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Paleointensity determination of Late Cretaceous basalts in northwest South
Korea: implications for low and stable paleofield strength
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To clarify geomagnetic field behavior in the Late Cretaceous, paleointensity and rock-magnetic studies were
carried out on basalts with K-Ar ages of 78.6 ± 2.5 and 73.1 ± 1.6 Ma in northwest South Korea. A total of 314
samples (262 from six lava flows and 52 from massive basalts) were subjected to Thellier-type IZZI paleointensity
experiments. Through the application of seven paleointensity selection criteria that mainly verify the thermal
alteration of magnetic minerals and the stability of remanence direction, fifteen paleointensity data were obtained
from five of the lava flows. Based on rock-magnetic experiments and microscopic observations, it is revealed that
the measured paleointensity is carried by single-domain (titano)magnetite. The site-mean paleointensities ranged
13.1–21.3 μT, which corresponds to a virtual axial dipole moment of 2.3–3.8 × 1022 Am2. The combination
of this result with selected data from the IAGA paleointensity database establishes the existence of different
dipole moments according to rock type. In particular, the geomagnetic field strength recorded in Late Cretaceous
crystalline volcanic rock was relatively low and stable, with a mean dipole moment of 4.0 ± 1.9 × 1022 Am2

regardless of geomagnetic field reversals.
Key words: Basalts, IZZI protocol, Korea, Late Cretaceous, paleointensity.

1. Introduction
The Earth’s magnetic field is generated by electrical cur-

rents flowing in the liquid outer core and is sustained perma-
nently by a self-exciting geodynamo (e.g., Glatzmaier et al.,
1999). The stability of the field is known to be controlled
by the thermal structure in the core-mantle boundary, based
on the analysis of the statistical properties of marine mag-
netic anomaly time scales (McFadden and Merrill, 1984)
and a numerical simulation of the geodynamo (Olson et al.,
2010). McFadden and Merrill (1984) proposed that long pe-
riods of geomagnetic polarity without any reversals are re-
lated to vigorous thermal activity at the base of the mantle.
In contrast, Olson et al. (2010) suggested that periods of fre-
quent change in geomagnetic polarity may be linked to heat
flow increase at the core-mantle boundary. Thus, informa-
tion about the variation in the strength of the Earth’s mag-
netic field over geologic time periods can provide valuable
insights into the evolution of Earth as a planet. In the last
few decades, numerous studies have tried to collect more
detailed information on the variation in paleofield intensi-
ties. Paleointensity data, however, are still insufficient in
terms of temporal and spatial resolution to be reliable (see
the IAGA absolute paleointensity [PINT] database; Biggin
et al., 2010) because of the scarceness of suitable materials
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and magnetomineralogical alterations during experiments.
One of the most dramatic changes in the geomagnetic

field since the Mesozoic occurred in the Late Cretaceous.
After a long period of normal geomagnetic polarity (the
Cretaceous Normal Superchron, CNS, ∼38 Myr), the re-
versal rate of the geomagnetic field began to increase from
zero to 1.08 reversals per million years until ∼60 Ma (Mc-
Fadden and Merrill, 1997). The directional records of the
geomagnetic field are well documented for that time, but
the characteristics of paleointensity are not as well known,
even though the paleointensity during the Late Cretaceous
plays an important role in understanding the Earth’s evo-
lution in relation to geomagnetic field reversal and heat
flow across the core-mantle boundary. It is notable that
the PINT database (Biggin et al., 2010) presents only four
paleointensity studies (Juárez et al., 1998; Smirnov and
Tarduno, 2003; Tauxe, 2006; Shcherbakova et al., 2007)
satisfying modern standards (i.e., the use of the double-
heating method with alteration checks) within the time in-
terval 83–72 Ma. Of these, three studies used submarine
basaltic glass (SBG) as an experimental material: Juárez
et al. (1998) reported a high dipole moment of 9.0 ± 0.7
× 1022 Am2 at ∼72 Ma; Tauxe (2006) suggested 11.3 ±
0.7 × 1022 Am2 at ∼72 Ma and 6.8 ± 5.1 × 1022 Am2 at
∼77.6 Ma; and Smirnov and Tarduno (2003) documented a
low dipole moment of 2.1 ± 0.7 × 1022 Am2 at ∼76 Ma.
The only study to have obtained paleointensity data from
basalts (Shcherbakova et al., 2007) showed a low dipole
moment of 3.3 ± 0.1 × 1022 Am2 at ∼77.6 Ma. Given
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Fig. 1. (a) Map of the Korean Peninsula showing the location of the study area. (b) Geologic map of the study area (modified from Kee et al., 2008).
Solid circles represent the locations of sampling sites. Sites 1–4 and 11 are massive basalts and sites 5–10 are lava flows.

that the time interval of 83–72 Ma has been suggested to
correspond with a stationary regime for the geodynamo and
a low geomagnetic reversal rate (Gallet and Hulot, 1997),
high dipole moments are plausible, as suggested by numer-
ical simulation (e.g., Olson and Hagee, 1990). However,
such a discrepancy between the dipole moments of vari-
ous studies could be explained by the materials used for the
experiments, given that the magnetic minerals in SBG are
sometimes chemically altered during paleointensity exper-
iments (Heller et al., 2002; Smirnov and Tarduno, 2003).
Hence, paleointensity data obtained from magnetically sta-
ble volcanic rocks are needed to clarify geomagnetic field
behavior in the Late Cretaceous.

In this study, paleointensity and rock-magnetic analyses
were performed on Late Cretaceous basalts in northwest
South Korea to provide more detail on paleointensity during
the Late Cretaceous. In addition, paleointensity variation
between different rock types is discussed using data from
the PINT database.

2. Samples
Volcanic activity during the Cretaceous–Paleogene pe-

riod was prevalent on the Korean Peninsula, leaving behind
abundant outcrops of volcanic rocks. Of these, we focused
on basalts in the Yeoncheon area of South Korea (Fig. 1),
which formed during the Late Cretaceous after the CNS.
These basalts have several advantages in determining pale-
ointensity. First of all, the recorded remanence is thought to
preserve the primary geomagnetic field according to a pre-
vious paleomagnetic study by Lee et al. (2001). Based on

rock-magnetic analyses including thermomagnetic analysis
and microscopic observation, they reported that the basalts
contained primary thermoremanent magnetization (TRM)
in magnetite without any mineralogical or chemical alter-
ation. In addition, a possible thermal overprint was rejected
because the remanent directions of the basalts did not mimic
those of later thermal sources (upper layered Late Creta-
ceous rhyolitic tuff, which passed a conglomerate test, and
Quaternary basalts). Although it has a large error range
probably due to locally developed strike-slip faults (Lee et
al., 2001), the estimated paleomagnetic pole in this study is
consistent at the 95% confidence level with reported (Late)
Cretaceous paleopoles (Fig. 2). Secondly, the basalts are
exposed in the form of both six-layered lava flows and mas-
sive bodies of maximum height ∼100 m, with K-Ar radio-
metric ages of 73.1 ± 1.6 Ma and 78.6 ± 2.5 Ma, respec-
tively (Lee, 1989). The six-layered consecutive lava flows
and massive basalts are considered to cover a sufficient time
span to average out the influence of paleosecular variation
to yield representative paleointensity estimates.

The basalts are characterized by a dark grey color with a
dominance of plagioclase and clinopyroxene, and are clas-
sified as tholeiitic basalt (Lee et al., 1983). For the pale-
ointensity estimate, a total of 268 cores were collected from
eleven sites: one site within each of the six layers of the lava
flows (182 cores) and five sites within the massive basalts
(86 cores). The sampling locations are shown in Fig. 1(b).
The cores were oriented in-situ using an orientation device
equipped with both a magnetic compass and a sun com-
pass. In the laboratory, the cylindrical cores were cut into
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Fig. 2. The paleomagnetic pole of this study calculated using field-off principal components in Thellier experiments (star). Reported (Late) Cretaceous
paleopoles are also shown for comparison.

standard-sized samples (25 mm in diameter and 22 mm in
length).

3. Experiments
Paleointensity experiments were carried out for 314

samples using the in-field/zero-field and zero-field/in-field
(IZZI) experimental protocol (Tauxe and Staudigel, 2004;
Yu et al., 2004) of the modified Thellier-type double-
heating method (Thellier and Thellier, 1959), with par-
tial thermoremanent magnetization (pTRM) checks. The
pTRM checks were performed at every second heating step
to detect magnetomineralogical changes produced by heat-
ing throughout the paleointensity experiment. The details
of the experimental procedure for pTRM checks have been
described in several studies (e.g., Coe et al., 1978; Selkin
and Tauxe, 2000; Tauxe and Staudigel, 2004). The IZZI
protocol consists of two double-heating procedures (in-
field/zero-field [IZ] and zero-field/in-field [ZI]), and the IZ
procedure alternates with the ZI procedure for every other
temperature step. Compared to other methods, the IZZI
method has an advantage in checking remanence stability
(Yu and Tauxe, 2005) by testing an equivalence of block-
ing and unblocking temperatures without additional heat-
ing steps in a zero-field condition (e.g., McClelland and
Briden, 1996; Riisager and Riisager, 2001). To impart
TRM on the samples during each in-field step, a labora-
tory field (Blab = 25 μT in this study) was applied along
a sample’s Z-axis. Thermal treatment was performed us-
ing the MMTD-80 thermal demagnetizer from Magnetic
Measurements, and the remanence was measured using
a Molspin spinner magnetometer. The temperature steps
were 200◦C, 300◦C, 350◦C, 400◦C, 450◦C, 500◦C, 520◦C,
540◦C, 560◦C, 570◦C, 585◦C, and 600◦C. In some cases,
additional temperature steps of 550◦C and 555◦C were ap-
plied because the remanence rapidly unblocked within the
temperature interval 540–560◦C. At every heating step, the
set temperature was reproducible within <2◦C. The exper-
imental results are presented on an Arai plot (Nagata et al.,

1963), in which the natural remanent magnetization (NRM)
remaining after the zero-field step is plotted against the cor-
responding pTRM gained in the Blab for successive heat-
ing steps. In an ideal case, the ratio of NRM lost (Manc)
to pTRM gained (Mlab) remains constant throughout the
entire temperature interval. For each sample, the ratio of
Manc/Mlab is obtained from the slope of the best-fit line for
the NRM-pTRM data points within a selected temperature
interval. The Earth’s ancient magnetic field (Banc) is then
calculated as Banc = Manc/Mlab × Blab. The anisotropy of an
anhysteretic remanent magnetization (AARM) tensor was
also obtained for eight selected samples following the ex-
perimental procedure suggested by Selkin et al. (2000). To
check the effects of remanence anisotropy on Banc, vector
components for the measured remanences during the pa-
leointensity experiments were corrected using the AARM
tensor.

To identify magnetic carriers, thermal demagnetiza-
tion of 3-axis isothermal remanent magnetization (IRM)
(Lowrie, 1990) was conducted for 33 representative sam-
ples (three for each sampling site). Magnetizing fields of
2.5 T, 0.6 T, and 0.12 T were applied to the Z-, Y-, and X-
axis respectively of a sample using an ASC Scientific IM-
10-30 impulse magnetizer. The sample was then thermally
demagnetized up to 700◦C over 19 steps using an ASC
Scientific TD-48 thermal demagnetizer. In addition, the
temperature dependence of a magnetic susceptibility (k-T )
curve was measured using a Bartington MS2 susceptibility-
temperature system with a MS2WF furnace. The heating
and cooling rate of the furnace was ∼3.5◦C/min. The Curie
temperature (Tc) was determined from the point with the
maximum gradient on the heating curve. In order to di-
agnose the domain state of magnetic minerals, hysteresis
parameters at room temperature, including saturation rema-
nent magnetization (Mrs), saturation magnetization (Ms),
and coercive force (Hc), were measured using a Molspin
vibrating sample magnetometer with a maximum magnetic
field of 1 T. The coercivity of remanence (Hcr) was deter-
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Table 1. Summary of the seven criteria for selecting paleointensity.

Criterion Implication Threshold Ref.

Number of points (Np) To obtain reliable paleointensity statistics ≥7 —

Maximum angular deviation (MAD) To ensure stability of remanence direction ≤5◦ [1]

Deviation angle (DANG) To guarantee remanence direction toward the origin ≤5◦ [2]

Scatter parameter (σ/|b|) To assure straightness of the selected data points ≤0.1 [3]

Fraction of the NRM ( f ) To avoid under- and over-estimated paleointensity ≥0.5 [3]

pTRM check (CKerror) To ensure little influence of thermal alteration ≤5% [4]

Quality factor (q) To ensure high-quality paleointensity data ≥10 [3]

Np: the number of points used for paleointensity determination on the Arai plot; MAD: maximum angular deviation (Kirschvink,
1980); DANG: deviation angle (Tauxe and Staudigel, 2004); σ/|b|: the relative uncertainty of the slope determination, where b is a
least squares slope on the Arai plot and σ is its standard error (Coe et al., 1978); f : fraction of the NRM (Coe et al., 1978); CKerror:
the difference between repeat pTRM steps normalized by the intersection of the best-fit line with the pTRM axis on the Arai plot
(Leonhardt et al., 2000); q: quality factor defined by |b| · f · g/σ , where g is the gap factor (Coe et al., 1978). [1] Kirschvink (1980),
[2] Tauxe and Staudigel (2004), [3] Coe et al. (1978), [4] Leonhardt et al. (2000).

mined from the pattern of the hysteresis loop, where the re-
verse field reduces the remanence to zero, using PmagPy
software (Jackson et al., 1990; Tauxe, 2010). After the
magnetic measurements, electron microscopic observation
was carried out for the selected samples using a Hitachi
S-4800 FESEM integrated with energy dispersive X-ray
spectroscopy to identify the morphological features and the
chemical composition of the magnetic minerals in the sam-
ples.

4. Paleointensity
4.1 Paleointensity selection criteria

There are a number of parameters to describe the be-
havior of experimental paleointensity data (e.g., Coe et al.,
1978; Kirschvink, 1980; Leonhardt et al., 2000; Selkin and
Tauxe, 2000; Tauxe and Staudigel, 2004; Paterson, 2011;
Yu, 2012). Of these, seven paleointensity selection crite-
ria are used in this study (Table 1) to produce reliable pa-
leointensity estimates. The seven criteria focus on stable
and uni-vectorial paleomagnetic vectors, the linear relation-
ship between NRM lost and pTRM gained, and the ther-
mal alteration of magnetic minerals during repeated heating
steps. The first selection criterion is the use of at least seven
consecutive data points (Np ≥ 7) for a selected tempera-
ture interval on a vector diagram or an Arai plot are used
in calculating paleointensity statistical parameters. For the
second criterion, the maximum angular deviation (MAD;
Kirschvink, 1980) of the data points on a vector diagram
determined from a free-floating fit without the origin in-
cluded is limited to ≤5◦ to ensure the stability of remanence
direction. Third, the deviation angle (DANG; Tauxe and
Staudigel, 2004), which is the angle between a best-fit line
using the free-floating fit on a vector diagram for selected
data points and a line connecting the center of mass of these
data points with the origin, is also limited to ≤5◦ to guar-
antee a remanence direction trending toward the origin. On
an Arai plot, paleointensity estimates depend markedly on
the linear relationship between Manc and Mlab. Hence, for
the fourth criterion, the scatter parameter (σ/|b|; Coe et al.,
1978), represented by the standard error of the slope (σ ) di-
vided by the slope (|b|), is restricted to ≤0.1. In addition,
as the calculated slope should represent the overall rema-
nence range with high linearity, the fraction of the NRM

( f ; Coe et al., 1978) is set to ≥0.5 as the fifth criterion.
The difference between the pTRM check and the pTRM at
the same temperature is normalized by the maximum TRM
that the sample can acquire (CKerror; Leonhardt et al., 2000)
to identify the thermal alteration of magnetic minerals dur-
ing repeated heating steps. The maximum acceptable limit
for the CKerror is fixed to 5% and used as the sixth criterion.
The overall quality of the individual paleointensity deter-
mination can be evaluated using a quality factor (q; Coe
et al., 1978) based on several statistical parameters such as
σ/|b|, f , and the gap factor (g; Coe et al., 1978). In gen-
eral, high-quality paleointensity data have a relatively low
σ/|b|, a high f , and a high g. Thus, the lower threshold of q
is set to 10 as the final criterion to ensure high-quality pale-
ointensity data. The thresholds for the above seven criteria
are in line with other similar paleointensity studies dealing
with Cretaceous volcanic rocks.
4.2 Paleointensity determinations

Representative results for the paleointensity experiments
are shown in Figs. 3 and 4. Figure 3 presents examples
of the Arai plot for results that passed the seven paleoin-
tensity selection criteria, including the pTRM check. The
data points, representing the IZ (closed circle) and ZI (open
circle) procedures, form a single straight line on the Arai
plot, and the pTRM checks (triangles) overlap with, or re-
main close to, the initial measurements (a positive pTRM
check). Notably, >50% of the NRM components decay
within a narrow temperature range of 500–585◦C, and the
typical maximum unblocking temperatures are near 585–
600◦C (Fig. 3). In addition, the remanence direction of a
single component running toward the origin can be identi-
fied on the vector diagrams (insets in Fig. 3) obtained from
each demagnetization step (i.e., the zero-field step during
IZ and ZI procedures) throughout the paleointensity experi-
ments. In the case of the sample of YC08-19 (Fig. 3(b)), for
instance, the calculated values of Np, MAD, DANG, σ/|b|,
f , CKerror, and q for the temperature interval of 450–585◦C
are 7, 1.5◦, 0.7◦, 0.057, 0.95, 4.8%, and 12.4, respectively,
verifying that every value satisfies the seven paleointensity
selection criteria.

Figure 4 shows examples of the Arai plot for rejected
paleointensity results. Figure 4(a) displays an example of
a sample that exhibits non-linear and zigzag patterns of
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Fig. 3. Representative Arai plots of accepted samples from (a–c) the lava flows and (d) the massive basalts observed in the IZZI experiment. Insets
show the associated thermal demagnetization behavior for each sample. Solid and open circles indicate the results from in-field/zero-field (IZ) and
zero-field/in-field (ZI) procedures, respectively. Triangles represent pTRM checks. Solid lines are the best-fit lines for the selected temperature
intervals. Numbers beside solid and open circles show the corresponding temperature (◦C) of each heating step.

Fig. 4. Representative Arai plots of rejected samples from (a–c) the lava flows and (d) the massive basalts observed in the IZZI experiment. The dashed
arrows in Fig. 4(a) represent a pronounced zigzag pattern on the Arai plot, and the pTRM check ranges (δtemperature step) in Fig. 4(c) show the difference
of the pTRM gained between the pTRM check and the pTRM at the same temperature. Descriptions of the other symbols are given in Fig. 3.
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Table 2. Paleointensity results obtained from basalts in Yeoncheon.

Site Sample
Tmin–Tmax Paleointensity selection criteriaa B Bm±σm VADMm±σm

(◦C) Np MAD DANG σ/|b| f CKerror q (μT) (μT) (1022 Am2)

Lava flows

YC05 05-17 450–585 9 2.1 1.5 0.069 0.97 1.5 11.9 13.4 13.1±4.3 2.3±0.8

05-19 520–585 7 2.5 0.9 0.025 0.76 4.4 22.9 18.6

05-20 450–585 9 2.9 2.7 0.061 0.82 2.8 10.9 8.1

05-26 450–585 9 1.8 3.4 0.069 0.88 3.3 10.6 12.4

YC07 07-20 450–585 9 1.9 0.9 0.058 0.93 2.0 12.7 15.5 18.6±3.3 3.3±0.6

07-21 450–585 9 1.7 0.2 0.072 0.98 3.7 11.1 18.3

07-26 450–585 9 2.2 0.4 0.074 0.91 4.3 10.2 22.0

YC08 08-14 450–585 9 1.8 1.2 0.051 0.95 3.1 15.3 12.3 13.9±2.2 2.5±0.4

08-19 450–585 7 1.5 0.7 0.057 0.95 4.8 12.4 15.5

YC09 09-02 450–585 9 4.3 4.9 0.069 0.85 3.3 10.1 8.4 21.3±8.5 3.8±1.5

09-13 450–585 9 3.6 1.8 0.069 0.85 3.9 10.6 17.1

09-14 450–585 7 2.5 0.5 0.071 0.94 4.4 10.2 25.9

09-21 450–585 9 2.8 0.9 0.059 0.81 3.7 11.1 29.0

09-29 450–585 7 2.4 0.4 0.059 0.93 3.9 12.0 26.1

YC10 10-04 450–585 7 2.8 4.0 0.042 0.85 4.9 13.6 20.4 20.4 3.6

Mean: 17.5±3.7 3.1±0.7

Tmin–Tmax: the temperature interval used for paleointensity determination on the Arai plot; B: paleointensity estimate for individual samples; Bm ±
σm: mean paleointensity value for individual sites and its standard deviation; VADMm ± σm: virtual axial dipole moment for individual sites and its
standard deviation.
aA summary of paleointensity selection criteria is given in Table 1.

data points on the Arai plot with a high σ/|b| (= 0.492)
and CKerror (= 8.1%) at relatively low temperature steps
(200–540◦C). This result is probably caused by a dif-
ference in the capacity for acquiring TRMs between the
IZ and ZI procedures (Yu et al., 2004; Yu and Tauxe,
2005). Figure 4(b) provides an example of unstable rema-
nence direction (MAD = 22◦ and DANG = 18.4◦) with a
failed pTRM check (CKerror = 11.2%) at the high temper-
ature interval of 450–585◦C, despite a linear trend (σ/|b|
= 0.054). On the vector diagram (inset in Fig. 4(b)) in
particular, the remanence exhibits unstable demagnetizing
behavior from 550◦C to 585◦C with a high angular devia-
tion (MAD = 16.7◦). Consequently, experimental results
showing this behavior are rejected, though data points at
the high temperature interval (450–585◦C) are sufficiently
linear to determine an acceptable paleointensity value. Fig-
ure 4(c) shows the importance of the pTRM checks; if there
were no checks during the paleointensity experiments, there
would be no other grounds for rejection. In the temper-
ature steps above 500◦C, the pTRMs increase gradually
(i.e., CKerror(540◦C) = 6.7% and CKerror(570◦C) = 12.5%,
Fig. 4(c)). Finally, Fig. 4(d) is an example of samples
showing a short linear trend of data points on the Arai plot
( f = 0.39) at a low temperature interval (200–500◦C). Al-
though a linear segment exists at the low temperature inter-
val (grey dashed line), the remanence with a low unblocking
temperature is likely to be contaminated by viscous rema-
nent magnetization. In addition, the remanence direction is
unstable above 500◦C (inset of Fig. 4(d)) and accompanied
by failed pTRM checks (CKerror = 9.5%).

Of the 314 samples, 15 from the lava flows passed all
seven criteria (Table 2). These samples demonstrate a neg-
ligible effect of remanence anisotropy (<0.2%) because the
correlation coefficient (R2) of the estimated paleointensities

before and after anisotropy correction for eight data points
was 0.99 at the slope of unity. Accordingly, the correction
was not applied to the paleointensity values in Table 2, even
though details are not shown here. Consequently, the suc-
cess rate for paleointensity determination in this study is
∼5%. Such a low success rate is probably a result of the
stringent paleointensity selection criteria, as well as the ab-
sence of artificial pre-selection of samples suitable for pa-
leointensity experiments. In this study, the critical crite-
ria for paleointensity determination are q and CKerror since
∼82% (258 samples) and ∼71% (222 samples) of the re-
jected samples show q < 10 and CKerror > 5%, respec-
tively. In particular, 44 samples are rejected by either q
or CKerror, while satisfying the other six criteria. The site-
mean paleointensities range from 13.1 μT to 21.3 μT, with
the mean for the lava flows of 17.5 ± 3.7 μT (Table 2).

5. Rock-magnetic Properties
5.1 Magnetic mineralogy

According to the results from the stepwise thermal de-
magnetization of 3-axis IRM (Fig. 5(a–c)) and the k-T
curve (Fig. 5(d–f)), samples can be classified into three dis-
tinctive types. The samples belonging to the first type (the
left panels of Fig. 5) are characterized by a predominance
of low-coercivity (<0.12 T) components. The remanences
drop significantly at ∼540◦C and are completely unblocked
at ∼580◦C (Fig. 5(a)). On the k-T curve, this type demon-
strates an almost reversible trend between the heating and
cooling curves throughout the experiment, with a Tc com-
parable to Ti-poor titanomagnetite (Fig. 5(d)). Twenty-one
samples from the lava flows and four samples from the mas-
sive basalts correspond to the first type. In the case of the
second type (the central panels of Fig. 5), low-coercivity
components are removed entirely at ∼580–600◦C, while
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Fig. 5. (a–c) Representative results of the thermal demagnetization of 3-axis isothermal remanent magnetization. Squares, circles, and triangles
represent low- (<0.12 T), intermediate- (= 0.12–0.6 T), and high-coercivity (= 0.6–2.5 T) components, respectively. (d–f) Temperature dependence
of the magnetic susceptibility (k-T ) curves for selected samples.

intermediate- and high-coercivity components both unblock
at ∼580◦C and ∼680◦C (Fig. 5(b)). Similarly, a signif-
icant susceptibility drop occurs at ∼540–570◦C, followed
by a gradual decrease in susceptibility up to ∼680◦C on
the k-T curve (Fig. 5(e)). This indicates that samples of
the second type are composed of both (titano)magnetite and
hematite. Finally, the third type (the right panels of Fig. 5)
shows that all of the coercivity components are gradually
demagnetized up to ∼640◦C and then unblocked at ∼680◦C
(Fig. 5(c)). The k-T curve also shows a gradual decrease in
susceptibility up to 680◦C (Fig. 5(f)). Such behavior can
be attributed to the predominance of hematite. The second
and third types of behavior are only observed in eight sam-
ples from the massive basalts. Results of the thermal de-
magnetization of 3-axis IRMs and k-T curves indicate that
(titano)magnetite is the major magnetic phase in the lava
flows. On the other hand, hematite or hematite with (ti-
tano)magnetite is dominant in the massive basalts.
5.2 Magnetic granulometry

To identify the domain state of (titano)magnetite in sam-
ples from the lava flows, the values of Mrs/Ms and Bcr/Bc

are presented with theoretical curves (Dunlop, 2002) for
mixtures of single-domain (SD) and superparamagnetic
(SP) particles as well as SD and multi-domain (MD) grains
on a Day plot (Day et al., 1977) in Fig. 6. Although samples
from the massive basalts contain hematite, results from the
massive basalts are also shown for comparison. Except for
some samples from the massive basalts, the lava flow sam-
ples are aligned closely to the SD-SP mixture curve or oc-
cupy the pseudo-single-domain (PSD) region, indicating a
negligible contribution of MD particles. In particular, every
sample for which paleointensity determination was success-
ful is on the SD-SP curve with relative volume fractions of
∼75–90% SD particles and ∼10–25% SP grains. This re-
sult indicates that, for our samples, the dominance of SD

behavior increases the likelihood of success in our paleoin-
tensity experiments.

6. Scanning Electron Microscope Observation
The magnetic minerals in the observed samples are re-

vealed as iron oxides, occasionally with the addition of a
small amount of Ti. Depending on whether or not pale-
ointensity was able to be determined, these iron oxides are
characterized by variable grain-size distribution and com-
position. The upper panels in Fig. 7 show representative
backscattered electron (BSE) images of iron oxides in sam-
ples that yielded successful paleointensity results. Anhedral
to subhedral iron oxides of ∼1–2 μm in length are predom-
inant (Fig. 7(a, b)), with few of these iron oxides accom-
panied by ilmenite lamellae (i.e., they lack the oxyexsolu-
tion of titanomagnetite). The shape, size, and texture of
the particles indicate that most of the samples accepted in
paleointensity determination may have cooled rapidly af-
ter the crystallization of iron oxides at high temperatures
above the titanomagnetite solvus (Haggerty, 1976). On the
other hand, iron oxides in a few samples from the lava flows
had an exsolution texture with ilmenite lamellae (Fig. 7(c)).
Clear compositional separation commonly results from the
deuteric oxidation of titanomagnetite during the initial cool-
ing period after it melts (e.g., Kent et al., 1978; Biggin et
al., 2007). In addition, deuteric oxidation has a positive
effect on paleointensity experiments because the effective
particle size of iron oxides decreases close to a SD bounded
by ilmenite lamellae. Variation in the texture of the iron
oxides indicates that the lava flows in the study area cooled
under different conditions. The existence of two types of
iron oxide can probably be attributed to differences in the
thickness of the lava layers. Most iron oxides with ilmenite
lamellae appear in samples taken from relatively thick lava
layers, while iron oxides without ilmenite lamellae are ob-
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Fig. 6. Plot of hysteresis ratios (Mrs/Ms and Bcr/Bc) (Day plot; Day et al., 1977) representing the dominant domain states of magnetic minerals within
the samples. Single-domain (SD), multi-domain (MD), and superparamagnetic (SP) mixing lines of Dunlop (2002) are shown in grey. Numbers
alongside the curves are volume fractions of SP or MD particles present in mixtures with SD grains.

Fig. 7. Representative scanning electron microscope images of polished sections for (a–c) accepted and (d–f) rejected samples in paleointensity
determination. (a, c, and d) Backscattered electron (BSE) images for frequently observed iron oxides in samples from the lava flows showing (a)
anhedral to subhedral iron oxides, (c) ilmenite lamellae, and (d) a thick rim of iron oxide reflecting secondary alteration. (b, e, and f) BSE images of
iron oxides in samples from the massive basalts showing (e) dendritic and cruciform iron oxides, and (f) a trellis texture.

served in samples collected from either thin lava layers or
the margin of thick lava layers.

The lower panels in Fig. 7 show BSE images of iron ox-
ides from the samples rejected in paleointensity determina-
tion. For the rejected samples from the lava flows, the iron
oxides are characterized by secondary precipitation form-
ing rims of iron oxide surrounding iron-rich silicate min-
erals (e.g., olivine) with overall grain sizes of ∼20 μm
(Fig. 7(d)). Such a large grain size may negatively affect

the chance of obtaining reliable paleointensity estimates.
In the case of the massive basalts, iron oxides predomi-
nantly occur in dendritic and cruciform with grain sizes of
<10 μm (Fig. 7(e)). In particular, iron oxide adjacent to
voids has a trellis texture (Fig. 7(f)). This texture is typi-
cal of hematite pseudomorphed after magnetite (i.e., mar-
tite) when exposed to oxidizing conditions for long peri-
ods of time (e.g., Heider and Dunlop, 1987). The existence
of hematite in samples from massive basalts has also been
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Fig. 8. Virtual (axial) dipole moments for the Late Cretaceous obtained from the PINT database. The solid horizontal line represents the strength of the
present geomagnetic dipole moment. The geomagnetic polarity timescale based on Walker et al. (2012) is shown at the bottom of the figure.

observed in earlier rock-magnetic investigations. Conse-
quently, it is possible that the samples that were failed in
paleointensity determination suffered from magnetominer-
alogical alteration after cooling of the magmatic body or
during thermal treatment in the paleointensity experiments.

Overall, observations using a scanning electron micro-
scope reveal that the predominant magnetic phase in sam-
ples from the lava flows is Ti-poor titanomagnetite exhibit-
ing a SD or PSD state, and which is expected to preserve
primary remanent magnetization. In contrast, a consider-
able amount of the iron oxide in samples from the mas-
sive basalts suffers from secondary alteration. In particu-
lar, samples for which paleointensity was able to be deter-
mined are dominated by SD (titano)magnetite, observed in
anhedral to subhedral form.

7. Paleointensity during the Late Cretaceous
It is known that the geometry of the Earth’s magnetic

field has been predominantly dipolar for at least the past
250 Myr (e.g., Bloxham, 2000). Therefore, the measured
intensity of the geomagnetic field should be expected to
vary depending on geographic location. To compare the
field intensities from various regions, an estimated pale-
ofield should be converted into a virtual dipole moment
(VDM) using magnetic paleolatitude derived from mean in-
clination (Smith, 1967). When directional information is
uncertain, a VDM can be substituted with a virtual axial
dipole moment (VADM) using the site latitude or estimated
paleolatitudes from an apparent polar wander path (Barbetti

et al., 1977). In the present study, we calculate a VADM
instead of a VDM using the current latitude of the sam-
pling sites, based on previous paleomagnetic results (Doh
and Piper, 1994; Zhao et al., 1999; Doh et al., 2002; Kim et
al., 2009) suggesting that the Korean Peninsula experienced
clockwise rotation around its vertical axis with respect to
Eurasia until the early Paleogene without significant lati-
tudinal movement (i.e., a possible latitudinal difference of
<0.5◦).

Site-mean paleointensities from the Late Cretaceous
basalts in this study are 13.1–21.3 μT, equivalent to calcu-
lated VADMs of 2.3–3.8 × 1022 Am2. Considered in con-
junction with the radiometric age of the lava flows, the mean
VADM with its standard deviation for the times ∼73.1 Ma
is determined to be 3.1 ± 0.7 × 1022 Am2 (stars in Fig. 8),
which corresponds to ∼40% of the present geomagnetic ax-
ial dipole moment (= ∼8.0 × 1022 Am2). Calculating a sin-
gle paleointensity estimate (YC10-04) from the sampling
site YC10 (Table 2) may be considered insufficient to rep-
resent the paleointensity for an entire site, but the sample
satisfies all seven criteria and demonstrates a suitably linear
trend on the Arai plot (Fig. 3(d)). Therefore, the paleoin-
tensity data from YC10 is not excluded from the analysis of
Late Cretaceous paleointensity.

In order to provide details for the paleointensity behav-
ior during the Late Cretaceous (100–65 Ma), the six site-
mean paleointensities in this study are compared with pre-
viously published paleointensity data archived in the 2012
version of the PINT database. Of the >250 entries from the
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Table 3. Mean virtual (axial) dipole moment during the Late Cretaceous for each rock type.

Age interval
N

VDM or VADM
References

(Ma) (× 1022 Am2)

Crystalline volcanic rocka

100–83 17 (13) 4.0±2.1 (4.3±2.3) [1]–[5]

83–65 13 (5) 4.0±1.6 (4.2±0.9) [5], [16], [17], this study

Submarine basaltic glass

100–83 47 (31) 7.2±4.3 (7.3±4.0) [6]–[9]

83–65 19 (3) 7.1±4.0 (6.5±2.2) [6], [7]

Plutonic rocks (gabbro and dolerite)

100–83 22 (20) 6.2±2.4 (6.4±2.3) [10]–[12]

83–65 1 (—) 4.0 (—) [16]

Single plagioclase crystal

100–83 8 (8) 12.7±0.7 (12.7±0.7) [13]

83–65 — (—) — (—) —

Sedimentary rocks of baked contact

100–83 5 (4) 4.5±1.1 (4.9±0.7) [14], [15]

83–65 — (—) — (—) —

All rock types

100–83 99 (76) 6.7±3.9 (7.0±3.7) [1]–[15]

83–65 33 (8) 5.8±3.5 (5.1±1.8) [5]–[7], [16], [17], this study

N: the number of cooling units used in calculating mean virtual (axial) dipole moment. The values
in parentheses are calculated from a more rigorously selected paleointensity data set (see text for
details). [1] Sherwood et al. (1993), [2] Tanaka and Kono (2002), [3] Zhao et al. (2004), [4] Riisager
et al. (2001), [5] Shcherbakova et al. (2007), [6] Tauxe (2006), [7] Juárez et al. (1998), [8] Tauxe
and Staudigel (2004), [9] Pick and Tauxe (1993), [10] Shcherbakova et al. (2012), [11] Granot et al.
(2007), [12] Thomas et al. (2000), [13] Tarduno et al. (2002), [14] Shcherbakova et al. (2008), [15]
Shcherbakova et al. (2009), [16] Perrin et al. (1999), [17] Goguitchaichvili et al. (2004).
aCrystalline volcanic rock excludes submarine basaltic glass, even though basaltic glass occasionally
includes crystalline particles (e.g., SD magnetite).

database, 132 data sets from 18 different studies were se-
lected for comparison. The selected data were all obtained
using the Thellier-type method with pTRM checks, and
were unrelated to a geomagnetic polarity transition. Fig-
ure 8 shows the selected Late Cretaceous VDMs or VADMs
alongside our data. Four previously reported studies (Juárez
et al., 1998; Smirnov and Tarduno, 2003; Tauxe, 2006;
Shcherbakova et al., 2007) have investigated basalts of a
similar age to those in this study (∼80–70 Ma). Basalts
from ∼77.6 Ma in Georgia (Shcherbakova et al., 2007)
had a VDM of 3.3 ± 0.1 × 1022 Am2, consistent with the
VADMs (= 2.3–3.8 × 1022 Am2) of this study. In con-
trast to the stable VDMs reported from basalts, results from
SBG of ∼77.6 Ma (Tauxe, 2006), ∼76 Ma (Smirnov and
Tarduno, 2003), and ∼72 Ma (Juárez et al., 1998; Tauxe,
2006) reveal a mean VDM of 6.8 ± 5.1 × 1022 Am2, 2.1
± 0.7 × 1022 Am2, and 10.7 ± 1.3 × 1022 Am2, respec-
tively. Such a high fluctuation could be caused by the lock-
ing process of the geomagnetic field in SBG, which can
cool too fast and thus not average out the secular variation.
Some studies (e.g., Heller et al., 2002; Bowles et al., 2011)
also argue that SBG is suspected to be altered during ther-
mal treatments above 300◦C. Indeed, Smirnov and Tarduno
(2003) reported that their VDMs were under-estimated due

to high temperature (above 350–400◦C) mineral alteration.
The VDMs of Smirnov and Tarduno (2003) are thus ex-
cluded from the paleointensity analysis of the Late Creta-
ceous.

Paleointensity during the Late Cretaceous according to
rock type was compared with the mean dipole moment for
two different time intervals bound by 83 Ma. The intervals
are delimited based on the end of the CNS. The calculated
mean dipole moment for each time interval and rock type is
summarized in Table 3. For reference, crystalline volcanic
rock excludes SBG, even though basaltic glass occasionally
includes crystalline particles (e.g., SD magnetite). Accord-
ing to the results from crystalline volcanic rock, the mean
dipole moment for the later part of the CNS (100–83 Ma)
is 4.0 ± 2.1 × 1022 Am2, almost the same as the average
dipole moment for the period 5–160 Ma (= 4.2 ± 2.3 ×
1022 Am2; Juárez et al., 1998). After the CNS, dipole mo-
ments (= 4.0 ± 1.6 × 1022 Am2) for the period 83–65 Ma
did not change significantly, remaining almost constant (Ta-
ble 3). Similarly, no time-dependent variation is observed
in the mean dipole moment for the data obtained using SBG
(Table 3). However, SBG stands out for its relatively high
mean dipole moment and large error range, estimated to
be approximately two times higher than that found in crys-
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talline volcanic rock (= 7.2 ± 4.3 × 1022 Am2 for 100–83
Ma; = 7.1 ± 4.0 × 1022 Am2 for 83–65 Ma; Table 3).

Dipole moments from plutonic rocks in the Late Creta-
ceous are also documented in the PINT database. For the
period of 100–83 Ma, the mean dipole moment is calculated
to be 6.2 ± 2.4 × 1022 Am2, which corresponds to a value
between the mean dipole moments of crystalline volcanic
rock and SBG. For the period of 83–65 Ma, only a single
VDM (= 4.0 × 1022 Am2) is reported from Perrin et al.
(1999), and accord with the mean dipole moment obtained
from crystalline volcanic rock (Table 3). As the cooling rate
of plutonic rock is much slower than during laboratory cool-
ing, correction for the cooling rate is required (e.g., Dod-
son and McClelland-Brown, 1980; Fox and Aitken, 1980;
Halgedahl et al., 1980; Walton and Williams, 1988). How-
ever, a commonly applied correction method has not yet
been established.

Additional data from single plagioclase crystals (VDM
of ∼95 Ma = 12.7 ± 0.7 × 1022 Am2; Tarduno et al.,
2002) and from sedimentary rock of baked contact (VDM
of ∼86.4 Ma = 4.5 ± 1.1 × 1022 Am2; Shcherbakova et
al., 2008, 2009) are available within the time interval of
100–83 Ma (Table 3) in the PINT database. The mean
VDM from single plagioclase crystals is almost three times
higher than that from crystalline volcanic rock (= 4.0 ±
2.1 × 1022 Am2), while the mean VDM from sedimentary
rock of baked contact is comparable to that from crystalline
volcanic rock. However, the absence of paleointensity data
from single plagioclase crystals and sedimentary rock in
the later part of the Late Cretaceous (83–65 Ma) makes
it difficult to discuss overall geomagnetic field variation
during the Late Cretaceous.

The mean dipole moments of entire rock types (= 6.7 ±
3.9 × 1022 Am2 for 100–83 Ma; = 5.8 ± 3.5 × 1022 Am2

for 83–65 Ma) are also higher than that of crystalline vol-
canic rock, which is caused by the higher values from SBG,
plutonic rock, and single plagioclase crystals. Nevertheless,
the dipole moments are lower than the present field strength
(Table 3). It is obvious that there exists a degree of vari-
ability when comparing different materials (e.g., compare
crystalline rock, SBG, or single plagioclase crystals during
the 100–83 Ma period; Table 3). On the other hand, ge-
omagnetic field intensity during the Late Cretaceous was
relatively low and stable, when each material is considered
separately or all materials are considered collectively. In
order to check for consistency from a more rigorously se-
lected data set, a second group of paleointensity data was
selected from the PINT database by applying two additional
criteria (e.g., Biggin et al., 2009): (1) at least three samples
should be used to calculate the VDM or VADM; and (2) the
standard deviation should not be greater than 25% of the
mean paleointensity. The calculated mean dipole moments
from the second group of paleointensity data for each time
interval and rock type are given within parentheses in Ta-
ble 3. When the two sets of mean dipole moments are com-
pared, it is noticeable that little difference exists between
them, and that the characteristic Late Cretaceous feature of
a relatively low, stable geomagnetic field can also be found
in the second data set (Table 3). Considering that the re-
versal rate started to increase after the CNS (Fig. 8), it can

be speculated that the initiation of geomagnetic field rever-
sal was triggered without significant changes in average pa-
leofield strength (see Fig. 8 and Table 3). This interpre-
tation is supported by Goguitchaichvili et al. (2004), who
suggested that there is no relationship between reversal rate
and the strength of the geomagnetic field.

8. Conclusions
In this study, absolute paleointensity values for Korean

basalts dating from the Late Cretaceous—after the Creta-
ceous Normal Superchron (CNS)—are obtained. The esti-
mated site-mean paleointensities range from 13.1 to 21.3
μT, which corresponds to virtual axial dipole moments
(VADMs) of 2.3–3.8 × 1022 Am2. Based on the radiometric
age of the basalts, the VADM for ∼73.1 Ma is calculated to
be 3.1±0.7 × 1022 Am2. According to the results of rock-
magnetic investigations and scanning electron microscope
observations, it is revealed that Ti-poor titanomagnetite (ei-
ther SD or PSD grain size) is the major magnetic carrier in
the lava flows, while hematite or hematite with magnetite is
dominant in the massive basalts. In particular, samples for
which paleointensity was able to be determined were pre-
dominantly composed of SD (titano)magnetite, observed in
anhedral to subhedral form. A compilation of Late Cre-
taceous geomagnetic dipole moments obtained from crys-
talline volcanic rock and submarine basaltic glass had in
common no significant time-dependent variation up until
at least 65 Ma, regardless of geomagnetic field reversals.
Based on this geomagnetic field behavior during the Late
Cretaceous, it can be speculated that the initiation of geo-
magnetic field reversal after the CNS occurred without sig-
nificant changes in average paleofield strength.
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