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SUMMARY

Palacointensity variation is investigated for an inferred time period spanning from 2.34 to
1.96 Ma. Twenty-nine consecutive lava flows are sampled along cliffs 350 m high generated
by normal faulting on the Dobi section of Afar depression, Ethiopia. Magnetostratigraphy and
K—Ar measurements indicate a lava sequence of R-N-R—N geomagnetic field polarities in
ascending order; the lower normal polarity is identified as the Réunion Subchron. Reliability
of palacomagnetic data is ascertained through careful thermal demagnetization and by the
reversal test. The Tsunakawa—Shaw method yielded 70 successful palacointensity results from
24 lava flows and gave 11 acceptable mean palaeointensities. Reliability in palacointensity data
is ascertained by the similar values obtained by the IZZI-Thellier method and thus 11 reliable
mean values are obtained from our combined results. After the older reverse polarity with the
field intensity of 19.6 &+ 7.8 uT, an extremely low palacointensity period with an average of
6.4 uT is shown to occur prior to the Réunion Subchron. During the Réunion Subchron, the
dipole field strength is shown to have returned to an average of 19.5 uT, followed by second
extreme low of 3.6 uT and rejuvenation with 17.1 &£ 5.3 pT in the younger reverse polarity. This
‘W-shape’ palacointensity variation is characterized by occurrences of two extremely weak
fields lower than 8 1T prior to and during the Réunion Subchron and a relatively weak time-
averaged field of approximately 15 puT. This feature is also found in sedimentary cores from
the Ontong Java Plateau and the north Atlantic, indicative of a possibly global geomagnetic
field phenomenon rather than a local effect on Ethiopia. Furthermore, we estimate a weak
virtual axial dipole moment of 3.66 (£1.85) x 10?2 Am? during early stage of the Matuyama
Chron (inferred time period of 2.34-1.96 Ma).

Key words: Magnetic field; Magnetostratigraphy; Palacointensity; Africa.

EPAPIA-3 Ma, Yamazaki & Oda 2005; PISO-1500, Channell et al.

I INTRODUCTION 2009), which has led to the discovery of several geomagnetic ex-

The geomagnetic field is generated from the fluid outer core of
the Earth. Its variation through a lengthy period yields informa-
tion on the hydrothermal dynamic behaviour in the outer core (e.g.
Glatzmaier & Robert 1995). Continuous geomagnetic polarity pat-
terns have been inferred from oceanic magnetic anomalies for the
last 170 Myr (e.g. Gee & Kent 2009), and continuous records of
detailed geomagnetic field variation have been discovered from
palacomagnetic studies of magnetostratigraphy of sedimentary
strata from continents, piston core samples of lakes and oceanic
basins, and cored samples collected through the Ocean Drilling Pro-
gram (ODP) and the Integrated Ocean Drilling Program (IODP).
The palacomagnetic records of sediments have established palacoin-
tensity variation since 2-3 Ma (e.g. Sint-2000, Valet et al. 2005;

cursions (Laj & Channell 2009). Their remanent magnetizations
are of depositional remanent magnetization (DRM) and/or post-
DRM (pDRM) in their origin, so that these palaeomagnetic records
provide skewed geomagnetic field directions (Kodama 2012) and
yield only ‘relative’ paleogeomagnetic field intensity (e.g. Tauxe &
Yamazaki 2009).

Studying the variation in geomagnetic field intensity further back
in time is required for deepening our understanding of behaviour
in the outer core. A sequence of lava flows on land is an alter-
native resource for examining continuous paleogeomagnetic field
variation (e.g. Kidane ef al. 1999; Laj et al. 2000, 2011). In addi-
tion to preserving the paleogeomagnetic field, lava sequences serve
as semi-continuous time series. Their remanent magnetizations

© The Authors 2015. Published by Oxford University Press on behalf of The Royal Astronomical Society. 127
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Figure 1. (a) Location map of the Plio—Pleistocene Afar stratoid basalt
province and East African triple junction (modified after Beyene & Abdel-
salam 2005). Yellow square: location of studied section of lava sequence at
the Dobi area. (b) Schematic figure showing vertical positions of the sam-
pled lava flows at the Dobi section. Open circles are sampling positions;
solid lines are boundary between lavas.

provide absolute estimations in palacointensity as well as faithful
records in palacomagnetic direction. Moreover, lavas yield numeri-
cal ages from whole rocks and separated minerals when radiometric
dating is performed.

Many sequences of lava flows are found in Afar depression which
lies at the triple junction of the Red Sea, Gulf of Aden and Ethiopian
rifts (Fig. 1a). Recent active tectonics in Afar produced Pliocene—
Pleistocene thick sequences of lava flows, which are exposed along
high cliffs formed by normal faulting. Such sequences provide an
opportunity to investigate continuous geomagnetic field variation
by detailed magnetostratigraphic analysis (Carlut et al. 1999; Ki-
dane et al. 1999). We were able to sample in detail a series of 29
successive lava flows in 2010 along the Dobi cliff, slightly west of
the Djibouti—Ethiopian border. We report here the palacomagnetic
directions and absolute palaeointensities from these lava flows as
well as radiometric ages determined by K—Ar geochronologic anal-
ysis. Because the magnetostratigraphy and palaeointensity record of
this lava sequence including the Réunion Subchron was previously
reported along the Gamarri cliff ~30 km away from Dobi (Carlut
et al. 1999; Kidane et al. 1999), the geomagnetic field behaviour in
the lower Matuyama Chron is discussed here in greater detail.

2 GEOLOGICAL SETTING AND
SAMPLING

Afar depression has undergone diffuse tensile deformation. It is
bounded by western Ethiopian Plateau to the west, Somalian Plateau
to the southeast and the Danakil Alps to the northeast (Fig. 1a). More
than 70 per cent of the Afar depression is covered mainly by trap-
like basalts known as ‘Afar stratoid basalts’ and some associated
rhyolites of Pliocene—Pleistocene age (Valet 1975). These basalts
have been dated at 1-3.5Ma in central Afar by using both K—Ar
and ** Ar—*° Ar geochronologies (Courtillot et al. 1984; Kidane et al.
1999; Lahitte ef al. 2003).

Good exposures of lava flows of the Afar stratoid basalts occur in
a thick sequence along high cliffs formed by normal faulting in the
Dobi area (11.84°N, 41.67°E) in central Afar. The study section is
a part of the faulted northern edge of the Dobi block (Kidane et al.
2003), neighbouring Dobi graben to the northeast.

We sampled 29 lava flows (DB(—7)-DB18) from a section
~350 m long in two parts according to the sampling routes (Fig. 1b).
The lower part of the sequence is exposed along an incised erosional
gorge toward the south; 18 consecutive lava horizons (DB(—7)—
DB9B) were sampled between the basement floor of the entrance to
the gorge and the locality in which the inaccessible cliff appears. An
additional part of the accessible outcrops above these consecutive
lavas occurs in a scarp face near the entrance to the gorge, approx-
imately 1.3 km north of the sampling location of flow DB9B. The
upper part of the lava sequence allowed sampling of 11 lava flows
(DB9A1-DB18) up to the top of the scarp. Stratigraphic correlation
between the two parts was conducted through careful field inspec-
tion using a key bed, which was a thin distinct horizon with light
reddish-brown colour visible throughout the section. On the basis
of field inspection, the lowermost lava (DB9A1) sampled at upper
part of the sequence was recognized as a lava flow just above DB9B
(Fig. 1b).

It was easy to distinguish each lava flow because four boundaries
of DB2/DB3, DB6/DB7, DB11/DB12 and DB12/DB13 were inter-
calated sediments or paleosols, and the remaining flow boundaries
except for DBOA1/DB9A?2 are associated with thin baked contacts.
Despite the boundary between flows DB9A1 and DB9A2 not being
clearly recognized in the field, identification of the two flows was
based on palacomagnetic results, which represented clearly differ-
ent palaeomagnetic directions. Lava flow thicknesses vary from 1 m
to tens of metres with a mean of 14 m.

Four block samples approximately 1015 cm diameter were col-
lected from each flow with orientation determined by using a mag-
netic compass. Block samples were also collected from six of the
apparently fresh flows for K—Ar age determinations. The present
declination value of 1.9° at the sampling sites was evaluated by us-
ing the 2010 International Geomagnetic Reference Field (Interna-
tional Association of Geomagnetism and Aeronomy Working Group
V-MOD 2010). Locations and altitudes of the sampling sites, in ad-
dition to boundaries between lava flows, were determined by using
portable Global Positioning System (GPS) equipment. Because all
of the flows were observed to be horizontal, no bedding correction
was needed.

3 K-Ar DATING

K—Ar dating was performed in the geochronology laboratory at
the Research Institute of Natural Science, Okayama University of
Science. This analysis was made on plagioclase grains that were
separated from the block samples. All samples were aphyric, and no
inherited plagioclase xenocrysts were present of under microscopic
observation of thin sections.

For appropriate mineral separation, the six samples were crushed
by a jaw crusher and a rotary mill and were sieved for 150-200
mesh size fractions. The sieved fractions were washed by distilled
water using an ultrasonic bath and were then dried in an oven at
80 °C. After removing magnetic grains by using a hand magnet, the
remaining fractions were further sieved and were passed through an
isodynamic magnetic separator several times to carefully separate
plagioclase grains. To decompose possible associated impurities,
the separated plagioclase grains were treated by 3N hydrochloric
acid and were rinsed with hot pure water at least 15 times prior to
dating.

Concentrations of K in the plagioclase grains were determined
by using the flame photometry method (Nagao ef al. 1984). Low
K concentrations were determined by using the low-K analytical
method (Itaya er al. 1996) with an ultralow blank chemical line.
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Table 1. K—Ar age data obtained from the basaltic lava flows for the section (using plagioclase grains).

Sample  Material K (wt%) Rad.*Ar (1078 ccSTP g~!)  K-Arage (Ma)  Non-rad.**Ar (%)
DBI18 plagioclase  0.849 4+ 0.017 6.37£0.19 1.93 £0.07 56.2

DB 8 plagioclase  0.886 4 0.018 7.60 £0.19 2.21 £0.07 48.6

DB 6 plagioclase  0.481 +0.010 396+ 0.14 2.12 £ 0.09 58.8

Column headings: Sample, sample identification; Material, material analysed; K (wt%), total mean weight percentage
of potassium in sample with an experimental error of 2 per cent; Rad.*°Ar (x10~8 ccSTP g1, total amount of
radiogenic argon 40 in sample with an experimental error at standard temperature and pressure (0 °C, latm); K—Ar
age (Ma), calculated age from duplicated measurements in Ma with an error of 20 confidence level; Non-rad.*0 Ar
(%), percentage of atmospheric argon 40 per total argon 40 measured in sample.
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Figure 2. Flow-mean palacodirection and palacointensity results of K—Ar aging for 29 individual flows of the lava sequence against the flow code number in
stratigraphic order. Declination and inclination: error bars are 95 per cent confidence limit. Polarity zone indicated by black: normal polarity; white: reverse
polarity; grey: intermediate polarity. Palacointensity: error bars are standard deviations; solid symbols represent acceptable data passing the consistency criteria

(Nr > 3 and oF < 20 per cent).

The concentration of Ar was analysed by using isotope dilution
and the % Ar spike method (Itaya et al. 1991). For this purpose, a
15-cm-radius sector-type mass spectrometer was used. Mass dis-
crimination factors were checked on a daily basis with atmospheric
Ar. Specimens wrapped in Al foil were vacuumed at 150-200 °C for
approximately 24 h, and Ar extractions were performed at 1500 °C
by using an ultrahigh-vacuum line. Reactive gases were removed
by using Ti—Zr and Zr—Ar getters. Calculations of ages and errors
were carried out using the method described by Itaya et al. (1991).
In the age calculation, the following decay constants were used:
hp=0581 x 10710 yr~! xe =4.962 x 1071 yr~!, YK/K = 1.167
x 107* (Steiger & Jager 1977).

K-Ar ages were determined from the three lavas of DB18, DBS
and DB6. The former is located at the top of the section, and the
latter two are located at the middle parts of the section, as shown in
Table 1 and Fig. 2. The resulting ages, with 20" uncertainties, were
1.93 + 0.07Ma for DB18, 2.21 + 0.07 Ma for DBS, and 2.12 +
0.09 Ma for DB6. The age of flow DB18 is clearly younger than that
of the other two. The ages for DB8 and DB6 are indistinguishable
at the 20 level, giving a weighted mean age of 2.18 4 0.06 Ma by
the formula of Taylor (1982).

4 ROCK MAGNETISM

Rock magnetic properties were investigated on small chip samples
from all 112 sampled blocks at the Center for Advanced Marine
Core Research, Kochi University. A magnetic balance (NMB-89,
Natsuhara—Giken) was used for thermomagnetic analysis in which
the chips were heated up to 700 °C and cooled down to room tem-
perature in a constant field of 0.5 T under a vacuum of 1-10 Pa.
Hysteresis parameters of saturation magnetization (Ms), satura-
tion remanent magnetization (Mrs), coercive force (Bc) and re-
manent coercivity (Bcr) were determined by conducting hysteresis
loop/backfield measurements with a maximum field of 1.8 T using a
vibrating sample magnetometer (MicroMag 3900 VSM, Princeton
Measurements Corporation).

The resultant thermomagnetic curves indicated that most samples
have Curie temperatures (Tc) of 510-580 °C, which suggests the
presence of Ti-poor titanomagnetite or pure magnetite (Fig. 3). The
curves were classified into the five categories of S, S-, M, M-, and U
based on the number of Curie temperature phases and reversibility in
the thermomagnetic curves. Reversibility is defined by a net change
at a temperature of 100 °C in intensity between heating and cooling
processes. The net change of less than 25 per cent is reversible; that
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Figure 3. Representative thermomagnetic curves in vacuum runs (1-10 Pa) for the five types including S, S-, M, M-, and U. Variation of saturation magnetization
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of more than 25 per cent is irreversible. The five categories are as
follows:

Type S (59/112): a single Curie temperature of 510-580°C;

reversible.
Type S- (8/112): a single Curie temperature of 510-580°C;
irreversible.

Type M (3/112): two Curie-temperature phases at ~170-200 °C

and ~465-535 °C; reversible.

Type M- (27/112): multiple Curie-temperature phases in heating,

but only single phase in cooling; irreversible.

Type U (15/112): a bump shape appears between two Curie-

0.6

temperature phases; irreversible. This behaviour can be explained

by the presence of titanomaghemite, which is inverted to Ti-poor

titanomagnetite during heating (e.g. Yamamoto & Tsunakawa 2005;
Mochizuki et al. 2011).

On the basis of thermomagnetic analysis results, we excluded
type U samples from palaeointensity experiments because of ther-

moremanent magnetization (TRM) replacement by chemical rema-

.

K

PSD

(o]} °

=
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=

O

T T
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nent magnetization. Most of the type U samples are recognized in
lower part of the section (DB(—7)-DB1).

The ratios of hysteresis parameters Mrs/Ms (Bcr/Bc) which were
calculated after removing paramagnetic contributions, varied from
0.08 to 0.45 (1.4 to 3.3). On a Day plot (Day et al. 1977), data
from 47 samples plotted within the pseudo-single domain (PSD)
region, and those of the other 65 samples plotted much closer
to the single domain region (Fig. 4). The distribution of the data
points also appeared to be aligned along the theoretical single do-
main (SD) 4+ multi-domain (MD) mixing curves for magnetite
by Dunlop (2002). Thus, the magnetic carriers of the studied

Figure 4. Day plot showing the ratios of hysteresis parameters determined
for chip samples from 112 individual blocks, where Ms represents saturation
magnetization; Mrs: saturation remanence; Bc: coercivity; Ber: coercivity
of remanence. Data points are indicated by circles or cross symbols accord-
ing to whether its neighbouring specimen was used for the palaeointensity
experiment. Red solid circles indicate that successful palaeointensity esti-
mates were obtained. All boundary values of individual magnetic domain
regions are from those of Dunlop (2002).
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samples were interpreted to be PSD or a mixture of SD and MD
grains.

5 PALAEOMAGNETISM

5.1 Laboratory procedures

Three or more specimens 25 mm in diameter and 22 mm in height
were prepared from each of the collected samples in laboratory. Nat-
ural remanent magnetizations (NRMs) were measured with spinner
magnetometers at Kobe University (SMM-85, Natsuhara Giken)
and at the Center for Advanced Marine Core Research, Kochi Uni-
versity (SMD-88 and Dspin-2, Natsuhara Giken).

Three demagnetization procedures were applied to a total of 282
specimens. One specimen from each of the 112 samples was sub-
jected to stepwise thermal demagnetization (ThD) up to 620 °C by
using a thermal demagnetizer (TDE-91C, Natsuhara Giken; resid-
ual field less than 5 nT). In addition, two selected specimens from
each flow, a total of 58 specimens, were demagnetized by alternating
field demagnetizations (AFDs) up to 100 mT using an alternating
field (AF) demagnetizer (DEM-8601, Natsuhara Giken). Moreover,
a hybrid demagnetization technique was performed on the 112 spec-
imens in which AFDs up to 180 mT followed low-temperature de-
magnetization (LTD). In this process, the specimens were soaked
in liquid nitrogen for 10 min and were then warmed back to room
temperature in the zerofield of a Mu-metal shield.

Demagnetization results for each specimen were plotted on an
orthogonal vector diagram (Zijderveld 1967) to assess component
structures and on an equal-area projection to evaluate directional
stability. Principal component analysis (Kirschvink 1980) or the
technique of remagnetization circles (Halls 1976, 1978) was used
to estimate the directions of different components, whereas site-
mean directions were calculated by using Fisherian statistics (Fisher
1953). All the palaeodirectional analysis was performed using the
PaleoMac software package by Cogne (2003).

Absolute palaeointensities have been estimated by using
the Tsunakawa—Shaw method (e.g. Tsunakawa & Shaw 1994;
Yamamoto et al. 2003). The IZZI Thellier method (e.g. Tauxe &
Staudigel 2004) with partial TRM (pTRM) checks (e.g. Coe et al.
1978) was used to cross-check the former palacointensity results.

The Tsunakawa—Shaw method was applied to 106 specimens
from 90 out of 97 block samples pre-selected by thermomagnetic
analysis. The remaining 7 block samples were not used because
the four directional samples from flow DB11 had no linear pri-
mary remanence, and the others were broken during heating. The
details of the Tsunakawa—Shaw experiment have been described by
Yamamoto & Tsunakawa (2005). In our experiments, for most of
the specimens, progressive AFDs were conducted with 2-10 mT
steps up to 180mT, and NRMs, anhysteretic remanent magneti-
zations (ARMs), and TRMs were measured by using a Dspin-2
automated spinner magnetometer with an AF demagnetizer. For
only four specimens, the remanences were measured with an SMD-
88 spinner magnetometer and were demagnetized in 17 AF steps
up to 140 mT with a DEM-8601C AF demagnetizer. TRMs were
imparted in a constant field of 5.00-50.0 1T throughout the heating—
cooling cycles up to 610 °C in a vacuum of 5-150 Pa. Hold time at
the maximum temperature, 610 °C, was set to 15 (30) min in first
(second) heating. Each cooling process took 3 h. In addition, a few
grams of activated charcoal were put in the sample tray to limit oxi-
dation of magnetite in every heating process. ARMs were imparted
in a 50.0 uT biasing field, which was parallel to the NRM or TRM

Low field intensity in the Matuyama Chron 131

directions, with a peak AF of 180 mT. Prior to any progressive
AFDs, samples were subjected to LTD.

For palaeointensity determinations, an experimental result for
each specimen was plotted on NRM-TRM1* and TRM1-TRM2*
diagrams, where TRM1* and TRM2* are the corrected TRMs using
the ARM correction technique of Rolph & Shaw (1985) in the first
heating and the second heating respectively and expressed as:

TRM1* = TRM1 x ARMO/ARM1

TRM2* = TRM2 x ARM1/ARM2

The slope of the best-fit line on NRM-TRM1* diagram was used
for palacointensity calculation. The TRM1-TRM2* slope was used
to check the validity of the ARM correction in which it is expected
that the slope is nearly unity if the correction is successful.

The Tsunakawa—Shaw experimental results were judged by the
following selection criteria similar to those used by Yamamoto et al.
(2010):

(1) A primary remanence component of NRM could be isolated
by progressive AF demagnetization on the Zijderveld diagram.

(2) On the NRM-TRM1* diagram, a linear portion for the slope
calculation should be derived from at least 30 per cent of the extrap-
olated NRM ( f\ > 0.30, where f'is equivalent to that designated by
Coe et al. 1978) spanned by the chosen segment within the coerciv-
ity range of the primary remanence component, and its correlation
coefficient is not smaller than 0.995 (ry > 0.995). And the highest
coercivity of the linear segment is 80 mT or larger.

(3) On the TRM1-TRM2* diagram, a single linear segment also
spans not less than 30 per cent of the extrapolated NRM (f1 >
0.30), and its correlation coefficient is not smaller than 0.995 (rp >
0.995). The slope of the chosen segment should be unity within
experimental errors (1.05 > sloper > 0.95).

Among the remaining samples after the palaeodirectional anal-
yses and the Tsunakawa—Shaw experiments, 55 specimens were
selected by the type of the thermomagnetic curve for Thellier-type
experiments. The IZZI-Thellier method with pTRM checks was
subjected to a series of double heating procedures combined with
infield—zerofield (IZ) and zerofield—infield (ZI) temperature steps
from room temperature to 600—620 °C in air. An additional tem-
perature step for the pTRM checks was inserted between every
other step (ZI step). Each heating—cooling cycle was performed for
~1-1.5 h, including a 20 min hold time at each maximum tempera-
ture, by using an electric furnace TDS-1. Remanent magnetizations
were measured by using an SMD-88 spinner magnetometer.

The 1ZZ1-Thellier results were also judged by a set of selection
criteria similar to those used by Yamamoto ef al. (2010). Details of
the criteria are as follows:

(1) On a vector component diagram, the zerofield data should
define a best-fit line with smaller anchored maximum angular de-
viation (MAD) than 7.0° (MADa,. < 7.0°), and no significant de-
viation of the best-fit vector component from the origin should be
observed, in which 10° and 10 per cent are adopted as maximum
values of Opang and dev (Opang < 10° and dev < 10 per cent).

(2) On an Arai diagram (Nagata ef al. 1963), specimens with
two clear slopes (or curvature) spanning the blocking temperature
interval of the primary remanence were rejected.

(3) At least four data points should be used to estimate the Arai
plot linear segment (N > 4). The correlation coefficient and NRM
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fraction of the linear portion used for the interpretation should not
be less than 0.990 and 0.300, respectively (|#| > 0.990 and f >
0.300).

(4) pTRM checks must have a maximum absolute difference ratio
(DRAT) < 7 per cent and CDRAT (defined as the summation of the
signed DRAT) < 10 per cent. Definitions of the statistic parameters
used above are given in the caption for Table 4.

5.2 Demagnetization results

For the 282 specimens used for palaeodirectional measurements
initial NRM intensities ranged from 0.242 A m~! to 47.2 A m™!
with a mean of 5.04 + 2.79 A m~!. The average intensity for
each lava flow is given in Table 2. Fairly large NRM intensities of
more than 8 A m~' were observed in the lower and upper flows
of the studied section (flows DB(—6), DB(—2), DB2, DB17 and
DB18). However, relatively small intensities of less than 2 A m™!
were observed in the central part of the section (flows DB3, DB4,
DB9A1 and DB9A2) and in flow DB16 in the upper part.

No significant difference in demagnetization behaviour was ob-
served among the ThD, AFD, and hybrid techniques of LTD-AFD
(Fig. 5). AFD indicates no soft remanence with strong NRM in-
tensity likely induced from lightning strikes throughout most of
the specimens treated. Representative results of ThD are shown in
Fig. 6.

In 195 specimens (69 per cent of the total), a small overprint-
ing remanent component was removed by heating to 200-350°C
in ThD and by 20mT in AFD. Considering the low unblocking
temperatures, this component is likely due to recently acquired vis-
cous remanent magnetization (Pullaiah ef al. 1975). After removal
of the overprinting component, a single component magnetization
appeared during ThD and AFD (e.g. Fig. 5a). Its unblocking temper-
ature ranged between 530 and 590 °C, although complete demagne-
tization sometimes required higher temperatures up to 620 °C for 40
ofthe 112 specimens (Figs 5a and 6b,d,f,g,h). It is straightforward to
determine a characteristic remanent magnetization (ChRM) direc-
tion from single component magnetization by principal component
analysis (Kirschvink 1980) with a MAD less than ~15°.

In the orthogonal vector diagram obtained by stepwise ThD or
AFD, 77 specimens (27 per cent) yielded in curvilinear trajectories
of vector endpoints (e.g. Fig. 5b). The locus of the vector endpoints
appeared to lie on a great circle in the equal-area projection (e.g.
Fig. 6j). Such demagnetization behaviour suggests overlapping of
multiple directional components. Their highest unblocking temper-
atures were between 530 and 590 °C. For 39 specimens, ChRMs
were determined by using the remagnetization circle used by Halls
(1976, 1978; Fig. 6j), whereas ChRMs of the remaining 38 spec-
imens were barely able to be isolated by the Kirschvink method
(1980) above a temperature of ~500 °C (Fig. 6¢ and k).

Erratic demagnetization behaviour such that only a composite
vector appeared due to complete overlap of two components, which
indicates a meaningless direction, was observed in the remaining
10 specimens. These specimens were precluded from identification
of remanent direction.

Mean directions of ChRMs were obtained respectively for three
data sets from the distinct demagnetization methods, and resulted
in a significant agreement at the 95 per cent confidence levels: D =
7.0°and I = 15.2° (n = 97, k = 15.8, a95 = 3.7°) for ThD; D =
9.9° and I = 16.2° (n = 66, k = 10.3, a95 = 5.7°) for AFD; D =
10.4°and I = 15.4° (n = 112, k = 15.3, a95 = 3.5°) for LTD-AFD.
Therefore, we could merge all data into a single data set irrespective

of the methods, and we calculated a mean direction for each lava
based on the data set (Table 2). The number of specimens used for
the calculation ranged from 5 to 13 for each lava. The calculated
within-flow precision parameter was generally high throughout all
29 lava flows (20.6 < k < 724.8).

5.3 Directional behaviour

The palacomagnetic results are listed in Table 2. In Fig. 2, flow-mean
inclinations, declinations and their corresponding virtual geomag-
netic poles (VGPs) are plotted in stratigraphic order as a function
of flow number. A well-defined R-N-R—N polarity sequence was
identified from the bottom to top of the Dobi section. The lower
part of the section (flows DB(—7)-DB4) has a reversed polarity
(R1), the middle part (flows DB6-DB10) shows a normal polarity
(N1), a reverse polarity (R2) again appears in the upper part (flows
DB12-DB16), and the uppermost two flows of DB17 and DB18
have a normal polarity (N2). This polarity sequence also includes
four complete polarity magnetozones in which the VGP latitudes
range from 58.7°N to 85.2°N in the normal polarities and from
61.3°S to 84.4°S in the reversed polarities.

Fig. 7 displays the flow-mean palacomagnetic directions on an
equal area projection. Anomalous mean directions were observed
from flows DB5 and DB11 (Fig. 7a), resulting in low VGP latitudes
with 8.9°S and 55.0°N, respectively (Table 2). These flows are lo-
cated on the boundary between the R1 and N1 polarity intervals and
between the N1 and R2 polarity intervals, respectively. According to
the method of Vandamme (1994), which is used to limit the domain
of transitional geomagnetic poles, VGP locations of flows DBS5 and
DBI11 were interpreted as transitional during polarity reversals.

Excluding for the two possible transitional data from flows DB5
and DB11, the mean palaeomagnetic directions are D = 10.4° and
I1=17.0° (k= 12.2, a95 = 15.4°, N = 9) for the normal polarity
sequences and D = 186.8° and I = —10.7° (k = 32.7, a95 =
6.1°, N = 18) for the reversed polarity sequences (Fig. 7a). The
two mean directions showed a positive reversal test (McFadden
& McElhinny 1990) with classification ‘C’ because the angular
distance (y) obtained by the test was 7.3° which is less than the
critical angle of yc = 13.2°.

5.4 Palaeointensity results

The Tsunakawa—Shaw method yielded 70 successful results after
application of the selection criteria, showing a high success rate of
66 per cent (Table 3). The successful specimens had moderately
large decreases in the first ARM acquired (ARMO) with the LTD
procedure with an average demagnetized fraction of 24.7 & 9.3 per
cent. This result indicates a relatively large contribution of MD-like
components (e.g. Ozima ef al. 1964; Heider et al. 1992). As shown
in Figs 8(a) and (b) for the representative successful results, approx-
imately 70 per cent of such results had linear portions larger than 0.5
of the total extrapolated NRM ( f > 0.5) in the NRM-TRM1* dia-
grams. The average slope in the ARM0-ARMI1 diagrams (Slopea;)
was 0.830 £ 0.291, which indicates that the alteration during labo-
ratory heating was not severe in general. However, some specimens
had ARMO-ARMI1 slopes that are greatly different from unity such
as a Slopes; 0f 0.303 in DB(-1)-1-B, indicating some heavy thermal
alteration. In these cases, the ARM correction worked well and their
validity was examined by the double heating test as the slope on
the TRM1-TRM2* diagram after the ARM correction was close to
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Figure 5. Comparison of the demagnetization behaviours for two block samples (DB7-2 and DB4-3) with respect to the three different procedures of thermal
demagnetization (temperature in °C), alternating field (AF), and low-temperature demagnetization (LTD)-AF demagnetization (AFD; field in mT). Orthogonal
vector diagrams (Zijderveld 1967) are shown in geographic coordinates. Open (solid) circles represent the component in the vertical (horizontal) plane.

unity. Unsuccessful results, such as those shown in Fig. 8(c), were
rejected mainly due to low values of the correlation coefficients in
the NRM-TRM1* diagrams (ry < 0.995) and non-unity slopes in
the TRM1-TRM2* diagrams (Sloper < 0.95 and 1.05 < Sloper).
The 1ZZI-Thellier experiments gave only 12 successful results
for a success rate of 22 per cent. Examples of Arai diagrams and
orthogonal vector projection plots of the zerofield steps are shown in
Fig. 9. Specimen DB7-2-3-A exhibited reasonably good behaviour
such that almost all data points tended to lie on a single straight line
(r = 0.994) with positive pTRM checks (Fig. 9a). After removal of
a small fraction of the low blocking temperature range up to 300—
450°C, the majority of remaining successful specimens showed
a single slope in the Arai diagram (Fig. 9b). The low blocking
temperature segment can be considered as obvious contamination
by VRM in the orthogonal vector diagram. All 12 successful results
provided linear segments from more than 65 per cent of the total
extrapolated NRM (f > 0.65) with at least 8 data points in the NRM—
TRM diagram. These linear segments were also determined by

blocking temperature intervals including 450—-600 °C. In contrast,
NRM-TRM diagrams from 43 specimens that failed selection had
only small linear segments and low correlation coefficients. For
example, Fig. 9(c) illustrates a representative rejected result in which
the Arai diagram is concave-up and the pTRM checks failed above
520 °C. This characteristic was found in 28 rejected specimens.
For 11 samples both of two palacointensity estimates were ob-
tained from both the IZZI and Tsunakawa—Shaw methods. This in-
cludes two results from the Tsunakawa—Shaw method for samples
DB2-1 and DB2-2, which both yielded only one IZZI method re-
sult. The two data sets allow a comparison of the results from the two
methods when each set of the tied data is simply averaged (Fig. 10).
Both methods yield comparable results, with exception of DB2-1
and DB12—4, which have a ratio of the Thellier-type estimate to the
Shaw-type estimate as high as ~1.2 (Fig. 10a). Additionally, the
palaeointensity data sets were also compared using the Wilcoxon
rank-sum test, which is a non-parametric test (Fig. 10b). Median
values in the Tsunakawa—Shaw and IZZI-Thellier data sets were
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Figure 6. Thermal demagnetization diagrams of representative specimens. Orthogonal vector diagrams (Zijderveld 1967) are shown in geographic coordinates.
Open (solid) circles represent the component in the vertical (horizontal) plane. Equal area projection of the demagnetization results are also shown in (j),
showing that the data lie close to a common great circle (grey line and square symbol as a normal vector perpendicular to the plane of the great circle fitting).
Characteristic remanent magnetization (ChRM) directions were determined by best-fit straight line for (a) and (b), (d)—(i) and (k) and barely (c), whereas (j)
yielded ChRM direction using only a remagnetization circle.
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270

Figure 7. Equal-area projection of flow-mean characteristic remanent mag-
netization (ChRM) directions for all 29 lavas from the section. Solid (open)
symbols indicate downward (upward) inclinations. The pink cross (green
diamond) symbol denotes the geocentric axial dipole (present International
Geomagnetic Reference Field; IGRF) direction at the location. An oval
around each mean direction represents 95 per cent confidence limit («gs).
Overall means for the reversed and normal direction data are shown as
square symbols with 95 per cent confidence limits (yellow filled ovals). In
the calculation of overall means, two transitional data sets from flows DB5
and DB11 were discarded. The red star represents the overall mean for the
27 flows with a 95 per cent confidence limit.

26.6 uT and 25.5 pT, respectively. The result of the test indicates
that the distributions of the two data sets have no statistically sig-
nificant difference (Mann—Whitney U = 53.0, ny = ng = 11, P =
0.646 two-tailed). Therefore, it maintains that our palacointensity
estimates not vary with the methods and can be unambiguously
determined.

The success rates of the Tsunakawa—Shaw and I1ZZI-Thellier
methods differed significantly; the former was three times higher
than the latter. This result is likely attributed the effect of MD
remanence carriers to TRM in our samples. Whereas the present
Tsunakawa—Shaw experiments have likely removed of this contri-
bution by LTD treatment, the IZZI-Thellier ones have not. An addi-
tional possibility is the difference in atmosphere. The Tsunakawa—
Shaw experiments used a vacuum, whereas the IZZI-Thellier ex-
periments used air.

5.5 Mean palaeointensities for lava flows

Of 29 lava flows, 24 yielded flow-mean palaeointensities by using
the Tsunakawa—Shaw method. Fifteen lava flows consisted of more
than three palaeointensity results, whereas other lava flows consisted
of less than three data sets including one and two data sets from four
and five flows, respectively. The flow-mean palaeointensities were
calculated in Table 2 and plotted in Fig. 2.

We followed the set of criteria used by Yamamoto et al. (2007)
for acceptance of the flow-mean and they required at least three
specimen-level palacointensities per flow with a maximum stan-
dard deviation of 20 per cent of the mean. A total of 11 flow-mean

palaecointensities pass these criteria, as shown by solid circles in
Fig. 2. The acceptable flow-means varied between 3.63 uT and
26.9 uT, and their grand mean for the lava sequence was 14.9 uT
with a standard deviation of 7.4 uT. This value is 40 per cent of the
present geomagnetic field intensity of ~37 uT at central Afar (In-
ternational Association of Geomagnetism and Aeronomy Working
Group V-MOD 2010). Thus, low palacointensity characterizes the
paleogeomagentic nature of the Dobi area. It is notable that all the
reliable flow-mean palaeointensities were obtained from flows with
a stable polarity direction.

A noticeable characteristic of palaeointensity variation for the
lava sequence is the occurrence of two particularly low field in-
tervals. The lower interval consists of two lava flows, DB3 and
DB4, which correspond to the late stage of the R1 polarity interval
preceding the N1 interval. The upper interval was formed by one
lava flow, DB9A2, which corresponds to intra-N1 polarity interval
(Fig. 2; Fig. 11a). The palaeointensities of these fields were lower
than 8 puT. Furthermore, a relatively high field intensity interval was
noted between the two low-field intervals in which the palaeoin-
tensity increased up to 20.6 pT. This somewhat high-field feature
occurred in the N1 polarity interval.

The 1ZZI-Thellier method yielded flow-mean palaeointensities
from seven lava flows although only two flows, DB2 and DB7,
fulfilled the reliability criteria for acceptance of a flow mean. Their
individual means were 29.2 uT for DB2 and 22.3 uT for DB7,
which are comparable to those estimated from the Tsunakawa—Shaw
method (Table 2; Fig. 2).

The concordance between the two sets of palaeointensity results
allowed all the palaeointensity results from both methods to merge
into a single data set, which ensures that the overall results are not bi-
ased by a single method and should surely yield more robust results.
Flow-mean palaeointensities were recalculated from the combined
data set and their values were reported in Table 2. As in the case of
the Tsunakawa—Shaw results, the combined palaeointensity results
yielded 11 reliable flow means passing the flow-mean acceptance
requirements. The values ranged from 3.63 puT to 27.7 uT and their
overall mean is 15.0 uT with a standard deviation of 7.6 uT, which
is near identical to the Tsunakawa—Shaw results. Further considera-
tions will discuss the paleo-field intensity and its variation combined
with our new results.

6 DISCUSSION

6.1. Magnetostratigraphy

The palacomagnetic directions obtained from the lava flows in the
Dobi section reveal a clear record of geomagnetic polarity change
(Fig. 2). A stable reverse (R1) polarity magnetozone is observed
in the lower part of the lava sequence, followed by stable normal
(N1), reverse (R2) and normal (N2) polarity magnetozones. The
lower normal-polarity (N1) magnetozones have been dated at 2.21 £+
0.07Ma (DB8) and 2.12 4+ 0.09 Ma (DB6), whereas the age of
the upper normal-polarity (N2) magnetozone is 1.93 + 0.07 Ma
(DB18). A comparison of the observed ages and polarity sequence
with the latest geomagnetic polarity time scale (GPTS) expected
from oceanic magnetic anomalies (Ogg 2012) reveals that the lower
normal (N1) zone and upper (N2) zone are respectively correlated to
Chron C2r.1n, spanning 2.148-2.128 Ma, and Chron C2n, spanning
1.948-1.778 Ma. It is therefore concluded that the lava sequence of
the Dobi section records a polarity sequence of Chrons C2r.2r—
C2r.1n—-C2r.1r—C2n.
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(a) DB7-2-3-B (Flow DB7)
F=21.7 uT (F, =25.0 uT)

NRM = 1.45 x 102 Am?/kg

Low field intensity in the Matuyama Chron
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Figure 8. Representative palacointensity results obtained by using the Tsunakawa—Shaw method. (a, b) Examples of successful results for specimens DB7-
2-3-B from flow DB7 and DB13-4-2-B from flow DB13, respectively. F (uT) is the evaluated palaeointensity. (c) An example of an unsuccessful result for
specimen DB 4-3-A from flow DB4. Diagrams for NRM-TRM1*, NRM-TRM1 and ARM0-ARM1 illustrate results from the first laboratory heating; those
for TRM1-TRM2*, TRM1-TRM2 and ARM1-ARM2 are from the second heating. Linear portions consist of black solid symbols for each diagram, which
are used for slope calculations. Orthogonal vector component plots for the low-temperature demagnetization (LTD)-alternating field demagnetization (AFD)
results of NRMs are also shown as insets in the NRM—-TRM1* diagrams.
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Figure 9. Representative palacointensity results obtained by using the
1ZZ1-Thellier method with partial thermoremanent magnetization (pTRM)
checks. (a, b) Representative successful results for DB7-2-3-A and DB13-4-
2-A. Black circles indicate data points used for palaeointensity calculations
and grey symbols indicate those that have been omitted. (c) Example of
unsuccessful result for DB16-3-2-U. ZI steps are indicated by closed cir-
cles, whereas 1Z steps are shown by open circles. Triangle symbols indicate
pTRM checks. F (uT) is a palacointensity estimate. Orthogonal vector pro-
jection plots of the remanences in the zerofield steps are also shown as insets
in the Arai diagrams.
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Figure 10. Comparisons of palacointensities obtained from the Tsunakawa—
Shaw method and the IZZI-Thellier method for 11 pairs of results. (a) Plot of
ratio of the Thellier palacointensity to the Tsunakawa—Shaw palaeointensity
versus flow. Labels denote the sample code number for each block sample.
(b) Box plot of palaeointensity determined versus type of palacointensity
measurement methods. The ends of the boxes define the 25th and 75th
percentiles, with a line at the median and error bars defining the 10th and
90th percentiles.

The lava flows of the Dobi section record the palaecomagnetic
field of the normal Chron of C2r.1n, commonly referred to as the
Réunion Subchron (e.g. Channell e al. 2003). Because the ages of
the base and top of the Réunion Subchron were dated at 2.153 and
2.115 Ma, respectively, from a deep-sea sediment core of ODP site
981 (Channell ef al. 2003), our mean K—Ar age of 2.18 + 0.06 Ma
from the lower normal chron (N1) cannot be distinguished from that
of the Réunion Subchron with the uncertainty.

Our present data indicate that the Réunion Subchron is a single
full normal polarity chron and is not consistent with two Réunion
events hypothesis (e.g. Gromme & Hay 1971; Carlut et al. 1999;
Kidane et al. 1999; Kidane et al. 2007). A single normal polarity
chron for the Réunion Subchron was determined from a number of
continuous palacomagnetic records of piston cores from the equato-
rial Pacific (EPAPIA-3 Ma, Yamazaki & Oda 2005), ODP 981 cores
with an unusually high sedimentation rate from the North Atlantic
(Channell ef al. 2003) and IODP Site U1314 in the North Atlantic
(Ohno et al. 2012).

Since two Réunion events were proposed by Gromme & Hay
(1971), little evidence for two events within a single stratigraphic
section has been noted. In particular, in the single volcanic section,
two possible Réunion Subchrons have been reported from only
the Gamarri volcanic section in the Afar area (Carlut ef al. 1999;
Kidane et al. 1999). However, only the younger Réunion Subchron
was recorded as the normal polarity zone; the older Réunion Sub-
chron revealed only anomalous inclinations. In the Chinese loess
sections, two normal polarity intervals have been reported (Rolph
etal. 1989; Zheng et al. 1992). However, they do not represent strong
evidence for two events because of the difficulty in interpreting
magnetostratigraphies below the Olduvai and acquiring pDRM as
aremanence. The fluvio-lacustrine deposits of the Plio—Pleistocene
Shungura Formation in Southwest Ethiopia yielded two complete
normal polarity intervals (Kidane ez al. 2007), in which the younger
subchron was recorded by one palacomagnetic datum and had a
short duration of ~18 kyr. Therefore, it is suggested that one of two
events, if it exists, is likely a very brief normal polarity period or a
geomagnetic excursion.

We estimated an average extrusion rate assuming that the ages of
flows DB6 and DB17 correspond to those at bases of Chron C2r.1n
(2.148 Ma) and Chron C2n (1.945 Ma) according to GPTS2012.
An average extrusion rate of the lava sequence corresponds to an
average interval of 15.6 kyr between flows. Therefore, the lava
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Figure 11. (a) Palaeointensity variations in the lower Matuyama Chron
obtained from the present study. Ages are estimated as a linear function
of frequency of lava extrusions. Circles indicate combined palaeointensity
data from both the Tsunakawa—Shaw and the IZZI-Thellier data, meeting
the flow-mean acceptance criteria (Vg > 3 and o < 20 per cent). Low-
palaeointensity intervals are indicated in yellow. The dashed line represents
the present-day field intensity. The associated magnetic polarity stratigraphy
interpreted in this study (Fig. 2) is also shown. (b) Comparison of palacoin-
tensity in virtual axial dipole moment (VADM) obtained in this study (red
squares), with data selected during the past 5 Myr from the International As-
sociation of Geomagnetism and Aeronomy (IAGA) palacointensity database
(Biggin & Paterson 2014; http://earth.liv.ac.uk/pint/). Solid squares are the
Tsunakawa—Shaw results (LTD-DHT-S). Open circles are the Thellier-type
results with pTRM checks (T+). All data are from individual cooling units
and meet the selection criteria (Vg > 3, op < 20 per cent, and stable po-
larity). All palaeointensities were converted to VADM by using latitudes at
their sampling sites. Yellow diamonds are median values calculated for 0.5
Myr bins. Blue solid line is the average value for the last 5 Myr by calcu-
lating a grand median value of all the median values (Yellow diamonds).
Dashed line is the present field intensity. Geomagnetic Polarity Time Scale
(GPTS2012; Ogg 2012) for reference is also shown below the abscissa axis.

sequence of the Dobi section covers a time period of 0.44 Myr
spanning from 2.37 Ma to 1.93 Ma (Fig. 11a; note that the lower
age bound is extrapolated based on the average extrusion rate). The
present study can provide measurements of the geomagnetic field
every ~16 kyr; therefore, it is hard to detect a possibly very brief
subchron or excursion with a duration shorter than 16 kyr.

Two possible excursions are reported in the period of 1.93—
2.37Ma in the lower Matuyama Chron from ODP sites 980-984
(Laj & Channell 2009), that is, pre-Réunion I (2.236 Ma) and Pre-
Olduvai excursions (1.977 Ma). However, no clear excursions are
observed in our study, which suggests that these excursions are
probably due to local geomagnetic effects or very short duration
less than 16 kyr.
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6.2 Geomagnetic field intensity in the lower
Matuyama Chron

Our Tsunakawa—Shaw and IZZI-Thellier palaeointensity experi-
ments yielded 11 reliable flow-mean palacointensities. Fig. 11(a)
shows the variations with time for the lava section based on a simple
age model using the extrusion rate (an average of 15.6 kyr per flow)
and the tie-point ages (2.148 and 1.945 Marespectively; GPTS2012)
of flows DB6 and DB17. This implies that our palaeointensity data
span between 2.34 and 1.96 Ma. Because a previous study from the
lava flow sequence at the Gamarri reported palaeointensity between
2.14 and 2.02 Ma (Carlut et al. 1999), our data cover the same time
period and provide a chance to examine the geomagnetic behaviour
in the lower Matuyama Chron. Two striking aspects in intensity vari-
ation from the observed record are noted. Firstly, two periods have an
extremely low (<8 uT) palaeointensity between 2.20 and 2.07 Ma.
Secondly, the time-averaged field intensity (15 puT) through a time
period of 2.34-1.96 Ma is weak as 41 per cent of the present-day
field.

6.2.1 ‘W-shape’ palaeointensity variation: two intervals with low
intensity around the Réunion Subchron

Palacointensity variation of the Dobi area is characterized by five
intervals which reveal a ‘W-shape’ variation of high—low—high—
low—high palaeointensities between 2.34 and 1.96 Ma from the late
stage of Chron C2r.2r to Chron C2r.1r. Relatively high intensity
with an average of 19.6 £ 7.8 uT occurs from an age of younger
than 2.34 to 2.21 Ma (Interval I in Fig. 11a). Then, an extremely low
palaeointensity with an average of 6.4 uT is observed prior to the
Réunion Subchron, with an inferred duration of 16 kyr (Interval Il in
Fig. 11a). During the Réunion Subchron, relatively high palaeoin-
tensity with an average of 19.5 uT occurs (Interval III in Fig. 11a)
then it is followed by extremely low palacointensity (3.6 uT) at
approximately 2.07 Ma (Interval IV). The palaeointensity is then
rejuvenated gradually with an average of 17.0 &= 5.3 uT during the
following reverse polarity interval (Interval V in Fig. 11a). One of
the most striking feature is the existence of two intervals with ex-
tremely low field intensities with an average of 5.5 4= 2.0 puT, which
is equivalent to only ~15 per cent of the present geomagnetic field.

Carlut et al. (1999) reported palaeointensity results across the
Réunion Subchron from Gamarri section belongs to the same lava
sequence in Africa. Considering the acceptance criteria applied
(Nr > 3 and o < 20 per cent), only seven palaeointensities are
considered acceptable and their values vary from 13.6 to 26.0 uT,
concentrating between the Réunion event (C2r.1n) and following
reversed chron (C2n.1r). Although the selected Gamarri data do
not recover the “W-shape’ palaeointensity structure observed in this
study and have no significantly weak intensity lower than 8 uT,
mean palaeointensities during the Réunion Subchron (20.2 uT)
and following reversed chron (15.2 uT) are in agreement with our
results.

The ‘W-shape’ palacointensity variation with two significant lows
around the Réunion Subchron has been observed from deep-sea
sediment cores of Ontong Java Plateau (OJP stack in Kok & Tauxe
1999) and the North Atlantic (IODP Site U1314, Ohno et al. 2012).
However, the EPAPIA-3 Ma record from the West Caroline basin
(Yamazaki & Oda 2005) and the ODP Leg 138 record from the
equatorial Pacific Ocean (Valet & Meynadier 1993) appear to show
an unclear peak of intensity between two field lows. Because the
EPAPIA-3 Ma record was estimated by a stacking procedure of
four cores, the actual palaeointensity variation could be skewed and
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concealed by the stacking procedure. For the ODP Leg 138, the
range of the Réunion Subchron is unclear because there is no direc-
tional change during this period. As a consequence, the similar ge-
omagnetic field variation across the Réunion Subchron is obviously
observed in the southwest Pacific Ocean and the North Atlantic,
as well as Ethiopia, suggesting that this phenomenon would be a
global characteristic of the geomagnetic field.

6.2.2 Dipole field low for the lower Matuyama Chron

A striking feature is that weak geomagnetic field intensity (3.63—
26.9 uT) is prevalent during the lower Matuyama Chron, which
is low relative to the present geomagnetic field. The average field
intensity for the Dobi section, where palacointensity data cover an
age interval of 2.34-1.96 Ma, is 15.0 £ 7.6 uT. This value is 41 per
cent of the present geomagnetic field intensity and corresponds to a
virtual axial dipole moment (VADM) of 3.66 (£1.85) x 10> Am?,
as shown by the red square in Fig. 11(b).

Goguitchaichvili et al. (1999) reported magnetostratigraphy and
absolute palaeointensity estimates derived from Iceland during the
Réunion Subchron (C2r.1n) and the preceding reversed polarity
chron (C2r.2r). The original Thellier method (Thellier & Thellier
1959) was employed for the palaecointensity experiments. The indi-
vidual mean VDMs during C2r.1n and C2r.2r chrons were 5.03 x
10?2 Am? and 6.25 x 10> Am?, respectively. These values are larger
than our estimate, but are still lower than the present geomagnetic
field. Laj et al. (2000) also reported palacointensity estimates of the
original Thellier method and suggested a fairly large time-averaged
VADM of 7.6 x 10?> Am? around 2.15 Ma from the Koolau volcanic
series in Oahu Island, Hawaii. This discrepancy in average VADM
values may come from the overestimation of palacointensity by the
Thellier-type method (e.g. Yamamoto et al. 2003; Mochizuki et al.
2004; Oishi et al. 2005). Although the dipole field intensity during
the Réunion Subchron reported in other studies of igneous rocks
is likely not as low as our mean VDM, we believe that relatively
low intensity characterizes the geomagnetic field nature in this time
period.

We can also compare our mean VADM value during the lower
Matuyama Chron with the average during the last S Myr. However,
estimating a time-averaged value for the geomagnetic field inten-
sity should be done with caution, because, as Tauxe et al. (2013)
described, it depends not only on the selection criteria applied,
but also on the time span over which the average is calculated.
Available data for the last 5 Myr are selected from the Interna-
tional Association of Geomagnetism and Aeronomy palaeointensity
database (http://earth.liv.ac.uk/pint/; Biggin & Paterson 2014) using
the following criteria: (1) each data point is from the Tsunakawa—
Shaw method or the Thellier-type method with pTRM checks; (2)
each data point is averaged from three or more individual estimates
(N > 3) and its standard deviation is within 20 per cent (o <
20 per cent); and (3) its associated direction has a stable polarity.
With the selected data, we calculated median values for 0.5 Myr
bins and then calculated a grand median value of all the medians,
which is 4.75 x 10> Am?. Our estimated average value during the
lower Matuyama Chron is low, only 77 per cent of the time-averaged
value for the last 5 Myr value, which may have been caused by low
geodynamo activity during this time.

This period of relatively low dipole field last for approximately
0.38 Myr, which is comparable to the mean period (0.248 Myr)
of one polarity during the Cenozoic (Lowrie & Kent 2004). Long
and low palaeointensity is observed in the OJP stack of the Ontong

Java Plateau data (Kok & Tauxe 1999), but the low-intensity period
ceased at 2 Ma. ODP Leg 138 reveals that the relative intensity de-
creased from a maximum value at 2.5 Ma and reached the minimum
at 1.8 Ma (Valet & Meynadier 1993). Our observation may reflect
the process of gradual decrease of the geomagnetic field between
2.5 and 1.8 Ma.

7 CONCLUSIONS

Magnetostratigraphy with K—Ar ages indicates that a lava sequence
of Dobi section in Afar depression records a succession of four
magnetochrons (C2r.2r, C2r.1n, C2r.1r, C2n), and its age coverage,
if we assume an average eruption rate of 15.6 kyr between flows, is
estimated to be from 2.37 to 1.93 Ma. The observed Réunion Sub-
chron (C2r.1n) is a single normal polarity and is inconsistent with
the two Réunion events hypothesis. Palaeointensity results reveal
that there are two extremely low field intensities (less than 8 uT)
around the Réunion Subchron, which are surrounded by the same
field strength of approximately 17-20 uT (“W-shape’ palaeointen-
sity variation). The two extremely low field events are observed
prior to and during the Réunion Subchron. Because the ‘W-shape’
palaeointensity variation is observed in sedimentary rocks collected
from the southwestern Pacific Ocean and the North Atlantic as well
in the Afar region of Ethiopia, it is likely to be a global characteristic
of the geomagnetic field. A generally weak geomagnetic intensity
of 15.0 & 7.6 uT (3.66 £ 1.85 x 102 Am? in VADM) is also ob-
served throughout the studied lava sequence during 0.38 Myr from
2.34 to 1.96 Ma. Thus, the early stage of the Matuyama Chron can
be characterized by a period of long and low geomagnetic field
intensity.
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