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Paleomagnetic and rock-magnetic investigations have been carried out for the Cretaceous sedimentary rocks in the
Poongam (also called Gapcheon) Basin in the eastern South Korea. A total of 128 independently oriented core samples
were drilled from 13 sites for this study. The mean direction after bedding correction (D/1=353.1°/55.6°, k=21.5,
095=10.1°) is more dispersed than the mean direction before bedding correction (D/I=10.5%/56.9°, k=73.9, 095=5.3°), and
the stepwise unfolding of the characteristic remanent magnetization (ChRM) reveals a maximum value of k at 20%
unfolding. Secondary authigenic hematite accompanied by altered clays such as chlorite was identified by the electron
microscope observations. These results collectively imply that the ChRM is remagnetized due to the formation of the sec-
ondary authigenic hematite after tilting of the strata. It is interpreted that the chemical remagnetization was connected to
the introduction of mixed magmatic-meteoric fluids, which formed hydrothermal vein deposits near the study area. The
paleomagnetic pole position (214.3°E, 81.6°N, Ays=7.4%) of the Cretaceous sedimentary rocks calculated from remag-
netized directions is close to those of the Late Cretaceous and Tertiary poles of the Korean Peninsula. This Late Cre-
taceous to Tertiary remagnetization seems to be widespread over the Okcheon Belt because the chemical remagnetization
is previously reported to be found in rocks from other Cretaceous small basins (e.g., Eumseong, Gongju and Youngdong
basins) along the Okcheon Belt and some Paleozoic strata from the Okcheon unmetamorphosed zone.
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1. Introduction SW trending strike-slip faults, Gongju Fault Sys-
tem to the north and Gwangju Fault System to the

The Okcheon Belt is bounded by two major NE- south (Fig. 1a). During Cretaceous, the northward
subduction of the Kula/Pacific Plate under the Eur-

*Corresponding author: sjdoh@korea.ac.kr asian Plate caused sinistral, brittle shearing accom-
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Fig. 1. (a) Distribution of the Cretaceous sedimentary basins and major fault systems in the Korean Peninsula (after Ryang,
1998); 1, Gyeongsang; 2. Poongam; 3, Eumseong; 4, Gongju; 5, Buyeo; 6, Youngdong; 7, Jinan; 8, Neungju; 9, Haenam
basins. (b) Geologic map of the Poongam Basin, showing the locations of the paleomagnetic sampling sites.

panied by a number of transtensional basins within
the Korean Peninsula (Chun and Chough, 1992).
The Cretaceous non-marine sedimentary rocks and
volcanics are mainly distributed in the southeast-
ern part (Gyeongsang Basin), and in the several
small basins along the boundary of the Okcheon
Belt (Fig. 1a). These faults were active not only
during the basin forming stage but also after the
sedimentation, caused many brittle or ductile
deformation (e.g., fault, fold and joint) within Cre-
taceous basins (Lee, 1998).

Several paleomagnetic studies for the Creta-
ceous clockwise tectonic rotation of the Korean
Peninsula with respect to Eurasia were reported
(e.g., Ma er al.,, 1993, Uchimura et al., 1996; Zhao
et al., 1999; Uno, 2000; Doh et al., 2002). Because
most paleomagnetic directions for Cretaceous in
Korea were obtained from the Gyeongsang Basin,
it is not unclear whether the Korean Peninsula
rotated entirely or the only Gyeongsang Basin
rotated regionally. Therefore, more paleomagnetic
studies for the other Cretaceous basins outside the
Gyeongsang Basin are essential to verify the rota-

tion problem in Korea. Only one paleomagnetic
study for the Poongam Basin has been done by
Lee et al. (1992). In the study by Lee er al. (1992),
paleomagnetic results were obtained from 11 sam-
ples (two sites) of andesitic rocks, and can hardly
be considered as representative directions of the
study area. Previous paleomagnetic studies for
Youngdong Basin (Doh et al, 1996), Eumseong
Basin (Doh et al., 1999) and Gongju Basin (Doh et
al., 2002) were reported that the sedimentary rocks
in those basins had been remagnetized chemically
during or after the tilting of the strata. In this study,
paleomagnetic results from the Cretaceous sedi-
mentary rocks in the Poongam Basin are presented
by comparing the results with those from the
Gyeongsang Basin and other Cretaceous basins in
order to clarify the tectonic and geochemical pro-
cesses of the Korean Peninsula as well as the study
area since Cretaceous.

2. Geologic Setting

The Poongam Basin is one of the Cretaceous
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sedimentary basins distributed along the north-
western boundary of the Okcheon Belt (Fig. 1a).
The Poongam Basin is a transpressional basin
formed by the sinistral movement during Creta-
ceous. The basin is interpreted to be formed at a
gentle restraining bend (the Geumwang Fault).
The transpressional movement resulted in uplift
near the fault zone and sedimentation in other
region (Lee, 1998).

The study area is mainly composed of gneiss,
granite, sedimentary rocks, andesite, and quartz
porphyry (Fig. 1b). Precambrian gneiss and age-
unknown granite comprise the basement of the
Poongam Basin. The Cretaceous sedimentary
rocks (reddish shale, siltstone and feldspathic
sandstone with minor component of conglomer-
ate), being correlated with the late Early Creta-
ceous Hayang Group of the Gyeongsang Basin,
cover unconformably the basement in the basin.
These are intruded by andesite and granite, which
may have the similar intrusion ages to the volcanic
rocks of the Late Cretaceous Yucheon Group of
the Gyeongsang Basin (Kang and Jin, 1972; Won
et al., 1989). The Geumwang Fault, a northwest-
ern boundary of the Poongam Basin, is a sinistral
strike slip fault zone with a width of up to 400 m,
and extends to the Gongju Fault System to the
southwest (Fig. 1). The Geumwang fault zone with
well-developed cataclastic foliation is interpreted
as a reactivated transpressional fault zone, which
resulted in forming many faults, folds and joints
after deposition of the sedimentary rocks in the
study area (Lee, 1998).

3. Bpermental Methods

The samples were cored with a gasoline-pow-
ered portable rock drill and oriented with a mag-
netic compass in the field. Andesitic and granitic
rocks, which do not show any structural infor-
mation for the tilting correction, were excluded in
sampling. A total of 128 paleomagnetic samples
from 13 sites of red bed were collected (Fig. 1). In
the laboratory, all the samples were stored in -
metal boxes to prevent subsequent acquisition of
viscous remanence by the external magnetic field.
After measuring natural remanent magnetization
(NRM) for each sample using a Molspin spinner
magnetometer and a FITM SQUID-Based spinner

magnetometer (model HSM2), the samples were
demagnetized by stepwise thermal and alternating
field (AF) demagnetizations. The ASC Scientific
thermal demagnetizer (model TD-48) and the
Molspin AC demagnetizer were used for the ther-
mal and AF demagnetizations, respectively. To
avoid acquisition of systematic parasitic remag-
netization during thermal demagnetization, the
samples were turned over at each step. Thermal
demagnetization was performed at 100, 200, 300,
350, 400, 450, 500°C, and at intervals of 20°C
from 520°C to 700°C. To detect any chemical
alteration of magnetic carriers on heating, mag-
netic susceptibility was measured at each stage of
thermal treatment using a Bartington magnetic
susceptibility meter (model MS2). AF demag-
netization was performed at the field strength of
5~30 mT with 5 mT intervals, and 40~90 mT
with 10 mT intervals. The paleomagnetic data
from all samples were projected on the orthogonal
vector diagram (Zijderveld, 1967), and the direc-
tion of characteristic remanent magnetization
(ChRM) of each sample was determined using the
principal component analysis (PCA) with anchored
line fit method from at least three or more
points(Kirschvink, 1980).

Isothermal remanent magnetization (IRM) acqui-
sition experiments for representative samples were
performed using an ASC Scientific impulse
magnetizer (model IM-10), and hysteresis param-
eters were measured with a Molspin vibrating sam-
ple magnetometer (model VSM Nuvo). Small
cylindrical samples of 7 mm in diameter and 10
mm in height were prepared for hysteresis mea-
surements. The electron microscope observations
were also performed for selected samples to con-
firm the characteristic size, shape and composition
of magnetic carriers.

4, Paleomagnetic Results

The NRM directions (directions before any
demagnetization treatments) of the sedimentary
rocks are predominantly northerly positive, clus-
tering more closely about the mean axial dipole
field (D/1=0°/56.3°) than the present-field direction
at the sampling site (D/1=352.6%52.9°, Fig. 2).
This result suggests that the NRMs are merely
dominated by the secondary NRM components
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Geographic Coordinates

Fig. 2. Total NRM directions. of 128 samples from the
Poongam Basin in geographic coordinates. Lower (upper)
hemisphere plots are shown as squares (triangles). Equal
area projection. Open circle, present-field direction (PDF);
star, mean axial dipole field (MADF).

acquired for a fairly long time. The NRM inten-
sities vary from 2.93 to 63.61(mA/m).

The demagnetization of pilot samples shows that
the thermal demagnetization method isolates the
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characteristic component more effectively, while the
AF demagnetization method, even at the field
strength of 90 mT, cannot remove the remanent
magnetization successfully (Fig. 3a). The thermal
demagnetization method was therefore applied to the
remaining samples for this study to isolate ChRMs.
Samples in the study area reveal two distinctive
types of thermal demagnetization behaviors. Most
samples show a simple decay of remanences toward
the origin up to 660°C heating step (Fig. 3b). Sam-
ples from site PA1 reveal two components of mag-
netization. The low temperature component, a
viscous remanent magnetization (VRM) component,
is removed at or below 400°C, and then a high tem-
perature component is mainly isolated in the range
of 500~660°C heating steps (Fig. 3c). Both types of
thermal demagnetization behaviors show that the
direction starts to randomize with the increase of
intensity and susceptibility above 660°C (Fig. 3b
and c¢).

The mean direction of the ChRM calculated
from eleven site-mean directions except site PA2
and PA13, which show anomalously shallow incli-
nation and large ol value, respectively, is D/I
=10.5%/56.9° (k=73.9, 095s=5.3) before tilt correc-
tion and D/1=353.1°/55.6° (k=21.5, 0y5=10.1°) after
tilt correction (Table 1).

Table 1. Paleomagnetic results from the sedimentary rocks in the Poongam Basin.

Locality Paleomagnetic pole
Site N ———— D, I, D, I8 k Clgs dp  dm
Long. Lat. Long. Lat.
PA1 8/11 12816  37.74 364 683 480 504 1168 5.1 178.0 61.1 7.2 8.6
PA2* 11/11 12816  37.74 3326 54 3344 52 275 89 3504 46.9 4.5 8.9
PA3 mn 128.16 377714 3442 559 7.1 484 77.8 6.9 37.1 773 7.1 9.9
PA4 17/17  128.14 3772 3543 528 2882 736 64.3 4.5 356.7 83.6 4.3 6.2
PAS 12/12 128.15 37.71 99 56.1 3387 588 1554 35 222.8 82.0 3.6 5.0
PAG6 10/10 128.14 37.70 63 587 3271 54.8 3297 2.7 196.8 84.8 3.0 4.0
PA7 11/11 128.14 37.70 153 551 3378 558 2495 29 223.1 77.6 29 4.1
PA8 717 128.14 37.70 1.7  51.1 4.3 406 724 7.1 246.3 78.7 6.5 9.6
PA9 11/11 128.15 37.69 3578 576 37 476 2589 2.8 56.2 88.2 3.0 4.1
PA10 9/11 128.14 37.70 176 536 3449 58.1 90.0 55 226.8 753 53 7.7
PAll 3717 128.14 3770 165 564 3459 539 29.9 230 216.3 769 240 332
PA12 8/8 128.14  37.70 314 516 351.8 424 1550 45 220.6 63.8 42 6.1
PA13* 515 128.14 3766 2504 747 2948 743 5.2 373 98.4 24.1 617 678
Mean 11/13 105 569 739 5.3 2143 81.6 K=38.7
3531 556 215 10.1 Ags=7.4

*PA2 and PA13 sites are excluded from the calculation for mean direction; n/N: number of samples used in average/measured; D, and
Ig: declination and inclination in geographic coordinates; D and /;: declination and inclination in stratigraphic coordinates; k: Fisherian
precision parameter; 0ls: radius of cone of 95% confidence interval; dp: the semi axis of the confidence ellipse along the great-circle path
from site to pole; dm: the semi axis of the confidence ellipse perpendicular to that great-circle path; K: the best-estimate of the precision
parameter k for the observed distribution of paleomagnetic poles; Aos: the radius of the 95% confidence circle about the calculated mean

pole.
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Fig. 3. Typical (a) AF demagnetization and (b and c) thermal demagnetization results of the samples from the sedimentary
rocks of the study area: normalized intensity curve and Zijderveld diagram in geographic coordinates. Demagnetization steps

are shown below the sample number.

5. Rock Magnetic Results

IRM acquisition experiment is performed to dis-
tinguish the magnetic phase that contributes to the
magnetization of the samples (Fig. 4). Samples of this
study can be grouped into two types on the basis of
the IRM acquisition behavior, even though all of them
are reddish colored rocks (shale, siltstone and sand-
stone). First, samples from six sites (PA5, PAS, PAY,
PA11, PA12 and PA13) show a continuous increase in
IRM intensity with increasing field up to 1 Tesla (Fig.
4a), indicating that high coercivity hematite is the
dominant magnetic phase contributing to the IRM
acquisition. Secondly, samples from seven sites (PA1,
PA2, PA3, PA4, PA6, PA7 and PA10) reach 80~90%
of saturation at 500 mT and then increases gradually
without saturation (Fig. 4b), indicating that both low
coercivity magnetite and high coercivity hematite
contribute to the IRM acquisition.

Hysteresis loops were measured from the repre-
sentative samples of this study. Typical Hysteresis
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Fig. 4. IRM acquisition curves of the selected samples
from the study area.

loops for type 1 and type 2 indicate the hematite
dominant phase (Fig. 5a), and the mixture of mag-
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FIg. 5. Typical hysteresis loops from sedimentary rocks in the study area, showing (a) type 1 and (b) type 2.

Table 2. Coercivity of remanence (H,,) of selected samples.

Sample No. H. (mT) Rock Type
PA5-9 405 Red Shale
PA8-4 497 Red Siltstone
PA9-2 404 Red Siltstone
Type 1
PAI11-2 407 Red Shale
PA12-3 493 Red Shale
PA13-2 404 Red Shale
PAL-1 139 Red Shale
PA2-7 155 Red Siltstone
PA3-5 95 Red Shale
Type 2 PA4-4 145 Red Shale
PAG6-1 163 Red Shale
PAT-1 167 Red Siltstone
PA10-1 227 Red Siltstone

netite and hematite (Fig. 5b), respectively. Remanent
coercivity (H,,) was obtained from stepwise back field
IRM acquisitions and listed in Table 2. The H, values
are commonly used to identify magnetic minerals in a
way that minerals of the spinel structure (e.g., mag-
netite)} have H,; below 50 mT while minerals of the
corundum structure (e.g., hematite) have H_ above
200 mT (Thompson et al., 1980). Samples of type 1 in
the figure 4 and 5 show H, above 403.6 mT, while
those of type 2 have H, of 94.5~226.8 mT range. The
grouping on the basis of values of H, is well matched
with the grouping based on the IRM acquisition
curves. Day plot (Day et al., 1977) for diagnosing the
domain state of magnetite in samples was not applied
to red beds in this study.

6. Eleciron Microscope Observations

Electron microscope observations were carried
out for representative samples of red beds from the

study area. Compositional analyses using energy
dispersive spectroscopic (EDS) system for X-ray
analysis were performed to identify iron oxide and
adjacent grains or matrix of magnetic carriers. In
order to distinguish the magnetic phase between
magnetite and hematite, the morphological char-
acteristics and the iron-oxygen ratio determined by
optical and electron microscopic observations, the
results of the rock magnetic experiments and ther-
mal demagnetization behavior of samples were
collectively used.

Hematite grains of submicron to 20 um in size are
the most frequently observed iron-oxides in asso-
ciation with quartz, K-feldspar, albite, calcite and
chlorite. Detrital hematite showing the severe cor-
rosion feature or ilmenite lamellae are not observed.
Some submicron-size hematite grains are filling the
cleavages of chlorite (Fig. 6a), while others are dis-
tributed in the form of aggregates of about 20~30 m
diameter in pore space (Fig. 6b). Most pigmentary
hematite grains are distributes along microcracks or
around grains of quartz and K-feldspar (Fig. 6c).
Some grains are in interlocked contact with adjacent
quartz and chlorite grains, and contains quartz
inclusions (Fig. 6d), which imply that the hematite is
a younger phase than the inclusions (Suk er al,
1990). The results of the electron microscope obser-
vations suggest that the major magnetic carrier in
samples of the study area is hematite that is sec-
ondary in origin. Altered clay minerals such as chlo-
rite are frequently observed around presumably
authigenic hematite grains, indicating that secondary
hematites were formed by precipitation from Fe-
bearing fluids, for which Fe is enriched during the
processes of alteration of Fe-bearing minerals to
clays (Walker et al, 1981).
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FIg. 6. Scanning electron microscopy photographs of hematite grains observed in red bed. Sympols are Ht, hematite; Qtz,
quartz; Kfs, K-feldspar; Chl, chlorite; Cal, calcite; Ab, albite. (a) hematite formed along the cleavages of chlorite; back-
scattered electron image(BEI). (b) authigenic hematite as aggregates of individual grains in a void; BEL (c) hematite grains
formed in a void showing the relation to K-feldspar; secondary electron image(SEI). (d) Void-filling hematite with quartz

inclusions(arrows); SEL.
7. Discussion and conclusions

The gently to moderately dipping (8°~36°) sedi-
mentary rocks revealed more dispersed paleomag-
netic mean direction after tilt correction, which do
not pass the fold test (McElhinny, 1964) at the 95%
confidence level (Fig. 7a and b). Stepwise untilting
test shows that the maximum clustering of ChRM
directions occurs at 20% untilting (Fig. 7¢). The
parameter estimating fold test (Watson and Enkin,
1993) gives the maximum k value at 20.3% untilt-
ing, when the number of parametric resampling was
1000, which is in fairly good agreement with the
results of the stepwise untilting test. The paleo-
magnetic direction of the sedimentary rocks at 20%
untilting is D/I=7.1%/57.1° (k=89.4, 01ys=4.9°). The
maximum k value sometimes does not occur at 0%
or 100% untilting due to an incomplete isolation of
characteristic component. But this explanation can
be discarded because the demagnetization results
indicate successful isolation of ChRMs (Fig. 3b and
c). The stepwise untilting test and the parameter esti-
mation fold test, showing more tightly clustered

mean direction at 20% untilting, clearly suggest that
the ChRM of the sedimentary rocks in the Poongam
Basin is not a primary component but a remagnetized
one, although it is hard to determine whether the
magnetization was acquired during tilting of the strata
or not. This is also supported by the fact that the char-
acteristic direction in this study is significantly dif-
ferent from the directions obtained from the Early
Cretaceous strata in the Gyeongsang Basin (Doh er
al., 1994; Kim et al., 1993; Lee et al., 1987) (Fig. 7d).
All of samples from eleven sites show only normal
polarity without reversed one (Table 1), implying that
the remagnetized component had been acquired dur-
ing the period of normal polarity interval.

The paleomagnetic pole calculated from the
characteristic direction in geographic coordinates
is at 214.3°E, 81.6°N (K=38.7, A¢s=7.4°). When
this paleomagnetic pole position is compared with
the paleomagnetic poles of middle Early Creta-
ceous to Quaternary in Korea, it is close to those
of the Tertiary and Quaternary poles while it is sig-
nificantly far from those of middle and late Early
Cretaceous poles (Fig. 8a). Figure 8a shows that
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Fig. 7. Equal-area projections of the site-mean directions with 95% confidence limits of Poongam Basin (a) before and (b)
after tilt correction. (c) Stepwise unfolding test, plotting Fishers precision parameter(k) versus percent unfolding. (d)
Comparison of characteristic directions at 0%, 20% and 100% untilting with Early Cretaceous paleomagnetic directions
reported from the Gyeongsang Basin (Lee et al., 1987; Kim et al., 1993; Doh ez al., 1994).

the middle Early and late Early Cretaceous poles
are displaced westward with respect to the pole
positions of the Late Cretaceous to Quaternary,
indicating that the Korean Peninsula rotated (c.a.,
30% clockwise about the vertical axis while it was
located at similar latitude to the present during the
Cretaceous Period. This interpretation is consistent
with the Cretaceous clockwise rotation of the

Korean Peninsula with respect to the North China
Block (Zhao et al., 1999; Doh et al., 2002). Thus,
it can be interpreted that the remagnetization
occurred after the clockwise rotation of the Korean
Peninsula. Because any remarkable geologic
events, which might cause the remagnetization,
after Tertiary are not recognized, the timing of
remagnetization can be assigned to the Late Cre-
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Fig. 8. Paleomagnetic pole of the sedimentary rocks in the Poongam Basin compared to (a) Cretaceous to Quaternary poles

of Korea, and (b) those from remagnetized areas.

taceous to Tertiary. K-Ar ages from the intruding
andesite, volcanoclastics and volcanic fragments in
the sedimentary rocks show a range of 84 Ma to
70 Ma (Cheong and Kim, 1999}, indicating that the
extrusion and intrusion of volcanic rocks occurred
during the Late Cretaceous in the study area. Some
K-Ar age dating data from several hydrothermal
vein deposits near the study area (79 Ma and 94 Ma
from the Dongyang Hongcheon mine and Mun-
hyun mine, Shin and Jin, 1995; 82 Ma from the
Byungjibang mine, So ef al., 1999), indicating that
the fluid-mediated processes were active during the
Late Cretaceous in the study area. It is assumed
that the Late Cretaceous igneous activities and/or
fluid-mediated mineralizations were possibly con-
nected to the remagnetization in the study area.

There are several possible mechanisms respon-
sible for the remagnetization. Many authors sug-
gested a chemical remanent magnetization (CRM),
acquired by the formation of authigenic magnetic
minerals, as the mechanism of remagnetization
(e.g., McCabe et al., 1983; Oliver, 1986; Hagstrum
and Johnson, 1986; Elmore et al, 1993; Banerjee
et al., 1997, Katz et al., 2000). Another mechanism
has been suggested that prolonged exposure to ele-
vated temperature below the Curie temperature
affecting the ability of rocks to retain a primary
NRM is responsible for the acquisition of ther-
moviscous remanent magnetization (TVRM, e.g.,
Kent, 1985). Strain-related remagnetization (e.g.,
Hudston et al., 1989) and surface weathering (e.g.,

Otofuji er al, 1989) can also cause the remag-
netization.

The remagnetized directions of this study have
extremely well clustered (0gs=4.9°). Such a well-
clustered direction is hard to be acquired by weath-
ering process, and magnetic grains found in the elec-
tron microscope observations cannot be produced by
weathering processes. Therefore the weathering pro-
cess is the most unlike mechanism for the remag-
netization. Strain-related remagnetization can be also
denied because the strata are gently tilted without
severe deformation. Andesitic rocks and granite,
which extruded and intruded, in turn, after formation
of the sedimentary rocks, are distributed widely
around the study area. This feature raises a possi-
bility that the TVRM is the major remagnetization
mechanism in the study area. The maximum esti-
mated paleotemperature of 355°C, as determined by
fluid inclusion studies of several hydrothermal veins
in adjacent arcas (Won ez al., 1989), is significantly
lower than temperatures (c.a., above 550°C for, at
least, 10 My) required to have activated the remag-
netization for hematite with an unblocking temper-
ature of 640~660°C, as determined by the blocking
temperature-relaxation time curves for hematite
(Pullaiah et al., 1975). Although this maximum pale-
otemperature of 355°C is high enough to produce a
TVRM in hematite with an unblocking temperature
below 520°C, the TVRM model can be ruled out
because the stable single ChRM component residing
in hematite was isolated mainly in the 500~660°C



204 Yong-Hee Park and Seong-Jae Doh

range, indicating that both magnetizations with
unblocking temperatures below and above 520°C are
the same component (Fig. 3b and c). This interpre-
tation can be supported by that the strata in the study
area do not show any signs of the metamorphism due
to high temperature, despite that such temperature
condition (above 550°C) should have resulted in con-
siderable degree of contact metamorphism in rocks.
Based on rock magnetic studies and electron micro-
scope observations, the major magnetic carriers are
hematite of secondary (authigenic) in origin. There-
fore, the CRM is most likely to be the major process
of remagnetization in the study area.

The CRMs can be acquired in association with
various fluids such as the lateral migration of oro-
genic/basinal fluids (Oliver, 1986) or the introduc-
tion of meteoric and/or magmatic fluids (Hagstrum
and Johnson, 1986) or the in situ pore waters
released by tectonic pressure(Elmore et al., 1993),
as well as with burial diagenesis such as clay
alteration (Katz et al,, 2000) and organic matter
maturation (Banerjee et al., 1997). Generally, burial
diagenesis of clay is connected to the magnetite
authigenesis. Considering that the major magnetic
carrier in this study is hematite and there are many
hydrothermal vein deposits formed during the Late
Cretaceous near the study area, the acquisition of
CRM might be associated with fluid-mediated pro-
cesses rather than the burial diagenesis. So et
al. (1999) reported that the hydrogen and oxygen
isotope compositions of hydrothermal fluids from
the Byungjibang Au-Ag mine near the study area
indicate mixed magmatic (dominant)-meteoric flu-
ids. Thus, we speculate that the CRM in the study
area is related to the mixed magmatic-meteoric flu-
ids at present, although there is no direct evidence
that these mineralizing fluids circulated the host
rocks pervasively.

Similar aspects of the chemical remagnetization
by the fluid-mediated process are observed in
other Cretaceous basins such as Youngdong Basin
(Doh et al., 1996), Eumseong Basin (Doh et al,
1999) and Gongju Basin (Doh et al., 2002) (Fig.
la). Moreover, the late Paleozoic strata in several
areas (e.g., Yeongwol, Doh et al., 1997; Pyeo-
ngchang, Park et al., 2000; Jeongseon, Park er al.,
2003) in the eastern Korea (the Okcheon unmeta-
morphosed zone) are also reported to be chem-
ically remagnetized during the Late Cretaceous to

Tertiary. Comparisons of the paleomagnetic pole
positions of the remagnetized areas are shown in
figure 8b. Paleomagnetic pole position of the study
area is not distinguishable statistically to that of
the Youngdong Basin, but it is significantly dif-
ferent from those of the Gongju Basin, the Eum-
seong Basin and Okcheon unmetamorphosed
zone. The discrepancy of paleopole positions from
remagnetized areas can give two alternative inter-
pretations. One possible explanation is that small
basins distributed along the Okcheon Belt were rel-
atively rotated about vertical axis after the acqui-
sition of CRMs at the almost same time. In a view
of this explanation, the Gongju Basin and the Eum-
seong Basin experienced relative clockwise and
counterclockwise, respectively, rotations with
respect to the Poongam and Youngdong basins.
The other explanation is that the discrepancy of the
paleomagnetic pole positions indicates the tem-
poral difference of the remagnetizations among
these areas. The timing of the remagnetizations of
the study area is not distinguishable statistically to
that of the Youngdong Basin, which is later than
that of the Gongju Basin and earlier than those of
the Eumseong Basin and Okcheon unmetamor-
phosed zone. It can be interpreted that fluid-medi-
ated chemical process possibly due to reactivation
of the Gongju Fault System and Gwangju Fault
System affected these basins at different time. At
present, the second hypothesis seems to be more
preferable, because it is hardly imagine that the
remagnetizing fluids, related to the hydrothermal
fluids, affected both the boundaries of the Okcheon
Belt and the Okcheon unmetamorphosed zone at
the same time. Also, it is still unclear whether the
temporal difference of remagnetizations reflects the
large-scale migration of remagnetizing fluids of
similar origin along the Okcheon Belt or the inter-
mittent and local hydrothermal activities during the
Late Cretaceous to Tertiary. Further detailed studies
with the structural syntheses, geochemical analyses
and systematic absolute age determinations for
remagnetized areas may give better information on
these problems.

Acknowledgements

This work was supported by Korea University
Post-Doc. Grant in 2003 year(to Yong-Hee Park). A



Paleomagnetic and Rock-Magnetic Studies of Cretaceous Sedimentary Rocks 205

package of computer programs used in this study
was kindly provided by Dr. R. J. Enkin. The manu-
script was greatly improved by careful reviews of
Prof. Dongwoo Suk and Dr. Youn Soo Lee. We wish
to thank Mr. Wonnyon Kim for help in the field.

REFERENCES

Banerjee, S., Elmore, R. D. and Engel, M. H. (1997) Chem-
ical remagnetization and burial diagenesis: Testing the
hypothesis in the Pennsylvanian Belden Formation, Col-
orado. J. Geophys. Res., v. 102, p. 24,825-24,842.

Cheong, D. and Kim, K. (1999) Basin evolution and prov-
enance of sediments of the Cretaceous Poongam sed-
imentary Basin. Korean Jour. of Petrol. Geol., v. 7, p.
28-34.

Chun, S. S. and Chough, S. K. (1992) Tectonic history of
Cretaceous sedimentary basins in the southwestern
Korean Peninsula and Yellow Sea. In: Chough, S. K.
(Ed.). Sedimentary Basins in the Korean Peninsula and
Adjacent Seas. Korean Sediment. Res. Group Spec.
Publ. Harnlimwon Publishers. Seoul, p. 60-76.

Day, R., Fuller, M. and Schmidt, V. A. (1977) Hysteresis
properties of titanomagnetite: grain-size and composi-
tional dependence. Phys. Earth Planet. Inter., v. 13, p. 260-
267.

Doh, S. J. and Kim, K. H. (1994) A paleomagnetic study of
Cretaceous rocks from the Euiseong area. Econ. Envi-
ron. Geol., v. 27, p. 263-279.

Doh, S. J., Hwang, C. S. and Kim, K. H. (1994) A paleo-
magnetic study of sedimentary rocks from Kyeongsang
Supergroup in Milyang Sub-Basin. J. Geol. Soc. Korea,
v. 30, p. 211-228.

Doh, S. J., Cho, Y. Y. and Suk, D. W. (1996) Remag-
netization of the Cretaceous sedimentary rocks in the
Youngdong basin. Econ. Environ, Geol., v. 29, p. 193-
206.

Doh, S. J., Suk, D. W. and Park, Y. H. (1997) Remagne-
tization of the Pyeongan Supergroup in the Yeongwol
Area, Korea. J. Geomag. Geoelectr,, v. 49, p. 1,217-1,232.

Doh, S. J., Suk, D. W. and Kim, B. Y. (1999) Paleomagnetic
and rock magnetic studies of Cretaceous rocks in the
Eumsung basin, Korea. Earth Planets Space, v. 51, p. 337-
349.

Doh, S. J., Kim, W., Suk, D. W,, Park, Y. H. and Cheong, D.
(2002) Palaeomagnetic and rock-magnetic studies of Cre-
taceous rocks in the Gongju Basin, Korea: implication of
clockwise rotation. Geophys. J. Int., v. 150, p. 737-752.

Elmore, R. D., London, D., Bagley, D., Fruit, D. and Gao, G.
(1993) Remagnetization by basinal fluid: Testing the
hypothesis in the Viola Limestone, southern Oklahoma. J.
Geophys. Res., v. 98, p. 6237-6254.

Hagstrum, J. T. and Johnson, C. M. (1986) A paleomagnetic
and stable isotope study of the pluton at Rio Hondo near
Questa, New Mexico : implications for CRM related to
hydrothermal alteration. Earth Planet. Sci. Lett., v. 78, p.
296-314.

Hudson, M. R., Reynolds, R. L. and Fisherman, N. S. (1989)
Synfolding magnetization in the Jurassic press sandstone,
Wyoming-Idaho-Utah Thrust Belt. J. Geophys. Res., v. 94,

p. 13,681-13,705.

Kang, P. J. and Jin, M. S. (1972) Explanatory Text of the
Geological Map of Poongam Sheet. Korea Research
Institute of Geoscience and Mineral Resources, 31p.

Katz, B., Elmore, R. D., Cogoini, M., Engel, M. H. and
Ferry, S. (2000) Associations between burial diagenesis
of smectite, chemical remagnetization, and magnetite
authigenesis in the Vocontian, SE France. J. Geophys.
Res., v. 105, p. 851-868.

Kent, D. V. (1985) Thermoviscous remagnetization in some
Appalachian limestones. Geophys. Res. Lett., v. 12, p.
805-808.

Kim, I. S. and Kang, H. C. (1989) Paleomagnetism of Ter-
tiary Rocks in the Eoil Basin and its Vicinities, South-
east Korea. J. Geol. Soc. Korea, v. 25, p. 273-293.

Kim, I. S., Kang, H. C. and Lee, H. K. (1993) Palaeo-
amgnetism of Early Cretaceous Sedimentary Rocks in
Chingyo-Sachon Area, Southwestern Kyongsang Basin.
Jour. Korean Inst. Mining Geol., v. 26, p. 519-539.

Kim, K. H. and Jeong, B. L. (1986) A Study on the Paleo-
magnetism of Southern Korea since Permian. Jour.
Korean Inst. Mining Geol., v. 19, p. 67-83.

Kirschvink, J. L. (1980) The least square line and plane and
the analysis of paleomagnetic data. Geophys. J. Roy.
Astr. Soc., v. 62, p. 699-718.

Lee, G. D., Besse, J., Courtillot, V. and Montigny, R. (1987)
Eastern Asia in the Cretaceous: New paleomagnetic
data from South Korea and a new look at Chinese and
Japanese data. J. Geophys. Res., v. 92, p. 3580-3596.

Lee, H. K. (1998) Structural analysis of the Cretaceous
Pungam Basin. J. Geol. Soc. Korea, v. 34, p. 122-136.

Lee, M. W., Won, C. K. and Kim, K. H. (1992) The Cre-
taceous volcanic activities and petrology in Kyonggi
Massif-on the Kapcheon, Eumseong and Kongju Basin.
J. Geol. Soc. Korea, v. 28, p. 314-333.

Lee, Y. S., Ishikawa, N. and Kim, W. K. (1999) Paleo-
magnetism of Tertiary rocks on the Korean Peninsula:
tectonic implications for the opening of the East Sea
(Sea of Japan). Tectonophysics, v. 304, p. 131-149.

Ma, X., Yang, Z. and Xing, L. (1993) The Lower Cre-
taceous references pole for North China, and its tectonic
implications. Geophys. J. Int., v. 115, p. 323-331.

McCabe, C., Van der Voo, R., Peacor, C. R., Scotese, C. R.
and Freeman, R. (1983) Diagenetic magnetite carries
ancient yet secondary remanence in some Paleozoic
sedimentary carbonates. Geology, v. 11, p. 221-223.

McElhinny, M. W. (1964) Statistical significance of the fold
test in paleomagnetism. Geophys. J. R. astr. Soc., v. 8,
p. 338-340.

Otiver, J. (1986) Fluids expelled tectonically from orogenic
belts : Their role in hydrocarbon migration and other
geologic phenomena. Geology, v. 14, p. 99-102.

Otofuji, Y., Katsuragi, K., Inokuchi, H., Yaskawa, K., Kim, K.
H., Lee, D. S. and Lee, H. Y. (1989) Remagnetization of
-Cambrian to Triassic sedimentary rocks of the Paegunsan
Syncline of the Okcheon Zone, South Korea. J. Geomag.
Geoelectr., v. 41, p. 119-135.

Park, Y. H., Doh, S. J. and Suk, D. W. (2000) Paleomagnetic
and rock-magnetic studies of the Pyeongan Supergroup
in the Pyeongchang area, Korea. (Abstract), Joint Sym-
posium, Geological Society of Korea, Korea Society of
Economic and Environmental Geology, Korean Society



206 Yong-Hee Park and Seong-Jae Doh

of Petroleum Geology, and Petrological Society of
Korea, 22p.

Park, Y. H., Doh, S. I. and Suk, D. W. (2003) Chemical
remagnetisation of the Upper Carboniferous-Lower Tri-
assic Pyeongan Supergroup in the Jeongseon area,
Korea: fluid migration through the Okcheon Fold Belt,
Geophys. J. Int., v. 154, p. 89-103.

Pullaiah, G., Irving, E., Buchan, K. L. and Dunlop, D. J.
(1975) Magnetization changes caused by burial and uplift.
Earth Planet. Sci. Lett,, v. 28, p. 133-143.

Ryang, W. J. (1998) Sedimentology of the Eumsung Basin
(Cretaceous), Korea. Ph. D. thesis, Seoul National Uni-
versity, 125 pp.

Shin, S. C. and Jin, M. S. (1995) Isotope age map of vol-
canic rocks in Korea (1/1,000,000). Korea Institute of
Geology, Mining and Material.

So, C. S, Yun, S. T., Heo, C. H. and Youm, S. J. (1999)
Geochemistry and genesis of mesothermal gold deposits
in Korea: Base metal-rich gold mineralization of the
Byungjibang mine, Hwoingsung area. J. Min. Petr.
Econ. Geol., v. 94, p. 65-82.

Suk, D. W. and Doh, S. J. (1996) Paleomagnetism of the
Cretaceous rocks in Uiseong area revisited. J. Geol. Soc.
Korea, v. 32, p. 47-64.

Suk, D. W., Van der Voo, R. and Peacor, D. R. (1990) Scan-
ning and transmission electron microscope observations
of magnetite and other iron phases in Ordovician car-
bonates from east Tennessee. J Geophys. Res., v. 95, p.
12,327-12,336.

Thompson, R., Bloemendal, J., Dearing, J. A., Oldfield, F,
Rummery, T. A., Stober, J. C. and Turner, G. M. (1980)
Environmental applications of magnetic measurements.
Science, v. 207, p. 481-486.

Uchimura, H., Kono, M., Tsunakawa, H., Kimura, G., Wei,
Q., Hao, T. and Liu, H. (1996) Palacomagnetsm of late
Mesozoic rocks from northeastern China: the role of the
Tan-Lu fault in the North China Block. Tectonophysics,
v. 262, p. 301-319.

Uno, K. (2000} Clockwise rotation of the Korean Peninsula
with respect to the North China Block inferred from an
improved Early Triassic palacomagnetic pole for the
Ryeongnam Block. Geophys. J. Int., v. 143, p. 969-976.

Walker, T. R., Larson, E. E. and Hoblitt, R. P. (1981) Nature
and origin of hematite in the Moenkopi Formation (Tri-
assic), Colorado Plateau: A contribution to the origin of
magmatism in red beds. J. Geophys. Res., v. 86, p. 317-
333.

Watson, G. S. and Enkin, R. J. (1993) The fold test in paleo-
magnetism as a parameter estimation problem. Geophys.
Res. Lett., v. 20, p. 2,135-2,137.

Won, J. K., Ji, J. M., Cheong, J. G., Lee, M. W. and Kim,
W. S. (1989) Explanatory Text of the Geological Map of
Kapcheon Sheet. Korea Research Institute of Geo-
science and Mineral Resources, 28 pp.

Zhao, X., Coe, R. S., Chang, K. H., Park, S. O., Omarzai,
S. K., Zhu, R., Zhou, Y., Gilder, S. and Zheng, Z. (1999)
Clockwise rotations recorded in Early Cretaceous rocks
of South Korea: implications for the tectonic affinity
between the Korean Peninsula and North China. Geo-
phys. J. Int, v. 139, p. 447-463.

Zijderveld, J. D. A. (1967) AC demagnetization of rocks:
Analysis of results. In Method in Paleomagnetism,
edited by D. W. Collision, D. W. Creer, and S. K. Run-
corn, Elsevier, Amsterdam, p. 254-286.

2003 12€ 1 A4, 20049 1€ 2¢ AASRL



