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In this study, we used the electrical resistivity method for imaging subsurface structures of lake-bottom sediment
in Da-Hu Lake in Ilan, Taiwan. Floating passive electrodes were used for the surveys in the study area. We de-
ployed eighteen survey lines across the lake, and executed the survey with the Schlumberger and Wenner
array. There are two geological cores, DH-7A and DH-7B, located at different locations in Da-Hu Lake. The cores
were carefully collected for the purpose of the sediment and dating analyses, as well as for the geochemical test-
ing, which can be useful to climate-change studies covering the past 10,000 years. The inverted images clarify the
spatial relationships between the sediment and basement structures. The sediments above the resistive rock
basement consisted of the sand sediments (from 45 to 60 2 m) and mud sediments (less than 30 0 m). The re-
sults of our study show that a sandy layer comprising slate debris with a resistivity of 45 to 60 Q m is located 3 to
8 m under the water's surface in the eastern part of the lake, and the outcomes confirm the findings from the DH-
7A core data. The resistivity spatial distribution suggests that the lake's sand layer originally came from a region
east of the lake. We also found a sharp linear resistivity structure in the western part of the lake. The structure's
strike is consistent with observations from the normal fault's surface outcrops near the western part of the lake.
Consequently, we infer that this structure line might be a stretch of the normal fault and that the two cores are
located at the hanging wall as well. In addition, the results show that we can use the electrical resistivity imaging
method with floating passive electrodes to investigate the lake-bottom in detail.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

In the study we attempt to use resistivity imaging method with
floating electrodes to investigate the sub-bottom sedimentary struc-
tures in Taiwan's Da-Hu Lake. The lake is one of the fringe lakes located
between the Ilan Plain and the mountain range surrounding the plain
(Fig. 1). Between the plain and the surrounding mountain range, there
are a few lakes located on the subsided hanging wall of the rifting nor-
mal fault systems. Because some of these lakes are far away from the
main Lanyangchi River system, only huge flooding events can bring
massive amounts of coarse sediment into these lakes. Hence, we believe
that sub-bottom sedimentary structures may contain preserved records
of climate changes during the past 10,000 years. Borehole investigations
and geophysical surveys are frequently used for reconstructing the sed-
imentary history and the sediment geometries. However, the average
water depths of these fringe lakes are below 1 to 2 m and made it diffi-
cult to conduct the ordinary water-borne geophysical surveys, such as
sub-bottom profilers. Hence we have collected core samples and con-
ducted surface resistivity surveys across the lake in order to construct
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the spatial geometries of the sediments under the lake's bottom. We
have shown that the resistivity imaging surveys with floating electrodes
provide sufficient resolution for the requirements of the climate-change
research in Da-Hu Lake. In combination with the core records, we can
shed light on the possible sources of—and event explanations for—the
lake deposits.

2. Geological settings

The Ilan Plain is thought to have taken shape from the extension of
the Okinawa Trough back arc basin within the Eurasian continental lith-
osphere (Lai et al.,, 2009). The recent extension of the Okinawa Trough
by approximately 0.1 Ma involved ENE- and WSW-trending normal
faults dipping toward the Okinawa Trough axis with offsets from a
few meters to tens of meters (Lai et al., 2009; Sibuet et al., 1998) in
the westernmost part of the trough. Unconsolidated alluvial deposits
from the Lanyangchi River were laid over the rock basement exhibiting
the normal faults (Chiang et al., 1979; Hsu et al.,, 1996) from seismic re-
flection and refraction profiles. According to the drilling core records,
young sediment deposited on the plain at an extremely high deposition
rate, exceeding a 20-m thickness within the last 3000 years and a 120-m
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Da-Hu Lake

Fig. 1. An area map of Da-Hu Lake in northeastern Taiwan's Ilan region.

thickness in Holocene (CGS, 2001; Chen, 2000). The findings suggest
that the plain underwent a rapid subsidence recently.

We collected core samples from two boreholes, DH-7A And DH-7B
in the lake (Fig. 2a) for our studies on the climate change in the Ilan
Plain. In addition, we conducted electrical resistivity surveys in Da-Hu
Lake to correlate the distribution of sediment found in the core samples.
The western and southern sections of Da-Hu Lake are bounded by the
Hsuehshan Mountain Range. The Eocene Chungling Formation outcrops
on the western side of Da-Hu Lake, and the Chungling Formation is
overlain by the Hsitsun Formation, which can be observed on the south-
ern side of the lake. The two formations consist of intercalated quartz
sandstone and slate (Ooe, 1931). As noted, two geological boreholes,
DH-7A and DH-7B, were completed in the lake (Wen, 2011). The core
logs show that the lake bottom consisted of mainly Holocene sediment
with a thickness of over 20 m (Fig. 2b). The core logs of DH-7B indicate
that the borehole reaches the slate basement at a depth of 35 m below
the lake bottom. The C-14 dating shows that the sediment above the
slate basement was deposited within the last 7500 years. Both the sed-
iment in DH-7A and the sediment in DH-7B are mostly clay, with thin
sand layers that are mostly less than 1-m thick. In DH-7B we observed
a 2-m-thick sandy layer at about 6-8 m below the lake bottom. C-14
dating indicates that the top of this sandy layer was deposited about
1200 yrBP (years before present). On the other hand, we found a coarse
sand layer at about 3-5 m, 6.5-7.5 m, and 10-11 m below the lake bot-
tom in DH-7A; and the C-14 dating records show that the deposition
time was earlier than 1700 yrBP for the 6.5-7.5 m sand layer in DH-
7A. The inconsistencies in the core records of DH-7A and DH-7B raise
significant questions about the spatial relationships among sand de-
posits in Da-Hu Lake. Fault movements or sedimentary events are two
possible reasons for the inconsistent sand deposits. To further investi-
gate the possible causes of the inconsistencies, we deployed several re-
sistivity surveys in Da-Hu Lake: our specific aim was to resolve the
spatial relationships between boreholes DH-7A and DH-7B.

3. Survey configurations

Researchers frequently use resistivity imaging methods in various
environments to investigate subsurface structures (e.g., Binley et al.,
2002; Chang et al., 2011; Kemna et al., 2002; Kim et al., 2002; Mitchell
et al,, 2008; L. Toran et al., 2010b; van Schoor, 2002). Loke et al.
(2013) gave a good review of the developments of a variety of resistivity
surveys. Among these studies, a few researchers used waterborne resis-
tivity surveys for geological mapping (Rinaldi et al., 2006; Rucker et al.,
2011) and submarine groundwater discharge (Day-Lewis et al., 2006;
Henderson et al., 2010; Swarzenski et al., 2007). In the current study,
we conducted resistivity imaging surveys with the Lippmann 4-point

Light system and passive electrodes. Compared to the active electrodes
which have built-in addressed electronics on each one, these passive elec-
trodes are consisted in copper conductors connected with a cable. We
used a multiplexer to transmit relay information and measurements to
and from the passive electrodes. We used the Wenner-Schlumberger
array to improve the signal-to-noise ratio, as well as a floating electrode
cable to collect measurements. Loke and Lane (2004) compared measure-
ments based on floating electrode arrays to measurements based on bot-
tom arrays in simulation studies, and concluded that the inversion should
include water-column thickness and resistivity to avoid artifacts and that
in the case of floating arrays, water depth should be no more than 25% of
the depth of investigation. For consideration of water depths, Toran et al.
(2010a) selected both a floating cable and bottom systems for electrical
surveys of Mirror Lake. Because the maximum depth of Da-Hu Lake is
less than 2.5 m and the wanted exploration depth is about 30 m, we
chose a maximum length of 100 m for the current electrode spacing
with the electrode spacing kept at 1 m to acquire higher-resolution mea-
surements. Water depths under the survey lines were measured with a
weighted sounding line for the inversion purposes. To cover as large an
area as possible in an efficient way, we moved the passive cable in a
fan-like geometrical pattern while one end of the electrode cable was sta-
tioned at a fixed location (Fig. 2a). The resistivity meter and the multi-
plexer were stationed on the shore, and the tail end of the passive cable
was tightly secured to a rod pinned down to the lake bottom. After com-
pleting one measurement, a boat then towed the floating cable and the
cable end to a new measuring position and pinned the end for the next
measurement. We have completed 18 resistivity survey lines in Da-Hu
Lake. The measured resistivity data were then inverted with EarthImager
2D™ code (AGI, 2009). The average inversion RMS error was about 13.7%.
RMS errors higher than 15% were found only in the three survey lines in
the southern part of the lake. The three measurements had an average
RMS error of 31.0%. Zhou and Dahlin (2003) concluded that a 10% error
for the in-line electrode spacing will result in a similar estimation error
on the inverted resistivity for the Schlumberger arrays. Because the sur-
veys with high RMS errors were all completed under windy conditions,
we concluded that the errors had arisen owing to the drifting of floating
cables and electrodes in these conditions.

4. Results

We have conducted water-borne surveys with a resistivity meter
placed on the northern, western, southern, and eastern shores while
the end of the electrode cable was moved in Da-Hu Lake. Borehole
DH-7A was located within the surveys' coverage area on the lake's
northern side. Fig. 3(a) through (d) shows the inverted resistivity pro-
files, including lines 4, 5, 6, and 7, located on the northern side of the
lake. Because we had placed the resistivity meter on shore, the first elec-
trode (position marked at 0 m) placed in the water was about 2 m near
the shoreline and the rest of the electrodes were deployed further into
the center of the lake. An outcrop of slate can be observed at the location
where we placed the resistivity meter. Hence the first few electrodes
should provide direct responses to the slate basement of Da-Hu Lake.
Among the survey lines, line 4 was the one nearest the slate shoreline;
therefore, we expected it would exhibit significant responses to the
slate basement. In the inverted images, we observed that a resistive
basement with resistivity over 75 (0 m was located near the shoreline,
and that the depth of the basement increased quickly from the lake-
shore into the lake center. The depth of the resistive basement was
over 20-m deep in the center of the lake. The topography of the resistive
basement implies that the top surface of the slate basement exceeded a
depth of 20 m in the center of the lake. In addition to the very resistive
basement, the surface of the lake deposits comprised a resistive layer
with resistivity between 45 and 60 Q m. The thickness of the layer
was between 5 and 7 m. Below the resistive sediments was a conductive
layer with resistivity less than 30 2 m. The conductive layer lay on top of
the resistive basement and its thickness appeared to exceed 12 m.
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The borehole DH-7A was located between line 6 and line 7. Com-
pared with the core records of the DH-7A (Fig. 4a), the surface resistive
layer with resistivity between 45 and 60 Q) m probably consisted of de-
bris layers found about 3 to 8 m below the lake's bottom; and the con-
ductive layer consisted of mud sediments about 8 to 20 m below the
lake's bottom.
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Fig. 2. (a) Locations of boreholes DH-7A and DH-7B and the resistivity survey lines in Da-Hu Lake, (b) core records of DH-7A and DH-7B (numbers show the C-14 dating value).

Fig. 5 presents the images of lines 10, 11, 12, 15, 13, and 14 in the
western part of Da-Hu Lake. Lines 10 and 11 were close to the shore
consisting of slates, and hence, we found that a resistive structure was
located at the basement of the profile and that the top of the resistive
structure's surface varied from about 5 m to 10 m below the lake's sur-
face. The lake's other borehole, DH-7B, was located between line 15 and
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Fig. 3. The inverted resistivity profiles of (a) line 4, (b) line 5, (c) line 6, and (d) line 7 on the northern side of Da-Hu Lake. (The “0 distance mark” is the location of the resistivity meter on

shore.)

line 14. Both lines 15 and 14 revealed that a resistive structure was lo-
cated at the beginning of the lines, and that this resistive structure's sur-
face descended into the lake from near the lake's surface to more than
18 m below the lake's surface. The resistive structure may have been
the lake's slate basement and the structure's depth increased rapidly
in the western part of the lake. We also found the same resistivity struc-
ture in the inverted image of line 13. In the profiles of lines 13, 14, and
15, conductive sediment with resistivity less than 30 ) m was the

(@ o 10 2 4 44

major material covering the slate basement. Sporadic lenses of resistive
deposits, with resistivity between 45 and 60 Q) m, can be observed 3 to
7 m below the lake's surface. After comparing the resistivity images
with the core records from DH-7B (Fig. 4b), we concluded that the base-
ment was located at a depth over 20 m in the center of the lake, and that
the conductive deposits consisted of conductive mud materials with
sporadic sand lenses, which are relatively resistive to the clay-like
mud deposits.
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Fig. 4. A comparison of core records with the resistivity images for (a) DH-7A and an inverted profile of line 6, and (b) DH-7B and an inverted profile of line 14.
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Fig. 5. The inverted resistivity profiles of (a) line 10, (b) line 11, (c) line 12, (d) line 15, (e) line 14, and (f) line 13 on the western side of Da-Hu Lake. (The “0 distance mark” is the location of

the resistivity meter on shore.)

Fig. 6 shows the inverted resistivity images of lines 9, 8, 23, 21, and
22 in a counterclockwise order in the eastern part of Da-Hu Lake. The
aforementioned borehole DH-7A was located near lines 8 and 23. The
maximum exploration depths of the inverted images were between
17 and 20 m. Similar to the images from the northern part of the lake,
the images from the eastern part reveal that a layer of sediment with re-
sistivity between 45 and 60 ) m was between 5 and 10 m below the
lake's surface. We have observed that sediment below this layer had re-
sistivity less than 30 ) m. When we compared resistivity images in
Fig. 6 with core records of DH-7A, we found that the sediment layer
with resistivity between 45 and 60 Q m corresponded to the debris
layer between 3 and 8 m below the lake's bottom (i.e., 5-10 m below
the lake's surface). The relatively conductive sediment below this
layer was the clay-like deposits. Line 22 is the line closest to the south-
ern lake shore. The inverted images of line 22 show that the descending
slate basement had a resistivity higher than 100 Q m. The top of the
slate basement descended into the lake from near the surface to a
depth more than 20 m.

Fig. 7 presents the inverted resistivity images from the survey lines
16, 17, and 18 at the southern part of the lake. In general, the sediment
that was between 3 and 7 m below the lake's surface consisted of very
resistive materials in all southern lines. The resistivity of the sediment

was greater than 100 Q0 m and rose the closer one got to shore. Away
from the shoreline we observed a relatively conductive layer with resis-
tivity less than 30 2 m located below the resistive layer. The thickness of
the conductive layer was possibly more than 15 m in the center of the
lake. The resistive layer probably corresponded to the debris layer
found in DH-7A, and the lower conductive layer was likely made up of
mud deposits.

5. Discussion

The core records and C-14 dating results from boreholes DH-7A and
DH-7B show that the two cores had a similar deposition rate of about
2.59 and 2.96 mm/yr, respectively, for the muddy deposits (dating
from about 6000 to 3000 yrBP) that were 20 m to 15 m under the lake's
surface (Fig. 8). The deposition rate suddenly rose in both DH-7A and
DH-7B sometime after approximately 2000 yrBP. The average deposi-
tion rate had reached 10.13 mmy/yr in DH-7A and 7.26 mm/yr in DH-
7B soon after 2200 yrBP. The deposition rate returned to an average of
about 2.98 mmy/yr after 2000 yrBP in DH-7A, yet the rate remained at
an average of about 7 mm/yr until about 600 yrBP in DH-7B. DH-7B
had a deposition rate of about 2.75 mm/yr after 600 yrBP. In addition,
we have also noticed that the portion of sand sediment consisting of
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Fig. 6. The inverted resistivity profiles of (a) line 16, (b) line 17, and (c) line 18 on the southern side of Da-Hu Lake. (The “0 distance mark” is the location of the resistivity meter on shore.)

slate debris increased after 2000 yrBP at a location approximately 5 m to
9 m below the lake's surface. In addition, this same slate-debris sedi-
ment is absent in DH-7B. Hence, researchers should clarify the spatial
distribution of sediment at different depths in order to identify the evo-
lutionary mechanisms and history of Da-Hu Lake.

Fig. 9 shows the maps of resistivity at different depths below the
lake's surface. We constructed the resistivity maps by interpolating
the inverted resistivity results from all survey lines in Da-Hu Lake. The
map at —5 m shows that the southeastern part of the lake was filled
with resistive sediment (resistivity higher than 50 Q m), which can be
correlated to the slate-debris layer indicated in the DH-7A core records.
The eastern part of the lake was still covered with resistive sediment of
slate debris whose resistivity was higher than 45 0 m at — 8 m. This re-
sistive slate debris, however, did not cover the western part of the lake
at the same depths. The finding explains why we did not find the same
debris layer in DH-7B. It seems that the debris had been coming from
the southeastern hills, and had washed into Da-Hu Lake because the de-
bris sediment gradually pinched out from the southeastern area to the
center of the lake. According to the C-14 dating, the debris-flow event
may have happened sometime after 2000 yrBP. The western part of
the lake, on the other hand, had lacked thick layers of slate debris
since 6000 yrBP, because the resistivity map shows that the resistive de-
bris layer was, at the time of our observations, located only in the east-
ern part of the lake throughout different depths. The findings imply that

the eastern part of the lake was filled with coarse sediment from the
southwest while the western part of the lake had remained the same
depositional environment after 2000 yrBP.

The debris-flow event may explain the deposition-rate difference
between DH-7A and DH-7B after 2000 yrBP, yet we still need to further
examine the possible reasons for such a sudden change of the deposi-
tion rate in the two borehole records at about 2000 yrBP. As shown in
Fig. 9, we found that the resistivity near DH-7A and DH-7B was dipping
below 25 ) m at a location approximately 10 m to 13 m below the lake's
surface. This depth range is correlated to the periods when a sudden
change of deposition rates took place, as revealed in the core records.
We conclude that the sediment with low resistivity consists of clay-
mineral deposits. Several factors can increase clay minerals and acceler-
ate deposition rates of lake deposits. Among these factors, humidity and
tectonic/structural movements may be the most likely mechanisms for
the sudden change of Da-Hu Lake's sedimentary deposition rate about
2200 yrBP. According to Lin et al. (2004), the Ilan area has undergone
periods of significant increase of humidity between about 3200 and
3100 yrBP, 2000 to 1300 yrBP, and after 900 yrBP, and the evidence
for this conclusion rests on pollen records of the Wuyuan core in Ilan.
In short, humidity appears to be the chief reason for the accelerated de-
position rate between 2000 and 600 yrBP in Da-Hu Lake.

If the sedimentary basin has a fairly constant space and a growing
deposition rate, the basin will soon fill up with detrital sediment.
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Therefore, tectonic subsidence may be another factor responsible for the
rapid deposition rate. In addition to the low-resistivity sediment, we ob-
served quite clearly a linear structure appearing in the northwestern
part of the lake at — 13 m (see Fig. 9). The lineage was likely a fault
structure where the line of strike passed through the northwestern
side of DH-7B. LiDAR images of the surrounding area and the field sur-
vey show that a normal fault lay on the southeastern hillside in the ex-
tended direction of this fault line. Boreholes DH-7A and DH-7B—and
most of Da-Hu Lake—were on the hanging wall of the fault. One of the
possible reasons for the sudden change of Da-Hu Lake's sedimentary de-
position rate about 2200 yrBP is that the fault had been active from 2200
to 600 yrBP. The downward movement of the hanging wall may have
caused the quick subsidence of the lake's bedrock and subsequent
rapid accumulation of mud sediment. It seems that the sedimentation
rates in DH-7A and DH-7B returned to about 2.7-2.9 mm/yr after
600 yrBP; and this finding implies that the active faulting movement

Depth (m) (from the lake surface)

[0 I o s o B B e . s s B e e e e
0 1000 2000 3000 4000 5000 6000

C-14 Age(yrBP)

Fig. 8. The relationships between the C-14 dated age and the depths for deposits in bore-
holes DH-7A and DH-7B.

has come to an end and that the lake has, thus, returned to its “normal”
environment, which had prevailed before 2000 yrBP.

Our resistivity data and core-analysis results have shaped our under-
standing of Da-Hu Lake's evolution over the past 6000 years. From 6000
to about 2200 yrBP, Da-Hu Lake remained a stable environment and
constantly received fine detrital sediment from nearby hills. Yet at
about 2000 yrBP, the lake's active subsidence and the humid climate
resulted in the sudden change of the deposition rate. Later, about
1700 yrBP, sediment consisting of slate debris from the southwest filled
in the eastern part of the lake. The shallower topography of eastern Da-
Hu Lake resulted in reduced sediment buildup between 1700 yrBP and
600 yrBP, while rapid deposition continued to characterize the western
part of the lake. After 600 yrBP the entire lake was again in an environ-
ment similar to that before 2000 yrBP and the deposition rate slowed to
about 2.7 mm/yr.

6. Conclusions

We used the electrical resistivity method to image subsurface struc-
tures of Da-Hu Lake's bottom sediment in Ilan, Taiwan. We used floating
passive electrodes for the surveys in the study area and deployed 24 sur-
vey lines across the lake. Compared to the core logs from two geological
cores, DH-7A and DH-7B, the inverted resistivity images greatly clarify
the spatial relationships between the sediment and the basement struc-
tures of the lake. In general, the resistivity images are consistent with
the core records from DH-7A and DH-7B. The sediment above the resis-
tive rock basement consisted chiefly of mud with resistivity from 20 to
25 O m as shown in the records in DH-7B. In DH-7A, a sandy layer
consisting of slate debris exhibited a higher-resistivity structure (45 to
60 Q) m) located between 3 m and 8 m under the water's surface in
the eastern part of the lake. The spatial distribution of the slate debris
suggests that this layer possibly came from an area southeast of the
lake; and the C-14 dating shows that the layer emerged in the lake
sometime after 2000 yrBP. In addition, we observed evidence of a linear
resistivity structure in the western part of the lake. Its strike was consis-
tent with our observations from the surface outcrops of the normal fault
near the western part of the lake. We infer that this structure line might
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be a stretch of the normal fault. The two cores and most of Da-Hu Lake
are located at the hanging wall. The subsidence of the hanging wall re-
sulted in the formation of the lake. In conclusion, the results show that
we can use the electrical-resistivity imaging method with floating pas-
sive electrodes to investigate lake bottoms in detail.
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