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Preliminary paleomagnetic and rock 
magnetic results from 17 to 22 ka sediment 
of Jeju Island, Korea: Geomagnetic excursional 
behavior or rock magnetic anomalies?
Hyeon‑Seon Ahn1*  , Young Kwan Sohn1, Jin‑Young Lee2 and Jin Cheul Kim2

Abstract 

Paleomagnetic and rock magnetic investigations were performed on a 64-cm-thick section of nonmarine uncon‑
solidated muddy sediment from the Gosan Formation on Jeju Island, Korea. This sediment was recently dated to 
have been deposited between 22 and 17 kyr BP calibrated, with a sedimentation rate of 13–25 cm/kyr, based on 
many radiocarbon ages. Interestingly, stepwise alternating field (AF) demagnetization revealed characteristic natural 
remanent magnetizations with anomalous directions, manifested by marked deviations from the direction of today’s 
axial dipole field, for some separate depth levels. On the other hand, stepwise thermal (TH) demagnetization showed 
more complex behavior, resulting in the identification of multiple remanence components. For all TH-treated speci‑
mens, consistently two different components are predominant: a low-temperature component unblocked below 
240–320 °C entirely having normal-polarity apparently within the secular variation range of the Brunhes Chron, and 
a high-temperature component with unblocking temperatures (Tubs) between 240–320 and 520–580 °C that have 
anomalous directions, concentrated in the ~ 13–34-cm-depth interval (~ 17–19 ka in inferred age) and possibly 
below ~ 53 cm depth (before ~ 20 ka). Rock magnetic results also infer the dominance of low-coercivity magnetic 
particles having ~ 300 and ~ 580 °C Curie temperature as remanence carriers, suggestive of (titano)maghemite and/
or Ti-rich titanomagnetite and magnetite (or Ti-poor titanomagnetite), respectively. A noteworthy finding is that AF 
demagnetizations in this study often lead to incomplete separation of the two remanence components possibly due 
to their strongly overlapping AF spectra. The unusual directions do not appear to result from self-reversal remanences. 
Then, one interpretation is that the low-temperature components are attributable to post-depositional chemical 
remanences, associated possibly with the later formation of the mineral phase having Tub ~ 300 °C, whereas the 
high-temperature components are of primary detrital origin that survived later chemical influence. Accordingly, the 
unusual directions might record geomagnetic instability within the ~ 17–22 ka period manifested by multiple excur‑
sional swings, partly associated with the Tianchi/Hilina Pali excursion. However, further work is needed to verify this 
interpretation and distinguish it from alternative explanations that invoke rock magnetic complexities as the cause of 
the unusual directions.
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Introduction
Geomagnetic field excursions are short-lived but globally 
recorded periods of the Earth’s magnetic field fluctuation, 
shorter than a few 103  years, during which virtual geo-
magnetic poles (VGPs) deviate beyond the normal range 
of secular variation associated with the geocentric axial 
dipole (GAD) (see Laj and Channell 2007). Paleomag-
netic investigations from both lava flow sequences and 
various types of sediments, especially quasi-continuous 
deep-sea sediments, in the last two decades have made 
significant advances in establishing the number, dura-
tion and field geometry of geomagnetic excursions, espe-
cially during the Quaternary. However, many of them 
still remain an enigma. Exploring potentially correlative 
excursions at different sites of the world and increas-
ing their global areal coverage is essential not only to 
understand how physical processes of the geodynamo 
modulate frequent occurrence of excursions and what 
processes discriminate between the geomagnetic rever-
sal and excursion (e.g. Gubbins 1999; Zhang and Gubbins 
2000; Hoffman and Singer 2008; Singer et al. 2008), but 
also to avoid correlation mistakes between temporally 
different paleomagnetic records from distant sites on 
the globe (e.g. Laj and Channell 2007; Singer et al. 2008, 
2014a; Singer 2014).

Among the geomagnetic excursions that are well doc-
umented and proven by numerous studies in the last 
few decades (e.g. Roberts et  al. 2013; Singer 2014), the 
Mono Lake excursion is the youngest event with an age 
of ~ 32 ka (Singer, 2014) or ~ 34 ka (Laj et  al., 2014) and 
a duration of less than 2 kyr or about 1 kyr (e.g. Chan-
nell 2006; Laj and Channell 2007). As for the period after 
30  ka, early paleomagnetic studies reported anomalous 
field behaviors in direction (or VGP) and/or intensity, 
with different age populations (see Table 1), speculating 
that there may be one or more excursion(s) younger than 
the Laschamp (41 ka in age with a duration of about 1 kyr, 
e.g. Singer 2014 and Channell et  al. 2017) or the Mono 
Lake excursions, which are the two of well-documented 
excursions. However, the majority of these previous 
records were based on limited and/or indirect geochro-
nology and provided equivocal or no direct stratigraphic 
relationship with the Laschamp and the Mono Lake 
events, apparently getting skepticism about possible 
existence of the younger excursion(s). On the other hand, 
recently documented potential geomagnetic excursions 
at ~ 17 ka (Singer et al. 2014b) and ~ 26 ka (Channell et al. 
2016), based on high-fidelity radiometric chronology or 
well-constrained age models, as potentially independent 
excursional events that are also temporally different from 
the Mono Lake excursion and the Laschamp excursion, 
suggest a complex picture of geomagnetic field behavior 
during the post-Mono Lake excursion period.

In addition, some researchers have suggested that 
such an unusual magnetic field is not always manifested 
equally at all locations on the globe (e.g. Tarduno et  al. 
2015). This also emphasizes that paleomagnetic inves-
tigation in previously un-investigated regions is always 
helpful for resolving this issue.

In paleomagnetic studies to identify and characterize 
such geomagnetic excursions from sediments, a well-
established age model, high sedimentation rate (due to 
the limited duration of geomagnetic excursions), and 
identification of the magnetic mineralogy in particular 
are essential. Ferrimagnetic iron sulfides (i.e. greigite, 
pyrrhotite) and oxidized titanomagnetite (or titanomagh-
emite) have been often reported as problematic magnetic 
carriers. Greigite (Fe3O4) is widely distributed over the 
world, found in anoxic and sulfidic sedimentary environ-
ments like estuaries, fluvial fans, hemipelagic marines 
and gas hydrate systems, forming authigenically in reduc-
tive diagenetic processes (e.g. Fu et al. 2008; Roberts et al. 
2011). It can generate a “false” magnetic record of the 
geomagnetic fluctuation when the age of greigite forma-
tion significantly postdates the age of deposition of the 
surrounding sediments (e.g. Horng et al. 1998; Jiang et al. 
2001; Roberts and Weaver 2005; Sagnotti et  al. 2005). 
Pyrrhotite (Fe7S8) often generates such false geomag-
netic fluctuations by such late diagenetic formation (e.g. 
Weaver et  al. 2002) or by the self-reversed magnetiza-
tions (e.g. Bhimasankaram 1964; Bina and Daly 1994). In 
addition, some studies on marine sediments suggest that 
non-steady-state magnetic mineral reductions can result 
in delayed remanence acquisition leading to anomalous 
features in natural remanent magnetization (NRM) data 
(e.g. Tarduno et al. 1996, 1998). Tarduno et al. (1998), for 
example, suggest that the production of biogenetic mag-
netite near the Fe-redox boundary at depth can lead to 
the acquisition of a biochemical remanence. Changes in 
the redox boundary depth with time in pelagic sediments 
can result in complexities in magnetic records.

Another complexity can be caused by the presence of 
titanomaghemite. Titanomaghemite, which is usually 
formed by low-temperature oxidation (maghemitiza-
tion) of titanomagnetite in nature, can acquire a partial 
or complete self-reversed chemical remanent magnetiza-
tion (CRM) that replaces the original detrital remanent 
magnetization (DRM) or thermoremanent magnetiza-
tion (TRM) (e.g. Doubrovine and Tarduno 2004; Krása 
et  al. 2005; Channell and Xuan 2009; Xuan and Chan-
nell 2010; Xuan et  al. 2012). As a possible mechanism 
of the self-reversal, ionic reordering (Doubrovine and 
Tarduno 2004, 2006a) and magnetic coupling between 
titanomagnetite and oxidized titanomaghemite in a close 
side-by-side assemblage (Krása et  al. 2005) have been 
suggested. Moreover, observations of self-reversal for 
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titanomaghemites by Doubrovine and Tarduno (2005, 
2006a, b) suggest that a finite range of high oxidation 
states of z (O’reilly 2012) of no less than 0.9 and relatively 
high Ti contents (x) of no less than 0.6 are required to 
generate self-reversed remanences.

Here we firstly document a sequence of unusual NRM 
data, of which the directions deviate visually from the 
apparent secular variation range during a stable normal-
polarity period, from one site of ~ 17–22  ka unconsoli-
dated nonmarine sediment (named Gosan Formation) 
in Jeju Island, Korea. This study shows (1) that, from 
thermal (TH) demagnetizations, the unusual paleomag-
netic directions all are from remanence components 
with an unblocking temperature (Tub) interval ranging 
from 240–320 to 520–580  °C (probably carried by mag-
netite or Ti-poor titanomagnetite) which are separate 
from remanence overprints with Tubs up to 240–320 °C 
(probably carried by (titano)maghemite and/or Ti–rich 
titanomagnetite) having directions apparently within the 
secular variation range of the Brunhes Chron, and (2) 
that alternating field (AF) demagnetization technique 
often appears to fail to isolate these two different rema-
nences presumably because of their strongly overlapping 
coercivity spectra. Hence, we address interpretation of 
these results about whether the unusual directional fea-
tures are associated with geomagnetic excursional behav-
ior or rock magnetic anomalies.

Geological background and previous works
Jeju Island, located to the south off the Korean Peninsula, 
is a Quaternary volcanic field formed in an intraplate 
tectonic setting on the eastern continental margin of 
the Eurasian plate (Fig. 1a). The island was generated by 
extensive hydrovolcanism between c. 1.8 and 0.5 Ma and 
later plateau- and shield-forming, basaltic-to-trachytic 
lava effusions that produced a wide and low-altitude lava 
plateau and a peak of shield volcano (Mt. Halla) dotted 
with hundreds of monogenetic volcanic scoria cones and 
tuff rings/cones (e.g. Sohn and Park 2004; Sohn et  al. 
2008; Koh et  al. 2013). Besides, paleosols, lake or wet-
land sediments, and other unspecified, unconsolidated 
sediments are often observed between or on the top of 
such volcanic deposits in the island (e.g. Park et al. 1998, 
2000a, b; Lee et al. 2014a, b; Park et al. 2014; Lim et al. 
2015; Ahn and Choi 2016).

The Gosan Formation (GSF) is a muddy sedimentary 
formation, a few meters thick and massive, intercalated 
between the Late Pleistocene plateau-forming basal-
tic lava, named the Kwanghaeak Basalt, and the basaltic 
tuff of the Suwolbong tuff ring (Sohn and Chough 1989). 
The GSF was dated to be approximately 18 ka by optical 
stimulated luminescence (OSL) method (Cheong et  al. 
2007). The GSF is exposed approximately 4.5  km along 

the western coast of Jeju Island, and extending ~ 2  km 
landward and used as a rice field at present (Park et  al. 
2000a; Fig.  1b). The main source of the GSF sediment 
was Dangsanbong, which is a 450  kyr-old, horseshoe-
shaped tuff cone with a nested scoria cone at its center 
(Sohn and Park 2005; Brenna et  al. 2015). The strati-
graphic relationship near Dangsanbong suggests that the 
tuff cone was overlain by the Kwanghaeak Basalt after the 
cone was lithified and significantly eroded (e.g. Park et al. 
2000a). Dangsanbong continued to supply volcaniclastic 
materials to nearby areas, forming a scree deposit upon 
the basalt. The GSF muddy sediment is laterally correla-
tive with the Dangsanbong-derived scree deposit and 
thins and pinches out toward the south, i.e., away from 
Dangsanbong. The sediment is massive and has a fairly 
level upper surface without any features related to fluvial 
incision, wave reworking or bioturbation. It is therefore 
interpreted to have been deposited by suspension setting 
of fines in a wetland near the toe of the scree that sur-
rounds Dangsanbong.

OSL age of the GSF was obtained earlier by Cheong 
et  al. (2007) and was estimated at 23.2 ± 1.0  ka. After-
ward, a research group of the Korea Institute of Geosci-
ence and Mineral Resources (KIGAM) carried out more 
detailed, absolute age dating and geochemical analyses 
over a wider area of the GSF exposures (Lee et al. 2014b). 
Part of these results including a suite of radiocarbon 
(14C) ages with an accelerator mass spectrometry (AMS), 
granulometry, contents of total organic carbon (TOC) 
and its δ13C (=13C/12C) ratios for a site at the coast 
near Dangsanbong (hereafter referred to as site GSDS; 
see Fig. 1B) were published in Lim et al. (2015). Median 
grain sizes for the GSDS site varied between ca. 12 and 
18  µm, having an apparently consistent value around 
15 µm. The TOC contents ranging between 2.0 and 0.8% 
(totally low throughout the sediment) monotonously 
decrease with depth. In combination with the AMS 14C 
ages, they suggested that the GSF sediment was depos-
ited in a terrestrial (and probably subaqueous) environ-
ment during a period approximately between 22 and 17 
calibrated (cal.) kyr BP (Fig. 2 and Additional file 1: Table 
S1), and that the age of the Suwolbong tuff ring should 
be younger than the previous estimate (~ 18 ka; Cheong 
et al. 2007). Lee et al. (2014b)’s work at another GSF site 
near Suwolbong (hereafter referred to as GSSW; see 
Fig.  1b) has also yielded a line of AMS 14C dates, sug-
gesting a wide range of the GSF sedimentation age from 
24 to 16  cal.  kyr BP (Fig.  2 and Additional file  1: Table 
S1). Age-depth model for each site was made by linear 
interpolations between AMS 14C age estimates, as shown 
in Fig.  2. The GSSW and GSDS age-depth models were 
similar for, at least, the upper ca. 70 cm sediments, where 
the estimated sedimentation rates are much higher than 
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10  cm/kyr (in the range of 13–25  cm/kyr). The above-
mentioned age data with related additional information 
are also listed in Additional file 1: Table S1.

Samples and methods
We made paleomagnetic sampling at the same site ana-
lyzed in Lim et  al. (2015) (i.e. site GSDS, 33.30917°N, 
126.16556°E; Fig.  1b). The site GSDS was found to be 

Fig. 1  a Digital elevation model of Jeju Island (the location is indicated in the insert), showing a 1950-m-high central peak (Mt. Hallasan) at the 
center of a gently sloping and broadly distributed lava shield, dotted with hundreds of volcanic cones, rings and domes. b Geologic map around 
the western coast of Jeju Island, including the Suwolbong tuff ring, the Dangsanbong tuff cone complex, and Gosan Formation (modified from 
Park et al. 2000a), with the locations of studied sites in Gosan Formation (GSDS, this study; GSSW, Lee et al. 2014b). c Paleomagnetic sampling of the 
GSDS section (during the first field campaign)
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lithologically homogeneous, comprising dark-brown, 
unconsolidated and massive clayey silt deposit with scat-
tered gravel-sized clasts. The estimated sedimentation 
rate varying between 13 and 25  cm/kyr (the blue thin 
line in Fig. 2) is high enough to record such “short-lived” 
geomagnetic events. After removing more than 10  cm 
of surface soils to avoid possible adverse effects of post-
deposition alteration and making a planar face, a total 
of 33 oriented samples were collected at 2-cm-spacing 
between 5 and 69 cm depths from the top (i.e. from the 
contact with the Suwolbong tuff), carefully pushing 7 cm3 
non-magnetic plastic cubes into the face and orientating 
with a magnetic compass with an attachment allowing to 
mount the plane to be measured (Fig. 1c).

In the laboratories, paleomagnetic and rock magnetic 
measurements of 33 cube samples were performed as 
follows.

[1] Stepwise alternating field demagnetization 
(SAFD) of NRM,
[2] SAFD of laboratory-induced anhysteretic rema-
nent magnetization (ARM),
[3] Isothermal remanence (IRM) acquisitions in 
direct current (DC) fields of sequentially 1 T, − 0.1 
and − 0.3 T,

[4] Initial magnetic susceptibilities with dual fre-
quencies (kLF and kHF), then for each of three sets 
of small-volume (< 0.1  g) dried subsamples from 
selected samples,
[5] Thermomagnetic analysis of saturation magneti-
zation (Js–T curve),
[6] Thermomagnetic analysis of magnetic suscepti-
bility (k–T curve),
[7] Measurements of magnetic hysteresis properties 
(Mrs, saturation remanent magnetization; Ms, satu-
ration magnetization; Bcr, coercivity of remanence; 
Bc, coercive force),
[8] First-order reversal curve (FORC) analysis (e.g. 
Roberts et  al. 2000), then finally, for each of cube-
shaped preparations that were consolidated with 
plaster and wrapped in Al-foil after extracting form 
each of selected samples,
[9] Stepwise thermal demagnetization (STHD) of 
3-axis IRMs imposed sequentially in DC fields of 1.2, 
0.4 and 0.1  T (the Lowrie experiment following the 
procedure of Lowrie 1990).

Experimental sequences [1]–[5] and [9] were carried 
out at the paleomagnetism and rock magnetism labora-
tory of the Center for Advanced Marine Core Research 
(CMCR) of Kochi University in Japan, and sequences 
[6] and [7] to [8] were performed at the paleomagnetic 
laboratories of Pusan National University and KIGAM in 
Korea, respectively.

The remanence measurement, AF demagnetization, 
ARM acquisition were made using a 2G Enterprises 
760R pass-through cryogenic magnetometer with in-
line 3-axis static AF demagnetization and ARM acquisi-
tion. The SAFD experiments of remanent magnetizations 
(NRMs and ARMs) were made in generally 23 steps of 
peak AFs from 0 to 80 mT (the increments of 2 mT for 
the 0–20 mT peak AFs and 5 mT for the 20–80 mT peak 
AFs). The ARM acquisitions were imposed in a DC field 
of 0.1 mT and AF field decaying from a peak AF of 80 mT 
(kARM can be calculated following e.g. Banerjee et  al. 
1981). The IRMs for each bulk cube-shaped sample were 
acquired using a Magnetic Measurements MMPM10 
pulse field magnetizer. The dual kLF and kHF were meas-
ured at AF external fields with frequencies of 0.47 and 
4.7  kHz, respectively, using a Bartington MS2-MS2B 
magnetic susceptibility system. The thermomagnetic 
analysis of saturation magnetization was made by a sin-
gle heating–cooling run between room temperature and 
700  °C with a constant field of 0.3 T and a heating rate 
of ~ 15  °C/min in air, using a Natsuhara Giken NMB-89 
magnetic balance. The thermomagnetic analysis of mag-
netic susceptibility was conducted, heating from room 
temperature up to 700 °C and then cooling down to 40 °C, 

Fig. 2  Age-depth models and associated sedimentation rates in two 
sites of the Gosan Formation sediments (blue, site GSDS; green, site 
GSSW), on the basis of AMS radiocarbon (14C) dates (Lee et al. 2014b; 
Lim et al. 2015). The 14C dates (with the 2σ error bars) indicated as the 
tie-points with circle and star symbols were measured on organic 
materials extracted from bulk soils, and on plant remains, respectively, 
and were calibrated using the OxCal program (http://c14.arch.ox.ac.
uk/embed.php?File=oxcal.html). Note that the sedimentation rates at 
the 88–140 cm interval in the site GSSW were not drawn

http://c14.arch.ox.ac.uk/embed.php?File=oxcal.html
http://c14.arch.ox.ac.uk/embed.php?File=oxcal.html
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at 300 A/m field and a heating rate of ~ 12 °C/min in air, 
using an AGICO KLY-4 Kappabridge system equipped 
with a CS-3 furnace. The magnetic hysteresis loop and 
the stepwise back-field IRM demagnetization were meas-
ured on each small-volume subsample, applying fields up 
to 1 T, by means of a Princeton Measurements Corpora-
tion MicroMag 3900 alternating gradient magnetometer 
(AGM). With the AGM, 170 FORCs were also measured 
on the same subsamples, at averaging time of 200 ms and 
a field increment of 1.06  mT up to a maximum applied 
field of 1 T. During the Lowrie experiments, TH demag-
netization experiments were performed, using a Natsu-
hara Giken TDE-91 thermal demagnetizer (residual field 
of < 15  nT), by measuring the remanent magnetization 
before every TH step, using a Natsuhara Giken SMD-88 
spinner magnetometer. The TH steps were set to 100, 
160, 200, 260, 300, 320, 340, 360, 400, 440, 480, 520, 580, 
620, 650, and 680 °C (16 steps).
S ratios, S−0.1T and S−0.3T, were calculated following 

the definition of Bloemendal et  al. (1992), to seek the 
relative fraction of low-coercivity minerals with respect 
to high-coercivity minerals: S−0.1T = (1 − IRM−0.1T/
IRM1T)/2, and S−0.3T = (1 − IRM−0.3T/IRM1T)/2, where 
IRM1T is hereto regarded as saturated IRM (SIRM). 
Median destructive field (MDF) with respect to each 
laboratory-induced ARM during SAFD was calculated 
to see a magnetic hardness to the remanence in relation 
to coercivity and average grain size of the magnetic min-
erals. With kLF and kHF values, kFD was calculated as kFD 
(%) = (kLF − kHF)/kLF * 100, to see the possible contribu-
tion of superparamagnetic (SP; < 50 nm in general) min-
erals (e.g. Evans and Heller 2003). kARM/SIRM, kARM/kLF, 
and SIRM/kLF ratios for bulk samples were employed as a 
proxy of grain-size fluctuations in relation to the domain 
state of magnetic particles (e.g. Banerjee et  al. 1981). 
The SIRM/kLF ratio can be also used as indicator of the 
dominance of greigite (e.g. Roberts et al. 2011; Nowaczyk 
et  al. 2012). The hysteresis parameters were processed 
with a biplot of the Mrs/Ms ratio versus the Bcr/Bc ratio 
(so-called “Day plot” from Day et  al. 1977), to obtain 
information about the average grain-size of magnetic 
particles. The measured FORCs were processed with the 
FORCinel software (Harrison and Feinberg 2008) to dis-
play a FORC diagrams, which provide information about 
distributions on microscale coercivity and magnetostatic 
interaction. The experiments [5], [6] and [10] give infor-
mation about the contained magnetic minerals. As intro-
duced by Peters and Thompson (1998), the two biplots of 
SIRM/kLF versus ARMdem40mT/ARM and IRM-0.1T/SIRM 
versus ARMdem40mT/ARM, where ARMdem40mT denotes 
the ARM intensity after demagnetization by a peak AF 
40 mT, were employed to discriminate magnetic minerals 
with low coercivities.

Afterward, another set of three oriented block sam-
ples with plastic boxes of ca. 13  cm × 18  cm × 4  cm in 
size were also collected from a 5-to-55-cm-depth pro-
file in close proximity of the “first-sampled” point in the 
GSDS site. The block samples, in the laboratory, were 
consolidated with plaster and cut to cube-shaped speci-
mens with 2 or 2.2 cm on each side. Two pairs of Al-foil 
wrapped cubes for 21 successive depth levels (7.1–50 cm 
depths in the central position) were then prepared to 
make STHD and SAFD experiments for NRM, respec-
tively. Central depth levels of the prepared cube-cut 
specimens from three blocks were 7.1–20.3, 23.1–36.3, 
and 38.0–50.0 cm, respectively. The STHD experiment of 
NRM was treated in 40 °C steps in the 120–580 °C range 
and in 20  °C steps in the 580–640 (660)  °C range. The 
SAFD experiment of NRM was same as in the earlier AF 
treatments. The specimens with AF treatments and NRM 
measurements were then subjected to ARM acquisition 
followed by its SAFD experiment.

Compass readings of the sample orientation were cor-
rected for the locality declination of the present-day 
Earth’s magnetic field of 7°, calculated using the 12th 
International Geomagnetic Reference Field (Thébault 
et  al. 2015; http://wdc.kugi.kyoto-u.ac.jp/igrf/point/
index-j.html). Demagnetization data were identified 
with the orthogonal vector diagram of Zijderveld (1967) 
and equal-area projection. Principal component analysis 
(PCA) of remanent magnetization for each demagneti-
zation data was performed applying Kirschvink (1980). 
Mean direction for the isolated remanence components 
was calculated using a Fisherian statistics (Fisher 1953).

Results and discussion
Paleomagnetic results
Results on “first‑sampled” specimens
Initial NRM intensities in “first-sampled” specimens 
(labeled here as “GSDS1-xxcm-AF”) were mostly in the 
order of 0.01 A/m with a minor variation but three occa-
sional exceptions of larger than 0.1  A/m in specimens 
from 9, 21 and 39  cm depths from the top (Additional 
file 1: Table S2).

NRM-SAFD experiments revealed that remanent mag-
netization for each of most analyzed samples was iden-
tified by one or two directional components after soft 
demagnetizations up to 2–10  mT in peak AF which is 
probably associated with recently induced remanence 
during or after sampling (for example, 0–4  mT AFs for 
specimen GSDS1–27  cm-AF in Fig.  3; named here as 
LFC0). Then demagnetization patterns could be classi-
fied into six types as shown in Fig. 3. Type IA (Fig. 3a), 
which was found in 9 samples, could be characterized 
by a single magnetic component decaying toward the 
origin after removal of the soft remanence (LFC0). This 

http://wdc.kugi.kyoto-u.ac.jp/igrf/point/index-j.html
http://wdc.kugi.kyoto-u.ac.jp/igrf/point/index-j.html
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single component indicated a normal-polarity direction. 
One specimen, GSDS1–19 cm-AF (Fig. 3b), had a simi-
lar pattern as type IA but the defined single component 
did not seem to direct to the origin (type IB). Other 11 
samples had two directional components, of which the 
high-coercivity one could not be recognized unless AF 
demagnetization persists up to > 10–30  mT and had a 
normal-polarity direction. Note that in several specimens 

of this case the high-coercivity component had unstable 
in some degree and/or did not appear to direct to the 
origin. This kind of the patterns corresponded to type 
II (Fig.  3c). Both types IIIA (Fig.  3d) and IIIB (Fig.  3e) 
could be characterized by a high-coercivity component 
with reverse-polarity directions, separate from nor-
mal-magnetized overprint not to anti-parallel to each 
other, was visible or seemed to be. Two samples of type 

Fig. 3  Typical stepwise AF demagnetization results of NRMs for the first-sampled (GSDS1) specimens, individually displayed on the orthogonal 
vector diagram (Zijderveld 1967), illustrating the HFC (red bar) and LFC1 (blue bar) segments (see text for details), with the associated NRM intensity 
decay curve. A characteristic (HFC) direction determined by the PCA (Kirschvink 1980) without anchoring the origin is shown. On the Zijderveld 
diagram, open (closed) dots indicate the end-points of NRM vectors in the vertical (horizontal) plane at each AF level. For details of the respective 
types of the results, a to f, see text (“Paleomagnetic results” section)
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IIIA (29 and 65  cm depth) displayed apparently a sta-
ble high-coercivity component, whereas other two with 
type IIIB (7 and 17  cm depth) did indicate incomplete 
isolation of the reverse-polarity magnetization from the 
overprint. There were five results showing two different 
components, in which the high-coercivity one could be 
defined by AF demagnetizations above 25  mT at least 
and appeared to be intermediate-polarity magnetized 
(type IV; Fig. 3f ). Two remaining results (23 and 63) were 
unclassified because the demagnetization behavior above 
the 10–18 mT AF steps was chaotic.

For all analyzed samples, MDF values during the SAFD 
of NRM were in the limited range of 10–29 mT, but for 
29, 39 and 65  cm depth levels that have much higher 
MDFs.

Low-coercivity remanence component defined in AF 
steps between 2–10 and up to 35 mT (LFC1), where vis-
ible, had a direction being scattered around the GAD-
expected direction (D = 0°, I = 53°), as seen in Fig. 3c–f. 
On the other hand, high-coercivity remanence com-
ponent (HFC) was generally defined in AF intervals 
including peak fields above ~ 35  mT by applying the 
PCA without anchoring the origin, having a maximum 
angular deviation (MAD) value smaller than 15°, for 
27 out of 33 specimens analyzed. This non-anchoring-
determined HFC generally had no significant differ-
ence from the anchoring-derived direction at the same 
AF interval (hereafter called “DANG”) by less than 5°, 
except for 8 specimens (for example, DANG = 8.7° 
in Fig.  3d) (see also Additional file  1: Table S3). More 
importantly, there were unusual HFC directions (for the 
5,9, 29, 43 and 65  cm depth levels) apart largely from 
the GAD direction (in other words, low latitudes in cor-
responding VGP, more than ~ 45° away from the North 
Pole), besides normal-polarity HFC directions within 
the apparent secular variation range of the Brunhes 
Chron.

Results on “second‑sampled” specimens
Twenty-one pairs of adhering specimens for the 7.1-cm-
to-50-cm-depth “second-sampled” profile (labeled here 
as “GSDS2-xx.xcm-AF/TH”) yielded paired STHD and 
SAFD results of NRMs for the same depth levels. It is 
found that TH demagnetization behavior was more com-
plex, compared to AF one, in many of them. Figure  4 
shows three pairs of TH and AF results. These TH results 
recognized generally three but four, in maximum, differ-
ent directional components as follows:

(1)	 the lowest temperature component determined in 
the room temperature (20 °C)–120 °C range (LTC0),

(2)	 the low-temperature component determined in TH 
steps between 120 and 240–320 °C (LTC1),

(3)	 the high-temperature component determined in TH 
steps between 240–320 and 520–580 °C (HTC1), and

(4)	 the highest temperature component determined in 
TH steps between 520–580 and 620–660 °C (HTC2).

The LTC0, having dominantly a direction with D ~ 10°–
50° and I ~ 120°–170°, was considered as viscous rema-
nences induced during the sampling and/or the storage. 
This corresponded to the lowest component with AFs up 
to 4–8 mT (LFC0) in the AF result. The LTC1 directions 
all were around the GAD direction (apparently within 
the secular variation range of a stable normal-polarity 
period). This appeared to correspond to the low-coer-
civity component with the AF steps between 6–10 and 
30 mT or higher (LFC1). On the other hand, The HTC1 
direction had highly varied directions, in which some 
were reversed and intermediate-magnetized. This HTC1 
direction was not often apparent in the AF demagnetiza-
tion result, as shown in Fig. 4. The HTC2 component (for 
example, 7.1 cm in Fig. 4) was found only in some depth 
levels, of which seven could define the HTC2 which had 
directions with northerly declinations and shallow posi-
tive inclinations. Our demagnetization results indicate 
that AF demagnetizations often resulted in incomplete 
isolation of remanence components corresponding to the 
TH-derived high-temperature ones, such as HTC1 and 
HTC2, being screened by a large portion of the low-coer-
civity components (LTC0 and/or LTC1). These LTC1, 
HTC1 and HTC2 direction data are also listed in Addi-
tional file 1: Table S4.

Additionally, there were two particular specimens (13.7 
and 15.9  cm depth) where NRMs did not decay toward 
the origin during heating up to 520–560  °C and the 
NRMs above the 580  °C step were highly unstable, but 
their directions were apparently anti-parallel to the NRM 
directions for the 320–560 °C range (HTC1) (Fig. 5).

Rock magnetic analyses
Magnetic properties for k, ARM and IRM
Magnetic susceptibility (k), kARM, and SIRM are often 
used as a primary indicator of concentration of magnetic 
minerals. kLF and kARM showed a similar variation char-
acterized by relatively large amplitudes in fluctuation and 
slightly high mean values above 30  cm depth, whereas 
the lower 40  cm interval represented low values than 
their averages with a suppressed fluctuation but a slight 
increasing trend with increasing depth (Fig. 6a, b). SIRM 
variation broadly resembled those of kLF and kARM, but it 
had impressively high peaks in the value at 7–9, 17, 29, 
39, and 65 cm depth levels (Fig. 6c). Of these, the 39 and 
65 cm peaks did have common kLF and kARM variations, 
suggesting that these peaks might have been affected 
dominantly by an additional magnetic mineral rather 
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Fig. 4  Zijderveld diagrams and intensity decay curves of stepwise TH demagnetization results for three horizons (7.1, 27.5 and 44.0 cm depth levels; 
8.2, 29.0 and 49.0 cmcd, respectively. See text for the definition of cmcd) sampled during the second sampling (GSDS2), compared to those of 
stepwise AF demagnetization result for adjacent specimens from the same depth level. On the Zijderveld diagrams, the LTC0, LTC1, HTC1 and HTC2 
segments for TH-treated results are illustrated with gray, blue, red, yellow bars, respectively, and LFC0 and LFC1 segments for AF-treated results are 
illustrated with gray and blue, respectively. Other symbols on the Zijderveld diagram are same as in Fig. 3

than the concentration. Variations in kARM/kLF, kARM/
SIRM, and SIRM/kLF did not appear to show a similarity 
between them (Fig. 6d–f), in accordance with the possi-
ble effect of an additional magnetic mineral. Rather, the 
SIRM/kLF variation was analogous to the MDF of ARM 
during AF demagnetization (MDFARM), showing remark-
ably high peaks in their values at 39 and 65  cm depth, 
and apparently 7  cm depth (Fig.  6f–g). While most of 
the SIRM/kLF values were between 9 and 13  kA/m, for 
the peak intervals the values were indicated by up to 
35  kA/m. Such high peaks in SIRM/kLF (and MDFARM) 
may indicate relative abundance of, for example, greigite 
or other kind of minerals with slightly higher coercivities. 
The S−0.3T values were as high as 0.98 and most of the 
S−0.1T values are around 0.90, showing the dominance of 
low-coercivity minerals throughout the samples (Fig. 6h). 
However, at 7, 17, 23, 39–41, and 65  cm depth levels, 
there were relatively low S−0.1T values varying between 
0.71 and 0.85, inferring relative abundance of higher 
coercivity magnetic particles.

Magnetic mineralogy
Figure 7 shows the results of k–T curve, Ms–T curve, and 
Lowrie experiment for four samples at different depth 
levels (7, 29, 33, 39  cm) in the “first-sampled” (GSDS1) 
profile. In all k–t heating curves (Fig. 7a) k increases up 
to about 300 °C and subsequent decrease was visible and 
followed by a significant drop at temperatures between 
500–570 and 590 °C. The decrease at above ~ 300 °C was 
occasionally followed by the abrupt increasing between 
470 and 550  °C (hump-forming) that were seen for the 
33 and 39  cm depth levels. During cooling, there was 
strong enhancement in k for all cases. Ms–T curves 
(Fig. 7b) during heating displayed, in addition to a minor 
inflection at ~ 100  °C, a gradual decrease below ~ 400  °C 
and subsequent hump-forming approximately between 
400 and 500  °C, with a final inflection temperature 
of ~ 550  °C. The cooling curves did not appear strong 
enhancement in Ms. In the k and Ms heating curves, 
the drop approximately between 300 and 400 °C and the 
hump-like form seen in some samples can infer either 
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exsolution of titanomagnetite to magnetite and ilmenite 
(e.g. Özdemir 1987), or inversion of (titano)maghemite 
to magnetite (e.g. Özdemir 1987), or inversion of (ferri-
magnetic) iron sulfides to magnetite (e.g. Roberts et  al. 
2011). The difference between the k–T and Ms–T cool-
ing curves might be associated with the degree of the 
initial oxidation of samples and/or laboratory conditions 
during heating, which may cause the inversion partly to 
hematite upon heating of the Ms–T analysis leading to 
no remarkable increase during cooling. Lowrie experi-
ments (Fig. 7c) gave us more direct and evident informa-
tion regarding the remanence carrier. In general, for all 
analyzed samples IRMs were dominated by low-coerciv-
ity (magnetically soft; 0–0.1 T) contribution and they did 
not have Tubs above 600 °C for all spectra of the coercivi-
ties (0–1.2 T). For the 7 and 39 cm samples, more or less 
medium (0.1–0.4  T) and hard (0.4–1.2  T) components 
were visible. Both the soft and medium components 
represented two tubs of 300 and 580  °C, respectively, 
indicating the co-existence of another “low-to-middle 

coercivities” magnetic phase with Tub of 300  °C with 
magnetite (the Curie temperature, Tc ~ 580  °C) as the 
remanence carrier. The demagnetization behavior of the 
small hard (0.4–1.2 T) component differed from sample 
to sample: The 7  cm sample had two Tubs of 300 and 
580 °C, and only 580 °C for the 29 cm, only 300 °C for the 
39 cm, and none for the 33 cm depth level. The presence 
of the hard Tub ~ 300 °C magnetic phase (7, 39 cm depth) 
appeared to be correlated to the S−0.1T lows (Fig. 6h).

In addition, Fig.  8 shows two biplots of SIRM/kLF 
versus ARMdem40mT/ARM, and IRM-0.1T/SIRM versus 
ARMdem40mT/ARM, as introduced by Peters and Thomp-
son (1998), which allowed us to discriminate ferrimag-
netic iron oxides from ferrimagnetic iron sulfides among 
“low-coercivity” magnetic minerals. These indicate no 
presence of greigite and pyrrhotite. Also, no presence 
of greigite could be supported by the following data: 
(1) extremely low values (nearly zero or 0.06 at most) in 
gyroremanent magnetization (GRM) index (GI), which 
is a measure to quantify the potential GRM effect by 

Fig. 5  Zijderveld diagrams (left), equal-area projections (middle), and intensity decay curves (right) of TH demagnetization results of NRMs for two 
specimens (13.7 and 15.9 cm depth of the GSDS2 profile; 14.8 and 17.0 cmcd, respectively (see text for the cmcd definition)) showing apparently 
anti-parallel directions between remanences before and above ~ 520–560 °C (see text for details)
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greigite and is calculated as the ratio of the difference 
between the intensity value at the highest demagneti-
zation level (80  mT hereto, J80  mT) and the minimum 
intensity reached during demagnetization (Jmin) and 
the difference between the initial value (J0) and the same 
minimum in intensity, GI = [J80  mT − Jmin]/[J0 − Jmin] 
(Fu et  al. 2008), with respect to the NRMs, and (2) 
absence of FORC maxima above about 40 mT in Bc with 
considerable magnetostatic interaction (e.g. Roberts et al. 
2000; Rowan and Roberts 2006; see Fig.  10b), and by 
much lower than about 40 mT in Bcr (Roberts et al. 2011 
and references cited therein; see Fig.  9). Furthermore, 
there were some cases for the TH demagnetization where 
NRM intensity persisted by larger than 10% of the total 
even after demagnetization at 580  °C and the remain-
ing NRM appeared to be fully demagnetized by heating 
to ~ 620 °C or higher (7.1, 20.3, 23.1, 25.3, 29.7, 34.1, and 

36.3 cm depth in the GSDS2 profile). Given the observa-
tion of the S−0.3T ratios near saturation (Fig. 6h), this may 
imply a possibility of some presence of maghemite with 
thermal stability, apparently consistent with the previ-
ous studies showing the possible high-temperature Curie 
temperature and its stability by up to approximately 
645  °C of maghemite (e.g. Özdemir and Banerjee 1984; 
Gehring et al. 2009).

Therefore, it is possible to interpret that in the entire 
sediment, besides magnetite (or Ti-poor titanomagnet-
ite), a magnetic phase of ~ 300  °C in Tc with a different 
range of coercivities, possibly suggestive of (titano)magh-
emite or relatively Ti–rich titanomagnetite or both (i.e. 
partially maghemitized titanomagnetite), is pervasive as 
the remanence carrier and that occasionally maghemite 
with high-temperature stability also would be present. 
Also, it is obvious that these two Tcs (or tubs) identified 
above are in excellent agreement with the lowest and/
or the highest temperatures that discriminate the par-
tial remanence components in the TH demagnetization 
results for all analyzed specimens.

Magnetic granulometry
Magnetic hysteresis loop and stepwise DC back-field 
demagnetization of IRM and FORCs were obtained on 
each of subsamples from selected 8 depth levels (7, 17, 
29, 33, 39, 57, 65, and 67 cm depths in the GSDS1 profile). 
The hysteresis loops after correcting for the paramag-
netic contribution using a high-field slope are shown in 
Fig. 9, and Day plot of the hysteresis parameters is illus-
trated in Fig.  10a. FORC diagrams for the 7 and 65  cm 
depth are presented in Fig. 10b.

Analyzed samples all displayed consistently an identi-
cal hysteresis loop in the shape which was thinly opened 
but not “wasp-waisted”, characterized as a pseudo-single-
domain (PSD) loop (Tauxe 2010), with narrow ranges 
of 10–12 mT in Bc and 25–28 mT in Bcr (Fig. 9). This is 
in agreement with the result on the Day plot (Fig.  10a) 
that define cluster of data points of limited Mrs/Ms 
(0.21–0.25) and Bcr/Bc (2.3–2.6), falling in the medial 
leftward side of the PSD region, and close to the theo-
retical curve 3 for a mixture of single-domain (SD) and 
multi-domain (MD) particles derived by Dunlop (2002a, 
b). As shown in Fig. 10b, the FORC diagrams have very 
similar characteristics that were expressed by remarkable 
spreading of closed contours along the Bc axis, centered 
at 10–12 and < 5 mT (SD contributions), and modest-to-
little degrees of divergent contours toward the Bu axis 
(MD contribution) and restricted vertical dispersion 
(supressed magnetostatic interaction), but no vertical 
spreading of the contours at Bc = 0 mT along the Bu axis 
(contribution of SP particles). From these results, granu-
lometry of the magnetic particles could be interpreted as 

Fig. 6  Variations, as a function of depth, in some bulk rock mag‑
netic parameters from the GSDS1 profile, a kLF, b kARM, c SIRM, d 
kARM/kLF ratio, e kARM/SIRM ratio, f SIRM/kLF ratio, g MDFARM, and h S 
ratios (S−0.1T and S−0.3T). Green bar for each of Fig. 5a–g denotes the 
individual average values. Values of these parameters are also listed in 
Additional file 1: Table S3
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a mixture of SD particles with two slightly different mean 
coercivities and coarser (PSD to possibly less MD) parti-
cles, with supressed magnetostatic interaction.

Combining paleomagnetic data
Prior to discussing the origin of unusual NRM directions, 
it was necessary to check the stratigraphic relationship of 
two paleomagnetic data sets from between the GSDS1 
and the GSDS2 profiles in the GSDS site through com-
parison between their rock magnetic properties. First, 
we found that variation pattern in ratio of NRM intensity 
after TH demagnetization at 580 °C to initial NRM inten-
sity (NRM580°C/NRM20°C) of the GSDS2 profile closely 

mimic the S−0.1T variation pattern of the GSDS1 profile. 
This similarity might be explained by the degree of con-
tribution of possible maghemite with the high-tempera-
ture stability and relatively high coercivity of remanence. 
Note that in the GSDS2 profile IRMs were not measured 
because of the inapplicable shapes and sizes of the speci-
mens to the related instruments. Second, we found a 
close similarity in variation of between ratios of MDFNRM 
to MDFARM (MDFNRM/MDFARM) from the two profiles. 
This can support within-site consistency in AF spectra of 
the acquired NRMs between the same depth levels. Fig-
ure 11 shows a possible stratigraphic correlation between 
the two profiles, which is made by matching major peak 

Fig. 7  Results of a high-temperature weak-field thermomagnetic (k–T) curve, b high-temperature strong-field thermomagnetic (Ms–T) curve, and c 
STHD of 3-axis IRMs with different coercivities (Lowrie 1990), from selected horizons (7, 29, 33 and 39 cm depth of the GSDS1 profile)
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values both in between the S−0.1T ratio and the NRM580°C/
NRM20°C ratio, and between the two MDFNRM/MDFARM 
ratios, with variations of both NRM0mT/ARM0mT and 
NRM40mT/ARM40mT ratios at depth (possible proxies of 
paleointensity variation) as auxiliary data. This depth 
correlation makes downward shifts by 1.1–5.0 cm for the 
GSDS2 depth profile, confirming no significant difference 
in the upper and middle parts between the two profiles 
but more or less difference between the lower parts prob-
ably arisen from the sampling in the field. A line of esti-
mated corrected depth (cmcd) data of the GSDS2 profile 
for the GSDS1 depth profile are given in Additional file 1: 
Table S4.

Figure  12 shows AF-derived NRM declinations and 
inclinations of the GSDS1 profile, and TH-derived NRM 
declinations and inclinations of the GSDS2 profile on 
the cmcd scale. In the figure, AF-derived LFC1 and HFC 
directions in the GSDS1 profile are illustrated as blue 
and red stars, respectively, and TH-derived LTC1, HTC1 
and HTC2 directions in the GSDS2 profile are displayed 
as blue, red and yellow diamonds, respectively. Accord-
ingly, note that the 8.2-to-55-cmcd (equivalent to the 
depth scale of the GSDS1 profile) interval has paleomag-
netic data derived both from AF and TH demagnetiza-
tion techniques. However, a first-order character is that 
there does not appear to be a similar pattern of variation 
between the high-demagnetization-level AF-derived 
(HFC) and TH-derived (HTC1 and, if present, HTC2) 
directions. For the 15-cmcd level (see Fig. 12), the HFC 
direction is identical to the LTC1 one, thus suggest-
ing failure of the isolation of a higher-level remanence 

component in AF demagnetization. For the 55-cmcd 
level the LFC1 or HFC direction is analogous to that of 
the vector sum of the LTC1 and HTC1, indicating strong 
overlapping AF spectra of two possibly existing rema-
nence components. Hence, we believe that some dis-
crepancies of the high-level demagnetization-derived 
directions at the same levels are likely due to the incom-
plete separation of remanences by AF demagnetization 
resulting from the two remanence carriers (different Tc 
phases) with little difference in coercivity spectra, rather 
than suspicion of less within-site consistency of the 
directions.

The unusual NRM directions: rock magnetic anomalies or 
geomagnetic excursional behavior?
As described above, unusual NRM directions are seen in 
the high-demagnetization-level components (i.e. HTC1s 
or HFCs). We believe that the unusual directions were 
not influenced by the NRM of the underlying plateau-
forming basalts (Kwanghaeak Basalts). Unfortunately, 
there is no NRM data of the nearby basalts so far, but the 
low-latitude plateau-forming basalts (which also belong 
to the Kwanghaeak Basalts) exposed along a southeast 
coast of Jeju Island, ~ 16  km away from the GSDS site, 
are broadly of normal polarity with D = ~ 330°–355° and 
I = ~ 50°–60° in the direction of characteristic remanence 
(ChRM) (Ahn, unpublished data). So, a key question is 
which one is the primary remanence (i.e. the geomag-
netic field during or just after deposition) between LTC1 
and HTC1.

Fig. 8  a Biplot of SIRM/kLF ratio versus ARMdem40mT/ARM ratio, and b biplot of IRM-0.1T/SIRM ratio versus ARMdem40mT/ARM ratio, which are suggested 
by Peters and Thompson (1998) to discriminate “low-coercivity” magnetic minerals from each other, on the GSDS1 subsamples. Individual polygonal 
boxes denote the domains for identification of corresponding minerals from Peters and Thompson (1998)
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One could say that the LTC1 directions carried by pos-
sibly (occasionally maghemitized) Ti–rich titanomagnet-
ite with Tc ~ 300 °C are primary. If so, the LTC1s should 
be DRMs. Also, even if partially low-temperature oxida-
tion (maghemitization) of the detrital titanomagnetite 
grains occurs, the timing of the oxidation should be just 
after deposition, in which CRM can partially contribute 
to the NRM acquisition but its direction has to have little 
difference from the original DRM one. In this case, the 
magnetite (or Ti-poor titanomagnetite) grains must be 
chemical origin after deposition, because if the magnet-
ite (or Ti-poor titanomagnetite) grains were also detrital 

in the origin, the HTC1 carried by the magnetite (or Ti-
poor titanomagnetite) would have a similar direction as 
the LTC1 one.

Tarduno et  al. (1996, 1998) suggested that, in pelagic 
sediments, chemical remanences carried by bacterial 
magnetite that is produced between the Mn- and Fe-
redox boundaries can be acquired significantly after 
deposition with non-steady-state conditions. The CRM 
acquisition by bacterial magnetite could be a reason why 
the HTC1 directions are variable highly. However, there 
is no rock magnetic signature indicating the presence of 
bacterial magnetite [for example, dominance of SD mag-
netite expressed as e.g. kARM/SIRM > ~ 1 × 10−3 m/A and 
kARM/kLF > ~ 10 and a sharp central ridge in the FORC 
diagram (e.g. Liu et al. 2015)].

Another possibility is that the HTC1 directions, carried 
possibly by magnetite (or Ti-poor titanomagnetite), are 
primary. If so, the HTC1s should be the original DRMs. 
Then the LTC1s should be post-depositional CRMs after 

Fig. 9  a Magnetic hysteresis loops after correcting for the paramag‑
netic contribution at randomly selected different horizons (from 7 
to 67 cm depth) of the GSDS1 profile, and b their integrated plots 
showing little or no differences between the loops

Fig. 10  a Day plot (Day et al. 1977) of hysteresis parameters on 
selected subsamples at different horizons (from 7 to 67 cm depth of 
the GSDS1 profile). Solid lines with dots denote theoretical curves 
1–3 for mixtures of SD and MD grains, and dashed lines with dots 
indicate theoretical curves for mixtures of SD and SP (10 nm in size) 
grains (Dunlop 2002a, b). b Typical FORC diagrams for 7 and 65 cm 
subsamples
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Fig. 11  A possible correlation of stratigraphic levels between GSDS1 and GSDS2 profiles, using rock magnetic parameters such as S−0.1T ratio, 
NRM580°C/NRM20°C ratio, and MDFNRM/MDFARM ratio, with the variations of NRM0mT/ARM0mT and NRM40mT/ARM40mT ratios (possible RPI proxies). 
Upward-pointing arrows in the MDFNRM/MDFARM—depth graph denotes “higher than the value of the data point”. This correlation enables the 
raw depth of the GSDS2 profile to convert into the GSDS1 depth scale (cmcd), with downward shifts by 1.1 cm for the 7.1–20.3 cm raw depth, by 
(0.9 + 0.3*x) cm (x, distance between the raw depth and 23.1 cm) for the 23.1–36.3 cm raw depth, and by 5.0 cm for the 38.0–50.0 cm raw depth. 
See text for details
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deposition, compatible with the observation that the 
highest TH step that define the LTC1s is associated with 
the Tub (Tc) of the low-temperature mineral phase. This 
scenario is possible when the low-temperature oxidation 
of the original detrital (titano)magnetite to (titano)magh-
emite occurs (e.g. Bina and Prévot 1989; Zhou et al. 2001; 
Fischer et al. 2008; Channell and Xuan 2009) in oxidizing 
condition. It is also consistent with the LTC1 directions 
that are apparently within the secular variation range 
of the normal-polarity Brunhes Chron. Furthermore, 
this possibility may explain the occasional presence of 
the HTC2 having Tubs above 580  °C: some maghemite 
with high-temperature stability formed during the low-
temperature oxidation might also acquire post-depo-
sitional CRM with Tubs with above 580  °C, having a 
normal-polarity direction, but this acquisition might not 

significantly affect the temperature spectra below 580 °C 
of its NRM previously carried by the detrital magnet-
ite (or Ti-poor titanomagnetite), presumably because of 
a relatively little amount compared to the pre-existing 
magnetite (or Ti-poor titanomagnetite). This possible 
scenario may also explain the HTC1 decaying not toward 
the origin during TH demagnetization, for example, as 
shown in the case of specimen GSDS2–7.1  cm-TH of 
Fig. 4. On the other hand, some studies (e.g. Channell and 
Xuan 2009; Xuan and Channell 2010; Xuan et  al. 2012) 
reported apparently negative inclinations unblocked 
below ~ 300–350 °C in late Brunhes-aged Arctic deep-sea 
sediments, which were often anti-parallel in direction to 
the remanence with higher Tubs. The low-temperature 
negative inclinations were interpreted by the authors 
as partially self-reversed CRMs carried by titanomagh-
emite. Even considering this, the current possibility that 
the HTC1 s were originated from the geomagnetic field 
during or just after deposition is still valid.

It would be also noted that in five depth levels (14.8, 
21.4, 26.5, 31.5, 43.0  cmcd; 13.7, 20.3, 25.3, 29.7, 38.0 
cm in the raw depth scale of the GSDS2 profile) the TH 
demagnetizations could isolate two different directions 
in the 280–580 °C range (Fig. 5; Fig. 12; Additional file 1: 
Table S4). It is difficult to find an exact explanation of 
the mechanism of these two remanence directions, but 
it is worth noting that at least for these distinct intervals 
there are some directional similarities to artifacts created 
by rock magnetic complexity discussed earlier. For solv-
ing this issue, more detailed identification of magnetic 
grains, for example, electron microscopy and X-ray anal-
yses of magnetic separates may be helpful.

Figure 13a illustrates directional change of the HTC1s 
with time as the reversal angle (Valet et al. 2012) which 
denotes the angle between the local magnetic vector and 
the GAD-expected direction at the GSDS site (D = 0°, 
I = 53°). An estimated age-depth model based on linear 
interpolations between the AMS 14C dates could assign a 
sequence of our paleomagnetic data to be in the age range 
from 21.3 to 17.1 cal. kyr BP (see also Additional file 1: 
Table S5), which is generally thought to be within the 
time of a stable normal magnetic field polarity (i.e. within 
the Brunhes Chron). The TH-derived paleomagnetic 
data possibly indicate variation of the geomagnetic field 
spanning approximately from 20.5 to 17.4 cal. kyr BP (or 
ka). This directional variation is characterized by several 
directional swings, where some reaches nearly the oppo-
site polarity (~ 17.8 and ~ 18.6  ka), concentrated in the 
interval spanning approximately from 18.8 to 17.4 ka and 
by a possible high-amplitude departure at before ~ 20 ka. 
Figure 13b shows time-dependent variation in NRM40mT/
ARM40mT ratio as a possible proxy of relative paleoin-
tensity (RPI) variation. This RPI proxy variation shows 

Fig. 12  AF-derived declinations and inclinations of the PCA-deter‑
mined remanence components in the GSDS1 profile and TH-derived 
declinations and inclinations of the determined components in the 
GSDS2 profile, as a function of the corrected depth (cmcd, equivalent 
to the depth of the GSDS1 profile; see also Additional file 1: Table S3) 
by the rock magnetic GSDS1-GSDS2 correlation as in Fig. 11. Blue, red 
and yellow symbols denote the direction data of the components, 
LFC1 or LTC1, HFC or HTC1, and HTC2, respectively (see text for 
details). Error bar for the individual data points indicates the calcu‑
lated MAD when applying the PCA. Note that direction data with 
MAD higher than 15° were not shown
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that there is extremely high at ~ 19.2  ka and relatively 
low values appear to persist over the periods before and 
after ~ 19.2 ka. A number of steady paleomagnetic stud-
ies with high-resolution and quasi-continuous deep-sea 

sediments have revealed that most excursions are asso-
ciated with field intensity minima (e.g. Guyodo and 
Valet 1999; Stoner et  al. 2002; Stott et  al. 2002; Valet 
et  al. 2005; Yamazaki and Oda 2005; Laj and Channell 

Fig. 13  Comparison of paleomagnetic data with anomalous directional features during 15–25 ka between the GSDS site (this study) and other dif‑
ferent sites. a The GSDS1-AF-derived HFC and the GSDS2-TH-derived HTC1 directional changes, expressed as the reversal angle (the angle between 
the paleomagnetic direction and the direction of today’s axial dipole field at the GSDS site) through time with our inferred age-depth model. Yellow 
reversed triangles indicate AMS 14C dates directly determined by Lim et al. (2015). b NRM40mT/ARM40mT ratio (possible RPI proxy) variations through 
time with our inferred age-depth model in the GSDS site. c 40Ar/39Ar chronologies with the weighted mean of 17.1 ± 0.9 (2σ) ka (a red line and 
box) by Singer et al. (2014b) from the Tianchi comenditic lava sequence where both excursional directions and low absolute paleointensities were 
reported by Zhu et al. (2000). The individual age data, with 2σ uncertainties (error bars), are shown as open, half-filled, and filled diamond sym‑
bols indicating reversed, transitional, and normal polarities, respectively. d, e Temporal variations of paleomagnetic inclination and paleointensity 
retrieved from SOH-1 (brown lines; Teanby et al. 2002) and SOH-4 cores (blue lines; Laj et al. 2002b) in Hawaii, with their proposed 40Ar/39Ar and K–Ar 
chronologies-based age models. f Available time-dependent RPI records, with a δ18O correlation-based age model, from ODP site 983 (Gardar Drift, 
North Atlantic) (Channell et al. 1997) and the PISO-1500 global RPI stack (Channell et al. 2009), as reference RPI curves
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2007; Channell et al. 2009; Roberts et al. 2013). However, 
we should note that in the studied sediment such RPI 
proxies based on AF-derived properties do not seem to 
ensure their validity probably because NRMs in the stud-
ied sediment are considered to be influenced entirely by 
the post-depositional CRMs having strongly overlapping 
AF spectra with those of the possible original DRMs, as 
discussed above.

In Table  1, previous paleomagnetic records of anom-
alous features during the 15–30  ka period are sum-
marized. None of our unusual directional features, 
according to the estimated age model, could be corre-
lated with the Rockall excursion (~ 26 ka; Channell et al. 
2016). In the ~ 17–22  ka period that our paleomagnetic 
record covers, there are some documents reporting 
excursional features from different sites on the globe. 
Singer et  al. (2014b) presented new 40Ar/39Ar dates of 
17.1 ± 0.9 (2σ uncertainty; Fig.  13c) ka from comen-
ditic lavas atop Tianchi Volcano in NE China, in which 
Zhu et al. (2000) reported excursional directions (corre-
sponding to the intermediate-to-southerly VGP latitudes, 
labeled as “lava 3”and “lava 4” in Fig.  13c) and paleoin-
tensity lows, then they called it “Tianchi excursion”. The 
authors suggested that the ~ 17  ka Tianchi excursion 
could be correlative with the Hilina Pali excursion that 
was first documented in Hawaii by Coe et al. (1978) and 
later confirmed by Laj et  al. (2002b) and Teanby et  al. 
(2002) (see also Fig. 13d, e), and even with some excur-
sional records approximately between 17 and 20 ka from 
other sites (e.g. Peck et  al. 1996; Nowaczyk and Knies 
2000; Nowaczyk et  al. 2003; Turrin et  al. 2013). How-
ever, because of uncertainties on their chronologies the 
correlation still remains uncertain, as also pointed out 
in Singer et al. (2014b). On the other hand, it should be 
noted that in deep-sea sediment cores in eastern Arctic 
Ocean an apparent excursional feature (negative/shal-
low NRM inclinations) across the ~ 17–22 ka period was 
also observed (e.g. Nowaczyk and Knies 2000; Nowaczyk 
et al. 2003; Channell and Xuan 2009; Xuan and Channell 
2010; Xuan et al. 2012), but some studies suggest that the 
Arctic excursional features are rock magnetic artifacts 
(e.g. Channell and Xuan 2009; Xuan and Channell 2010; 
Xuan et  al. 2012). Moreover, in the given time interval, 
no excursional paleomagnetic directions but apparently 
high-amplitude secular variations in the direction were 
found in sedimentary cores from e.g. Laguna Potrok Aike 
maar lake in southern Argentina (Lisé-Pronovost et  al. 
2013) and western North Atlantic Ocean (Figures S1 to 
S3 in Lund et al. 2017).

To summarize, our recording of the unusual direc-
tions in the ~ 17–19 ka period may be correlative with the 
Tianchi excursion or elsewhere and, in conjunction with 
the possible large directional departure before ~ 20  ka, 

our paleomagnetic data may infer a possibility of more 
complex picture of the ~ 17–22 ka geomagnetic field than 
expected.

On the other hand, it is also fact that the previous 
quasi-continuous paleomagnetic records from lake or 
marine sediments in Northeast China (e.g. Frank 2007) 
and Japan (e.g. Yamazaki et  al. 2003; Hayashida et  al. 
2007) did not preserve any excursional features (Addi-
tional file  1: Figure S1) despite relatively high sediment 
rates (~ 15  cm/kyr in Yamazaki et  al. 2003; ~ 27  cm/kyr 
in Frank 2007; ~ 35  cm/kyr in Hayashida et  al. 2007). 
However, the Tianchi lava sequence, although it is near 
Erlongwan maar lake, recorded the ~ 17  ka excursion 
(Singer et al. 2014b). One might say that the GSDS excur-
sional features may be potentially correlated with any of 
inclination lows in the previous East Asia records (see 
Additional file 1: Figure S1), given that post-depositional 
remanence lock-in can smoothen geomagnetic signals 
with durations on time scales of hundreds of years (e.g. 
Channell and Guyodo 2004; Roberts and Winklhofer 
2004).

Finally, we would like to emphasize the unusual direc-
tions we have observed need further investigation to con-
fidently determine whether they record true geomagnetic 
instability or rock magnetic recording complexity.

Conclusion
Paleomagnetic and rock magnetic investigations were 
performed on a 64-cm-thick section of nonmarine 
unconsolidated muddy sediment (Gosan Formation) in 
Jeju Island, Korea, having an age interval of deposition 
between ~ 22 and ~ 17  ka. Interestingly, unusual NRM 
directions were found at several depths by stepwise AF 
demagnetizations, manifested by significantly large 
departures from the direction of today’s axial dipole field. 
On the other hand, stepwise TH demagnetizations show 
more complex behavior resulting in the identification 
of multiple directional components, where two distinct 
components with TH steps between 120 and 240–320 °C 
(LTC1), and between 240–320 and 520–580  °C (HTC1), 
respectively, are predominant in all specimens ana-
lyzed. The low-temperature components (LTC1  s) gen-
erally indicate normal-polarity directions presumably 
within the secular variation range in the normal Brun-
hes Chron, whereas the high-temperature components 
(HTC1 s) often have unusual directions including nega-
tive inclinations and reversed directions, particularly in 
the ~ 13–34 cmcd (~ 17.6–18.8  ka in inferred age) and 
possibly below ~ 53  cmcd (before ~ 20.2  ka). A com-
prehensive interpretation from various rock magnetic 
analyses infers the co-existence of low-coercivity mag-
netic minerals having ~ 300 and ~ 580  °C Tcs, suggestive 
of (titano)maghemite and/or Ti–rich titanomagnetite 
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(not ferrimagnetic iron sulfides) and magnetite (or Ti-
poor titanomagnetite). Some differences in directional 
behavior between AF and TH demagnetizations could be 
interpreted to result from incomplete separation, by the 
AF demagnetization, of the two remanence components 
with strongly overlapping AF spectra each other. Hence, 
it is possible that the low-temperature components may 
be associated with CRMs carried by (titano)maghemite 
probably formed by post-depositional low-temperature 
oxidation, and the high-temperature components might 
be primary geomagnetic records that survived from 
the post-depositional chemical influence. This there-
fore raises a possibility of geomagnetic instability within 
the ~ 17–22  ka period, manifested by multiple excur-
sional swings, part of which might be associated with the 
Tianchi/Hilina Pali excursion. We note, however, that our 
interpretation of the excursional features is tentative and 
needs further works including electron microscopy and 
X-ray analyses of magnetic separates, and more thorough 
within-site consistency and between-site consistency 
checks for these excursional features to be considered 
true records of the geodynamo.
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