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JejuIsland, a volcanic island in South Korea, has been one of the main targets of geophysical and/or geological
studies because of its tectonic importance associated with the volcanism and tectonic link to the southern
Korean Peninsula. In this study, we reinterpret deep structures of Jeju Island based on the 1-D inversion results
for the sea effect corrected MT data. Among 108 MT sites, we select 11 MT sites, which are uniformly spread out
across the island and have good quality data for frequencies ranging from 10 to 10~ > Hz to examine the 1-D
deep structures. The sea effect correction makes remarkable changes in the observed MT data at frequencies
below about 1 Hz, playing an important role in revealing the deep structure. The 1-D resistivity models obtained
from sea effect corrected MT data are greatly similar to one another, commonly showing the discontinuity at a
depth of 18 km on average. This discontinuity can be interpreted as the transition zone separating resistive
upper crust and conductive lower crust. This interpretation is consistent with the geophysical interpretations
made for the southern part of the Peninsula which seems to be tectonically linked to Jeju Island. Reversely,
this agreement can be the evidence supporting that Jeju Island is the extension of the Korean Peninsula.

Considering the tectonic environment and formation process of Jeju Island, it is noted that the low resistivity of
the continental lower crust (CLC) beneath the island can be explained by the interconnected saline fluids which
are associated with metamorphic and/or magmatic activity forming the island. All the results convince us that

the newly built 1-D model for Jeju Island matches other geophysical and geological evidences.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

JejuIsland is a Quaternary volcanic island located on the continen-
tal margin in the southern end of the Korean Peninsula. It has an ellip-
tical shape with the major axis in the direction of ENE: the major and
minor axes are 73 km and 32 km long, respectively. Mt. Halla (1950 m
high), a shield volcano, is located in its central part and dominates the
landscape of the island. A number of parasitic scoria cones (more than
360) including several tuff rings and tuff cones are distributed over the
entire island. The volcanism at this island was initiated 1.2 Ma ago and
had continued on historic time with eruptions recorded until 1007 AD
(Lee, 1982; Won et al., 1986). Although there is no common agree-
ment on the origin of the volcanism of the island yet, mantle plume
has been thought of as the most plausible cause for its origin (Choi
etal., 2001; Lee, 1982; Park and Kwon, 1993).

A variety of geological and geophysical surveys have been carried
out in Jeju Island to delineate the subsurface structures of the island.
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Most of those, however, have focused on shallow subsurface struc-
tures (< several kilometers in depth), which are mainly related to
the development of groundwater (Jung et al., 1992; Koh, 1997; Lee,
1994). For the deeper part of the island, there has been a long-
standing question about whether remnant geothermal regimes and/
or deep-seated fractures associated with the former volcanic vents
exist beneath the island or not. According to the most current geo-
thermal gradient and heat flow map (Kim et al., 2004; Song et al.,
2006), neither geothermally anomalous region nor anomalous heat
flow has been detected in Jeju Island, although we expect that some
geothermally anomalous regions might exist in the island. Since the
results are against our expectation, there are needs to investigate geo-
physical and/or geochemical properties of the deeper structures
reaching the lower crust or the upper mantle beneath the island. To
study geophysical and/or geochemical properties for the deep earth,
the natural-source magnetotelluric (MT) method has been widely
used because of the following reasons: 1) its investigation depth is
so deep reaching the upper mantle and 2) the electrical conductivity
dealt with in the MT method is much more sensitive to geochemical
changes than other physical properties such as acoustic impedance,
density, and seismic velocity.
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In recent years, Lee et al. (2006) and Lee et al. (2009) tried to image
the possible geothermal regime and/or deep-seated fractures within
the shallow upper crust of the island using broad-band MT survey
data. For the deeper structures such as the lower crust and the upper
mantle, however, it is not easy to properly describe geoelectrical
structures, because the observed low-frequency MT data seem to be
strongly affected by the sea surrounding the island (Lee et al., 2009;
Nam et al., 2009). This is in general called “sea effect”, which is mainly
attributed to electrically sharp contrast between the sea and the land
(Nolasco et al., 1998; Santos et al., 2001; Yang et al., 2010). Recently,
Yang et al. (2010) introduced an effective sea effect correction method
for island MT data, and applied the method to MT data acquired in Jeju
Island. However, since they only focused on showing the effectiveness
of the sea effect correction method, they did not provide detailed geo-
physical interpretation for the subsurface structure of Jeju Island.

In this study, we interpret the deep part of Jeju Island based on the
representative 1-D resistivity model estimated from the inversion for
the sea effect corrected MT data. Since there are some limitations in de-
termining the directionality of the structure using the sea effect uncor-
rected MT responses in the insular setting (Santos et al, 2001), we
assume that the resistivity structures of the island can be approximated
by 1-D structure. The 1-D treatment for the subsurface of Jeju Island
seems to be reasonable, based on the facts that the skew values of the
selected MT sites are fairly low and off-diagonal components of the im-
pedance tensor are also very similar to each other. Although real sub-
surface structures of Jeju Island might be deviated from the 1-D earth,
the representative 1-D resistivity model can contribute to further un-
derstanding of tectonic relationship between Jeju Island and its adjacent
regions and provide a clue to the origin of volcanism of the island.

In the following sections, we begin by introducing the geological
setting for Jeju Island, and then briefly explain the features of the
MT data gathered in Jeju Island and the data correction methods
such as the static shift and the sea effect correction. Next, we present
1-D resistivity models for the deep structures in Jeju Island through
inversion and compare them with other geophysical results obtained
in the southern part of the Korean Peninsula which has been known
to be tectonically linked with the island. Finally, we discuss the origin
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of the deep structure of the island with geophysical, geological, and
geochemical evidences.

2. Geological setting for Jeju Island

Jejulsland is a typical shield volcano located on the continental mar-
gin in the southern end of the Korean Peninsula, and has mainly formed
since the late Pliocene (Khim et al.,, 2001; Yoon, 1997). The main geolog-
ical characteristic of the island is that it is covered with Quaternary ba-
saltic lava with high permeability, which allows meteoric water to
infiltrate into the ground very quickly. Quaternary sedimentary forma-
tions underlying the basaltic lava reach a few hundreds of meters
in depth, and consist of Pleistocene consolidated sedimentary rocks
(Seogwipo Formation) in the upper part and Plio-Pleistocene unconsol-
idated sediments (U-formation) in the lower part. Both of the forma-
tions are marine-based and electrically conductive with the resistivity
less than several tens of ohm-m (Lee et al., 2006), which makes it dif-
ficult to distinguish them from each other. Basement rocks, Jurassic—
Cretaceous granites and Cretaceous-Tertiary rhyolitic tuff overlying
the granites, lie at depths of about 250-300 m below the sea level
(Koh, 1997). Fragments of the basements are found as xenoliths in
tuffs and basaltic lavas or several drill holes, which show very similar
rock faces and petrographic characteristics to those in the southern
and south-western area of the Korean Peninsula (An et al., 1995;
Yoon, 1997; Yun et al., 1999). Although this petrographic similarity be-
tween the basements indicates that Jeju Island is located in the exten-
sion of the southern part of the peninsula, but any geophysical
evidences showing the tectonic extension were not presented so far.

3. Jeju MT data and corrections

MT surveys were performed with Phoenix MTU-5A systems by Korea
Institute of Geoscience and Mineral resources (KIGAM) from 2004 to
2006. A total of 108 measurements were made along five survey lines in
areas surrounding Mt. Halla (Fig. 1), which roughly cover the whole
area of Jeju Island except for the coastal area where most of populations
are concentrated. The site spacing was about 2-5 km along the survey
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Fig. 1. A bathymetry map around the Jeju Island. A total of 11 MT sites (rectangular symbols) are selected for examining deep structure of the island, among 108 MT measurements
(cross-hair symbols). The right-upper panel shows the elevation variation along the selected 11 sites. The survey line JNL (dotted line) is used for showing the example of static shift

correction results.



94 J. Yang et al. / Journal of Applied Geophysics 76 (2012) 92-101

XY Phase

Log Frequency (Hz)

0 10 20 30 40 50 0 10 20

Y X Phase

XY Resistivity, Uncorrected

XY Resistivity, Static-shift-corrected

30 40 50 0 100 20 30 40 50

Y X Resistivity, Static-shift-corrected

Log Frequency (Hz)

s
r

0 15 30 45 60 75 90 0.5

Phase (degree)

i i o]
1

0 10 20
Distance (km)

20 30 40 50
Distance (km)
1.0 1.5 2.0 2.5 3.0 35
Log App. resistivity (ohm-m)

i
30

Fig. 2. Phase pseudosections (left) and apparent resistivity pseudosections before (middle) and after (right) static shift correction along the survey line JNL. The XY and YX denote

the responses with the electric field directed to the north and the east, respectively.

lines, and MT data with broadband frequencies ranging from 10> to
3% 10~ * Hz were acquired. All impedance tensors were estimated by ro-
bust remote reference processing with SSMT2000 software (Phoenix Co.).
The details of data acquisition and processing method were described by
Lee et al. (2006) and Nam et al. (2009). Now that we focus on the deep
geoelectric structure of the island, we select only 11 sounding data with
good quality even for low frequencies to 10~ 3 Hz among the processed
MT data, which are uniformly distributed across the island (see Fig. 1).
According to Lee et al. (2009), Jeju MT data have some problems to
be resolved for reliable interpretation: static shift effect, topographic ef-
fect and sea effect. Fig. 2 shows an example of static shift correction re-
sults for the survey line JNL. In Fig. 2, we see that the phases are
consistent with each other, whereas the observed apparent resistivity
shows abrupt changes. Considering that the conductive Quaternary sed-
imentary formations underlying the basaltic lava are ubiquitous over the
island and their resistivity values do not show any significant changes
(Lee et al., 2006), we may expect that the low apparent resistivity values
due to the formation appear all over the sites with fairly continuous var-
iation. Based on this geophysical expectation, a simple static shift correc-
tion is applied to observed impedance tensors so that XY and YX
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apparent resistivity values at frequencies ranging from 10 Hz to 30 Hz
smoothly vary along each survey line. As shown in Fig. 2, we can observe
that the continuity of the resistivity data is noticeably enhanced by the
static-shift correction. The same static shift correction method was ap-
plied to the other survey lines, which yields the similar results.

We proceed to examine distortions due to topographic variations
and the surrounding sea. Nam et al. (2009) reported the topographic ef-
fect appears at frequencies higher than 2 Hz and it can be explained by
the elevation changes of the MT sites. Note that topographic changes of
the selected MT sites are not severe as shown in Fig. 1. In addition, we
are interested in revealing deep structures extracted from frequencies
lower than 1 Hz. As a result, we do not consider the topographic effect.
On the other hand, Yang et al. (2010) demonstrated that the sea effect
hinders us from correctly interpreting the deep structure because the
MT data at low frequencies below about 1 Hz are distorted by the sur-
rounding sea. Therefore, the sea effect correction is an indispensable
procedure to properly interpret the deep structure of the island.

Prior to correcting sea effects, we need to investigate the dimen-
sionality of the selected MT data because the sea effect correction re-
quires information on the dimension of the subsurface. Fig. 3 shows
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Fig. 3. Skewness of observed impedance tensor according to Swift's and Bahr's parameterization for the selected 11 sites. Solid lines in the panels indicate the empirically deter-

mined thresholds of 0.2 (Swift) and 0.3 (Bahr), respectively.
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two kinds of skew values of observed MT impedances. In Fig. 3, most
of the skew values are below the thresholds of 0.2 (Swift) and 0.3
(Bahr), which indicates that the subsurface structures can be as-
sumed to be 1-D or 2-D. According to former studies (Lee, 1994;
Nam et al., 2009), the geoelectrical structure of Jeju Island can be
regarded as a 1-D earth consisting of four layers in a regional scale al-
though there might exist local 2-D or 3-D structures. Based on these
results, we assume a 1-D subsurface structure, which will also be sup-
ported by the sea effect corrected data.

104
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Now we apply the iterative sea effect correction method (Yang
et al., 2010) to the static shift corrected data, assuming that the sub-
surface structure is 1-D earth. In 1-D treatment, to alleviate the
unwanted galvanic and inductive distortions, the effective imped-
ances rather than the TE and TM modes are commonly employed
(Berdichevsky et al., 1989; Likelybrooks, 1986). We select the deter-
minant average (DET, Zget) of MT impedance tensor described by
Z 4et = \/ZxwZyy—ZxyZyx. The 3-D modeling algorithm and 1-D inver-
sion method, which are required to correct the sea effect, are identical
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Fig. 4. Apparent resistivity and phase curves with error bars for the observed (sea effect uncorrected) and sea effect corrected data at all the sites.
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Fig. 4 (continued).

to those of Yang et al. (2010). That is, we use the staggered finite-
difference algorithm (Mackie et al., 1993) for the 3-D modeling and
Occam's method (Constable et al., 1987) for the 1-D inversion. The
more detailed descriptions for the sea effect correction were pre-
sented by Yang et al. (2010).

Fig. 4 compares the MT responses at all sites before and after the
sea-effect correction. The sounding curves of two modes of uncor-
rected MT data begin to split around 1 Hz at most sites, showing typ-
ical responses to three layers (resistive top, conductive middle, and
resistive bottom layers). The sea effect correction makes two remark-
able changes: first, all the sounding curves of corrected data clearly

exhibit a 4-layered structure, indicating the existence of conductive
bottom layer. Second, both sounding curves of the XY and YX
modes of the corrected data are compatible with each other, which
is the general feature that appears in the MT sounding curves for
nearly 1-D earth. These results convince us that our 1-D approach is
valid enough to provide reliable information on the deep structure
beneath the island.

In Fig. 5, we present the apparent resistivity and phase data of Zge,
before and after the sea effect correction at all the 11 sites. In terms of
1-D earth, all the sounding curves of corrected responses clearly show
a 4-layered structure (resistive-conductive-resistive—conductive
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Fig. 5. Apparent resistivity (upper panel) and phase (lower panel) curves of the DET for (a) the observed (sea effect uncorrected) and (b) sea effect corrected data of all the sites

with error bars.

pattern with increasing depth), while the uncorrected responses
roughly show a 3-layered structure (resistive—conductive-resistive
pattern with increasing depth). We can also confirm that the sea ef-
fect appears at frequencies lower than about 1 Hz, which are respon-
sible for screening the responses of the deeper structures. In addition,
the sea effect correction significantly enhances the decreasing gradi-
ent at frequencies lower than about 0.1 Hz in the apparent resistive
curves and makes the local maximum around 0.05 Hz in the phase
curves. These retrieved features are clear evidences demonstrating
the large resistivity contrast between the 3rd and 4th layer. Accord-
ingly, we expect that the sea effect correction increases the reliability
of the deep electrical structure of the island.

4. Geophysical interpretations
4.1. 1-D layered-earth inversion

From the sea effect corrected MT data of Jeju Island, we could note
that the subsurface model beneath the island is electrically divided
into at least 4 layers in terms of 1-D earth. To clearly examine the
boundary of each layer, we employ the 1-D layered-earth inversion
(LI) method (Meju, 1992) for both the apparent resistivity and
phase data of effective impedance Zg... For observation errors, we as-
sume minimum errors to be 7% for the apparent resistivity and 2° for
the phase of Zge. Data points with large scatter and large error bars
(e.g., outliers) were removed through careful inspection.

The initial model for the 1-D LI method is assumed to consist of
four layers, which are built based on the Occam's inversion results
that were acquired in the sea effect correction (Yang et al., 2010).
Fig. 6 shows 1-D models inverted from sea effect uncorrected and cor-
rected responses for all the sites. Averaging LI results at all the
sites yields a representative 1-D resistivity model for Jeju Island,
which is also displayed in Fig. 6. We may also obtain a representative
1-D resistivity model by performing LI for the averaged MT data.
However, because the model parameters of the 1-D models are de-
pendent on data quality of each site (i.e., noise level), we favor the
1-D model which is statistically derived by averaging the 1-D models

obtained at all the sites. Table 1 shows physical properties of the av-
eraged 1-D model obtained by using the uncorrected and corrected
responses, respectively.

In Fig. 6 and Table 1, we can observe the remarkable changes par-
ticularly in the thickness of the third layer and the resistivity of the
fourth layer after the sea effect correction. The boundary between
the third and fourth layers becomes deeper moving from a depth of
10 km to 18 km, and the resistivity value of the fourth layer changes
from about 330 ohm-m to about 110 ohm-m, resulting in sharper re-
sistivity contrast between the third and fourth layers. Clearly, these
changes are attributed to the sea effect correction, and the root-
mean-square (RMS) misfit values have also decreased after the cor-
rection at most sites (Fig. 6¢).

On the other hand, we can observe slight changes of resistivity
values underneath the interface between the third and fourth layers
in the Occam's inversion results shown in Fig. 7, which may indicate
the existence of a 5th layer. As a result, we also carry out the LI inver-
sion assuming that the subsurface structures are composed of 5
layers. In Fig. 7c, we compare RMS misfits of the LI results for 5 layers
with those of 4 layers. Although the 5-layered model yields RMS er-
rors slightly lower than those of the 4-layered model at several
sites, the 1-D models obtained by the LI with 5 layers show little sig-
nificant changes compared to those generated by the LI with 4 layers.
Adopting Occam's razor, we prefer the simplest model accounting for
our data, and the 1-D model with 4 layers is thus selected to interpret
the resistivity structure beneath the island.

4.2. Deep electrical structure beneath Jeju Island

The averaged 1-D model obtained from sea effect corrected re-
sponses exhibits a pattern of resistive-conductive-resistive-conductive
layers as the depth increases. The uppermost layer (370 ohm-m) corre-
sponds to the surface basaltic cover underlain by very conductive Qua-
ternary sedimentary formation (30ohm-m) down to 0.95km.
Below this is a region of moderately resistive layer (1750 ohm-m)
reaching 18 km, overlying a conductive homogeneous bottom layer
(110 ohm-m). Since the first and second layers are well known by the
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former studies (Lee et al., 2006; Nam et al., 2009) and are not changed
after the correction, we focus on the interpretation of the deeper parts
(i.e., the third and fourth layers).

In general, the MT method is not sensitive to detect the Moho ex-
cept for some regions where the conductive lower crust is absent and
the upper crust (or just crust) is highly resistive (> several ten thou-
sands of ohm-m) such as the Slave Craton and the East Indian Craton
(Bhattacharya and Shalivahan, 2002; Jones, 1999; Jones and Ferguson,
2001; Spratt et al., 2009). In the case of Jeju Island, the upper crust,

Table 1

whose resistivity value is approximately 2000 ohm-m, is not highly
resistive, and regional gravity and seismological studies (Choi et al.,
1993; Yoo et al., 2007) demonstrated that the depth of Moho beneath
the island is approximately 33-35 km. Based on these facts, the
boundary located at a depth of 18 km beneath the island is not the
Moho but likely to be the transition zone (i.e., brittle-ductile transi-
tion zone or Conrad discontinuity) separating the resistive upper
crust and the conductive, continental lower crust (CLC). The conduc-
tive CLC has been globally observed in the continental setting (Gough,

Physical properties of the arithmetically averaged 1-D resistivity models inferred from the observed (sea effect uncorrected) and the sea effect corrected responses at all the sites.

The values in parenthesis indicate the standard deviations.

Layer Sea-effect uncorrected Sea-effect corrected

Resistivity, ohm-m Depth, km Resistivity, ohm-m Depth, km
1st 3789 (+£131.5) 0.30 (4-0.09) 3727 (£142.7) 0.30 (4-0.08)
2nd 30.1 (£10.9) 0.95 (+0.35) 29.7 (£11.0) 0.95 (+0.33)
3rd 1559.8 (£548.9) 10.52 (£1.93) 1751.86 (+£432.6) 18.13 (£+1.84)
4th 336.8 (4123.56) 110.4 (£454)



image of Fig.�6

J. Yang et al. / Journal of Applied Geophysics 76 (2012) 92-101 99

(a) 1-D Model, 4 layers
R ETT BRI

1071+ Tl
IIJFI
| ]
[ e
1003
=
=
(a]
il
[
1l
|
1023 oC
| —_— L1

(b)  1-D Model, 5 layers
. gl el s

[

Resistivity (ohm-m)

T T
10 100 100 100 10 10°

100 100 102 100 10*  10°
Resistivity (ohm-m)

URRALLL NS B R LU m R

| | | | I |

—_
o
p—
[95]

5 layers
A 4layers

RMS misfit

|
T T T T T T T T T T

T T
6 7 8 9 10 11

%

Site index

Fig. 7. The same as Fig. 6 but by inversion with (a) 4 layers and (b) 5 layers for the sea effect corrected data.

1986; Haak and Hutton, 1986; Jones, 1992), but the cause of the con-
ductive CLC is still being disputed. The cause for the conductive CLC
beneath the island will be discussed in the next section.

Since there is little geophysical study on the deep part of Jeju Is-
land, it can be helpful to compare our results with other geophysical
studies carried out in the southern part of the Korean Peninsula,
grounded that Jeju Island can be considered as a tectonical exten-
sion of it. According to the previous MT study performed across
the southern part of the Korean Peninsula (Lee, 2006), it was
reported that the transition boundary between the resistive upper
crust and conductive lower crust exists at a depth of approximately
18 km on average in the southeastern part (Fig. 8). In addition, re-
cent seismological study (He and Hong, 2010) also reported that
Conrad discontinuity exists at a depth of about 20 km in that region.
This similarity indicates that 1-D resistivity model inferred from the
MT data is fairly compatible with other geophysical data, supporting
the previous studies that Jeju Island is a tectonical extension of
the southeastern part of the Korean Peninsula. However, the resis-
tivity values of the lower crust in Jeju Island differs from those of
the southeastern part of the Korean Peninsula (the lower crust
of Jeju Island has lower resistivity values than those of the Korean

Peninsula by one order of magnitude), from which we can tell that
they might have experienced different tectonic activities for some
periods.

5. Discussions on the conductive CLC beneath Jeju Island

Since the silicate rocks, one of the main constituents of the lower
crust, are highly resistive, the presence of the conductive CLC can be
explained by the interconnected network of either saline fluid
(Brace, 1971; Gough, 1986; Jones, 1992), mineral conducting phase
(Duba et al., 1988; Frost et al., 1989), or partial melting (Sato and
Ida, 1984; Waff, 1974). For the electrical property of the CLC, Haak
and Hutton (1986) showed that the standard lower crust has a resis-
tivity value ranging 100-300 ohm-m. In Precambrian regions, the
lower crust typically has the conductance (conductivity x thickness)
of around 20 S, whereas for Phanerozoic regions, the conductance of
the lower crust is higher than that of Precambrian regions by an
order of magnitude, e.g., about 400 S (Jones, 1999).

On the basis of 1-D resistivity model derived from the sea effect
corrected Jeju MT data, the resistivity of the CLC beneath the island
is estimated at 110 ohm-m and the conductance of the CLC reaches
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about 155 S, provided that the Moho of the island is located at a depth
of 35 km (Yoo et al., 2007). These values for the resistivity and the
conductance of the CLC in the island seem to be normal, compared
to those of other regions. However, we cannot rely on these values
completely, because the MT method only allows us to describe the
depth to the top, and conductance (or thickness-resistivity ratio) of
the layer. In this study, however, we used the averaged 1-D model
to interpret the subsurface structures, which may play a role in reduc-
ing the uncertainty in the interpretation.

As candidates explaining the low resistivity of CLC beneath the is-
land, conductive mineral phase or conducting fluids such as partial
melting and saline water can be taken into account. For conductive
mineral phase, graphite film has been thought of as the most plausi-
ble cause in many regions because a small fraction of graphite can
greatly reduce the resistivity of the CLC (Duba et al., 1988; Frost et
al., 1989). However, a small fraction of graphite will not significantly
affect elastic properties and seismic velocity (Marquis and Hyndman,
1992), which indicates that graphite cannot explain increased seismic
reflectivity at the interface between the upper and lower crust.
Note that Conrad discontinuity exists at a depth of 20 km in the
southern part of the peninsula, which is tectonically linked to Jeju Is-
land. Therefore, the possible cause of the conductive CLC is likely to be
partial melting and/or saline fluid rather than mineral conducting
phase. The partial melting, however, is unlikely to be a candidate for
explaining the low resistivity of CLC of the island, because the partial
melting is generally linked to a geothermal anomaly but we could not
detect any geothermal anomalies in Jeju Island. The heat flow of the
island is approximately 50 mW/m?, which is lower than that of the
Korean Peninsula (60 mW/m?) as well as global average of heat
flow (65 mW/m?) (Song et al, 2006). Accordingly, the intercon-
nected saline fluid is the most plausible cause of the low resistivity
of the CLC beneath the island at present, because it can be linked to
metamorphic and/or magmatic process, which stems from hot spot
or mantle plume describing the origin of Jeju Island.

Assuming that the low resistivity of the CLC results from the inter-
connected saline fluid, we can roughly infer the fluid fraction required
to account for the resistivity of 110 ohm-m in the CLC beneath the is-
land. For the crustal fluids, we may expect to find aqueous brines as-
sociated with metamorphic and/or magmatic processes, below the
brittle-ductile transition zone. Hydration reaction related to heating
the crustal rocks can result in brines with as much as 10 wt.% Nadl,
but fluid volumes will likely be much less than 1% (Walther, 1994).
The resistivity of rocks (pock) is related to both the resistivity of
fluid (ppuia) and the fluid fraction (f): Prock = pPauia/f™ Where n=x1
for partial melts and interconnected networks (Park and Mackie,
2000). Nesbitt (1993) showed that the resistivity of a 3.5 wt.% salt so-
lution is estimated to be 0.04 ohm-m under the pressure of 3 kbar
and the temperature of 300-500°C. If we assume that this is a reason-
able estimate for fluid resistivity, the maximum interconnected fluid
fraction in the CLC beneath the island is around 0.04%. The practical
fluid fraction value, however, can be a little bit higher than 0.04% in
Jeju Island, if the resistive CO,-rich fluids are included (Yang (2004)
reported the presence of CO,-rich fluid in the xenoliths found in
Jeju Island). Although we cannot estimate the accurate fluid fraction
of the CLC under the circumstances, this fluid fraction value might
give a clue for physical and/or chemical state of the CLC of the island.

6. Conclusions

We revealed the deep structures of Jeju Island including the lower
crust based on the sea effect corrected MT data. The sea effect correc-
tion has made remarkable changes in the observed MT responses at
frequencies below about 1 Hz, clearly indicating the existence of con-
ductive bottom layer. From the sea effect corrected MT data of the 11
sites across the island, we built the new representative 1-D resistivity
model for Jeju Island. This new 1-D resistivity model revealed the dis-
continuity at a depth of about 18 km beneath the island, which is
interpreted as transition zone separating resistive upper crust
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and conductive lower crust. Furthermore, in the southern part of the
Korean Peninsula which seems to be tectonically linked to Jeju Island,
the transition zone separating the upper and lower crusts has been
also estimated to be approximately 18 km from the previous MT sur-
vey and 20 km from recent seismological study. These results demon-
strate that 1-D resistivity model inferred from the sea effect corrected
MT responses is fairly reliable, and also support the previous studies
that Jeju Island is a tectonical extension of the southern part of the
Korean Peninsula.

For the cause of the conductive CLC beneath the island, the inter-
connected saline fluid rather than partial melting is thought of as the
most plausible candidate, because the Jeju Island is not geothermally
anomalous when compared to other regions. The interconnected net-
work of saline fluid might be linked to metamorphic and/or magmatic
process forming the Jeju Island. The theoretically computed fluid frac-
tion value was 0.04% under the pressure of 3 kbar and the tempera-
ture of 300-500°C. This fluid fraction value can be higher in case of
the resistive CO,-rich fluid being included, and in practice, the exis-
tence of such CO,-rich fluids has been reported in Jeju Island. Al-
though we provide several evidences for our interpretation on deep
structures of Jeju Island, we still feel that additional geophysical and
geochemical data are needed to verify our interpretation.

Acknowledgments

This work was supported by the project named “Earthquake mon-
itoring at nuclear power plant (NPP) sites” of Korea Institute of Nucle-
ar Safety (KINS), the Brain Korea 21 project of the Ministry of
Education, Science and Technology, and the basic project of Korean
Institute of Geoscience and Mineral Resources (KIGAM). In addition,
CKL was supported by the project (PE11070) of Korea Polar Research
Institute (KOPRI), and DJM was financially supported by “Develop-
ment of Technology for CO2 Marine Geological Storage” program
(MLTM). The authors thank two anonymous reviewers for their help-
ful comments that led to significant improvement in this paper.

References

An, K.S., Lee, HK, Lim, H.C,, 1995. A petrological and geochemical study of granites in
the Cheju Island. Economic and Environmental Geology of Korea 28, 513-518.
Berdichevsky, M.N., Vanyan, L.L., Dmitriev, V.I, 1989. Methods used in the U.S.S.R to re-
duce near-surface inhomogeneity effects on deep magnetotelluric sounding. Phys-

ics of the Earth and Planetary Interiors 53, 194-206.

Bhattacharya, B.B., Shalivahan, 2002. The electric Moho underneath eastern Indian Cra-
ton. Geophysical Research Letters 29, 1376. doi:10.1029/2001GL014062.

Brace, W.F., 1971. Resistivity of saturated crustal rocks to 40 km based on laboratory
measurements. In: Heacock, ].G. (Ed.), Structure and Physical Properties of the
Earth's Crust: Am. Geophys. Union Geophys. Monogr. Ser., 14, pp. 206-210.

Choi, K.S., Kong, Y.S., Lee, H.K,, 1993. A study on the crustal structure in and around the
Korean Peninsula by analyzing gravity data. Journal of the Korean Earth Science So-
ciety 14, 225-230.

Choi, S.H., Jwa, YJ., Lee, H.Y., 2001. Geothermal gradient of the upper mantle beneath
Jeju Island, Korea: evidence from mantle xenoliths. Island Arc 10, 175-193.

Constable, S.C., Parker, R.L., Constable, C.G., 1987. Occam's inversion: a practical algo-
rithm for generating smooth models from electromagnetic sounding data. Geo-
physics 52, 289-300.

Duba, A., Huenges, E., Nover, G., Will, G., Jodicke, H., 1988. Impedance of black shale
from Munsterland [ borehole: an anomalous good conductor? Geophysical Journal
94, 413-419.

Frost, B.R,, Fyfe, W.S., Tazaki, K., Chan, T., 1989. Grain-boundary graphite in rocks and
implications for high electrical conductivity in the lower crust. Nature 340,
134-136.

Gough, D.I, 1986. Seismic reflectors, conductivity, water and stress in the continental
crust. Nature 323, 143-144.

Haak, V., Hutton, R., 1986. Electrical resistivity in continental lower crust. In: Dawson,
J.B., Carswell, D.A.,, Hall, J., Wedepohl, K.H. (Eds.), Nature of Lower Continental
Crust. Geol. Soc. Spec. Publ., 24, pp. 35-49 (London).

He, X., Hong, T.K., 2010. Evidence for strong ground motion by waves refracted from
the Conrad Discontinuity. Bulletin of the Seismological Society of America 100,
1370-1374.

Jones, A.G., 1992. Electric conductivity of the continental lower crust. In: Fountain,
D.M., Arculus, R.J., Kay, R.W. (Eds.), Continental Lower Crust. Elsevier, New York,
pp. 81-144.

Jones, A.G.,, 1999. Imaging the continental upper mantle using electromagnetic
methods. Lithos 48, 57-80.

Jones, A.G., Ferguson, 1., 2001. The electric moho. Nature 409, 331-333.

Jung, S.H., Kim, J.H., Cho, LK., Jun, J.S., 1992. Fracture mapping and deep-seated ground
water exploration in the crystalline rocks by integrated geophysical techniques.
Korean Society of Engineering Geology 2, 113-130.

Khim, B.K., Woo, K.S., Sohn, Y.K., 2001. Sr isotopes of the Seoguipo Formation (Korea)
and their application to geologic age. Journal of Asian Earth Sciences 19, 701-711.

Kim, H.C,, Lee, S., Song, M.Y., 2004. Geological characteristics and heat flow relationship
in South Korea. Economic and Environmental Geology of Korea 37, 391-400.

Koh, G.W., 1997. Characteristics of the groundwater and hydrogeologic implications of
the Seogwipo Formation in Jeju Island. Ph.D. Thesis, Busan National University,
Korea.

Lee, MW, 1982. Petrology and geochemistry of Jeju volcanic island, Korea. Sci. Rep., 15.
Tohoku University Series III, pp. 177-256.

Lee, H.S., 1994. Geophysical study of subsurface structure of Cheju island. Ph.D. Thesis,
Seoul National University, Korea.

Lee, C.K., 2006. Magnetotelluric study on the deep geoelectrical structure across the
Korean Peninsula. Ph.D. Thesis, Seoul National University, Korea.

Lee, TJ., Lee, S.K, Song, Y., Uchida, T., 2006. The deep geological structure of Jeju Island
deduced from 2-D interpretation of AMT and MT data. Proceedings of the 8th SEG]
International Symposium, Kyoto University, Japan, pp. 109-114.

Lee, TJ., Nam, MJ], Lee, SK, Song, Y. Uchida, T., 2009. The Jeju dataset: three-
dimensional interpretation of MT data from mid-mountain area of Jeju Island. Jour-
nal of Applied Geophysics 68, 171-181.

Likelybrooks, D.W., 1986. Modeling Earth Resistivity Structure for MT Data: a Compar-
ison of Rotationally Invariant and Conventional Earth Response Functions
(Abstact), p. 918 (EOS Trans. 67, Am. Geophy. Union).

Mackie, R.L., Madden, T.R., Wannamaker, P.E., 1993. Three-dimensional magnetotellu-
ric modeling using difference equations — theory and comparisons to integral
equation solutions. Geophysics 58, 215-226.

Marquis, G., Hyndman, R.D., 1992. Geophysical support for aqueous fluids in the deep
crust: seismic and electrical relationships. Geophysical Journal International 110,
91-105.

Meju, M.A., 1992. An efficient ridge regression procedure for resistivity data inversion.
Computers & Geosciences 18, 99-118.

Nam, MJ., Kim, HJ., Song, Y., Lee, TJ., Suh, ]J.H., 2009. Three-dimensional topographic
and bathymetric effects on magnetotelluric responses in Jeju Island, Korea. Geo-
physical Journal International 176, 457-466.

Nesbitt, B.E., 1993. Electrical resistivities of crustal fluids. Journal of Geophysical Re-
search 98, 4301-4310.

Nolasco, R.P., Smith, ].T., Filloux, ].H., Chave, A.D., 1998. Magnetotelluric imaging of the
Society Island hotspot. Journal of Geophysical Research 103, 39287-39309.

Park, J.B., Kwon, S.T., 1993. Geochemical evolution of the Cheju volcanic island: petrog-
raphy and major element chemistry for stratigraphically-controlled lavas from the
northern part of Cheju Island. Journal of the Geological Society of Korea 29, 39-60.

Park, S.K., Mackie, R.L.,, 2000. Resistive (dry?) lower crust in an active orogen, Nanga
Parbat, northern Pakistan. Tectonophysics 316, 359-380.

Santos, F.A.M., Nolasco, M., Almeida, E.P., Pous, J., Mendes-Victor, L.A., 2001. Coast ef-
fects on magnetic and magnetotelluric transfer functions and their correction: ap-
plication to MT soundings carried out in SW Iberia. Earth and Planetary Science
Letters 186, 283-295.

Sato, H., Ida, Y., 1984. Low frequency electrical impedance of partially molten gabbro:
the effect of melt geometry on electrical properties. Tectonophysics 107, 105-134.

Song, Y., Kim, H.C,, Lee, S.K., 2006. Geothermal research and development in Korea.
Economic and Environmental Geology of Korea 39, 485-494.

Spratt, J.E., Jones, A.G., Jackson, V.A,, Collins, L., Avdeeva, A., 2009. Lithospheric geometry
of the Wopmay orogen from a Slave Craton to Bear Province magnetotelluric tran-
sect. Journal of Geophysical Research 114, B01101. doi:10.1029/2007]B005326.

Waff, H., 1974. Theoretical considerations of electrical conductivity in a partially mol-
ten mantle with implications for geothermometry. Journal of Geophysical Research
79, 4003-4010.

Walther, J.V., 1994. Fluid-rock reactions during metamorphism at mid-crustal melting.
Journal of Geology 102, 559-570.

Won, CK., Matusuda, J., Nagao, K., Kim, K.H., Lee, M.W., 1986. Paleomagnetism and ra-
diometric age of trachytes in Jeju Island. Journal of the Korean Institute of Mining
Geology 19, 25-33.

Yang, K., 2004. Fluid inclusions trapped in xenoliths from the lower crust/upper mantle
beneath Jeju Island (I): a preliminary study. Journal of Petroleum Society of Korea
13, 34-45.

Yang, J., Min, D.J,, Yoo, H.S., 2010. Sea effect correction in magnetotelluric (MT) data
and its application to MT soundings carried out in Jeju Island, Korea. Geophysical
Journal International 182, 727-740.

Yoo, H.J., Herrmann, R.B., Cho, K.H., Lee, K., 2007. Imaging the three-dimensional crust of
the Korean Peninsula by Joint inversion of surface-wave dispersion and teleseismic
receiver functions. Bulletin of the Seismological Society of America 97, 1002-1011.

Yoon, S., 1997. Miocene-Pleistocene volcanism and tectonics in southern Korea and
their relationship to the opening of the Japan Sea. Tectonophysics 281, 53-70.

Yun, S.H, Lee, Y.J., Chung, W.W., Koh, ].S., 1999. Petrology and zircon crystral morphol-
ogy of the granitic rock from the basement, Cheju volcanic island, Korea: (II) pre-
Cretaceous granite. Journal of the Korean Earth Science Society 20, 277-281.


http://dx.doi.org/10.1029/2001GL014062
http://dx.doi.org/10.1029/2007JB005326

	1-D crustal resistivity structure revealed by sea effect corrected magnetotelluric (MT) data obtained at Jeju Island, Korea
	1. Introduction
	2. Geological setting for Jeju Island
	3. Jeju MT data and corrections
	4. Geophysical interpretations
	4.1. 1-D layered-earth inversion
	4.2. Deep electrical structure beneath Jeju Island

	5. Discussions on the conductive CLC beneath Jeju Island
	6. Conclusions
	Acknowledgments
	References


