out of the 12 specimens passed the selection
criteria. The failed specimen was from sample A, with
failure in the double heating test (slopeT = 0.926). The
resultant palaeointensities range from 34.6 to 45.3�T
with an average of 38.2± 2.8�T (N= 11,±1σ), con-
sistent with the expected value of 35.8�T (DGRF
1970).

Specimen B-01-2 yielded a palaeointensity
(45.3�T) that was 27% higher than the expected
value. As this result affords the smallest slopeA1
(0.823) of the present measurements (Table 2), this
high palaeointensity may have been induced by a sig-
nificant change in the ARM coercivity spectra during
the first heating step. However, as similar changes in
ARM coercivity have usually given reasonable values
in previous studies (Tsunakawa and Shaw, 1994;
Yamamoto et al., 2003; Mochizuki et al., 2004), this
interpretation is not conclusive. If the palaeointensity
of B-01-2 is excluded as an outlier, the average is
calculated to be 37.4± 1.4�T (N= 10).
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he details of the experimental procedures are a
cribed inYamamoto et al. (2002, 2003)andMochizuki
t al. (2004).

The selection criteria adopted in the application
he LTD-DHT Shaw method (Yamamoto et al., 2003
ochizuki et al., 2004) in this study are given below
here the magnetisations after the first and the se
eating steps are denoted by suffixes of 1 and 2
RM after ARM correction is denoted by TRM* .

1) The stable primary component must be recog
able in orthogonal plots of the AF demagnetisa
of NRM.

2) The slope of the relation in the TRM1–TRM2* di-
agram (slopeT) must be unity within experiment
error, typically 1.05≥ slopeT ≥ 0.95 in this study

3) The linear portions of the relation in t
NRM–TRM1* diagram must not be less than 1
of the original NRM (fN ≥ 0.15). The same co
Most of the specimens yielded large linear fracti
(fN > 0.7). However, specimen A-11-2 displayed a r
tively small fraction of NRM (fN = 0.304), attributabl
to the inclusion of a secondary component with
ercivity of less than 30 mT, possibly of isothermal
viscous origin.

3.2. Thellier method

Coe’s version of the Thellier method (Coe, 1967)
was also applied to nine specimens from the same b
samples examined in the LTD-DHT Shaw experime
Specimens were heated at 100–600◦C in 20–50◦C
steps in air. The reproducibility of the peak tempe
ture in each heating step was better than 1◦C. The hold
time at the peak temperature was set at 15 min.
laboratory dc field intensity was maintained at 30�T
throughout the heating and cooling cycles for TR
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Fig. 5. Representative diagrams of NRM vs. TRM1* by the LTD-DHT Shaw method. Units are 10−5 A m2/kg. Closed circles indicate the linear
portion used in the palaeointensity calculation. The lowest coercivity of the linear portion is attached to the least-square-fit line. It is noted that all
the remanences are treated with LTD and the applicability of the ARM correction (Rolph and Shaw, 1985) was examined by the double heating
test as in TRM1–TRM2* diagrams. The results are summarised inTable 2and details are in Section3.1.
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development. In the pTRM checks, the agreement be-
tween the TRM values of the present and one or two
previous temperature steps was tested. Magnetic sus-
ceptibility was measured at room temperature using a
susceptibility meter (MS2, Bartington Instruments) af-
ter each heating step. The details of the procedures are
as described inYamamoto et al. (2003)andMochizuki
et al. (2004).

Although stringent selection criteria for Thellier-
type results have been proposed (e.g.Selkin and Tauxe,
2000), there appear to be no definite selection criteria
for the Thellier method (e.g.Calvo et al., 2002; Biggin
and Thomas, 2003). In this study, the selection criteria
of Mochizuki et al. (2004)are tentatively employed, as
given below:

(1) The stable primary component must be recognis-
able in the orthogonal plot of the thermal demag-
netisation of NRM (zero-field NRM).

(2) The linear portion of the primary component in
the Arai diagram must be defined by four or more
points (N≥ 4) and must correspond to no less than
15% of the original NRM (f≥ 0.15).

(3) The linear portion must have positive pTRM
checks. The pTRM check is judged from agree-
ment between the reproduced pTRM and the
TRM at the 2σ level. This error (σPTRM) is
calculated from experimental uncertainties of
remanence measurements (σmeas), heating temper-
ature (σtemp) and applied dc fields (σDC), that is,
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expected value at the 1σ level. This large standard de-
viation is obviously caused by two anomalously high
values (52.1 and 55.4�T) from sample A (intermedi-
ate oxidation group). If these two values are excluded
as outliers, the average for samples B, C and E give
a reasonable result with a smaller standard deviation
(37.9± 1.7�T,N= 5). This suggests that the high Thel-
lier palaeointensities obtained for sample A may not be
due to strong local magnetic anomalies but to the spe-
cific magnetic property of the rock itself.

The two specimens that failed, A-11-1 and D-
01-1, were rejected due to the lowq values of the
linear portion associated with positive pTRM checks
(Table 3). The NRM–TRM diagrams display upward
concave features (Fig. 6), yielding relatively small
linear portions (f= 0.304 and 0.259). The calculated
palaeointensities were 46.8 and 45.2�T for A-11-1
and D-01-1, respectively. These values are not used in
the later discussion.

Orthogonal plots of NRMs remaining after zero-
field heating (thermal demagnetisation of NRM) are
shown in the core-coordinate system inFig. 6, where
thez axis is parallel to the core axis and anti-parallel
to the applied dc field. The NRM direction of sample
D-01-1 gradually approaches the−zdirection, sugges-
tive of thermal alteration associated with chemical re-
manent magnetisation (CRM) acquisition parallel to
the applied laboratory field. This directional change
makes it difficult to recognise the primary NRM com-
ponent of D-01-1, which is another reason why this
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4) The quality factor (Coe et al., 1978) must not be

lower than 5 (q≥ 5).

Representative results are shown inFig. 6. Seven
ut of the nine specimens passed these selectio

eria. The two failed specimens were rejected bec
f low q values (Table 3). For the seven palaeointe
ities obtained for block samples A, B, C and E
he Thellier method, the linear portions with posit
TRM checks extend to relatively high temperature
00–600◦C (f≥ 0.43). The resultant palaeointensit
ange from 35.5 to 55.4�T, with q= 7.1–64.0. Susce
ibility changes were less than 10% of the initial val
or the linear portions.

These seven results give an average of 43.2± 8.4�T
N= 7), approximately 21% higher than the expec
alue of 35.8�T. However, the standard deviation is
arge that the average is statistically consistent with
ample was discarded in the Thellier experiments.
ailure of D-01-1 can probably be attributed to ther
lteration in the laboratory. Such thermal alteration

o laboratory heating is not always detected by pT
hecks (e.g.Riisager and Riisager, 2001; Valet, 20
ochizuki et al., 2004). The thermal alteration ca
lso be estimated based on the intensity ratio of lab

ory CRM to NRM after zero-field heating at a cert
emperature. This value, denotedγ (Mochizuki et al.
004), can be used to determine whether samples
ave undergone thermal alteration. The parameteγ is
efined as

= sinθ/[sinθ + sin(ϕ − θ)],

hereθ is the angle between the directions of ini
RM and NRM after zero-field heating, andϕ the an-
le between the initial NRM and laboratory CRM
ections (Mochizuki et al., 2004). In this study,θ and
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Fig. 6. Representative Arai diagrams of Coe’s version of the Thellier method. Closed circles describe the linear portion used in the palaeointensity
calculation and the least-square-fit line is shown as solid. Error bars are at the 2σ level. Sample D-01-1 did not pass the selection criteria and its
reference line is shown as dotted. The orthogonal plots of NRM after zero-field heating are shown in the core-coordinate system: closed circles
on theX–Yplane and open circles on theX–Z plane. The results are summarised inTable 3and details are in Section3.2.
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Table 3
Palaeointensity results of the Thellier method

Specimen
ID

NRM0

(10−5 A m2/kg)
�T (◦C) N r f g q Slope FL (�T) F± σF (�T) γ lin γall

A-01-1 355 0–500 12 0.998 0.549 0.866 22.6 1.74± 0.04 30.0 52.1± 1.1* 0.09 0.14
A-01-2 304 0–500 10 0.991 0.529 0.881 9.7 1.85± 0.09 30.0 55.4± 2.7* 0.12 0.14
A-11-1 322 0–440 7 0.968 0.304 0.8242.2 1.56± 0.18 30.0 (46.8± 5.4) – 0.13

B-01-1 903 0–500 12 0.998 0.517 0.716 17.8 1.31± 0.03 30.0 39.4± 0.8 0.03 0.13
B-02-2 453 0–500 10 0.988 0.463 0.865 7.1 1.36± 0.08 30.0 40.8± 2.3 0.12 0.15

C-02-1 452 0–600 16 0.999 0.988 0.877 64.0 1.28± 0.02 30.0 38.3± 0.5 0.09 0.09
C-12-2 274 0–600 15 0.997 0.989 0.910 45.3 1.18± 0.02 30.0 35.5± 0.7 0.07 0.07

D-01-1 248 0–300 6 0.982 0.259 0.7882.1 1.51± 0.14 30.0 (45.2± 4.3) – 0.18

E-01-1 286 0–525 13 0.995 0.523 0.884 15.5 1.28± 0.04 30.0 38.3± 1.1 0.09 0.12

Average 43.2± 8.4 (N= 7),
37.9± 1.7 (N= 5* )

NRM0: NRM intensity at room temperature;�T: temperature interval used in the palaeointensity calculation;N andr: the number of data and
the associated correlation coefficient of the linear portion;f, gandq: NRM fraction, gap factor and quality factor, respectively (Coe et al., 1978);
FL: laboratory field;F andσF: palaeointensity and its error;γ lin : maximum CRM ratio for the linear portion;γall: maximum CRM ratio for all
the temperature steps except 600◦C. The italic value is in contradiction to the selection criteria and the calculatedF is discarded. The averaged
palaeointensity is calculated from all the results passing the selection criteria (N= 7) and also from all results except the two results (A-01-1 and
A-01-2;N= 5* ). The parenthesised palaeointensity is shown as a reference value because the corresponding result does not satisfy the selection
criteria.

ϕ are calculated as follows:

θ = IS (initial NRM)

− IS (NRM after zero-field heating),

ϕ = IS (initial NRM) − (−90◦),

whereIS is the core-coordinate inclination. The maxi-
mum values ofγ for the linear portion of the relation
in the Arai diagram (γ lin) and for all temperature steps
except 600◦C (γall) are summarised inTable 3. Ac-
cording toMochizuki et al. (2004), the samples yield-
ing erroneously high Thellier palaeointensities have
larger γ lin values than other samples. Block sample
A, however, exhibitsγ lin andγall values comparable
to the other samples, suggesting that the effect of ther-
mal alteration during laboratory heating is minor in the
present experiments.

3.3. Summary of palaeointensity results

The palaeointensities obtained by the LTD-DHT
Shaw method are consistent with the expected values,
whereas the values determined by the Thellier method
for intermediate oxidation samples are anomalously
high. Therefore, the LTD-DHT Shaw method appears

to be applicable irrespective of the high-temperature
oxidation state, whilst the Thellier method tends to give
erroneously high palaeointensities for samples with in-
termediate oxidation levels. It should be noted that
the Thellier method was found to be valid for non-
intermediate samples, as shown byYamamoto et al.
(2003)andMochizuki et al. (2004).

4. Discussion

4.1. Possible pre-selection techniques for Thellier
experiments

The hysteresis parameters of the intermediate oxi-
dation group exhibit a characteristic trend on the Day
plot, whereas the non-intermediate oxidation group
produces a cluster of data points (Fig. 3(a)). These fea-
tures can be seen clearly when compared with the data
set for the Kilauea 1960 lava (Yamamoto et al., 2003;
Fig. 3(a)). According to the classification byYamamoto
et al. (2003), the samples from group B (1960-B) con-
tain grains with oxidation indices of II–V and thus
correspond to the intermediate oxidation group, while
those from group A (1960-A; oxidation index of I) and
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group C (1960-C; VI) represent a non-intermediate oxi-
dation group. Therefore, the 1960 lava samples exhibit
the same characteristics as the 1970 lava on the Day
plot.

Theoretical mixing lines between SD and MD are
also shown inFig. 3(a) for two representative pairs of
end members (SD + MD mixing lines 1 and 2;Dunlop,
2002a). Those lines fall close to the data points of
the intermediate oxidation group. If magnetic grains of
the intermediate oxidation samples are assumed to be
composed of SD + MD mixtures (represented by mix-
ing line 2), the estimated MD volume fractions are
60–80%. The corresponding fractions of MD rema-
nence are 5–13% based on theMrs/Ms ratio of 0.019
for MD and 0.5 for SD (Parry, 1965; Dunlop, 2002a).

The MD content can also be estimated by applying
LTD treatment of NRM at liquid nitrogen temperature
in the LTD-DHT Shaw experiments (see Section3.1).
LTD treatment erases the MD component of titanium-
poor titanomagnetites (e.g.Ozima et al., 1964; Heider
et al., 1992), and is thus expected to be effective for
the present samples, the main phase of which is con-
sidered to be titanium-poor titanomagnetite. The ratios
of the LTD-erased component to the initial NRM in-
tensity are listed as LTD ratios inTable 2. According
to those ratios, the MD remanences are estimated to be
10–17% of the initial NRM, except for specimen A-
11-2 (about 30%). These MD remanence fractions are
not discordant with those estimated from the SD + MD
mixing model (Fig. 3(a)).
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For volcanic rocks other than hot-spot basalts, hys-
teresis properties of the Oshima 1986 lava (Mochizuki
et al., 2004) and the Mt. Etna lavas (Calvo et al., 2002)
are plotted inFig. 3(b). They are distributed generally
between the theoretical mixing lines and the cluster of
the non-intermediate oxidation group of the Kilauea
lavas. According toMochizuki et al. (2004)andCalvo
et al. (2002), those samples contain some amount of in-
termediate oxidation grains and their Thellier palaeoin-
tensities often resulted in overestimation by about 30%.
It is inferred from Fig. 3(a) and (b) that the dis-
tance of samples from the SD + MD (or PSD/SD + MD)
mixing lines on the Day plot can be utilised as
an index of the sample pre-selection in the Thellier
experiment.

4.2. Reasons for the broad applicability of the
LTD-DHT Shaw method

The broad applicability of the LTD-DHT Shaw
method for samples with high-temperature oxidation
and the possible causes of the erroneously high Thel-
lier palaeointensities have been discussed in previous
studies.Yamamoto et al. (2003)suggested that the high
Thellier palaeointensities obtained for intermediate
oxidation samples from the Kilauea 1960 lava were
caused by thermochemical remanent magnetisation
(TCRM) during natural cooling. They also indicated
that TCRM-affected samples could be efficiently
rejected based on the non-linearity of the relation
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An alternative interpretation of the characteri
rend seen inFig. 3(a) is that the samples contain a nu
er of PSD grains, as suggested by the distributio
xperimental data points for PSDs around the SD +
ixing lines (Dunlop, 2002a). It is noted that eithe
rain assemblage is reasonable for titanomagnetit

ntermediate oxidation levels, which are subdivided
umerous ilmenite lamellae.

The cluster of data for the non-intermediate ox
ion group shifts from the SD + MD (or PSD/SD + M
ixing lines towards regions of mixtures with sup
aramagnetic (SP) grains, as shown byDunlop (2002a
002b). Therefore, the samples distant from the mix

ine possibly contain significant amounts of SP gra
uggesting that severe thermal alteration during n
al cooling may produce SP-sized domains in tita
agnetites and/or new SP particles in paramag
inerals.
n the NRM–TRM1* diagram or non-unity of th
RM1–TRM2* relation.Mochizuki et al. (2004)im-
lied that the high Thellier palaeointensities obtai

or the Oshima 1986 lava could be attributed to
ffect of thermal alteration during laboratory hea
t low temperatures. According to their interpretat
n intermediate degree of high-temperature oxida
ould mean that oxidation may have stopped du
atural cooling and then restarted during labora
eating. Whereas the effects of thermal alteratio

aboratory-induced TRMs can be corrected thro
he application of the ARM correction technique
he LTD-DHT Shaw method, the effects on NR
nd pTRMs are sometimes undetectable by the u
hellier method (Mochizuki et al., 2004).

If the high Thellier values are attributed to MD co
onents (e.g.Levi, 1977; Xu and Dunlop, 1995), LTD

reatment and AF demagnetisation may in fact co
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teract possible MD effects on NRM, TRM and ARM
in the LTD-DHT Shaw experiment. In the case of PSD
effects (e.g.Kosterov and Pŕevot, 1998), the coerciv-
ity spectra of ARM and TRM may reflect the physical
change of PSD grains during laboratory heating, thus
rendering the PSD effect detectable or correctable in
the LTD-DHT Shaw method.

Magnetic interaction between different phases (e.g.
Mankinen and Champion, 1993) or different domains
(e.g.Mochizuki et al., 2004) may also be a cause of
the high Thellier values. In this regard, the LTD-DHT
Shaw procedure for obtaining the full TRM by heating
samples above their Curie temperatures and cooling to
room temperature in a constant dc field appears to be
more analogous to the natural process than the step-
wise heating and cooling cycles applied for pTRM ac-
quisition in the Thellier experiment, where the pTRM
direction induced by the applied laboratory field is not
usually parallel to the remaining NRM direction. By
this analogy, the magnetic interaction during natural
cooling appears to be followed more closely by the
LTD-DHT Shaw method than by the Thellier method,
although the details remain unclear.

5. Conclusions

The LTD-DHT Shaw method for determining
palaeointensities was applied to five block samples
from a massive section of the Kilauea 1970 lava. Re-
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were found to contain titanomagnetites of intermedi-
ate high-temperature oxidation level with oxidation in-
dices of III–V. Excluding the palaeointensities of those
specimens, the average by the Thellier method became
closer to the expected value with a smaller standard de-
viation (37.9± 1.7�T, N= 5). Therefore, the Thellier
method is valid at least for non-intermediate oxidation
samples from the Kilauea 1970 lava.

Finally, samples lying close to the SD + MD (or
PSD/SD + MD) mixing lines on the Day plot were
found to give erroneously high Thellier palaeointen-
sities. This relationship may therefore be a potential
pre-selection criterion for application of the Thellier
method.
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