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Abstract. A three-dimensional (3D) magnetotelluric (MT) survey has been carried out to delineate subsurface structures
and possible fractures, for development of low-temperature geothermal resources in Pohang, Korea. Quite good quality
MT data could be obtained throughout the survey region by locating the remote reference in Kyushu, Japan, which is
~480 km from the centre of the field site.

3D modelling and inversion are performed taking into account the sea effect in MT measurements near the seashore.
The nearby sea in the Pohang area affects MT data at frequencies below 1 Hz ~0.2 Hz, depending on the distance from
the seashore. The most severe sea effects were observed in the south-east parts of the survey area, closer to Youngil Bay.
3D inversion with and without the seawater constraint showed very similar results at shallow depths, roughly down to 2 km.
At greater depths, however, a strong sea effect seems to form a fictitious conductive structure in ordinary 3D inversion,
especially in the south-eastern part of the survey region.

Comparison between drilling results and the resistivity profiles from inversions showed that five layered structures
can be distinguished the subsurface beneath the target area. They are: (a) semi-consolidated mudstones with resistivity
less than 10 © m, which are ~300 m thick in the northern part and ~600 m thick in the southern part of the survey area;
(b) occasional occurrence of trachybasalt and lapilli tuff within the mudstone layer has resistivity of a few tens of 2 m,
(c) intrusive rhyolite ~400 m thick has resistivity of several hundreds of 2m, (d) alternating sandstone and mudstone
down to 1.5 km depth shows resistivity of ~100 Q m, (¢) a conductive structure was found at a depth of ~3 km, but more
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geological and geophysical study should be carried out to identify this structure.
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Introduction

In 2002 and 2003, dense three-dimensional (3D) magnetotelluric
(MT) surveys were cartied out for geothermal exploration
in Pohang, Korea, in a joint research program of the Korea
Institute of Geoscience and Mineral Resources (KIGAM) and
the Institute for Geo-Resources and Environment, Geological
Survey of Japan (AIST).

Korea is one of the most difficult countries in the world for M T
data acquisition because artificial electromagnetic noise from
power lines and various other man-made sources is extremely
strong over almost the whole country. What is worse is that the
country is mostly underlain by relatively old formations that
generally have high resistivity, through which electromagnetic
(EM) noise can propagate to great distances. We therefore used
a very distant remote reference by setting up a remote site
in south-western Japan in order to overcome the noise. The
approximate distance between the survey area and the remote
station is ~480 km. As well as the remote reference in Japan, we
also installed a remote reference site within the Korean peninsula
for comparison purposes.

Pohang is located on the south-east margin of the Korean
peninsula, and the survey area lies very close to the sea shore.
The boundary between the sea and land induces severe distortion
of electrical fields because of its extremely high conductivity
contrast. There have been several efforts to identify and to
correct ocean or coast effects in MT and geomagnetic depth
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sounding (GDS) data (Monteiro Santos et al., 1999, 2006; Bapat
et al., 1993; Oh et al., 2003). MT measurements on the Korean
peninsula, surrounded by seas on three sides, will not be free
from the sea effect. Of the seas surrounding Korea, the East
Sea is the deepest, ten times deeper than the West Sea and the
South Sea of Korea, and thus has the most severe effects on
low-frequency EM measurements on the eastern side of Korean
peninsula, including the Pohang area (Oh et al., 2003). Bapat
et al. (1993) have performed an induction arrow analysis by
numerical thin sheet modelling, and showed that the overall
pattern of induction arrows at low frequencies on the eastern
side of the Korean peninsula points toward the East Sea at low
frequencies, because of the sea effect.

In this study, we first perform 3D modelling for a sea model
to infer the sea effect in the observed MT data from our Pohang
site. The 3D model is set up to include simplified coastline
nearby, layering of subsurface structure, and average resistivity
of each layer down to 1.5 km, based on results from test drilling,
and assumes average depth for the bathymetry of the East Sea
and average conductivity of the sea water. We then perform a
3D inversion with such geological settings as constraints and
compare the results with the ordinary 3D inversion results.

Geology and lineaments

The survey area is located north of Pohang City, south-castern
Korea. Figure 1 shows the general geology and a lineament
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Fig. 1. (a) Geological map and (b) lineament distribution around the survey site (Song, 2004). The green box indicates the survey area.

distribution from a Landsat image of the survey area. The
area lies in the Tertiary Pohang Basin, overlying Cretaceous
sedimentary rocks with biotite-granite, rhyolite, and trachybasalt
intrusions (Song, 2004). The Pohang Basin consists of Miocene
marine sediments and a clastic sediment layer at the base. The
Heunghae Basin, the main target for geothermal exploration, is
covered with Quaternary alluvium underlain by thick Tertiary
sediments, which are characterised by a semi-consolidated and

highly conductive mudstone (< 10 €2 m). This Tertiary sediment
formation has relatively low thermal conductivity and thus
preserves a high geothermal gradient, which is quite uncommon
in Korea. A MT survey has been carried out over this Quaternary
Heunghae Basin, enclosed by rectangles in Figure 1. Lineaments
from the Landsat image are mainly NNE-SSW in the region,
and two major lineaments, in the NNE-SSW and WNW-ESE
directions, intersect within the MT survey region (Figure 1b).
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Remote reference MT data acquisition and analysis

MT surveys have been conducted in two years, 2002 and 2003,
and Figure 2 shows the survey map. A total of 70 measurements
were made during this time. The 3D interpretation in this study
is based on the data from the 44 sites within the rectangle in
Figure 2. Two test boreholes, 165 m apart, were drilled in the
year 2003-2004, one of them to a depth of 1.5km. Various
well logs including caliper, gamma ray, and resistivity have
been acquired, so that the layered structures, resistivity of
each layer, and fractures intersecting the boreholes can be
investigated. The location of the test boreholes is also shown
in Figure 2.

Measurements at each site were made during two nights
for 15h each, from 17:00 to 08:00 next day in local time,
using a MTU-5A system by Phoenix Geophysics. The MTU-5A
system is designed for tensor measurements, including two
electric and three magnetic components at the surface, with
24-bit resolution for both AMT and MT bands. GPS
synchronisation allows us to place a remote reference site as far
as a few hundred kilometres, so that the electromagnetic noise
is unlikely to be coherent with the field station signal. Remote
reference processing was done with SSMT2000 software,
developed by Phoenix Geophysics, Ltd.

Because Korea suffers extremely strong EM noise, as
discussed in the Introduction, a remote reference was installed
in Kyushu, Japan (RR_J in Figure 2, ~480km from the survey
area), where it appears to be relatively quiet in an EM noise
sense. For the purpose of comparison, we also set up two remote
reference sites in Korea; Andong in 2002 (RR1 in Figure 2) and
Chungwon in 2003 (RR2 in Figure 2), which are ~60km and
165 km from the centre of the survey area, respectively.

Figure 3 compares MT impedances (apparent resistivities and
phases) at site PHG-415, which is close to the test boreholes,

after remote reference processing with RR2 and RR_J. In the
single-site impedance curves (Figure 3a), observe that the
estimated impedances are severely contaminated by near-field
noise, especially in the frequency range from 0.1 to 10Hz.
The phase goes almost to 0° (or —180°) in both xy and yx
modes, and the apparent resistivity curve, especially in the
xy components, has a steep gradient of ~45°. Here, the term
‘xy mode’ refers to impedance estimation using £, and H, fields,
where x points to the north.

Most of this near-field noise was removed by remote reference
processing with RR2, as can be seen in Figure 3b. One can,
however, still find some noise remaining at frequencies around
0.1 Hz, the so-called dead band, where the MT signal is weak.
Ambient background noise seems commonly to affect both the
field site and the remote site in Korea. When processed with data
from the remote reference site in Japan (RR_J), this portion is
much improved (Figure 3c¢), and resulting apparent resistivity
and phase curves are seen to be quite continuous with respect
to frequency. Comparing the outcome of processing with each
of the three remote reference data sources, RR_J generally gave
the best quality results.

Finally, starting with impedance values calculated
automatically using RR_J, the MT impedances were manually
edited by removing outlier segments, or large-variance
segments, taking into consideration the Tipper magnitude and
coherency as well as the continuity of the apparent resistivity
and phase curves at neighbouring frequencies. If strong noise
exists only within specific time segments within the 30h of
recording, we can improve the final data quality by eliminating
those bad segments.

Figure 4 shows the induction arrows for all 70 sites, at
frequencies 8 Hz, 0.3 Hz, and 0.01 Hz, derived from the observed
magnetic fields. They are drawn with a sign convention so that
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Fig. 2. Sitemap of the 3D MT survey, with the location of two remote reference sites in Korea (RR1,"RR2) and a remote
reference site in Kyushu, Japan. The rectangle surrounds the region used for 3D interpretation.



92 Exploration Geophysics

T. J. Lee, Y. Song, and T. Uchida

1x10° :
- 3| PHG-415(sNGL)
[ 1|® ® @2y -
v 10 _C Ozwx X R
E 1x10%3 R
8 E .*.‘oevﬁf q --ﬁ-ll.- gj jIL
. 4 9 2o, 0
8 1 0] sttt S 2R
o T Cwemy, A ey ;{f
a 3 et
o i
< 1x10° -
90 i
© ,.a""-""* ! %
o "
o 0
@
o J
@
ﬁ -90 _ 3
> 1 oo S0, e e ot ¢
00,2, .
—180 ~frrrrrr—frrrr e ST
1x 102 1x10° 1x1072 1x107*
a
( ) Frequency (Hz)
1x10%5 :
— 3{ PHG-415(RR2)
(S Jle ® 2y }'
] 1N _O Oz P L
% 1x10° 3 :
~— 7 [] ..h.I []
@ ] [ 1 ﬁﬁ. e m‘
g 1 X101 E Wite oday & u‘-‘- f’ﬂ %Am Me“" Fnﬁ,b‘ﬁ ;§ —
. E 2&,& % 3 {
a ]
< 1x10° 3
90 ~Iz
10\ i u-o..-b.-... i . ..ﬂ.o-.v". X 5
5 o B e sl
) ]
&
] -90
T o, 3
a 1 uw%muﬁmuh’w |ocene® © P oo T a0 0 § 2
3
-180 B B L0 0 w1111 00 ey 2 b L
1x10° 1x10° 1x1072 1x107*
(b) Frequency (Hz)
1x10% 3
— 3| PHG-415(RR_)
£ ile oy
é 100 Ozyx
£ 1x10%3
o 3 o zﬁ
7] ] Lt S
g 1x10° J'M.amm 222 ‘u?- gIY %
E Sdts e i R )
o ] !
2 ]
1% 10° |
90 —}
,a ] -—-...ah.-.,._| | _J—-—P‘"i%
o L-MIF‘
2 0
=2 .
&
& -90 $
a ] m-%nwhw,@m@mm&mmm;cv“wp &
1x10? 1x10° 1x1072 1x107*
(c) Frequency (Hz)

Fig. 3. Apparent resistivity and phase curves for the site PHG-415
calculated by (a) single site processing, (b) remote reference processing
with RR2, and (c) with RR_J.

they point toward a low-resistivity zone (Rikitake and Honkura,
1985). The length of the arrow indicates the magnitude of
induction vector; a long induction vector indicates that the
horizontal variation of resistivity structure is severe and
vice versa.

At 8Hz, the vectors lengths are small and their directions
are not systematic among stations. This means that the shallow
parts of the section have minor resistivity variation in the
horizontal direction and the section is nearly one-dimensional.
A rough average apparent resistivity at 8 Hz is 10 @ m, which
corresponds to a skin depth of ~500 m. The induction vectors
at 0.3 Hz point toward the south. Considering the fact that skin
depth at this frequency reaches ~3—4km, it is quite possible
that a large low-resistivity body exists to the south of the survey
area, at a distance or depth of 3—4km. On the other hand, all
the induction arrows at 0.01 Hz points toward the East Sea,
in the south-east direction. As can be seen from Figure 2, the
seashore lies 3~8 km from the survey area and is aligned in the
north—south direction. Observed MT data will surely be affected
by the nearby sea water.

3D MT modelling of the sea effect

To investigate the sea effect which may be contained in the
observed MT data, a 3D model was set up, which included
simplified coast lines and a layered structure inferred from the
drilling results as shown in Figure 5. The resistivities of the layers
down to 1.5km was based on the drilling and logging results.
Average depth to the sea floor and the resistivity of the sea water
were assumed to be 1.5km and 0.3 Q m, respectively. Several
simplifications were made in the model, namely: (a) the ocean
bottom was considered flat, at 1.5 km depth, and (b) the ocean—
continent transition is taken to be a sharp boundary following
the simplified coastline, but neglecting the topography of the
oceanic platform. 3D modelling for this model was performed
using the staggered-grid finite difference code of Mackie et al.
(1993). The total number of nodes was 70 (x) by 55 (y) by 23
(z, including 10 air layers).

Figure 6 shows the induction arrows calculated for
frequencies 0.001, 0.005, 0.05, and 1 Hz, respectively. On the
three panels in which frequencies are lower than 0.05Hz, all
of the induction arrows within the MT survey area point in
the eastward direction, towards the sea. At 1 Hz on Figure 6d,
however, the amplitude is very small, and the sea does not affect
the MT response. Note that some arrows on the south-east
margin of the survey region point to Youngil Bay, the nearest
sea at that point, which means that the sea can affect the MT
responses even up to 1Hz, at the south-east margin of the
survey region.

Apparentresistivity and phase curves for sites A and B, shown
in Figure 5, are compared in Figure 7. These two sites correspond
to the west- and east-most measuring point in this MT survey.
Because the seashore boundary is the only two-dimensional
structure in the model, the differences in apparent resistivities
between xy- and yx-mode can only be a response to the sea effect.
The split in apparent resistivity between the two modes appears
at frequencies roughly below 0.2 Hz at site A, and below 1 Hz at
site B. Thus, the nearby sea can affect the MT responses below
the frequencies 0.2 Hz—1 Hz, depending on the station location.
This result indicates that we need to consider the nearby sea
in the interpretation of MT data below 1 Hz, although we have
assumed a simplified coastline and a very sharp ocean—continent
transition boundary.

3D MT inversion including sea floor

Of the 70 MT measurements, 44 measurements within the
rectangle in Figure 2 were used for the 3D inversion. A
linearised least-squares inversion with optimum regularisation
and static shift parameterisation (Sasaki, 2004) was used for the
inversion, in which forward modelling was done by the finite-
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Fig. 5. A 3D model to investigate the sea effect in MT responses. The white box indicates the region
under study. Note the arbitrary vertical scale.
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Fig. 7. Apparent resistivity and phase curves from the 3D MT modelling
at site A and B shown in Figure 5. Note that the sea effect causes the split in
apparent resistivities at low frequencies between xy and yx modes.

difference method. Some modifications were added to the code
to implement seawater constraints. Weighting, for calculation of
the data misfit, was based on the measurement error. A 3% noise
floor was assumed. Thirteen frequencies were used, ranging from
0.0159 to 66 Hz. From 2288 apparent resistivity and phase data
in xy- and yx-modes, 178 data with large measurement errors
were excluded, so that 2110 data were used for the inversion.
Cell size for forward modelling was 150 m in horizontal and
100 m in vertical directions at the surface of the target area,
increasing in size outward and downward. The inversion model
was divided into 2100 blocks, 10 x 15 x 14 blocks in x, ¥, and
z directions, respectively. Including 88 static shift parameters
in xy- and yx-modes at 44 sites, the total number of unknowns
was 2188. The coordinate system used set the origin at the
north-west-most measurement point, x to the east, y to the south,
and z downward. The initial model was a homogenous half-
space with resistivity of 14.65 Q m, which was an average of
observed apparent resistivities for all the input data. To include
the sea water in the model, we assumed that the seashore
boundary formed a straight line in the north—south direction

(v direction) at x=9km, and that the sea continues infinitely
to the east. The sea floor was assumed to be flat and located at
a depth of 1.5km. The input data and all other parameters are
exactly the same in both inversions, except that we added some
blocks to the eastern side of the model (x > 9km) with fixed
resistivity values during the inversion with sea water included.
Resistivities of the sea water and the formation below the sea
were fixed at 0.3 2m and 1000 Qm, respectively, during the
inversion process.

Figure 8 compares the inversion results with and without
consideration of the nearby sea. The root-mean-square (RMS)
errors at the final iteration were 2.78 for ordinary inversion
(Figure 8a and 8c), and 2.19 for 3D inversion with seawater
constraint (Figure 8b and 8d). Comparing these results, it can be
easily seen that the shallow structure in both inversion results
are very similar. The semi-consolidated sediment layer, with
resistivity less than 10 €2 m, extends to 300-600 m in depth, as is
already verified by test drilling. This layer appears to be thicker
in the south and gets thinner to the north, as can be seen in
Figure 8c and 8d. Beneath the sediment layer, there follows a
layer 400-600 m thick with resistivity from several tens to a few
hundreds of @ m. Below this layer is a layer with resistivity of
more than 300 Q2 m.

The similarity between the two results comes from the fact
that the sea affects only the low-frequency data, below 1 Hz, as
discussed in 3D MT modelling section. If we assume the average
resistivity of the formation to be ~10 £ m, the skin depth at 1 Hz
is ~1.6 km. Thus, in theory, the two results will show similar
structures down to this depth at least.

At greater depths, however, the two results show quite
different characteristics. Note in Figure 8a and 8c that a
conductive (10-20 2 m) layer appears at 3km depth, and
extends to the south-east. We also find a conductive layer at the
same depth in Figure 8b and 8d. But this time the north-west
direction is more conductive, and the eastern part shows rather
resistive characteristics. 3D modelling results with the seashore
included showed that MT data from the south-eastern part of
the survey area would be strongly affected by Youngil Bay. If
we omit the sea effect in the inversion, the sea effect present
in the observed data will be projected onto the deeper part of
the image. In that sense, the low-resistivity anomaly at 3 km
depth in Figure 8a and 8c, at least the south-east part of it,
seems to arise from the sea effect. In both cases, however, there
seems to be a conductive structure at ~3 km depth. Further
geological and geophysical study should follow to identify
this structure.

Note that the inversion results including a seawater constraint
show a conductive boundary below 1 km depth near the location
of BH-2. The boundary extends in the north—south direction in
Figure 8b, and also in the east—west direction in Figure 8d. The
boundary can be related to two possible fractures intersecting
at the location of the borehole, which is already expected
from the lineament analysis from a satellite image, shown
in Figure 1b.

Comparison with the drilling results

Based on the regional geological survey, lineament analysis
from a satellite image, and a 2D interpretation of MT data
obtained in 2002, two test borehcles (BH-1 and BH-2)
were drilled in 2004, 165m apart, at the location shown
in Figure 2. BH-1 was designed for coring rock samples
down to 1.1km, and BH-2 reaches down to 1.5km and
was intended to characterise the geothermal aquifer by
pumping tests.
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Fig. 8. Resistivity models from 3D inversions without any consideration of nearby sea (a and c), and with the sea as an inversion
constraint (b and d). The location of test borehole (BH-2) is overlain on the figure. For (b) and (d), the seashore boundary is located
at x = 9 km and extends in the north—south () direction. Depth to the sea floor is assumed to be 1.5 km. Conductivity of the sea water
and the formation below is fixed to 0.3 2 m and 1000 Q m, respectively, during the inversion process.

Figure 9 shows the layered structures beneath the boreholes
BH-1 and BH-2 based on logging of the cores and cuttings that
comes from the drilling, and also shows a comparison between
resistivity profiles from the resistivity log at BH-2 and those
extracted from the 3D inversions.

Roughly four layers are revealed by the core logs: (a) a semi-
consolidated mudstone (S-MS) extends from the surface down to
the depth of ~360 m; (b) alternating appearance of trachybasalt
(TB) and lapilli tuff (LT) within a mudstone layer; (c) intrusive
rthyolite (RL) ~400 m thick; and (d) alternation of sandstone
and mudstone (SS&MS) down to 1.5 km depth. The resistivity
log shows that S-MS is very conductive, with resistivity below
10  m; the region with TB and LT has resistivity of several tens
of 2 m; RL shows resistivity of several hundreds of € m; and
SS&MS has a resistivity of ~100 m.

Both 3D inversions reconstruct the resistivity structure quite
well, except for the resistive layer RL. As explained above, the
results of the two inversions shows very similar characteristics
down to a depth of 2 km, because the MT data are not affected
by the sea at frequencies above 1 Hz.

There can be two possible reasons why the inversion did
not resolve the layer RL. One is the physical limitation of
the EM method — it is hard to resolve a thin resistive
layer between conductive layers in nature. The other is the
possibility of fracture systems running through the regions near
the boreholes. We prefer the latter interpretation, because the
inversion did resolve the RL layer, with resistivity of more
than several hundred  m, in regions distant from the boreholes,
as can be seen from Figure 8. Only the zone where BH-2
is located shows low resistivity and seems to have fractures
extending to deeper formations. It is reported that the rocks

and cores were severely fractured throughout the depth of the
boreholes.

In addition, we used relatively large blocks in the inversion,
so that the 3D inversion represents the average bulk resistivity
of the inversion blocks, and the effect of fracture systems near
the boreholes is reflected in the inversion results.

Conclusions

A three-dimensional (3D) magnetotelluric (MT) survey has
been carried out to delineate subsurface structures and possible
fractures, for development of low-temperature geothermal
resources in Pohang, Korea. We could obtain quite good quality
MT data throughout the survey region by locating the remote
reference in Kyushu, Japan. The site is located in the south-
eastern part of Korean peninsula and is very close to the
eastern seashore. The survey area lies 3-8km away from the
seashore, which is aligned in the north—south direction. MT
data are definitely affected by the nearby sea water, because of
its extremely high conductivity compared to that of formation
beneath the survey sites.

To infer the sea effect in the observed MT data, 3D MT
modelling was performed for a layered model which included
the sea water. Layering of the model and conductivities of
each layer are roughly estimated from well logs and other
geological information. Results showed that the conductive sea
water affects the low frequency MT data, especially below
0.2—1 Hz, depending on the distance from the seashore. The most
severe sea effect was observed from the south-east parts of the
survey area because of the nearby seawater boundary at Youngil
Bay.
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Fig. 9. A sketch of the layer structure including the two test boreholes (modified from Song, 2004) and a comparison between the
resistivity profiles at the location of BH-2 from the resistivity log and from the resistivity model derived by 3D inversion.

Two kinds of 3D inversion have been performed with the
MT data observed from the area; ordinary 3D inversion, and
inversion including the sea as a constraint. The two resulting
models showed very similar characteristics in their shallow
parts, down to roughly 2 km. Comparison between the drilling
results and the resistivity profiles from the inversions showed
that the site can be described by a four-layered structure: from
the top, (a) a semi-consolidated mudstone with resistivity less
than 10  m, with thickness of ~300 m in the northern part and
~600m in the southern part of the survey area; (b) alternating
appearance of trachybasalt and lapilli tuff within a mudstone
layer with resistivity of a few tens of 'm; (c) intrusive rhyolite,
~400m thick, with resistivity of several hundreds of 2 m; and
(d) alternating sandstone and mudstone down to 1.5 km depth,
showing a resistivity of ~100 Q m.

At greater depths, however, they showed very different
characteristics, as can be expected from the modelling study.
The strong effect of the nearby sea seems to form a fictitious
conductive structure in the south-east part of the survey region,
in ordinary 3D inversion. A conductive structure, however, was
found at ~3km depth from both inversions. More geological
and geophysical study will be needed to identify this structure.
Also, our study uses very simplified coastlines and sea floor
bathymetry. Further studies should follow which include detailed
seashore and seafloor descriptions as constraints, as well as
specifying the resistivity of each layer beneath the sea bottom.
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