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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 2.8uT (N=11,+10). This value is consistent with the expected value determined from DGRF 1970
(35.8u.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 fol
seven specimens, giving an average palaeointensity of48.2,.T (N=7). Although this average is statistically consistent
with the expected value, the results include erroneously high palaeointensities (52.1 gu@)F6rspecimens from one block
sample of intermediate high-temperature oxidation state. The present results therefore reinforce the broader applicability of
the LTD-DHT Shaw method for samples with high-temperature oxidation states compared with Coe’s version of the Thellier
method. It is also shown that the samples yielding overestimated Thellier palaeointensities tend to fall close to the mixing line
between single-domain (and/or pseudo-single-domain) and multidomain components on the Day plot. This relationship may be
useful as a pre-selection technique for application of the Thellier method.
© 2004 Elsevier B.V. All rights reserved.
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method Thellier and Thellier, 195Rapplied to natural after ARM correction (e.gRolph and Shaw, 1985
remanent magnetisation (NRM) of thermoremanent In the double heating technique, the sample is heated
magnetisation (TRM) origin is considered at present twice in the same laboratory field, and the applicability
to be the most reliable means of determining the ge- of the ARM correction is also examined by agreement
omagnetic palaeointensity. Since thermal alteration of between the first and second TRM after ARM correc-
the sample during heating in the Thellier experiments tion (Tsunakawa and Shaw, 1994 he LTD treatment
can impair the results, the partial thermoremanent prevents possible effects due to multidomain (MD)

magnetisation (pTRM) checlkCpe, 1967 is generally

components{sunakawa et al., 1997; Yamamoto et al.,

employed to detect thermal alteration due to laboratory 2003.

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 ancefast, 1998;
Calvo et al., 2002; Yamamoto et al., 2003; Biggin
and Thomas, 2003; Mochizuki et al., 2004and

The LTD-DHT Shaw method has been applied to a
few lavas with high-temperature oxidation states, yield-
ing average palaeointensities of 3%3.3uT (N=7)
for the Kilauea 1960 lavaYamamoto et al., 2003
and 46.4-4.7uT (N=6) for the Oshima 1986 lava
(Mochizuki et al., 200t These values are consis-

many improvements to the Thellier method have been tent with the expected values of 3@Z for Hawaii

proposed (e.gValet, 2003. It should also be noted

Island (DGRF1965) and 45,bT for Oshima Island

that the database of Thellier palaeointensities possibly (DGRF 1985), suggesting that the LTD-DHT Shaw
includes a positive bias, as almost all incorrect values method is valid for samples with a wide range of

reported to date have been overestimates.
The Shaw methodShaw, 1973 is an alternative
method for determining the palaeointensity in which

high-temperature oxidation states. Thus, it appears
possible that the use of the LTD-DHT Shaw method
may give more reliable palaeointensity determinations.

samples are heated above the Curie temperatures in thén this study, the validity of the LTD-DHT Shaw

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.gKkono, 1978; Tsunakawa and Shaw,
1994). Yamamoto et al. (2003and Mochizuki et al.
(2004) applied the double heating technique of the
Shaw method with low-temperature demagnetisation
(LTD-DHT Shaw method;Tsunakawa et al., 1997;
Yamamoto et al., 20030 samples from the Kilauea
1960 lava and the Oshima 1986 lava, respectively.
The LTD-DHT Shaw method is an improved version
of the Shaw method, utilising anhysteretic remanent
magnetisation (ARM) correction, the double heating
technique, and LTD treatment. In the original 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 lavaYamamoto et al., 2003
and Oshima 1986 lavavlochizuki et al., 200 were
mostly obtained for samples containing titanomag-
netite grains and well-developed ilmenite lamellae, cor-
responding to oxidation indices of Il (or Il) to V, as
defined byWilson and Watkins (1967and Watkins
and Haggerty (1967Molcanic rock samples contain-
ing magnetic grains with intermediate oxidation in-

method, sample alteration due to laboratory heating dices may therefore be inappropriate for use with the
was checked based on the agreement between ARMThellier method. The potential of such a relation-
coercivity spectra obtained before and after laboratory ship for use as a pre-selection criterion for applica-

heating Shaw, 1973 The ARM correction technique
(e.g.Kono, 1978; Rolph and Shaw, 1984dlows for the
correction of laboratory-induced TRM due to sample

tion of the Thellier method is also investigated in this
study.
The lava examined in this study is the Kilauea 1970

alteration during laboratory heating. This technique as- lava, which is regarded as a typical hot-spot basalt. The
sumes that the ARM coercivity spectra are analogous LTD-DHT Shaw method is applied to several block
to the TRM. In the single heating version of the modi- samples from a massive section of the lava and com-
fied Shaw method, this assumption is examined mainly pared with the results of Coe’s version of the Thellier
by the linearity of the diagram of NRM versus TRM method applied to the same samples.
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2. Samples and magnetic properties 2.2. Thermomagnetic analyses, hysteresis
properties and LTD ratios
2.1. Samples
Thermomagnetic analyses of the Curie temperature

Samples were taken from a basaltic lava extruded (T.) were performed under helium gas flow using a
in 1970 on the southeast flank of the Kilauea volcano, vibrating sample magnetometer (VSM; Micro Mag
Hawaii Island Fig. 1). The sampling site is located at 3900, Princeton Measurements Corporation). Most of
(19.303N, 155.174W), where the Chain of Craters the thermomagnetic curves exhibited a major phase
Road traverses the 1970 lava exposing a 3 m-high out- with T, >520°C (Fig. 2), indicating the presence of
crop of a massive section of the lava flow. Five block titanium-poor titanomagnetites. Minor phases with
samples (labelled A—E) were collected at a height of T;=300°C were identified in the heating curve for
about 1 m from the road surface within a distance of sample D and in the heating and cooling curves for
about 10 m along the road. As a sun compass could sample E. The heating and cooling curves for samples
not be used, sample orientation was determined us-A, B, C, and E displayed largely reversible features,
ing a magnetic compass after checking for the ab- although the cooling curves were somewhat lower
sence of significant deflection of magnetic north. Afew than the heating curves possibly due to some thermal
cores of 25 mm diameter were drilled from the block alteration during heating and/or instrumental lag in the
samples and cut into one or two specimens of about measured temperatures between heating and cooling
25mm in length in the laboratory for palaeomagnetic stages. In contrast, the difference between the heating

measurements. and cooling curves for sample D is relatively large,
The DGRF 1970 field at the sampling site was cal- probably due to thermal alteration during heating.

culated to bd=11.0°, 1 =36.8 andF =35.8u.T. Af- Sample D also produced an unsuccessful result in the

ter alternating field (AF) demagnetisation of the NRM, Thellier experiment (see Secti@).

principal component analysi&itschvink, 1980 was VSM hysteresis property measurement®is:(

performed to extract the primary components. The av- saturation magnetisationyl;s: remanent saturation

erage direction for the five block sampledfis 16.8, magnetisation,By: remanent coercivity, andB:

| =38.4 andwgs=6.4 (N=5), and thus is not signifi- ~ coercivity) were performed at room temperature

cantly deflected from the expected field. using several small chips from each block sample.

155°15'W 155°5'W

T 19025N

Island

19°15'N

T U

Fig. 1. Locality map of the sampling site. Samples were collected from the Kilauea 1970 lava. Shaded areas indicate the distribution of historical

lavas extruded since 1965.
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Fig. 2. Thermomagnetic curves of the block samples used in this study. The vertical axis is saturation magn#tigatiomalised to that at
room temperatureMsp). Arrows indicate heating or cooling curves.
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As shown inFig. 3@), the samples exhibit proper-
ties of 0.12<dMs/Ms<0.29 and 1.7 B,./B.<2.9,
corresponding to single-domain (SD) or pseudo-
single-domain (PSD) regions of the Day pl@ay high-temperature oxidation were observed under a
etal., 1977; Dunlop, 20024t should be noted thatthe  reflected-light microscope with a magnification of
data points for samples A and D appear to be distributed 100-500, and the samples were free of other forms
along mixing lines between SD and MD components of oxidation such as low-temperature oxidation. Using
(after Dunlop, 2002a This will be discussed in  oxidation indices of I-VI (ilson and Watkins, 1967;

2.3. High-temperature oxidation states

Magnetic minerals exhibiting various degrees of

Section4.1 Watkins and Haggerty, 19%,Zhe high-temperature ox-
idation states were classified into three levels in the
same way adlochizuki et al. (2004)(1) a low oxi-

_ dation state with oxidation indices of I-Il, (2) an in-
5 a. Kilayea 51970 and 1960 lavag termediate oxidation state with 11l-V, and (3) a high
S U S oxidation state with oxidation index VIFg. 4). All
L B e PSD samples contained titanomagnetite grains in both low
m%t' \% -L‘ . a_nd high oxi_dation states. However, grains of interme-
s M i diate oxidation level were not found in samples B, C
e %%’:A and E, whereas some amount was found in samples A
P e B and D. Based on these observations, the block samples
E ME L e TN e can be divided into two groups: (1) intermediate oxida-
= + 1970-C Ry 5 tion group (samples A and D) and (2) non-intermediate
o e s oxidation group (samples B, C and E). These samples
@ 1980-A | mixnglne2 Y were therefore deemed to be suitable for testing the re-
i gggg . liability of palaeointensity determinations using high-
L , temperature oxidation states.
; won i All samples were observed to contain many vesicles
.51 , o of 10° to 10° um in size under the microscope, and
1 b 3 4 5 the high-temperature oxidation was seen to be more
B /B intensive in magnetic grains in contact with vesicles,
similar to observations made for the Oshima 1986 lava
b. Oshima 1986 and Mt. Etna lavas (MOChiZUki etal., ZOOﬂ As a more detailed investiga-
["sp : ' 5 tion, the high-temperature oxidation states of magnetic
- e PSD
40%.\"-
“ \'\ P Fig. 3. (a) Day plotDay et al., 1977; Dunlop, 2002af the block
60% \j E&:@% samples used in this study. Several small chips were taken from each
P ] block sample and measured at room temperature with a VSM. Open
=" o1 so;g%ﬁ SDWMD and closed symbols denote intermediate and non-intermediate ox-
o [ s\ mixing line 1 idation samples, respectively. Data points of the samples from the
= ; \ Kilauea 1960 lavaYamamoto et al., 20Q3are also shown. Sam-
‘\\-\ ples from 1960-A, -B and -C are of low, intermediate and high
" O Oshima1986 | m;f;?j:?ez T high-temperature oxidation levels, respectively (see the text). Af-
F O Mt Etna i ter Dunlop (2002a) the theoretical mixing lines between SD and
MD end members are also shown together with ratios of MD com-
i ponents: mixing line 1 (dot-dashed line) assuming the end members
of Day et al. (1977)and mixing line 2 (dashed line) assuming the
Bt i ) ) i end members oParry (1965) The shift of mixtures with SP parti-
1 P 3 4 5 cles is represented by an arrow. (b) Day plot of the samples from the
B /B Oshima 1986 lavaMochizuki et al., 200%and the Mt. Etna lavas
e e (Calvo et al., 200 Other symbols are the same as above.
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Table 1
Relative distribution of magnetic grains with respect to oxidation
indices

Block sample ID Oxidation index
observed part Y ey 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 staf@ble ).
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-

Fig. 4. Representative photographs of titanomagnetite grains taken tively low degree of high-temperatu re oxidation. In the

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 pifl
length.

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%.



Table 2
Palaeointensity results of the LTD-DHT Shaw method

Specimen  NRMg" LTD ratio 1stheating 2nd heating FL (0T) Fxog(nT)
ID (105 Am?/kg)

Hp Slope1 Slopey N 'n Hp Slopexz Sloper fr rt
A-02-1 341 0.174 0 0.919 1.220.01 1.000 0999 O 1.02 0.926 1.000 1.000 30.0 -
A-02-2 346 0.170 5 0.940 1.200.01 0934 0999 O 0.969 1.01 1.000 0.999 30.0 36004
A-11-2 254 0.304 30 0.909 1.#0.02 0.304 0995 O 0.969 1.01 1.000 1.000 30.0 34067
B-01-2 604 0.132 15 0.823 1.540.01 0.890 1.000 5 0.980 0.982 1.000 1.000 30.0 4522
B-02-1 711 0.099 5 0.976 1.240.01 0.969 1.000 O 1.01 0.979 1.000 1.000 30.0 36031
B-03-1 501 0.096 15 1.00 1.240.01 0.932 1000 O 0.982 1.03 1.000 1.000 30.0 37031
C-02-2 286 0.123 10 0.970 1.240.01 0.811 0.999 O 0.956 1.03 1.000 1.000 30.0 37033
C-11-1 426 0.103 10 0.978 1.290.01 0.878 1.000 O 0.986 0.975 1.000 1.000 30.0 33081
C-12-3 273 0.131 10 1.02 1.260.01 0.777 0999 O 1.01 0.956 1.000 0.999 30.0 37083
D-02-1 225 0.131 10 0.950 1.270.01 0.729 1.000 O 0.990 0.980 1.000 0.999 30.0 3012
D-04-1 232 0.141 0 0.955 1.320.01 1.000 0.999 O 0.968 0.992 1.000 1.000 30.0 39063
E-01-2 272 0.114 0 0.977 1.260.01 1.000 1.000 O 1.00 0.987 1.000 1.000 30.0 F0R
Average 38.2+£2.8 (N=11),

37.4+1.4 N=10)

NRMp: NRM intensity before LTD; LTD ratio: a ratio of the LTD-erased component to the initial NRM;the lowest AF step of the linear portion; slgpeand slopg;: slopes
of the portion with AF steps®| in the ARMO-ARM1 and ARM1-ARM2 diagrams, respectively; slqpend slope: a slope of the linear portion in the NRM-TRM&nd
TRM1-TRMZ diagrams, respectivelf;: NRM fraction of the linear portion in the NRM-TRMMiagramjfr: TRM fraction of the linear portion in the TRM1-TRM2liagram;
ry andr: correlation coefficients of the linear portions in the NRM-TRMihd TRM1-TRM2 diagrams, respectivelyg, : laboratory field;F andor: palaeointensity and its
error. The averaged palaeointensity is calculated from all the results passing the selectionNritédagnd also from the results except for B-0IN210). The italic value does
not fulfill the selection criteria (sample A-02-1).
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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.

dition must be satisfied for the TRM1-TRM2
diagram fr >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 ARMO-ARM1 and
ARM1-ARM2 diagrams are defined by slgpe
and slopgz, respectively.

The results are summarised Table 2 and repre-
sentative NRM-TRM1 diagrams are shown ffig. 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 (slope0.926). The
resultant palaeointensities range from 34.6 to 4.3
with an average of 382 2.8, T (N=11,+10), con-
sistent with the expected value of 3p.8 (DGRF

3. Palaeointensity measurements and results

3.1. LTD-DHT Shaw method

The LTD-DHT Shaw methodTsunakawa et al.,
1997; Yamamoto et al., 20P3vas applied to these
samples using the ARM correction techniquéraiiph 1970).
and Shaw (1985for correction of the TRM for ther- Specimen B-01-2 yielded a palaeointensity
mal alteration of the samples during laboratory heat- (45 3,T) that was 27% higher than the expected
ing. Samples were heated twice in a vacuum of 10 to yajue. As this result affords the smallest slgpe
10? Pa at 610C. The peak temperature was held for (0.823) of the present measuremeritalfle 2, this
20 and 30 min in the first and second heating Stage, h|gh pa'aeointensity may have been induced by a Sig_
respectively. The TRM was induced by application pjficant change in the ARM coercivity spectra during
of a 30u.T dc field during the heating and cooling the first heating step. However, as similar changes in
stages, and the ARM was induced by the application ARM coercivity have usually given reasonable values
of a 100uT dc field. Samples were subjected to step- in previous studies Tsunakawa and Shaw, 1994;
wise AF demagnetisation in 5-10 mT intervals up t0 yamamoto et al., 2003; Mochizuki et al., 2004his

160 mT. All remanences were measured using an au-interpretation is not conclusive. If the palaeointensity
tomated spinner magnetometer with AF demagnetiser of B-01-2 is excluded as an outlier, the average is

(Natsuhara-Giken Dspin-Zono et al., 1984, 1997

The details of the experimental procedures are as de-

scribed invamamoto etal. (2002, 2008hdMochizuki
et al. (2004)

The selection criteria adopted in the application of
the LTD-DHT Shaw methodfamamoto et al., 2003;
Mochizuki et al., 200%in this study are given below,

where the magnetisations after the first and the second

calculated to be 374 1.4 T (N=10).

Most of the specimens yielded large linear fractions
(fn > 0.7). However, specimen A-11-2 displayed a rela-
tively small fraction of NRM {y = 0.304), attributable
to the inclusion of a secondary component with co-
ercivity of less than 30 mT, possibly of isothermal or
viscous origin.

heating steps are denoted by suffixes of 1 and 2, and3 5 Theliier method

TRM after ARM correction is denoted by TRM

(1) The stable primary component must be recognis-
able in orthogonal plots of the AF demagnetisation
of NRM.

(2) The slope of the relation in the TRM1-TRMai-
agram (slopg) must be unity within experimental
error, typically 1.05> sloper > 0.95 in this study.

(3) The linear portions of the relation in the
NRM-TRM1" diagram must not be less than 15%
of the original NRM {y > 0.15). The same con-

Coe’s version of the Thellier metho€¢e, 1967
was also applied to nine specimens from the same block
samples examined inthe LTD-DHT Shaw experiments.
Specimens were heated at 100-6Q0in 20-50°C
steps in air. The reproducibility of the peak tempera-
ture in each heating step was better th&@1The hold
time at the peak temperature was set at 15min. The
laboratory dc field intensity was maintained atu3D
throughout the heating and cooling cycles for TRM
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Fig. 5. Representative diagrams of NRM vs. TRMiy the LTD-DHT Shaw method. Units are 17DA m%/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@bted tha
the remanences are treated with LTD and the applicability of the ARM corre®iolplt and Shaw, 198%as examined by the double heating
test as in TRM1-TRM2diagrams. The results are summarisedable 2and details are in Sectid1L
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development. In the pTRM checks, the agreement be- expected value at thexllevel. This large standard de-
tween the TRM values of the present and one or two viation is obviously caused by two anomalously high
previous temperature steps was tested. Magnetic susvalues (52.1 and 554T) from sample A (intermedi-
ceptibility was measured at room temperature using a ate oxidation group). If these two values are excluded
susceptibility meter (MS2, Bartington Instruments) af- as outliers, the average for samples B, C and E give
ter each heating step. The details of the procedures area reasonable result with a smaller standard deviation

as described iivamamoto et al. (2003ndMochizuki
et al. (2004)

Although stringent selection criteria for Thellier-
type results have been proposed (8gjkin and Tauxe,
2000, there appear to be no definite selection criteria
for the Thellier method (e.gCalvo et al., 2002; Biggin
and Thomas, 20Q3In this study, the selection criteria
of Mochizuki et al. (2004are 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).

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{> 0.15).

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 2 level. This error §ptrMm) iS
calculated from experimental uncertainties of
remanence measurementsgad, heating temper-
ature emp and applied dc fieldsopc), that is,
OPTRM = %meas™T Ctempt 9D

The quality factor Coe et al., 1978must not be
lower than 5 ¢ > 5).

(2)

3)

(4)

Representative results are shownFig. 6. Seven

out of the nine specimens passed these selection cri-

(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 logvvalues of the
linear portion associated with positive pTRM checks
(Table 3. The NRM-TRM diagrams display upward
concave featuresF{g. 6), yielding relatively small
linear portions {=0.304 and 0.259). The calculated
palaeointensities were 46.8 and 4p.R 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 systemfFig. 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 direction, 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
sample was discarded in the Thellier experiments. The
failure of D-01-1 can probably be attributed to thermal
alteration in the laboratory. Such thermal alteration due
to laboratory heating is not always detected by pTRM
checks (e.gRiisager and Riisager, 2001; Valet, 2003;

teria. The two failed specimens were rejected becauseMochizuki et al., 2004 The thermal alteration can

of low g values Table 3. For the seven palaeointen-
sities obtained for block samples A, B, C and E by
the Thellier method, the linear portions with positive
pPTRM checks extend to relatively high temperatures of
500-600C (f > 0.43). The resultant palaeointensities
range from 35.5 to 55.4T, with q=7.1-64.0. Suscep-
tibility changes were less than 10% of the initial values
for the linear portions.

These sevenresults give an average of &84T
(N=7), approximately 21% higher than the expected
value of 35.8.T. However, the standard deviation is so

also be estimated based on the intensity ratio of labora-
tory CRM to NRM after zero-field heating at a certain
temperature. This value, denotgdMochizuki et al.,
2004, can be used to determine whether samples may
have undergone thermal alteration. The parameter
defined as

y = sing/[sind + sin(p — )],

whered is the angle between the directions of initial
NRM and NRM after zero-field heating, agdhe an-
gle between the initial NRM and laboratory CRM di-

large that the average is statistically consistent with the rections Mochizuki et al., 200% In this study,f 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 kiveP 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-Y plane and open circles on tike-Z plane. The results are summarisedable 3and details are in Sectidh2



254 Y. Qishi et al. / Physics of the Earth and Planetary Interiors 149 (2005) 243-257

Table 3

Palaeointensity results of the Thellier method

Specimen NRMp AT(°C) N r f g q Slope FL (,T) Fxof (,T) Yin  Yal
ID (105 Am?/kg)

A-01-1 355 0-500 12 0.998 0.549 0.866 .@21.74+0.04 30.0 52.1+ 1.7 0.09 0.14
A-01-2 304 0-500 10 0.991 0.529 0.881 .79 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 .871.31+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 .17 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 .®41.28+0.02 30.0 38.3t 0.5 0.09 0.09
C-12-2 274 0-600 15 0.997 0.989 0.910 .3151.18+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 .551.28+0.04 30.0 38.3t 1.1 0.09 0.12
Average 43.2+8.4 N=7),

37.9+ 1.7(N=5")

NRMp: NRM intensity at room temperatur&T: temperature interval used in the palaeointensity calculahicamdr: the number of data and

the associated correlation coefficient of the linear portipgmandg: NRM fraction, gap factor and quality factor, respectiveBpg et al., 1978

F_ : laboratory fieldf andog: palaeointensity and its erropjin: maximum CRM ratio for the linear portion: maximum CRM ratio for all

the temperature steps except 6@0 The italic value is in contradiction to the selection criteria and the calcufaiediscarded. The averaged
palaeointensity is calculated from all the results passing the selection crierig) @nd 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 selectio
criteria.

¢ are calculated as follows: to be applicable irrespective of the high-temperature
o oxidation state, whilst the Thellier method tends to give

6 = Is(initial NRM) erroneously high palaeointensities for samples with in-

— Is(NRM after zero-field heating) termediate oxidation levels. It should be noted that

L the Thellier method was found to be valid for non-

¢ = Is(initial NRM) — (=90°), intermediate samples, as shown Ygmamoto et al.

wherels is the core-coordinate inclination. The maxi- (2003)andMochizuki et al. (2004)

mum values ofy for the linear portion of the relation

in the Arai diagram+jin) and for all temperature steps

except 600C (ya1) are summarised iffable 3 Ac- 4. Discussion

cording toMochizuki et al. (2004)the samples yield-

ing erroneously high Thellier palaeointensities have 4.1. Possible pre-selection technigques for Thellier

larger yjin values than other samples. Block sample experiments

A, however, exhibits/i, and yg values comparable

to the other samples, suggesting that the effect of ther-  The hysteresis parameters of the intermediate oxi-

mal alteration during laboratory heating is minor inthe dation group exhibit a characteristic trend on the Day

present experiments. plot, whereas the non-intermediate oxidation group
produces a cluster of data poinEBd. 3(a)). These fea-
3.3. Summary of palaeointensity results tures can be seen clearly when compared with the data

set for the Kilauea 1960 lav&@émamoto et al., 2003
The palaeointensities obtained by the LTD-DHT Fig. 3a)). According to the classification Mamamoto
Shaw method are consistent with the expected values,et al. (2003)the samples from group B (1960-B) con-
whereas the values determined by the Thellier method tain grains with oxidation indices of II-V and thus
for intermediate oxidation samples are anomalously correspond to the intermediate oxidation group, while
high. Therefore, the LTD-DHT Shaw method appears those from group A (1960-A; oxidation index of I) and
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group C (1960-C; VI) represent anon-intermediate oxi-

255

For volcanic rocks other than hot-spot basalts, hys-

dation group. Therefore, the 1960 lava samples exhibit teresis properties of the Oshima 1986 lavio¢hizuki
the same characteristics as the 1970 lava on the Dayet al., 2004 and the Mt. Etna lavasialvo et al., 200p

plot.

Theoretical mixing lines between SD and MD are
also shown irfFig. 3(a) for two representative pairs of
end members (SD + MD mixing lines 1 and;nlop,
20023. Those lines fall close to the data points of
the intermediate oxidation group. If magnetic grains of

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 tdvlochizuki et al. (2004andCalvo
etal. (2002)those samples contain some amount of in-
termediate oxidation grains and their Thellier palaeoin-

the intermediate oxidation samples are assumed to betensities often resulted in overestimation by about 30%.

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 tWie/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 Secti).
LTD treatment erases the MD component of titanium-
poor titanomagnetites (e.@zima 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 ifeble 2 According

It is inferred from Fig. 3(a) and (b) that the dis-
tance of samples fromthe 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
studiesYamamoto et al. (2003uggested that the high
Thellier palaeointensities obtained for intermediate

to those ratios, the MD remanences are estimated to beoxidation samples from the Kilauea 1960 lava were

10-17% of the initial NRM, except for specimen A-

caused by thermochemical remanent magnetisation

11-2 (about 30%). These MD remanence fractions are (TCRM) during natural cooling. They also indicated

not discordant with those estimated from the SD + MD
mixing model Fig. 3a)).

that TCRM-affected samples could be efficiently
rejected based on the non-linearity of the relation

An alternative interpretation of the characteristic in the NRM-TRM1 diagram or non-unity of the
trend seen ifrig. 3a) is that the samples containanum- TRM1-TRMZ" relation. Mochizuki et al. (2004)m-
ber of PSD grains, as suggested by the distribution of plied that the high Thellier palaeointensities obtained
experimental data points for PSDs around the SD + MD for the Oshima 1986 lava could be attributed to the
mixing lines PQunlop, 2002 It is noted that either  effect of thermal alteration during laboratory heating
grain assemblage is reasonable for titanomagnetites ofat low temperatures. According to their interpretation,

intermediate oxidation levels, which are subdivided by
numerous ilmenite lamellae.

The cluster of data for the non-intermediate oxida-
tion group shifts from the SD + MD (or PSD/SD + MD)
mixing lines towards regions of mixtures with super-
paramagnetic (SP) grains, as showrnlop (2002a,
2002b) Therefore, the samples distant from the mixing
line possibly contain significant amounts of SP grains,

suggesting that severe thermal alteration during natu-

ral cooling may produce SP-sized domains in titano-

an intermediate degree of high-temperature oxidation
could mean that oxidation may have stopped during
natural cooling and then restarted during laboratory
heating. Whereas the effects of thermal alteration on
laboratory-induced TRMs can be corrected through
the application of the ARM correction technique in
the LTD-DHT Shaw method, the effects on NRM
and pTRMs are sometimes undetectable by the usual
Thellier method Mochizuki et al., 2004

If the high Thellier values are attributed to MD com-

magnetites and/or new SP particles in paramagnetic ponents (e.glLevi, 1977; Xu and Dunlop, 1995LTD

minerals.

treatment and AF demagnetisation may in fact coun-
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teract possible MD effects on NRM, TRM and ARM  were found to contain titanomagnetites of intermedi-
inthe LTD-DHT Shaw experiment. In the case of PSD ate high-temperature oxidation level with oxidation in-
effects (e.gKosterov and Favot, 1998, the coerciv- dices of llI-V. Excluding the palaeointensities of those
ity spectra of ARM and TRM may reflect the physical specimens, the average by the Thellier method became
change of PSD grains during laboratory heating, thus closer to the expected value with a smaller standard de-
rendering the PSD effect detectable or correctable in viation (37.9+ 1.7uT, N=5). Therefore, the Thellier

the LTD-DHT Shaw method. method is valid at least for non-intermediate oxidation
Magnetic interaction between different phases (e.g. samples from the Kilauea 1970 lava.
Mankinen and Champion, 1998r different domains Finally, samples lying close to the SD+MD (or

(e.g-Mochizuki et al., 200¥ may also be a cause of PSD/SD +MD) mixing lines on the Day plot were
the high Thellier values. In this regard, the LTD-DHT found to give erroneously high Thellier palaeointen-
Shaw procedure for obtaining the full TRM by heating sities. This relationship may therefore be a potential
samples above their Curie temperatures and cooling to pre-selection criterion for application of the Thellier
room temperature in a constant dc field appears to be method.

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  Acknowledgements

direction induced by the applied laboratory field is not

usually parallel to the remaining NRM direction. By The authors thank Yozo Hamano (University of
this analogy, the magnetic interaction during natural Tokyo) and Arata Yoshihara (Toyama University) for
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