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[1] This study investigated the detailed geomagnetic field variation between 2.1 and 2.75 Ma from a sediment
core (IODP Site U1314) with high sedimentation rate (≥10 cm/kyr) and good age control. Characteristic rem-
anent magnetization directions were well resolved by stepwise alternating field demagnetization. As a proxy of
relative paleointensity, natural remanent magnetization (NRM) normalized by anhysteretic remanent magneti-
zation (ARM) was used after testing that the influence of magnetic interaction in ARM is negligible. As a
result, the following features of the geomagnetic field in the studied period have been revealed. During the tran-
sition of the Gauss-Matuyama (G-M) reversal and the Réunion Subchron, the paleointensity decreased to the
value lower than 20% of the average intensity in the whole studied interval. In addition to these lows, eight
paleointensity lows were found associated with large directional changes that satisfy the definition of a geo-
magnetic excursion. Four of these have ages close to ages reported for geomagnetic excursions in prior studies,
whereas the other four excursions have not previously been observed. In our results, we confirm that the G-M
transition occurred in marine isotope stage 103 even if we consider the shift in depth due to the lock-in process
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of magnetic particles. The temporal variation in paleointensity showed asymmetric behavior associated with
the G-M transition, with a gradual decrease prior to the transition and a rapid recovery after the transition.

Components: 8100 words, 11 figures, 1 table.
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1. Introduction

[2] Millennial-scale geomagnetic variations, such
as polarity transitions and excursions, have been
a focus of paleomagnetic studies, since they are
essential elements in investigating geodynamo
process. Paleomagnetic studies of sediment cores
drilled from the ocean bottom have contributed
to the study of such short time-scale variations.

[3] Much research in recent years has focused on
paleointensity of the geomagnetic field for the past
few million years. While sediments only yield the
relative variations of the paleomagnetic field
intensity, they possess the great advantage of pro-
viding continuous records, in contrast with absolute
paleointensity records obtained from igneous rocks
[e.g., Guyodo and Valet, 1999a]. By stacking rela-
tive paleointensity data from various areas, global
paleointensity variation has been studied at mil-
lennial time scales. Guyodo and Valet [1999b]
stacked 33 records of relative paleointensity into a
composite curve spanning the past 800 kyr (Sint-
800) and found that the intensity of the Earth’s
dipole field has experienced large-amplitude varia-
tions over this period. Valet et al. [2005] extended
the record back to 2 Ma; they stacked 10 records
into a composite record (Sint-2000). Channell et al.
[2009] produced a well-dated stack of 13 paleoin-
tensity records encompassing the past 1.5 Myrs,
with only 6 records covering the entire time inter-
val. Between 2 and 3 Ma, only a few paleointensity
records [Valet and Meynadier, 1993; Kok and
Tauxe, 1999; Yamazaki and Oda, 2005] have

been reported (see review by Tauxe and Yamazaki
[2007]). All these paleointensity records [Valet
and Meynadier, 1993; Kok and Tauxe, 1999;
Yamazaki and Oda, 2005] were obtained from
sediment cores in equatorial Pacific with relatively
low average sedimentation rates of 0.5–2.5 cm/kyr.

[4] A geomagnetic excursion is a short-term large
directional change often associated with low
paleointensity. A geomagnetic excursion is defined
by a paleomagnetic direction that gives a virtual
geomagnetic pole (VGP) that deviates significantly
from the paleogeographical poles, where signifi-
cantly is usually taken to be 45� or 40� of angular
distance [e.g., Laj and Channell, 2007]. Many
geomagnetic excursions have been reported, and it
often happens that a geomagnetic excursion occur-
ring in a sediment core drilled at a specific location
is not found in a sediment core from another loca-
tion. No consensus has been reached as to the
number of excursions that have occurred even
within the Brunhes Chron, for which by far more
detailed studies have been made relative to older
periods. In a review by Oda [2005], 23 excursions
were identified in the Brunhes Chron, and 18 out
them were considered to be reliably determined and
dated. Lund et al. [2006] provided evidence for 17
Brunhes-age excursions from ocean drill cores. Laj
and Channell [2007] listed 12 excursions in the
Brunhes Chron, including seven that were consid-
ered to be well documented whereas the existence
of the other five was considered to be less certain.
Prior to the Brunhes Chron, the number of reported
excursions decreases with age. In the Matuyama
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Chron, Laj and Channell [2007] listed 10 excur-
sions and only two of them are prior to the Réunion
Subchron. They reported that there are no well-
documented excursions in the Gauss Chron.

[5] The duration of a geomagnetic polarity transi-
tion is the period during which the geomagnetic
field changes from one polarity (normal or reverse)
to the opposite. Merrill and McFadden [1999]
reviewed geomagnetic transitions recorded in sedi-
ments, igneous rocks, and sedimentary rocks. They
concluded that the duration of a typical polarity tran-
sition lies in 1,000–8,000 years, with individual esti-
mates ranging between about 102 and 2 � 104 years.
Clement [2004] analyzed sediment records of the four
most recent reversals (the Matuyama-Brunhes, the
upper and the lower Jaramillo, and the upper Olduvai
reversals) and estimated the average value to be about
7,000 years. As for the Gauss-Matuyama (G-M) tran-
sition, estimates of the duration of about 8–10 kyr are
reported by Glen et al. [1999] and Zhu et al. [2000].

[6] In addition to the interest of the nature of the
geomagnetic field itself, the age of geomagnetic
polarity transition is important because polarity
boundaries play a vital role in stratigraphic studies.
The age of the latest reversal, the Matuyama-
Brunhes (M-B) transition, is fairly well established
to be 0.780 Ma [Cande and Kent, 1995], with an
uncertainty of only about �0.01 Ma owing to dat-
ing uncertainties as well as the duration of the M-B
transition that is complicated by a precursor event
[Dreyfus et al., 2008; Channell et al., 2010]. In
contrast, much larger uncertainty remains in the age
of the Gauss-Matuyama (G-M) transition and its
duration. In commonly used timescales, the age of
the G-M transition is quoted as 2.581 Ma based on
marine magnetic anomaly data and astronomical
tuning, which place the reversal within marine
isotope stage (MIS) 103 [Cande and Kent, 1995;
Lourens et al., 2004]. More recently, Lisiecki and
Raymo [2005] estimated the age of G-M transition
from marine sediment cores with oxygen isotope
ages to be 2.608 Ma and to occur in MIS 104 (in
Figure 4 of Lisiecki and Raymo [2005] the G-M
transition occurs in MIS 104 although they assign
G2 to the G-M transition in their Table 4, which
was a typographical error as noted at http://lorraine-
lisiecki.com/stack.html).

[7] The above discrepancies associated with short-
term geomagnetic variation, such as in the number
of geomagnetic excursions in the Brunhes Chron
and in the age of the G-M polarity transition, arise
partly from low sedimentation rate of the studied
sediments and from the magnetization lock-in

process [e.g., Guyodo and Channell, 2002]. Geo-
magnetic excursions are smoothed out in sediments
with low sedimentation rate and a minimum sedi-
mentation rate of 10 cm/kyr has been suggested to
consistently detect geomagnetic excursions on the
basis of model calculation [Roberts and Winklhofer,
2004]. Concerning the age of polarity reversals
recorded in sediments, the delay of age due to the
lock-in process of magnetic particles must be con-
sidered. The depth at which the sediments acquire
magnetization is a sum of surface mixing layer
depth and a lock-in depth [Roberts and Winklhofer,
2004]. The surface mixing layer produces an
apparent age offset for the occurrence of a magnetic
polarity transition, while the lock-in depth controls
the apparent length of the transition [e.g., Channell
and Guyodo, 2004]. In sediments with a sedimen-
tation rate of, for example, 1 cm/kyr, the delay of
age extends as long as 20 kyr for a plausible depth of
20 cm to acquire magnetization[e.g., Channell and
Guyodo, 2004; Liu et al., 2008; Suganuma et al.,
2010].

[8] In this paper we present a record of paleomag-
netic direction and relative intensity from a sedi-
ment core of high sedimentation rate (≥10 kyr/cm)
at 2.1�2.75 Ma with good age control. We discuss
the characteristics and the age of geomagnetic
excursions in this period and of the G-M polarity
transition.

2. Sampling and Magnetic Measurement

[9] Integrated Ocean Drilling Program (IODP) Site
U1314 was drilled in the Gardar Drift at 56�21.9′N,
27�53.3′W in a water depth of 2820 m (Figure 1).
Three holes (Holes A, B, and C) were drilled
with the advanced piston corer (APC) using non-
magnetic core barrels; the core recovery was nearly
100% with the quoted rate, which is influenced
by core expansion, exceeding 100% at each hole
[Expedition 306 Scientists, 2006]. A complete
spliced section was obtained down to 280 m com-
posite depth (mcd). Note that the mcd in this paper
is shifted up by 0.9 m relative to the shipboard mcd
for depths greater than 260.0 mcd [see Hayashi
et al., 2010, Appendix B]. Only one lithologic
unit is defined at IODP Site U1314 which consists
of nannofossil- and clay-rich sediments [Expedition
306 Scientists, 2006].

[10] Onboard the ship natural remanent magnetiza-
tions (NRMs) of ‘archive’ half core were measured
applying alternating field (AF) demagnetization of
up to 20 mT peak field. Most of the drill-string
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overprint, which was downward in direction, was
removed at around 10 mT during onboard treatment
[Expedition 306 Scientists, 2006]. For further high-
resolution measurements, u-channel samples of
1.5 m in length with 2 � 2 cm square cross section
were sampled from the central part of these
‘archive’ half cores at Bremen Core Repository. In
addition, u-channel samples were collected from
the ‘working’ half of other holes (i.e., other than
the hole included in the spliced section) in intervals
where shipboard NRM measurements showed
large inclination anomalies, which may indicate
geomagnetic excursions. Remanent magnetizations
were measured at Center for Advanced Marine
Core Research in Kochi University. The NRM of
the u-channel samples were measured at every 1 cm
interval using a high-resolution small-access pass-
through magnetometer (2G Enterprises, 755SRM)
after AF demagnetization in 10 steps in the 20–
80 mT interval for archive halves and 14 steps in the
0–80 mT interval for working halves, respectively.
The declination values were corrected according to
the shipboard ‘Tensor Multishot’ orientation tool.
Subsequently anhysteretic remanent magnetization
(ARM) was imparted in an 80 mT AF with 0.1 mT
DC biasing field. The ARMwas also measured after
AF demagnetization stepwise up to 60 mT. The
NRM record in 2.57–2.60 Ma (238–243 mcd)
including the G-M Transition has been previously
published [Ohno et al., 2008]; the other paleomag-
netic results are newly reported in the present paper.

[11] Rock magnetic studies of the U1314 sediments
have already been reported [Zhao et al., 2011;
Hayashi et al., 2010]. Low-temperature and high-
temperature magnetometry indicated magnetite as
the dominant magnetic mineral [Zhao et al., 2011].
The hysteresis ratios concentrated closely in the
pseudo-single domain (PSD) field [Hayashi et al.,
2010].

[12] In converting the depth in core into age, we
used the age model of Hayashi et al. [2010].
They constructed a hybrid environmental proxy
(c + NGR) of the U1314 sediments by combining
magnetic susceptibility (c) and natural gamma
radiation (NGR), in which glacial-interglacial var-
iations are extracted and the small-scale variations
(attributed to ice-rafted debris) are eliminated. They
established the age model during the period
2.1�2.75 Ma by tuning the hybrid environmental
proxy record to the global-standard oxygen isotope
curve [Lisiecki and Raymo, 2005].

[13] In the present paper, we report the paleomag-
netic results between 188.0 mcd and 262.5 mcd of
the core that corresponds to the age between 2.1 Ma
and 2.75 Ma. As shown in the age-depth curve
(Figure 2), the sedimentation rate is generally as
high as between 10 and 20 cm/kyr.

3. Results

[14] As seen in the orthogonal projection of the
results of AF demagnetization of NRM (Figure 3), a

Figure 1. Location map for IODP Site U1314 in the Gardar Drift. Bathymetric contours in meters.
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well defined characteristic magnetization compo-
nent which goes straight to the origin of the plot was
generally obtained for the 20–80 mT demagnetiza-
tion intervals. We determined the characteristic
direction applying principal component analysis
[Kirschvink, 1980] for each measurement point
using a computer program developed by Mazaud
[2005]. Figure 4 shows the change in characteristic
direction with age. In general, we used all ten steps
in the 20–80 mT AF demagnetization range in the
principal component analysis. The maximum
angular dispersion (MAD) values are generally low
(<1�), indicating the characteristic directions are
well defined. In case the MAD value exceeded 10�,
the orthogonal plot was examined individually and
the principal component was determined using at
least seven of the ten measurement steps (see e.g.,
Figure 3c). As mentioned earlier, the declination
was corrected according to the shipboard ‘Tensor
Multishot’ orientation tool. After this correction,
however, the average declination in each core was
apart from the direction of the geographic poles
(0� or 180�) by up to 45�. Although part of the
deviation may be related to geomagnetic field vari-
ability, when it is so large much of the deviation
probably results from uncertainties in core orienta-
tion. Such large systematic errors are known to arise
in orienting IODP piston cores. These can be caused
by failure to get a stable orientation estimate while
the ‘Tensor Multishot’ tool is in the hole, magnetic
interference from drilling equipment, uncertainty in
aligning the orientation tool with the scribe lines on
the core liner, and possible twisting of the core rel-
ative to the core liner as the piston core is shot.

Because these deviations are unlikely geomagnetic
in origin, we have corrected the declination by
rotating the core so that the calculated core-average
declination is oriented North or South for positive
and negative inclination interval, respectively. In
Figure 4 we plot the declination before (red) and
after (black) this correction. In calculating the
average declination, we excluded the declination
values that differ from the calculated average by
more than �45� by performing an iterative calcu-
lation. We did not apply this correction to the cores
A24H (2494–2548 ka) and A25H (2577–2612 ka,
which includes G-M transition) because the correc-
tion was negligibly small (less than 5�). We note
that evidence for core twisting was found to be
absent or negligible within the uncertainties based
on comparing the declination between holes through
the studied interval.

[15] A relative paleointensity proxy was generated
by normalizing NRM by ARM (Figure 5). We cal-
culated the slopes of the NRM intensity versus
ARM intensity plot by applying linear regression to
all the measurement points of the AF demagnetiza-
tion steps in the 20–80 mT peak field range. In
Figure 5, linear correlation coefficient (r) provides a
measure of the uncertainty in linear regression of the
slope. The correlation coefficients are generally
high (>0.99) indicating that relative paleointensity
values are well defined. Several spikes of low values
occur in the correlation coefficients corresponding
to low values in relative paleointensities. In these
intervals, a large directional change is usually
observed with large MAD values. Large MAD
values and low correlation coefficients are partly
attributed to the relatively low NRM intensity (rel-
atively high noise). Overprinting of rapidly chang-
ing geomagnetic field may also increase the MAD
values and decrease the correlation coefficients
[Channell et al., 2002].

[16] In general, the normalizer used in determining a
paleointensity proxy is either ARM or IRM (iso-
thermal remanent magnetization). We used ARM
as a normalizer to obtain a proxy for relative
paleointensity in Figure 5 because we could not
obtain the IRM record of U1314 sediments. The
IRM of the sediments in the present study is too
strong to measure with a SQUID magnetometer.
Since acquisitions of ARM are influenced by mag-
netic interactions among magnetic particles
[Yamazaki, 2008], IRM is usually preferred as a
normalizer, particularly for sediments in the Pacific
[Yamazaki, 2008; Yamazaki and Oda, 2005;
Yamamoto et al., 2007b]. The sediments in the north
Atlantic generally do not show much difference

Figure 2. Age-depth plot modified after Hayashi et al.
[2010] (solid curve). The slope of the dashed lines indi-
cates the sedimentation rate.
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between NRM normalized by ARM (hereafter,
NRM/ARM) and NRM normalized by IRM (here-
after, NRM/IRM); as a proxy of relative paleoin-
tensity, NRM/ARM is used in some papers
[Channell et al., 2002; Channell and Raymo, 2003;
Channell, 2006; Channell et al., 2008] and NRM/
IRM is used in others [Channell et al., 1997;

Channell, 1999; Channell and Kleiven, 2000;
Channell et al., 2003, 2004].

[17] We completed two tests to check if the ARM of
the sediments in the present study is influenced by
magnetic interactions. First, we show the plot of
NRM/ARM against ARM in Figure 6. If ARM

Figure 3. Examples of orthogonal projections of alternating field demagnetization. Solid circles represent horizontal
projection, and open circles represent vertical projection. The point that was excluded in calculating the characteristic
direction is denoted in gray color. Peak alternating field (mT) for some demagnetization step is indicated. Dotted lines
indicate the calculated characteristic directions.
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saturates because of the influence by magnetic
interaction, NRM/ARM would increase with
increase of ARM. However, any trend of NRM/
ARM with increase of ARM is not observed in

Figure 6. Spectral methods such as cross-coherence
[Tauxe, 1993] and wavelet analysis [Guyodo et al.,
2000] have become common tools to further test
the quality of relative paleointensity records. We

Figure 4. Characteristic directions (declination and inclination), maximum angular dispersion (MAD) and the lati-
tude of virtual geomagnetic pole (VGP).

Figure 5. (a) Natural remanent magnetization (NRM) and (b) anhysteretic remanent magnetization (ARM) after
alternate field demagnetization of 20 mT. (c) Relative paleointensity and (d) linear correlation coefficient (see text).
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therefore calculated the wavelet coherence [Grinsted
et al., 2004] between NRM/ARM and ARM. In the
wavelet power spectrum of ARM (Figure 7a), a
strong power at a period of 41 kyr is prominent
implying the presence of climatic cycle in the ARM
record. In the wavelet coherence between ARM and
NRM/ARM in Figure 7b, no coherence is observed
at a period of 41 kyr corresponding to the strong
power of ARM. As a result of these tests, the influ-
ence of magnetic interaction in the present sediments
is negligible and does not lower the quality of NRM/
ARM as a paleointensity proxy.

[18] We summarize the paleomagnetic direction
and the relative intensity of U1314 in Figure 8,
together with the tuning material (c + NGR) and
the tuning target (LR04) used in determining the
age model in Hayashi et al. [2010]. Prior to MIS
85, the correlation between the tuning material
(c + NGR) and the tuning target (LR04) is excel-
lent, which guarantee the reliability of age in this
period. The correlation between these parameters is
lower in the period younger than MIS 85, in which
the Réunion Subchron occurred. Therefore, we do
not discuss the age and the duration of the Réunion
Subchron in this paper.

4. Discussion

4.1. Paleointensity Lows and Geomagnetic
Excursions

[19] In Figure 8, the gray bars indicate the layer
whose relative paleointensity dropped to less than

30% of the average value in the whole studied
interval. During the Gauss-Matuyama (G-M) tran-
sition and the top and the bottom Réunion transi-
tions, the paleointensity dropped to less than 20%
of the average value. In addition to them, eight
paleointensity lows were observed and labeled
from L1 to L8.

[20] All the labeled paleointensity lows (L1–L8)
are associated with large directional changes. For
the layers at which the large fluctuations of incli-
nation was found in the spliced section, we mea-
sured the same stratigraphic level from other holes:
for example, if the inclination anomaly occurred
in Hole U1314A from the spliced section, we
confirmed its occurrence by also measuring the
paleomagnetic direction for the same interval inFigure 6. Plot of paleointensity proxy (slopes of NRM

intensity versus ARM intensity plot) against ARM at
every 10 cm. Both NRM and ARM are after alternate
field demagnetization of 20 mT.

Figure 7. Results of wavelet analysis: (a) Wavelet
power spectrum of ARM and (b) wavelet coherence
between the paleointensity proxy (slopes of NRM inten-
sity versus ARM intensity plot) and ARM. The white-
shaded areas show the cone of influence in which edge
effect due to ends of the signals cannot be ignored.
Two horizontal white lines indicate periods of 41 and
100 kyr, respectively.
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either Hole U1314B or C. As a result, the same or
very similar large directional changes were con-
firmed to exist in two coeval cores (Figure 8).
These large directional changes are, therefore, not
caused by disturbance during drilling or sampling.
Furthermore, the hysteresis parameters of the sedi-
ments sampled from the depth that showed large
directional changes do not differ from those of other
depths in the Day plot (Figure 9). In addition, we did

not find any changes related to these layers in ARM
record. These results support that the paleointensity
lows and the associated directional changes of these
layers are not caused by lithologic inhomogeneities.

[21] The U1314 paleointensity record correlates
well with other coeval records [Valet and Meynadier,
1993; Kok and Tauxe, 1999; Yamazaki and Oda,
2005], with the correlation to the EPAPIS-3Ma
record (equatorial Pacific paleointensity stack

Figure 8. Summary of paleomagnetic results (relative paleointensity in arbitrary unit, inclination from spliced sec-
tions, inclination from other holes than spliced sections) together with tuning material (c + NGR) and tuning target
(oxygen isotope curve, LR04) in the age determination. Numerals in LR04 plot are the numbers of marine isotope
stage. The gray bars indicate paleointensity lows (see text).
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[Yamazaki and Oda, 2005]) being excellent. The
correlation is not affected much by the new age
model for EPAPIS-3Ma (details of the new age
model are provided in Appendix A). The record of
EPAPIS-3Ma in this period is a stack of relative
paleointensity records of three cores drilled at equa-
torial Pacific. The lows in the U1314 paleointensity
record except L5 corresponds one-to-one to those in
EPAPIS-3Ma in Figure 10. In addition to the labeled
lows in U1314 paleointensity record, a minimum of
45% of the average at 2.38 Ma of U1314 record is
also found in EPAPIS-3Ma. This marked correlation
between cores in the Atlantic and the Pacific strongly
supports that these records represent change in global
geomagnetic intensity. The record of OJP-stack [Kok
and Tauxe, 1999] in this period is a stack of relative
paleointensity records of two cores. In comparison
with OJP-stack, as Yamazaki and Oda [2005]
described, several lows are correlative with slight
shifts in age. The correlation is rather poor between
the record of ODP Leg 138 [Valet and Meynadier,
1993] and the present result.

[22] Despite the relatively good correlation between
U1314 and EPAPIS-3Ma records, the paleointen-
sity lows in EPAPIS-3Ma are older than those in
U1314 by about 20 kyr in average. This is explained
by the higher sedimentation rate of U1314 sedi-
ments (≥10 cm/kyr) than that of EPAPIS-3Ma

sediments (0.5–1 cm/kyr). The delay of 20 kyr
corresponds to a shift in depth of 10–20 cm for
EPAPIS-3Ma. The depth of 10–20 cm is consistent
with the estimate of the depth at which the magnetic
particles are locked-in in marine sediments [e.g.,
Channell and Guyodo, 2004; Liu et al., 2008;
Suganuma et al., 2010]. For the sediments of
U1314, such delay in acquisition of remanence is
estimated to be 1–2 kyr if we assume its thickness
to be �20 cm. Another difference between these
records is their smoothness. The paleointensity
lows in EPAPIS record are not as deep as those in
U1314 record, which is also explained by low sed-
imentation rate of EPAPIS-3Ma record; the sharp
geomagnetic variation is smoothed in sediments
of low sedimentation rate. The EPAPIS-3Ma record
is also smoothed as a result of stacking (averaging)
of three records.

[23] The ages and corresponding marine isotope
stages (MIS) of L1–L8 are tabulated in Table 1.
The VGPs during the period of paleointensity lows,
other than L3 and L5, crossed the equator to the
opposite hemisphere (Figure 4). The VGPs during
the period of L3 and L5 also approached close to
the equator, deviating from the geographical pole
by well in excess of 45�. Hence, all these direc-
tional changes at L1–L8 fall in the category of a
geomagnetic excursion. The duration, which we
defined in this paper as the intervals with the VGP
further than 45� from the geographic poles, was
generally a few thousand years in Table 1. The
duration of L4 is as long as 11 kyr, but the direc-
tional change of L4 consists of three spikes; the
duration of each spike is a few thousand years. In
addition to the geomagnetic excursions at L1–L8,
the VGP falls slightly further than 45� from the
geographic pole at 2.38 Ma, 2.69 Ma, and 2.72 Ma.
Since the large fluctuation of VGP at these ages
originates in declination change and the inclination
change is not very large, the position of VGP
depends largely on the correction in declination in
which we set the average declination to the poles as
described earlier. The large short-term change in
declination is real, however, even if the absolute
core-mean declination is known only imprecisely.
Given the relative small inclination change and the
lack of absolute mean declination, we are unsure
that the apparent geomagnetic excursions at 2.38,
2.69, and 2.72 Ma have a pure geomagnetic origin
and therefore do not include them in the following
discussion.

[24] In Table 1, we compare the ages of excursions
L1–L8 with other geomagnetic excursions reported
in 2.2–2.8 Ma age range. Yang et al. [2007] reported

Figure 9. Day et al. [1977] plot of the hysteresis
parameters: Mrs, saturation remanence; Ms, saturation
magnetization; Hcr, remanent coercivity; Hc, coercive
force. SD, PSD and MD indicate single domain, pseudo
single domain and multidomain fields, respectively, with
the limits in Dunlop [2002a]. Curves 1–3 are theoretical
SD + MD mixing curves from Dunlop [2002a, 2002b].
Results of samples from layers of geomagnetic excur-
sions are denoted by red triangles while others are
denoted by open circles.
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three excursions in this period from Chinese Loess
Plateau. Cande and Kent [1995] reported a crypto-
chron at 2.42–2.44 Ma based on ‘tiny wiggles’ in
marine magnetic anomaly data. In Channell and
Guyodo [2004] two excursions are found from a
sediment core nearby Site U1314. As noted in the
Table 1, some of these previously noted excursions
may be the same as the excursions observed at Site
U1314; the difference in age is up to 30 kyr, which
falls within dating uncertainties. Yamamoto et al.
[2007a] reported an excursion from volcanic rocks
in Society Islands; the error of its age overlaps the age
of L8. In the studied period, no excursions older than

the age of L3 have been reported from marine sedi-
ments. This may be attributed to the higher sedi-
mentation rate of U1314 relative to other cores in this
period. Hence, we believe the observed changes (L1–
L8) reflect the true geomagnetic field, and that future
paleomagnetic studies of other sedimentary sections
with similar or higher sedimentation rates will con-
firm the existence of these eight excursions.

4.2. Gauss Matuyama Polarity Transition

[25] Geomagnetic polarity transitions play an
important role in stratigraphic study in addition to

Figure 10. Comparison of relative paleointensity records; U1314 record (this study), EPAPIS-3Ma record
[Yamazaki and Oda, 2005], OJP-stack record [Kok and Tauxe, 1999], and the record of ODP Leg 138 [Valet and
Meynadier, 1993]. The black line of U1314 record is the smoothed (40 cm running average) line and the gray line
is the original data (see text).
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the interest of the behavior of the geomagnetic field
during transitions. The age of G-M polarity transi-
tion falls in MIS 103 in the oxygen isotope curve in
Figure 8. As discussed earlier, the delay in age due
to post depositional lock-in of magnetic particles is
estimated to be up to 20 cm; that is the true depth of
transition is shallower than the present depth by up
to 20 cm. Even if we shift the depth of transition up
by 20 cm, it remains within MIS 103. As for the
absolute age of the transition, in Figure 11, the

VGPs are located near the north geographical pole
(>45�N) until 2.590 Ma, and deviate between the
north and south geographical poles until stabilizing
near the south geographical pole at 2.585 Ma. The
above shift in the depth of transition up by 20 cm
corresponds to shift in age to younger one by 1 kyr
because the sedimentation rate at this depth is
nearly 20 cm/kyr (Figure 11). In addition, the age
may include an error of up to �5 kyr because the
age model is constructed by matching the 41-kyr

Table 1. Geomagnetic Excursions and Chryptochrons

Chinese
Loessa GPTSb ODP Site 982c

Volcanic Rocksd:
Age (Ma)

This Study

Name
Age
(Ma) Name

Age
(Ma) MIS

Age
(Ma) Name MIS

Age
(Ma)

Duration
(kyr)

E5 2.25 85/86 2.24 L1 86/87 2.25 1
E6 2.35 L2 90 2.32 1
E7 2.42 C2r.2r-1 2.42–2.44 95 2.42 L3 96 2.44 2

L4 100/101 2.53–2.55 11
L5 105 2.62 1
L6 G2/G3 2.65 4
L7 G5/G6 2.71 2

2.77 � 0.02 L8 G7 2.75 4
aYang et al. [2007].
bCande and Kent [1995].
cChannell and Guyodo [2004].
dYamamoto et al. [2007a].

Figure 11. Relative paleointensity, the latitude of VGP, and the sedimentation rate of Site U1314 for the period
including the G-M polarity transition.
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periodicities in environmental variations. Hence, a
best estimate for the G-M transition is 2.587 Ma
with an uncertainty that is at least �5 kyr.

[26] Our age estimate for the G-M transition is close
to the value 2.581 Ma estimated from marine mag-
netic anomaly data by Cande and Kent [1995]. In
contrast, Lisiecki and Raymo [2005] obtain an age of
2.608 Ma, which is in MIS 104. We suggest this age
estimate is older by about 20 kyr as a result of post-
depositional lock-in within the slow sedimentation
rate of the cores that Lisiecki and Raymo [2005]
included in their analysis.

[27] Deino et al. [2006] obtained a 40Ar/39Ar age
of 2.589 � 0.003 Ma for G-M boundary from
lacustrine sediments in Kenya. They adjusted the
40Ar/39Ar age by 0.8% to 2.610 Ma by calibrating
the dating standard on the basis of the 40Ar/39Ar age
of an astronomically dated ash layer at ca. 7 Ma
[Kuiper et al., 2004]. This calibrated age (2.610 Ma,
which is in MIS 104) is 28 kyr older than the age
(2.582 Ma, which is in MIS103) directly determined
by astronomical calibration at the layer that includes
G-M transition [Lourens et al., 1996]. Lock-in delay
of NRM acquisition in the lacustrine sediments in
Kenya is not a plausible explanation for the delay
of 28 kyr because of the high sedimentation rates.
Therefore, the discrepancy in the astronomically
calibrated ages suggests some inconsistency in
astronomical tuning. Our result is consistent with
the directly determined age, which suggests a pos-
sibility of problem in the age calibration in Deino
et al. [2006].

[28] The estimated duration of the G-M transition is
5 kyr (Figure 11), which is within the duration of a
typical geomagnetic polarity transition of 1–8 kyr
reviewed by Merrill and McFadden [1999]. The
definition of duration, which determines the dura-
tion as the interval at which VGPs fall more than 45�
away from the geographical poles, gives the lower
limit of duration in Clement [2004]. In other studies
of G-M transition, Zhu et al. [2000] estimated the
total duration to be 9–10 kyr in China (34.2�N,
109.2�E). The duration of G-M transition in the
U.S.A. (35.7�N, 242.6�E) by Glen et al. [1999] is
about 8 kyr in their Figure 4. Burakov et al. [1976]
estimated the duration of the G-M transition to be
105 years from records in Turkmenia, which is
exceptionally long. Except for the anomalous value
from Turkmenia, the other results are consistent
with the duration of a typical polarity transition.

[29] The relative paleointensity started to decrease
at 20 kyr before the G-M transition (Figures 8 and
11). In contrast, it reached a local peak in less than

10 kyr after the end of transition. This asymmetric
behavior, gradual decay preceding the transition
and rapid recovery after the transition, is consistent
with those of polarity transitions occurred during
the past 2 Myrs pointed out by Valet et al. [2005].
However, the duration of decay preceding the
transition in the present result is much shorter than
the 60–80-kyr-long decay described by Valet et al.
[2005]; the present result has a clear peak 20 kyr
before the transition, with a gradually decay in
the intensity afterwards. The duration of decay
preceding the G-M transition is �80 kyr in the
EPAPIS-3Ma record [Yamazaki and Oda, 2005],
�60 kyr in the OJP-stack record [Kok and Tauxe,
1999], and �40 kyr in the record of ODP Leg
138 [Valet and Meynadier, 1993], respectively. The
values diverge widely and it is difficult to draw a
conclusion from the fairly limited number of tran-
sitional records whether the duration of decay pre-
ceding the G-M transition is different from those of
polarity transitions that have occurred during the
past 2 Myrs.

[30] A characteristic of the temporal variation in the
latitude of VGP in Figure 11 is its north-south-north-
south rebounding. A detailed description and dis-
cussion of the VGP path of U1314 record at G-M
transition is given in Ohno et al. [2008]. Here we
note that the period for rebounding of VGP is�4 kyr
for the first north-south-north rebounding and�2 kyr
for the latter south-north-south rebounding; it is
interesting to note that they are similar value to the
duration of geomagnetic excursions.

5. Conclusions

[31] Temporal variation in the geomagnetic field
between 2.1 and 2.75 Ma was studied from a sedi-
ment core in the Gardar drift, north Atlantic. Well
defined characteristic directional records and relative
paleointensity record were obtained. The paleoin-
tensity lows correspond well with those in paleoin-
tensity record in the Pacific (EPAPIS-3Ma and
OJP-stack). Since the sedimentation rate of this core
is much higher than that of the previously studied
records, details of the geomagnetic field in this
period were revealed that had not been previously
observed.

[32] First, eight paleointensity lows were observed
in addition to the lows at the Gauss-Matuyama
(G-M) transition and the Réunion Subchron. These
paleointensity lows are associated with large direc-
tional changes (geomagnetic excursions). Among
the eight geomagnetic excursions, the older five
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excursions are found in the period in which no
geomagnetic excursions have ever been reported
from marine sediments. The high fidelity of the
U1314 paleomagnetic record and its ability to
resolve excursions is attributed to the higher sedi-
mentation rate at Site U1314 relative to previously
studied sedimentary sections in this period.

[33] Second, we determined that G-M transition had
duration of 5,000 years and that it occurred within
MIS 103, even if we consider an error in depth of up
to 20 cm due to delayed lock-in of magnetic particles.
During the G-M transition and the top and the bottom
Réunion transitions, the paleointensity was <20% of
the average value of the whole interval studied.
Asymmetric behavior of paleointensity was observed
associated with the G-M transition; the paleointensity
started to decrease 20 kyr before the transition, and
recovered in less than 10 kyr after the transition.

Appendix A: New Age Model
for EPAPIS-3Ma

[34] In Figure 10, we compare the paleointensity
lows between 2.25 and 2.75 Ma in U1314 and
EPAPIS-3Ma [Yamazaki and Oda, 2005]. The age
model of EPAPIS-3Ma is based on MD982187 for
2.16–3 Ma, which was dated by matching of ARM
and/or magnetic susceptibility with oxygen isotope
curve from ODP Site 1143 [Tian et al., 2002]. Ao
et al. [2011] has published a new age model for
Site 1143 by tuning their environmental proxy to
LR04 record and the 65�N summer insolation. The
difference in the age of the paleointensity lows in
the EPAPIS-3Ma record between the old and new
age models is negligible except for the paleointen-
sity low in EPAPIS-3Ma at 2.57 Ma (corresponding
to L4 in U1314); it shifts the age of the paleoin-
tensity low to an age 16 kyr older. Regardless of
which age model is used, the paleointensity lows in
EPAPIS-3Ma are older on average than those in
U1314 by ca. 20 kyr.
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