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SUMMARY

A palacomagnetic study has been conducted from Indonesian lava flows and dykes. Sampling
was concentrated to the Merapi and Merbabu volcanoes (central Java), the Bromo—Tengger
volcanic complex, the Lurus volcano (both east of Java), and the Bawean Island. Numerical
dating indicates that the rock units sampled have ages that are well distributed within the Brun-
hes chron. Only a few reverse polarity flows were probably emplaced during the late Matuyama
chron. Alternating field (AF) and thermal demagnetization treatments were routinely used for
all sites. Results from both methods were generally in good agreement, demonstrating the
reliability and the reproducibility of the palacomagnetic determinations obtained from 36 in-
dependent sites. The large dispersion of the directions and the age distribution indicate that a
large spectrum of the secular variation has been sampled. Our best estimate of the mean Brun-
hes field direction in Java is characterized by a zero declination and an inclination anomaly of
—4.7° (with a 95 per cent confidence angle of 5.3°). This value agrees with an axial dipolar field
model, or a model to which a persisting zonal quadrupolar term of a few per cent of the geo-
centric axial dipole is added. This study adds new constraints to recent results which suggested
that a large zone of negative inclination anomalies may have persisted in the southwestern
Pacific ocean over the past 500 Kyr, and possibly extended toward the eastern Indian ocean.
The present results do not support such an extension. They also suggest that the inclination
anomaly may have varied over 100 Kyr, and that it was more pronounced in recent times.
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1 INTRODUCTION

Time-averaged geomagnetic field models indicate that the field ge-
ometry was mainly dipolar during the past 5 Myr (e.g. Schneider &
Kent 1990). Several authors have also suggested that a small per-
sistent axial quadrupole in the order of 5 per cent of g¥ provides
the best fit to the data (e.g. Constable & Parker 1988; Schneider
& Kent 1990; Quidelleur et al. 1994); Carlut & Courtillot 1998.
The presence of other persisting non-axial dipolar terms is debated.
Gubbins & Kelly (1993) noticed the persistence of northern high-
latitude flux lobes in maps of the radial field (B,) at the core—mantle
boundary (CMB) (Gubbins & Kelly 1993) while Johnson & Con-
stable (1997) and Johnson & Constable (1998) reported on the ex-
istence of anomalous B, at the CMB in the central Pacific ocean,
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linked to a large zone of inclination anomalies (defined as the ob-
served palaeomagnetic inclination minus inclination predicted by a
geocentric axial dipole). In Johnson & Constable (1997) (see their
fig. 13(a)) model, this zone extends toward the eastern Indian ocean.
Johnson & Constable (1998) suggest that this is a robust feature be-
cause the area has been extensively sampled, at least by Hawaiian
lava flows and equatorial marine sediments. Elmaleh ez al. (2001)
recently compiled the available inclination data from the Pacific and
eastern Indian oceans during the Brunhes chron and added new sed-
imentary records to improve the spatial coverage of sites. Their new
map depicts large negative anomalies in the southwestern Pacific
rather than in the central Pacific. The map also suggests a possible
extension of negative anomalies toward the eastern Indian Ocean,
but discrepancies between the existing records are observed.

The present study was aimed at documenting further the mean
field in the eastern Indian ocean during the Brunhes chron from
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records of Indonesian lava flows. The choice of the location was jus-
tified by the absence of data from Indonesia in recent palaeosecular-
variation volcanic databases (Quidelleur et al. 1994; Johnson &
Constable 1996). In addition, Indonesia is located within a whole
longitudinal band largely devoid of Brunhes chron records from lava
flows. Filling longitudinal gaps is important to investigate the exis-
tence of non-zonal terms. The equatorial position of the area is also
appropriate to further constrain the possible persistence of a zonal
quadrupole.

2 SITES AND SAMPLING

Java and the nearby small island of Bawean (Fig. 1a) are appropriate
to study the Brunhes chron field for several reasons. Quaternary vol-
canism is widespread in Java, owing to intensive volcanism related
to the subduction along the Java trench. A study of volcanic products
of Bawean Island has shown that the island was built up during the
Quaternary (Soeria-Atmadja et al. 1988; Bellon et al. 1990). Java
and Bawean are part of the Sundaland block. Recent GPS studies
have established that the Sundaland block is undeformed at the level
of precision of the GPS measurements (Chamot-Rooke & Le Pichon
1999). Java and Bawean are not characterized by any large active
faults, in contrast with Sumatra, which is crossed by a major strike-
slip fault (the Great Sumatra fault). Therefore, we do not expect
the palacomagnetic measurements to be an indication of tectonic
displacements, but rather a measure of palacosecular variation.

During spring 2001, we sampled lava flows and dykes from the
Merapi and Merbabu volcanoes (central Java), the Bromo—Tengger
volcanic complex (east of Java), and the Lurus volcano (east of Java
at the bank of Madura strait). We also sampled 14 lava flows and
a dome on Bawean Island, located 150 km north of Surabaya in
the Java sea (Fig. 1a). The choice of the sampling sites was guided
by existing data on numerical ages and stratigraphy of the volcanic
products.

We took 552 samples with a portable gasoline-powered drill and
oriented them with a magnetic compass. Whenever possible, sun
orientation was also measured. In this case, the true geographic
azimuth could be calculated and used to orient the cores in the
horizontal plane. The mean present day magnetic declinations for
the Merapi—-Merbabu, Bromo—Tengger, Lurus, and Bawean areas
are 0.3 & 1.7°, 1.6 & 1.7°, 2.2 + 1.6° and 0.9 4 1.2°, respectively.
These values are in good agreement with the IGRF2000 (Mandea
& Macmillan 2000) values (1.0°, 1.3°, 1.4° and 1.3°, respectively)
and were used to correct the magnetic azimuth in the absence of sun
orientation.

3 AGE CONTROL

3.1 Merapi and Merbabu

The sampling map of the Merapi—Merbabu area is shown in Fig. 1(c).
The stratigraphic succession of the flows sampled at the Merapi
and Merbabu volcanoes are shown in Figs 2(a) and (b). Most lava
flows (Me0O1 to Me07) belong to the Batulawang pile (Bahar 1984;
Newhall ef al. 2000) and are part of Old Merapi according to
the terminology of van Bemmelen (1949) (see also Bahar 1984;
Wirakusumah et al. 1989; Newhall et al. 2000). This series forms
the bulk of the eastern and northern slopes of Merapi. The oldest
known deposit of the Old Merapi is the Sumbung (Cepogo) pyro-
clastic flow with a *C age of 9630 + 60 BP (Newhall et al. 2000).
The lava flows that were sampled near Bakalan (Me07) and Deles

(Me03, Me05 and Me04 in stratigraphic order) are among the oldest
of the series. The oldest flow from what we called the Deles section
(Me03) corresponds to the lowermost flow of the Bonjorejo series
described by Berthommier (1990) and has a U-Th age of ca 6700
BP (see also Camus et al. 2000). This unit is cut by a fault mapped
by the Volcanological Survey of Indonesia, that has not affected the
overlying flow (Berthommier 1990). We sampled Me03 over a large
area (ca 100 m). At Cepogo, we sampled two pyroxene-rich lava
flows separated by flow rubble (Newhall ez al. 2000). They are over-
lain by a pumiceous pyroclastic-flow deposit with a 2590 £ 120 BP
charcoal level (Newhall ef al. 2000). A major collapse separated
the Old Merapi from the Young Merapi phases, as witnessed by the
prominent somma rim of Merapi, which is open to the southwest
(e.g. Wirakusumabh ez al. 1989). The age of this structure is a matter
of debate. Newhall et al. (2000) suggested a '“C age of ca 1900 BP,
based on dating of the youngest pyroclastic flow on the eastern
side of Merapi. Several lava flows described by Wirakusumah et al.
(1989) and Bahar (1984) erupted afterward, as the andesitic Kali
Kuning flow (Me06).

There is no numerical dating of the Merbabu products. Neverthe-
less, Merbabu pyroclastic flows were found (Andreastuti ez al. 2000)
interbedded with Merapi products in the northern part of Merapi,
within the narrow depression that separates Merapi from Merbabu.
Therefore, both volcanoes have a common and recent period of ac-
tivity. We therefore assume that the Mb0O1 to Mb04 Merbabu flows,
which were sampled in two valleys at the foot of Jarak village in
the depression that separates the two edifices, were deposited dur-
ing the past 10 Kyr, although dating is still needed to confirm this
interpretation.

3.2 Bromo-Tengger volcanic complex

A map of the sampled area and the stratigraphic succession of
the sampled units and numerical dating available for the Bromo—
Tengger products are presented in Figs 1(d) and 2(c). This stratigra-
phy is mainly based on studies by Zaennudin (1990), Mulyadi (1992)
and Zaennudin et al. (1994). Samples were taken from the Ngadis-
ari unit, the Old Tengger sensu stricto strato-volcano, and from
Cemorolawang strato-volcano. The Ngadisari unit and Old Tengger
sensu stricto belong to the Tengger volcano sensu lato, constitut-
ing the oldest part of the complex, were emplaced before the major
Ngadisari caldera collapse event. Eruption of both units began be-
fore 822 + 90 Ka, according to a K-Ar age from a flow crossed by
the Sapikerep caldera collapse wall, the Pakel flow (Mulyadi 1992).
The stratigraphic position of the nearby flow BT21, which belongs
to the Ngadisari unit, could not be determined. Higher in the vol-
canic pile, and within the Old Tengger sensu stricto we sampled the
BTO07 and BT17-18 lava flows, which are separated by pyroclastic
deposits. The BT07 flow is cut by three dykes (BT08, BT09 and
BT19) which are oriented ca 110°N, and are interpreted as feeding
dykes of the Ngadisari volcano (Mulyadi 1992; Zaennudin et al.
1994). The BT17-18 flow was sampled along the road leading to
Mount Penanjakan. It is covered by a thick series of pyroclastic
flows. Just below the summit of Mount Penanjakan, we sampled a
series of five lava flows interbedded with pyroclastic flows (BT 14
to BT10, in stratigraphic order) and two adjacent dykes (BT15 and
BT16). The 152 £ 30 Ka upper age limit of the system was de-
rived from K-Ar dating of the Sukapura ignimbrite, which is the
pyroclastic product associated with the Ngadisari caldera collapse
(Mulyadi 1992). Volcanic products that post-date this collapse, and
belonging to the Cemorolawang strato-volcano, were sampled in the
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Figure 1. Map of locations sampled in Java and Bawean Islands, Indonesia. Topography is from ETOPOS. More detailed maps of Bawean Island, Lurus
volcano, Merapi—-Merbabu area and Bromo—Tengger volcanic complex with locations of sites sampled are shown in (a), (b), (c) and (d), respectively. The flows
BT20 (7.92°S, 113.03°) and BT21 (7.89°S, 113.06°), taken further east in the Kali Jurang Ganten and Kali Kledung river beds respectively, are not shown on
(d). The stratigraphy of the five lava flows sampled at the Lurus volcano is shown in (b).
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Figure 2. (a) to (c) show composite stratigraphy of the lava flows sampled at Merapi volcano, Merbabu volcano, and Bromo-Tengger volcanic complex
respectively. al: *C ages from Newhall ez al. (2000), a2: U-Th disequilibrium age from Berthommier (1990), c1: K-Ar age, Zaennudin (1990), c2: K-Ar ages,

Mulyadi (1992).
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Sapikerep valley and in the Sand Sea caldera. The oldest flows of
this phase were sampled in the Sapikerep valley. The lowest flow
(BT20), which is surrounded by pyroclastic deposits, is overlain by
the BT02 Ngadas andesitic lava flow and the BT01 big-feldspar lava
flow (Mulyadi 1992; Zaennudin et al. 1994). K-Ar dating of BT01
and BT02 yielded identical ages of 135 4= 30 Ka for BT02, and 144 +
30 Ka for BTO1 (Mulyadi 1992; Zaennudin et al. 1994). Younger
flows (BT04c, BT04b, BT04, BT05 and BT06 in stratigraphic or-
der), which are interbedded with pyroclastic deposits, were sampled
in the northeastern wall of the Sand Sea caldera. The ca 100 Ka age
of one of the uppermost flows gives an upper age limit for the Ce-
morolawang series (Zaennudin 1990; Zaennudin et al. 1994). The
stratigraphic position of the BT03 dyke, sampled near the Jetak
cemetary, is unknown but its position in the Cemorolawang strato-
cone indicates that it is younger than ca 152 Ka.

3.3 Lurus

Lurus is an extinct leucite-bearing ultra-potassic volcano (Soeria-
Atmadja et al. 1988). We sampled one flow uphill, presumably the
highest in the stratigraphy, near Selo Banteng (Lu0O1). Four addi-
tional lava flows separated by flow rubble (Lu04, Lu03, Lu05, Lu02
in stratigraphic order) were sampled along the coastal road between
Besuki and Binor (Fig. 1b). They belong to a section dated be-
tween 0.6 and 0.5 Ma (Soeria-Atmadja et al. 1988; Bellon et al.
1990).

3.4 Bawean Island

Volcanism of the Bawean Island is characterized by leucite-bearing,
alkali ultra-potassic products, with an evolution leading to ultra-
alkali phonolites (Soeria-Atmadja et al. 1988). Ages range from
0.3 to 0.8 Ma (Soeria-Atmadja et al. 1988; Bellon e al. 1990).
We sampled 14 lava flows and a dome (BW12) around the island
(Fig. 1a). Only four samples could be taken over a 1 m interval at
BWO03. This differs from our standard procedure which involved at
least eight scattered samples per flow (the other exception is BT20,
with five samples).

4 PALAEOMAGNETIC TECHNIQUES

All palacomagnetic measurements were carried out in the shielded
room of the Institut de Physique du Globe de Paris palacomagnetic
laboratory. Measurements were made using a JRS spinner magne-
tometer. For each site, the natural remanent magnetization (NRM)
of at least three samples was subjected to stepwise alternating field
(AF) demagnetization from 5 mT up to 150 mT, using a three-axis
coil system. A typical demagnetization sequence involved demag-
netization steps of 5 mT between 5 and 50 mT, thereafter every
10 mT or 20 mT up to 100 mT and above if necessary. At least three
samples per site were subjected to thermal treatment (except Lu05,
Me06, and BW01 where only two samples were thermally demagne-
tized) including at least 11 steps, up to 590 °C or 610 °C. Low-field
magnetic susceptibility was measured at room temperature using
either a MS2 (Bartington Ltd, UK) or a Minisep (Molspin Ltd, UK)
magnetic susceptibility instrument, after each heating step. In some
cases, the susceptibility indicated possible mineralogical changes
induced by heating. The fact that identical directions were obtained
using AF and thermal treatments indicates that the direction of the
ChRM was not affected by these mineralogical changes, which was

© 2004 RAS, GJI, 157, 441-454

Brunhes palaeosecular variation in Indonesia 445

expected because of the low residual field measured in the furnace
(less than 20 nT), which is encased in a u-metal shield.

The directions of the characteristic remanent magnetization
(ChRM) were determined using principal component analysis on
data from 6 to 10 demagnetization steps (Kirschvink 1980). The
a g5 about the principal direction never exceeded 2.5°. The final data
set includes only samples with Zijderveld (1967) diagrams charac-
terized by a linear decay of the vector through the origin of the plot.
Site mean directions (Table 1) were calculated using Fisher (1953)
statistics for flows with specimens from at least four samples (seven
on average). Among the samples that were not taken into account in
this calculation, first, most did not satisfy the criteria defined above,
and secondly, a few samples with good demagnetization diagrams
were discarded because they showed strongly discrepant directions
with respect to other samples, probably resulting from disorienta-
tion. In a few cases, samples from the first category showed evidence
for an isothermal remanent magnetization (IRM) possibly acquired
via a lightning strike. Finally, when two specimens from the same
core were demagnetized using a different technique (either thermally
or by AF methods), we included both in the average.

5 DEMAGNETIZATION
CHARACTERISTICS

Samples from 53 sites have been measured and stepwise demag-
netized. Reverse polarity directions were obtained for three flows
(BW09, BW10 and BW13), which is consistent with the maximum
age of ca 0.8 Ma measured at Bawean (Soeria-Atmadja et al. 1988;
Bellon et al. 1990). These flows will not be considered further in
this study of the Brunhes field. Five sites (BW11, BW14, BW15 and
Lu01) were characterized by low quality demagnetization diagrams
for nearly all samples and were discarded.

We identified three main types of behaviour upon stepwise ther-
mal demagnetization (Fig. 3a). Type 1 samples have a wide spec-
trum of unblocking temperatures ending at the Curie temperature of
magnetite (580 °C), which indicates that the magnetization is car-
ried by magnetite with variable grain sizes and/or variable titanium
content. The type 2 samples are characterized by a narrow range of
unblocking temperatures (around 580 °C), which is characteristic of
fine-grained magnetite. The type 3 samples (which represent about
a third of the 164 samples that were thermally demagnetized, and
with a preponderance from the Bromo—Tengger volcanic complex)
are characterized by a two-step decay of the magnetic moment with
temperature. Only site BWO1, the case of which will be discussed
below, does not fit in any of these categories.

Typical demagnetization diagrams obtained after thermal or AF
treatment of samples from several sites are shown in Figs 3(b) and
4. All type 2 samples exhibit a linear decay of the vector toward
the origin of the vector component plot after removal of a low tem-
perature component, as in the two examples in Fig. 3(b). Because
of its random character, this low temperature component is proba-
bly a viscous component acquired during storage. The type 1 and 3
samples frequently exhibit another secondary component. Its origin
can in some cases be attributed to a viscous component acquired
in the present-day field (as in Lu02-02, Fig. 3b) but there are many
exceptions to this behaviour. Two particular cases can be empha-
sized. First, all samples from BT(07 were characterized by a sec-
ondary component that was removed between 120 and 250 °C or
at 5-15 mT and with a direction close to that of dyke BT08, which
cuts flow BTO07. This overprint was therefore interpreted as a partial
thermoremanent magnetization caused by reheating. All samples
from BT04b carry a secondary component with variable directions
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Table 1. Palacomagnetic directions for the Java and Bawean Islands lavas.

Site Data used n/N D (°) 1(°) K a9s (°) A (%) ¢ (°) Type
Merbabu

Mb01 AF+TH 6/11 14.5 —14.1 106.3 6.5 1,2
Mb02 AF+TH 6/8 3.6 —335 436.3 3.2 78.6 272.8 1
Mb03* AF+TH 7/8 9.6 —15.6 499.7 2.7 1
MbO1+Mb0O3 AF+TH 13/19 10.5 —14.9 193.7 3.0 79.6 201.6

Mb04* AF+TH 5/10 1.1 —-1.9 197.1 5.5 83.4 120 1
Merapi

MeO1° AF+TH 5/7 1.8 —-30.4 424.1 3.7 1,2
Me02 AF+TH 6/6 2.0 —26.7 634.9 2.7 1,2
Me01+-Me02 AF+TH 11/12 1.9 —28.4 900 22 82.2 276.9

Me03! AF+TH 8/8 352.2 -30.9 404.7 2.8 78.1 329.7 2
Me04! AF+TH 7/10 350.5 —28.1 443.7 2.9 78.1 341.2 3
Me05°3 AF+TH 9/10 0.8 —28.4 173.0 3.9 82.4 284.6 2
Me06 AF 7/9 354.9 —33.4 462.5 2.8 78.2 314.9 1,2
Me07*! AF+TH 8/12 353.7 —4.4 228.0 3.7 81.8 60.3 1,2
Bromo-Tengger

BTO1 AF+TH 6/7 7.2 —11.1 1086.7 2.0 82.5 185.5 1
BT02* AF+TH 7/10 355.8 —10.1 839.8 2.1 85 56.9 1
BT03! AF+TH 9/10 10.8 —46.0 144.5 43 68 266.6 3
BT04* AF+TH 6/9 42 —314 183.0 5.0 80.1 269.0 1,3
BT04b* AF+TH 5/10 10.5 39 125.7 6.8 75.6 160.1 1,3
BT04c* AF+TH 6/11 354.8 —283 821.6 2.3 81.2 328.0 1
BTO5! AF+TH 8/10 4.8 -3.1 259.0 3.4 82 150.1 3
BT06! AF+TH 5/11 23.5 —44.8 14.5 6.4 61 2455 1,3
BTO07 AF+TH 5/9 343.9 7.4 149.0 6.3 70.2 58.3 1,2
BT08! AF+TH 8/8 354.7 —19.6 341.2 3.0 84.3 360.0 3
BT09 AF+TH 10/11 353.1 —26.5 3139 2.7 80.9 340.4 1,23
BTI1* AF 5/8 352.1 —10.2 283.6 4.6 81.7 41.8 1
BTI12 AF+TH 5/8 335.9 —6.0 275.2 4.6 65.5 33.1 1,3
BT13!* AF 5/10 350.9 —26.7 126.5 6.8 79.1 3473 3
BT14* AF 4/9 0.5 —23.7 586.2 3.8 85.5 286.7 3
BT15! AF+TH 7/9 336.4 —-12.9 209.8 4.2 1,2
BT16 AF+TH 5/10 339.1 —12.5 164.3 6.0 3
BT15+BTI6 AF+TH 12/19 3375 —-12.7 196.1 3.1 67.6 253

BT17-181* AF+TH 6/14 11.8 -35.9 104.1 6.6 73.5 250.5 3
BTI19 AF+TH 8/9 354.0 —10.8 94.2 5.7 83.5 45.1 1,2
BT20? AF+TH 6/8 19.5 —35.7 128.5 59 67.7 237.1 3
BT212 AF+TH 9/10 2.7 —8.8 150.5 4.2 85.6 151.0 3
Lurus

Lu02 AF+TH 9/10 6.9 —19.1 493.1 2.3 1,2
Lu03 AF+TH 8/8 6.8 —20.8 253.2 3.5 1,2
Lu04 AF+TH 8/8 43 —20.9 169.5 43 1,2
Lu05 AF+TH 5/6 7.3 —20.0 2322 5.0 2
Lurus AF+TH 30/32 6.3 —20.2 261.4 1.6 83.2 227.6

Pulau Bawean

BWO1 AF 6/8 11.7 —33.8 123.7 6.0 72.9 251.9

BWO02! AF+TH 8/8 3423 =57 3123 3.1 72.1 313 1,2
BWO03 AF+TH 4/4 1.3 15.3 509.0 4.1 76.4 118.2 2
BW04 AF+TH 8/9 6.9 —21.2 96.1 5.7 81.5 240.2 2
BWO06! AF+TH 10/10 14.6 4.1 274.0 2.9 73.5 175 1,3
BWO07 AF+TH 11/11 16.4 —24.9 593.1 1.9 72.2 228.3 2
BWO08 AF+TH 8/9 3.4 3.7 132.1 4.8 81.7 136.9 1

Site: the superscripted number that follows the site name indicates how many pairs of specimens from a single sample were thermally or AF demagnetized; in
italics: sites merged together (see Table 2); about the discarded samples: no symbol is drawn for samples discarded because the demagnetization diagram does
not satisfy the requirements defined in the text; other cases: ® are probably disoriented samples; *: samples that do not satisfy the requirements and that are

suspected of having been struck by lightning; data used: to calculate a mean direction [alternating field (AF) or thermal (TH) treatment]; n: number of

directions used for calculating the mean; N: number of samples treated; D: declination; /: inclination; «; dispersion parameter and «9s: radius of the 95 per
cent confidence cone (from Fisher (1953) statistics); A and ¢: VGP latitude and longitude for the final site mean direction (sites merged: see Table 2); type: of
behaviour upon thermal demagnetization (refers to Fig. 3).

(between D = 50°, [ = 30° and D = 7°, I = —14°) and strong
intensities (from 6 to 58 A m~!), which was interpreted as an IRM
acquired by lightning. In the latter case, a stable remanent compo-
nent could be isolated for half of the samples and gave consistent

directions that are therefore interpreted as ChRM directions for this

site.

No ChRM components could be isolated by thermal demagne-
tization for several sites. This includes samples from Me06 with
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Figure 3. (a) Typical examples of thermal demagnetization curves. As in all the following figures, the name of the samples is composed first of the site name
(e.g. BT03), with the number following the hyphen indicating the sample number (—06). The magnetic moment is normalized to the maximum value. Three
types of behaviour are distinguished: (i) A regular decrease of the moment across a wide unblocking temperature interval, that ends at the Curie temperature
of magnetite. (ii) A much more narrow range of unblocking temperatures, with most of the unblocking occurring near the Curie temperature of magnetite. (iii)
Decay of the moment across two temperature steps. (b) Examples of Zijderveld diagrams corresponding to some of the thermal demagnetization curves shown
in (a). The convention for Zijderveld diagrams (as in all following figures) is: solid symbols correspond to projections onto the horizontal plane, while open
symbols represent projections onto the vertical plane. Lines indicate fits to the ChRM vector by principal component analysis. Calculations and plots were

made using the PaleoMac software (Cogné 2003).

noisy thermal demagnetization curves, samples from site BWO0I
and samples from sites BT11, BT13 and BT 14. Most of the BW01
samples are characterized by a low coercivity (0—15 mT) and mid-
temperature (up to 400 °C) secondary component parallel to the
drilling (Fig. 4), indicating that this component is likely to be a
drilling-induced remanent magnetization (DIRM) (e.g. Audunsson
& Levi 1989; Genevey et al. 2002). In that case, as for many samples
from the other sites quoted, AF demagnetization was able to isolate
a stable component of a presumably primary origin (e.g. BT13-09
in Fig. 4) so that site average directions could be calculated.

In most cases, when two specimens from a given core were suc-
cessfully demagnetized, one with AF and the other by thermal treat-
ment, they yielded identical mean directions +4° or less (as in the
case of site Me04, in Fig. 4). However, for site BT21, the two tech-

© 2004 RAS, GJI, 157, 441-454

niques yielded discrepant directions that differ by 6° (BT21-10) and
by 11° (BT21-08). Since site mean directions calculated using either
thermal or AF results are in good agreement within the 95 per cent
confidence interval (Table 1), we did not discarded this site.

In Fig. 5(a), we compare the mean directions obtained after
AF demagnetization with those derived from thermal demagneti-
zation, with roughly the same number of samples in both cases (see
Table 1). Note that Mb01 and Mb03 have been treated together (see
below). The mean directions of the subsets of results obtained af-
ter either thermal or AF demagnetization are statistically identical
(Fig. 5a). Since this comparison cannot be achieved for all sites, we
also compared the mean directions obtained by one technique with
the site mean direction. This is shown in Figs 5(b) and (c), where
the inclinations and the declinations are separately plotted. In each

/0 Uo J8sn 01| - SYND Aq G5ZSELZ/L v/ L/LG L/eone/B/woo dnoolwapede//:sdiy woly pspeojumoq



448  A. Elmaleh et al.

Thermal treatment AF treatment
W Up o &
e s W, Up L &
| * &,f
BWO07-09 S - . L BW07-08
El Down EE:‘;\
MB01-05 s MB03-08
N
E IDown
BT13-03 i § BT13-09
s — N
clooun o drector -
ME04-08-B MEO04-08-C
LUO04-03 LU04-07
N
— same core — 1 i
BWO01-01-A — ronT 3 BW01-01-B
X — X B
Scale bars: 1 Am- 1 NAM Downcore 1 A
Y Downcore Y 'Downcore

Figure 4. Examples of Zijderveld diagrams from each of the volcanoes or volcanic complexes sampled: (a) thermal demagnetization diagrams, (b) AF
demagnetization diagrams. Conventions for the diagrams are as in Fig. 3. No ChRM was determined for BT13-03. The Zijderveld diagrams for the two samples
from site BWO1, in core coordinates, show evidence for a drilling-induced overprint that is easily removed by AF treatment, while it is more difficult to isolate
using thermal treatment.
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Figure 5. (a) Equal area projections of site means calculated with either only AF results (black) or thermal results (gray), using Fisher statistics. Open symbols :
upper hemisphere; solid symbols: lower hemisphere projection. 95 per cent confidence cones are drawn. Upper stereo-plot: one site corresponds to each symbol;
the key is given in the right-hand side of the figure. Lower stereo-plots: data separated according to either treatment and statistical parameters. (b) Comparison
of site mean inclinations and declinations from Fisher statistics either on all the specimens for a given site (abscissas), or only (b) on AF demagnetized or (c)
thermally demagnetized specimens. The 1:1 line, corresponding to identical results for the whole site, and the AF or thermal demagnetization results is shown
as a gray line. Fisherian 95 per cent confidence intervals are plotted as error bars.
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Table 2. Angular distance between the mean directions of successive flows
or nearby dykes.

Successive flows s Vector Difference
or dyke family Angle

Mb01/Mb03 9.2 5 <0
Me01/Me02 6.4 3.7 <0
Me03/Me05 6.7 7.8 >0
Me05/Me04 6.8 9.0 >0
BTO01/BT02 4.1 11.3 >0
BT15/BT16 10.2 2.7 <0
BT09/BT08 5.7 7.1 >0
BT09/BT19 8.4 15.7 >0
BT19/BT08 8.7 8.8 ~0
Lu04/Lu03-05 6.8 2.3 <0
Lu03-05/Lu02 4.8 1.3 <0

Successive flows: as observed on the field (Mb0O1 and Mb03 are in fact
nearby flows); dyke family: sharing a similar orientation (see also Mulyadi
1992); ¥ a9s: sum of ags for the two flows; vector angle: between the
mean directions of the two flows or dykes; difference: between the last two
parameters.

Merged flows in italic.

plot, the directions calculated for AF (Fig. 5b) or thermal (Fig. 5c)
demagnetization are compared to the corresponding site mean di-
rections. Satisfactory agreement is always achieved within the error
bars.

6 SITE MEAN DIRECTIONS

A mean palacomagnetic direction for the Brunhes chron, as recorded
in lava flows from Java and Bawean, was determined from 43 Brun-
hes age sites (Table 1). Only three sites (BT10, BW05 and BW12, a
phonolite dome emplaced and growing at low temperature) were ex-
cluded because scatter of the directions did not allow us to calculate
a site mean direction. It can be noted that all Virtual Geomagnetic
Pole (VGP) latitudes are >60° (Table 1). Therefore, none of the data
can be considered as transitional.

In the absence of systematic dating, we checked whether succes-
sive flows were characterized by statistically identical directions,

which would suggest that they were associated with eruptions that
occurred over a short period of time. It is clear in Table 1 that
successive flows Mb02, Mb03 and Mb04 have statistically differ-
ent directions, whereas Mb01 and Mb03 (which were sampled in
two parallel rivers) have identical directions, as shown in Table 2.
The Me01 and Me02 Merapi flows, all the Lurus flows, and BT15
and BT16 dykes have overlapping 95 per cent confidence intervals.
Moreover, the flows were only separated by flow rubble, and no
baked soil was noticed. Therefore, they should be considered as sin-
gle units (Table 2). After averaging all directions within each unit,
we obtained 37 independent records of the Brunhes field (Table 1).

The sites lie within a ca 270-350 km rectangle and are close
enough to each other to be treated as a single geographical area.
The difference of 2.2° in latitude between the northernmost and
the southernmost sites implies that the expected geocentric axial
dipole (GAD) inclination goes from —11.3° to —15.6°. One ap-
proach would be to calculate common latitude directions, by trans-
forming the inclinations as if each site were taken at the same lati-
tude. However, this would distort the actual distribution of site mean
directions. Therefore, in order to obtain a representative inclination
anomaly, we will consider a latitude calculated as the mean of the
individual latitudes (7.4°S) if all Brunhes age sites are considered.

If one calculates the mean direction for the 37 Brunhes sites, the
maximum angular distance with respect to this mean is 33.7° for
BWO03. This site is a small dyke with only four samples. There-
fore, we will not consider this site any further, which now leaves 36
Brunhes age sites. The site mean direction for flow Me03 is very
well constrained (95 = 2.8°) and does not differ much from that
of nearby flows. Therefore, we decided not to discard it. The mean
directions of all 36 independent sites are plotted in Fig. 6. Most data
are clustered about the mean direction of all sites (open star), but
11 sites lie outside a cone of 20° about this mean direction. One
may wonder to what extent the present distribution of site mean
directions is related to the timing of successive eruptions. The dis-
tributions of the mean directions obtained for the Bromo—Tengger,
Bawean and the Merapi—Merbabu area are shown in Fig. 7. We note
that the directions from sequences of lavas (e.g. the Cemoro In-
dah section) or from the Ngadisari dyke family are scattered over

20+ + + 4+ + + + + T+ + + + + + ++-90

Figure 6. Equal area projection of the mean palacomagnetic directions for the 36 independent Brunhes age flows (Table 1, see text for explanation). Conventions
as is Fig. 5. The dipole value corresponding to the site mean latitude is plotted as a solid star (although the inclination is negative), and the site mean direction

is plotted as an open star, with confidence interval shown at 95 per cent.
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Figure 7. Site mean directions for the three volcanic groups Bromo—Tengger, Merapi-Merbabu and Bawean. Sites from a given section or those belonging to
a family of dykes share the same pattern. Mean directions are plotted as stars, and Fisherian 95 per cent confidence intervals are drawn.

Table 3. Mean directions for several subsets of the lava flows and dykes from Java and Bawean Islands.

Sub set N D(°) 1(°) K @95 () VGP oD (°) ol(°) Mean Al (°)
scatter (°) Lat. S (°)

Brunhes 36 0.1 —-19.3 21.1 53 139 11.2 14.4 7.4 —4.7

Age 0-10 Ka' 9 358.9 —22.8 352 8.8 10.5 6.4 12.3 7.5 —8.0

Age 100-150 Ka? 9 7.2 —23.2 16.3 13.1 17.1 9.6 18.3 7.9 =17

Age <150 Ka? 18 3.0 —23.1 22.5 7.5 13.8 9.5 15.2 7.7 —-8.0

Age >150 Ka* 18 3574 —15.4 21.5 7.6 14.4 12.4 12.5 7.1 —1.4

Sub-set: according to the age; N: number of sites used; D: declination, /: inclination; «: dispersion parameter; o 9s: confidence angle
(from Fisher (1953) statistics); VGP scatter: standard deviation of the distribution of angles between the VGPs and the geographic pole;
o D and o [: standard deviation of the distributions of declinations and inclinations, respectively; mean lat.: mean latitude calculated for

the N sites considered; A7: inclination anomaly.
1

a large portion of the stereo-plot. Therefore, there is no evidence
that short time intervals would have been repeatedly sampled. Note
that this large scatter observed within single sections also rules out
the possibility of tectonic rotations or block tilting to account for
the present distribution. Therefore, we consider that the distribu-
tion of the directions reflect a random sampling of the palacosecular
variation.

7 DISCUSSION: BRUNHES MEAN
FIELD DIRECTION

7.1 Robustness of the mean field direction

The final Brunhes mean direction is characterized by a mean in-
clination of —19.3° and a mean declination of 0.1°(n = 36, «gs =
5.3°, k = 21.1) (Table 3). Given the scatter of the data, we have
tested the robustness of this result. If we remove sites with an an-
gular distance from the site mean direction that exceeds 25° (which
leaves 31 directions), the averaged direction does not change sig-
nificantly (/ = —19.5°, D = 0.2°, a9s = 4.9°, k = 29.2). Keep-
ing only sites with angular distance >20° (25 sites) yields / =
—20.7°, D = 0.2° (95 = 4.4°, k = 43.7). Similarly, keeping only
the 28 sites with o5 lesser or equal to 5° yields / = —18.1°, D =
359.4° (w95 = 5.6°, k = 24.5). The robustness of the mean direc-
tion has also been tested using a jackknife approach. The resulting
variations are always small, with mean declinations ranging from
—0.4° to 0.9° and mean inclinations from —20° to —18.5°. The
VGP scatter (calculated as the angular dispersion with respect to
the Earth’s rotation axis) is 13.9°. As can be seen in Fig. 8, this
value is in close agreement with the mean value at this latitude
extracted from the Quidelleur ez al. (1994) database (ca 14°). Re-
call that almost no data from the longitude band of Indonesia were
present in the data set considered. Similarly, declination and inclina-
tion scatter values are close to the values from the Quidelleur ez al.

© 2004 RAS, GJI, 157, 441-454

: corresponds to Merapi—-Merbabu, 2: Cemoro Indah section and Sapikerep valley sites,

3:1 42 4: remaining Brunhes age sites.

(1994) database (10 and 14°, respectively). This provides a good
indication that the palacosecular variation has been satisfactorily
sampled.

The mean Brunhes field direction is characterized by a mean in-
clination anomaly of —4.7 & 5.3° and an almost null declination.
One of the objectives of this study was to constrain the western ex-
tension of the zone of negative inclination anomalies observed from
southwestern Pacific sediments studied by Elmaleh e al. (2001).
Our new results do not support such an extension.

The mean field direction inferred from the sites mean direction is
consistent with a purely dipolar field model, but also with a dipolar
field model in which a zonal quadrupole contributes 5 per cent of g¥
(in that case, A/ = —4°). It is interesting to note that this site follows
the general trend toward negative inclination anomalies that char-
acterizes most sedimentary or volcanic databases for the past few
million years (Schneider & Kent 1990; Quidelleur et al. 1994). This
feature was adequately described, in most cases, by the persistence of
azonal quadrupole of about 5 per cent of the geocentric axial dipole.
However, the 95 per cent confidence interval also includes a dipolar
mean field direction (Fig. 6). The present distribution is somehow
distorted compared to a Fisher distribution. Therefore, one has to be
very careful as to interpreting both the mean direction and the «os
value. Khokhlov et al. (2001) have shown that a set of independent
and instantaneous field directions, as can be inferred from palaeo-
magnetic measurements on time-independent lava flows, should not
necessarily be Fisher distributed if the field can be described as a
giant Gaussian process, as first suggested by Constable & Parker
(1988). Following Khokhlov et al. (2001), it is possible to evaluate
the ability of different statistical models to describe the present data
set, without distorting the distribution via the Fisher statistics, which
may not be appropriate in the present case. The issue is not to choose
between the several statistical field models, but to check whether, in
the frame of such models, the whole data set is better fitted by amodel
in which the mean field is purely geocentric axial dipolar or includes
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Figure 8. Dispersion parameters obtained for the 36 independent Brunhes
directions (black stars, see Table 3) plotted together with the data from the
Quidelleur et al. (1994) 0—5 Myr database (gray) and the predictions of the
CI1 statistical model of Quidelleur & Courtillot (1996) with errors (black).
Redrawn after Quidelleur & Courtillot (1996). (a) Angular dispersion of
virtual geomagnetic poles (VGP) with respect to the Earth’ rotation axis. (b)
Standard deviation of the distribution of declination. (c¢) Standard deviation
of the distribution of inclination.

a small quadrupolar term. It is now well established that the pioneer
model proposed by Constable & Parker (1988) provides a poor fit
to the VGP scatter data (Quidelleur & Courtillot 1996; Constable &
Johnson 1999). The model C1 proposed by Quidelleur & Courtillot
(1996) and the model CJ98 (Constable & Johnson 1999), showing
better performances with respect to that point, were tested using
the formalism developed by Khokhlov et al. (2001) as well as de-
rived models with a zero mean quadrupolar term (C1-0 and CJ98-0
respectively). The results of the x> and Kolmogorov—Smirnov (KS)
tests (see Khokhlov et al. 2001, for explanation), show that adding a
non-zero mean quadrupolar term does not improve the fit to the data,
which is satisfactory in almost all cases (Table 4, Fig. 9). However,
results of the x2 test suggests that there is a 90 per cent probabil-
ity of rejecting the CJ98 model. This observation would suggest
that, as far as the Constable & Johnson (1999) model is concerned,
adding a non-zero mean quadrupolar term is even worse, but con-
clusions are more shaded when considering the KS tests results.
Moreover, this conclusion does not hold true for the Quidelleur
& Courtillot (1996) model. The model CJ98-0 provides the best re-
sults, as already observed by Khokhlov ez al. (2001) for the Brunhes
database. It will be interesting from that point of view to integrate
our new data with the whole database. Concerning our primary ob-
jective, we can conclude that, in the frame of statistical models,
it is not necessary to add a persistent quadrupolar term to fit our
data.

7.2 Time variations

The time distribution of the sites allows us to examine a possible
temporal evolution of the field by comparing the mean directions of
subsets of different ages. The recent 0-150 Ka period (Fig. 10) is
characterized by a mean inclination anomaly of —8 &+ 7.5° (calcu-
lated with an appropriate mean latitude, see Table 3). The fact that
the 0-10 and 100-150 Ka intervals are associated with similar devi-
ations (—8 = 8.5° and —7.7 £ 13.1°, respectively) indicates that the
anomaly seems to be stable within the last 150 Kyr, although a large
scatter of inclinations characterizes the 100-150 Ka subset. The
mean value derived from the older data (>150 Ka) is characterized
by an almost dipolar inclination (A7 = —1.4 4 7.6°), but again, this
determination has a large error. The mean field directions derived
for these two subsets differ by 8.6°. The mean directions of each
set have largely overlapping confidence circles, which, however, ex-
clude the mean direction of the other set. This is the critical situation
where it is difficult to decipher whether two data sets are, or are not,
statistically distinct. The VGP scatter remains close to 14° in both
cases, which would indicate that a significant amount of secular vari-
ation has been properly sampled and, therefore, that a representative
mean direction has been obtained for each time period. Therefore,
we conclude that there is a tendency toward steeper inclinations
during most recent times. The difference in mean inclination would
suggest that if persistent non-dipolar terms are involved, they would
have a time constant on the order of 100-200 Kyr. This is com-
patible with the suggestion by Carlut e al. (2000) that variations
of the mean field direction could be observed over a few hundreds
of thousands years. Although it is based on a relatively small data
set, Carlut e al. (2000) observed a significant difference in incli-
nation anomaly between the 0-150 Ka and the 400-650 Ka time
intervals at La Guadeloupe Island. Similarly, Zanella (1998) sug-
gested, on the basis of a rather small data set too, that at Pantelleria
(Sicily), the inclination anomaly of the past 50 Kyr was larger than
earlier.
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Table 4. Statistical tests on the Brunhes Indonesian data set.
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Data set N Cl C1-0 CJ98 CJ98-0
x2  KS x2  KS x2 KS x2  KS
Indonesia, Brunhes 36 025 048 0.25 0.50 0.9 0.52 047 0.29

Probabilities for the data to be incompatible with statistical models C1, CJ-98 and their counterpart with a zero mean quadrupolar term
(—0), using x2 and KS tests (approach implemented by Khokhlov et al. 2001).

Cumulative distribution functions:
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Figure 9. Empirical distributions of the uniformized Brunhes Indonesian data for the various models tested. The theoretical cumulative distribution function
of a uniform distribution (1:1 line) is plotted as a grey line. The procedure of 1-D uniformization is described in Khokhlov ef al. (2001). Corresponding

probabilities for the x2 and KS tests are given in Table 4.

8 CONCLUSIONS

36 independent drawings of the field during the Brunhes have
been obtained from volcanic rocks in the Java and Bawean Islands.
The mean field direction obtained for this data set is compatible
with the direction predicted by a dipolar field model, as well as
with the direction predicted by a persisting quadrupole of 5 per cent
of the gJ. According to statistical models, a persistent quadrupo-
lar term is not necessarily required to fit our data. The present re-
sults, with a mean Brunhes inclination anomaly of —4.7° £ 5.3°,

© 2004 RAS, GJI, 157, 441-454

do not support the extension of the zone of negative inclination
anomalies documented by the southwestern Pacific sediments stud-
ied by Elmaleh ef al. (2001) toward the eastern Indian ocean. A
larger anomaly of —8 &+ 7.5° would have prevailed during the past
150 Kyr, which raises the possibility that the time-averaged field
may vary over hundreds of thousands of years. Dating of flows is in
progress to provide further insights into the detailed temporal evo-
lution of the Brunhes Earth magnetic field at the Java and Bawean
Islands.
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Figure 10. Equal area projection of the site mean directions with Fisherian
95 per cent confidence intervals, for a few temporal groups: the entire Brun-
hes chron, 150-0 Ka and >150 Ka (see Table 3). The directions predicted
by a GAD model and a model including a persistent gg of 5 per cent of the
GAD are plotted as a star and a large dot, respectively.
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