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ABSTRACT 

Using the Transient Electromagnetic (TEM) method, the resistivity 

pattern of the southwestern Taiwan was mapped and used as part of an 

integrated coastal environmental change study. A SIROTEM in loop con

figuration with square transmitting loops about 50 m on each side was 

used in this survey. More than 300 soundings, covering an area of about 

100 km by 20 km, were collected between 1992 and 1995. 

In addition to lD ridge regression inversions, the trend surface analy

sis technique was used to gain a quantitative interpretation. The results 

were organized into both depth slice and profile maps to study 3D environ

mental changes. 

The regional resistivity trend is found to decrease southwestwards in 

the Coastal Plain. In the sediments, sand is similarly found to have gradu

ally changed to clay along the SW direction. The two trends, in fact, seem to 

be well correlated. Moreover, the sediment transportation directions var
ied systematically from NS to WE during its deposition. On the other hand, 
the vertical variation patterns of the resistivities also disclosed paleosea level 

changes. Based on the resistivity profiles, the paleo-coastal lines progressed 

as far as 20 km land-ward from the present location once during 16 to 6 
kyr. B. P. in the northern part of the survey area; during the same period, 

the southern region was still covered with seawater. All of these findings 

are supported by drillings as discussed in this paper. 

(Key words : Coastal plain, Sea level changes, TEM, 

Eletrostratigraphy ) 

1. INTRODUCTION 

In the majority of environmental studies, the principal control source deep prospecting 
geophysical techniques employed are two-fold: seismic reflection and/or geoelectric methods. 
Within available geological settings, seismic reflection provides high resolution images for 
stratigraphic identifications ( Wang et al., 1 991; Wang, et al., 1 994a; Wang, et al., 1994b). On 

1
1nstitute of Geophysics, National Central University, Chung-Li, Taiwan, AOC 

443 



444 TAO, Vol. 8, No. 4, December 1997 

the other hand, the reason for using geoelectric methods is not to improve the resolution of 
seismic reflection, but rather to measure other physical properties related to additional critical 
exploration objectives, namely: 

(1) Soil types can be differentiated by characteristic ranges of resistivity, due to clay content. 
The mapping of clay layers is a common objective in site assessment, because clay has a 
major impact on the pathways of ground water or contamination migration. (Tsai, et al., 
1991; Chen, 1992; Chen, 1993a; Chen, 1993b; Chen, 1995). 

(2) Electric resistivity is the only physical property dependent on dissolved solids in ground 
water, especially saline water. Thus, for ground water explorations, no other geophysical 
alternative is feasible. 

Within this framework, this paper examines the sediments and saline water along the 
southwestern coast of Taiwan by the one of the non-traditional geoelectrical methods, the 
Transient Electromagnetic (TEM) method. The TEM method, originally used to locate con
ductive objects, provides fast parametric soundings with high sensitive to conductive layers, 
which allows for its use in coastal environments where knowledge of the geoelectric section is 
required. 

2. DA TA ACQUISITION AND PROCESSING 

The principle of the TEM method on geophysical prospecting is similar to that of radar. 
Interested readers can refer to the geophysical textbooks by N abighian ( 1987) and Ward ( 1990) 
for detailed information. The most important characteristics of the TEM is that the survey is 
unlike any other geoelectric sounding. The receiver-transmitter array does not need to widen 
to get deeper subsurface information. This is because the depth investigation by the TEM 
method is mainly a function of the recorded transient time. 

A typical configuration of the TEM sounding survey is that the transmitter is connected to 
a square single loop of wire lying on the ground. The side length of the loop is approximately 
equal to the desired depth of exploration. A multi-tum receiver coil, located at the center of the 
transmitter loop, is connected to the receiver by means of a short cable. 

To delineate sediments in the Coastal Plain and its surrounding areas, a detailed TEM 
survey was carried out. A SIROTEM TEM (Buselli and O'Neill, 1977) with the capability of 
measuring the response in a delay time range of 0.049 to 160 ms was used. Measurements 
were made by using an in-loop geometry with a transmitter loop measuring 45 to 50 m on each 
side depending on site spacing. More than 300 soundings were conducted in this area (Figure 
1). 

To facilitate qualitative interpretation and inversion, the values of apparent resistivity 
were computed from the algorithm of Spies and Raiche (1980) for in loop data. All of the TEM 
soundings were then analyzed by one-dimensional ridge regression inversion for quantitative 
interpretation. A selection of the typical field data and their inverted results are shown in 
Figure 2. In general, soundings on the SW part of the survey area display low resistivities, 
while those on the northern part display high resistivities. Their geologic significance is dis
cussed later in this paper. 
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Fig. 1. Map of the studied area 
showing the TEM sounding 
locations indicated by black 
dots together with the 4 pro
files, AA' , BB', CC' and 
DD'. The main rivers in the 
survey area are: 1 =Hsi lo 
Hsi,2=Peikang Hsi, 3= 
P a c h a n g  H s i  a n d  4= 
Tsengwen Hsi. 

3. RESULTS AND DISCUSSION 

Before presenting the TEM results, the depth of exploration in the study area was esti
mated first. Theoretically, the depth of TEM exploration depends on transmitter dipole mo
ment, geoelectric structures and background noise. Therefore, this makes it not simple way to 
determine the precise depth of exploration. However, with the concept of the diffusion dis
tance (Nabighian and Macnae, 1990), the depth of exploration could be approximated. The 
diffusion distance of transient sounding is given by: 

d = ( 2 t p Iµ )"2 ( 1 ) 

where d: diffusion depth (m), t: time (s), p: resistivity (ohm-m) and µ: magnetic permeabil
ity ( 47t x 10-7 Him). 

Based on the TEM data along the SW coast of Taiwan, the choice of the average late time 
t as 10 ms ( Figure 2 )  and the average resistivity p as 101.2 = 15 ohm-m ( Figure 3b) is indeed 
reasonable. The calculated diffusion distances are about 460 m. It should be noted that the 
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Fig. 2. A selection of the typical 
field data and their in
verted results of the TEM 
soundings along the SW 
coast of Taiwan. Dots are 
field data, while the curve 
is the model in each in
verted plot. The inverted 
layered earth model with 
resistivities in the left col
umn and thicknesses in 
the right column are also 
shown in the upper left 
hand comer of the plot. 

depth of exploration is generally deeper in the area farther from the coast than in that near the 
coast due to the higher resistivity of the former. Considering perturbation due to background 
noise and the need to have higher reliability, the results as to the depth within 200 m, less than 
one half of the diffusion depth, were focused upon here. 

To assess the subsurface structures, horizontal resistivity contour maps at different depths 
from 10  m to 200 m were constructed. Additionally, vertical profiles were prepared. Together, 
these geoelectric maps provide a set of 3D structures of the SW coast of Taiwan for environ
mental studies. 

3.1 Depth Slice Maps 

Figure 3 shows 8 horizontal slices at depths 10 m, 20 m, 30 m, 50 m, 80 m, 100 m, 150 m 
and 200 m, respectively. The resistivities in each depth slice are displayed on a base 10 log in 
ohm-m. The erratic resistivity contours in each slice map may, at first, seem complicated, 
owing to the fact that the observed data are the outcome of two or more interacting geologic 
forces: one which shaped the general geologic setting and one which caused small areas to 
deviate from the regional pattern. This interaction is especially pronounced in coastal regions 
or active areas, or even both. Accordingly, the complicated resistivity pattern results, from 
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Fig. 3. Resistivity contour maps at depths 10, 20, 30, 50, 80, 100, 150 and 200 
m, respectively, along the SW coast of Taiwan. The contours in each 
depth are displayed on a bas 10 log in ohm-m; the contour interval is 0.5. 
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which it is difficult to extract meaning, are to be expected. 
For the sake of greater clarity, the trend surface analysis technique (Davis, 1 973) was 

used to separate each resistivity contour map into two components, namely regional trends 
and local fluctuations. For example, Figure 4 shows the results of a 100-m depth map after 
processing by the trend surface analysis technique. In this paper, the resistivity field at the 
100-m depth (Figure 4a) was used to compute, by least squares, the mathematically describ
able surface (first- to third- degree trend surface in this case) providing the closest fit to the 
resistivity field that can be obtained within a specified degree of detail. This surface is consid
ered to be the regional resistivity variation pattern (Figure 4b), and the residual (Figure 4c) 
was thus determined by the difference between the resistivity field as actually mapped and the 
regional field. Since the residuals (Figure 4c) may have resulted from local complexities or 
from noise, the regional patterns (Figure 4b) are the center of focus in this study. When com
pared to the diagram before trend surface analysis, the regional trend reveals clear information 
about the possible distributions of lithofacies. The refinement of images of the geoelectric data 
by proper filtering is especially significant for the complicated structures frequently met in the 
coastal area. 

In the above polynomial trend-surface analysis, a series of equations of successively higher 
degrees were fitted to the data. However, this raised the question of how to select the optimal 
degree was. The concept of "the goodness of fit" (Allen and Krumbein, 1 962) was deemed 
helpful and was used to determine the degree of residual. Generally speaking, the goodness of 
fit of the TEM data set along the SW coast of Taiwan increases with the higher degree ( Figure 
5 ). Therefore, the optimum degree for this data set is the third-degree. The third-degree of the 
polynomial trend surface seems to have reasonably separated the residual component from the 
regional component for the TEM data in the study area. All of the resistivity contours at each 
depth slices were filtered by the third-degree polynomial (Figure 6). 

A comparison of the resistivities in the depth slices ( Figure 6 )  makes possible the recog
nition of the likely lithofacies distributions and enables that the study area be subdivided. Each 
subdivided region may be considered to represent specific geologic conditions. At shallow 
depths, less than 30 m, the resistivity patterns of the study area can be divided into two regions 
by the contour line 1 01.2 ohm-m. The northern contours, demonstrated along about the WE 
strike, belong to high resistivities ranging from 1012 = 15 to 101.6 = 40 ohm-m; conversely, the 
southern contours, displayed along about the NS strike, belong to low resistivities of less than 
101.2 = 1 5  ohm-m. On the bases of correlations with the lithologies of existing wells ( as de
tailed in the next section ), the high resistivity at the northern part reflects sand or gravel, 
whereas the low resistivity at the southern part reflects fine sand or mud. It is worth noting that 
the southern resistivity pattern declines to very low resistivities ( 10°.4 = 0.4 ohm-m ) to the 
SW shoreline, indicating that the sediments change from coarse grains ( such as sand ) to fine 
grains ( such as clay ) from east to west. 

As depth increases to less than 50 m, the northern high resistivity pattern (contours greater 
than 101.2ohm-m) enlarges and extends to as far as the Peikang Hsi (River# 2). In other words, 
the northern half of the area is covered with sand or gravel. As depth increases to greater than 
80 m, the resistivity trend seems to decrease monotonously to the south, indicating that the 
southern part of the survey area is mainly covered with fine sand or mud. 
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Fig. 4. (a) Resistivity contour maps at the depth of 100 m along the SW coast of 
Taiwan. (b) Corresponding first-, second-, and third-degree trend sur
face. (c) Corresponding first-, second-, and third-degree residuals. The 
regional trend shows a SW decreasing trend which is hardly recognized 
on the observed resistivity map in (a). Contours are in log10 

( resistivity), 
ohm-m. 
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Fig. 5. Goodness of fit of the polynomial 
trend-surface analysis of the TEM 
data set along the SW of Taiwan. 
The number in each curve indicates 
depth (in meters). The optimal de-
gree for this data set lies at the third-
degree trend. 

After examination of the shapes of the resistivity patterns and the ranges of resistivity 
values at different depths, the first conclusions concerning the area's environmental changes 
may be drawn. Since the sediments on the western plain of Taiwan were delivered by rivers 
flowing in the study area, it can be concluded that the high resistivity region corresponds to the 
location close to the sediment source area, while the low resistivity area represents the resting 
place. On the basis of the depth slices, the low resistivity location changes gradually from the 
west (at depth 10 m) to the south (at depth 200 m). This phenomenon strongly suggests that the 
direction of sediment transportation has changed in the opposite direction during the course of 
sedimentary history. It can be said, therefore, that the southern part of the survey area was 
once a final resting place of all sediments - the sea. 
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It is noteworthy that lithology was not the only factor controlling the resistivity patterns 
along the SW coast of Taiwan; on the contrary, groundwater might have also played an impor
tant role. To judge which of the two is the dominant one, additional information is required. 

3.2 Wells Verification 

In order to verify the above implications of the geoelectrical maps, more than 140 wells 
were collected ( Figure 7 ) from many organizations, such as the Taiwan Sugar Company ( 
TSC ), the Water Conservancy Burea ( WCB ), the Central Geologic Survey ( CGS ), etc. 
These wells were drilled during the past 20 years; as a result, there was an absence of cores or 
cuttings for laboratory testing which would have been provided resistivity estimations at the 
present stage. Nonetheless, the lithologic columns of each well may provide conclusive evi
dence to dispel any ambiguity in the interpretations. 

Figure 8 shows the lithofacies distributions in depth slices of the SW coast of Taiwan 
based on those wells. It is obvious that the deposits are mainly alluvial sediments with mud 
dominant in the survey area and with some aeolian sands along the coastal line. The alluvial 
sediments are poorly sorted in the northern half, and their grain size varies from gravel to sand 
and clay. The deposits in the southern half, on the other hand, are more or less well-sorted, 
fine-grained sand to mud. 

In order to correlate the TEM results with the lithologic descriptions of wells, the regional 
resistivity contour maps at depths 1 0, 20, 30, 50, 80, 100, 150 and 200 m, respectively, are 
superimposed on the lithologic descriptions of wells which are displayed in the shaded maps ( 
Figure 9 ). Albeit with some minor differences, the similarities between the TEM results and 
the lithofacies distributions are well in the northern area, clearly, higher resistivities correlate 
with sands or gravels. However, in the southern part, the agreement between them is not so 
satisfactory, especially in the southern bank of the Tsengwen Hsi ( River# 4) where sands, as 
opposed to muds, reflect very low resistivities. The most probable reason for these discrepan
cies may be attributed to the large amount of groundwater. Actually, extremely low formation 
resistivities of less than 10° = 1 ohm-m are found near the coast as a result of seawater intru
sion ( the average resistivity of seawater is about 0.2 ohm-m; Telford, et al., 1976). 

3.3 Cross-Sections 

Depth slices provided the resistivity distribution in the horizontal section of common 
depths. In order to study the depth distribution of the resistivity, four profiles, AA', BB', CC' 
and DD', from north to south ( Figure 1 ) are presented. Figure 10 illustrates the resistivity 
trend of each profile. The triangles indicate the sounding points. The interpreted positions of 
the resistivity layers and their resistivities on a base 1 0  log in ohm-m are contoured. 

When all four cross-sections are examined ( Figure 10 ), what becomes obvious is the 
westward decreasing trend of resistivity in each cross-section, suggesting that the sedimentary 
material was transported westward. The formation in the northeastern region ( the eastern part 
of profile AA' ) has higher resistivity, indicating that the strata were formed in the stream 
outlet and stream sedimentary environment. In contrast, quite the reverse occurs in the south-
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Fig. 7. Location map of wells indi
cated by black dots in the 
study area ( Compiled from 
the CGS, the WCB and the 
TSC). The main rivers in
clude: l=Hsilo Hsi, 2= 
Peikang Hsi, 3=Pachang Hsi 
and 4=Tsengwen Hsi. 
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western region of the study area ( the western part of profile C C' ). With resistivities lower 
than 10°·0 = 1 ohm-m ( bold contour lines in Figure 10 ), the region is of high salt concentra
tion, which implies that the strata were formed in the sea or a lagoon sedimentary environ
ment. Therefore, the isoresistivity lines of 10°·0 ohm-m separating the contact water from sa
line and fresh, are the boundaries of the seawater intrusion. The seawater intrusion delineated 
by the TEM was located as far as 20 km land-ward from the present shoreline. 

In addition to the use of resistivities to recognize the possible paleo-shorelines, other 
stratigraphic interpretation can sometimes be inferred from the resistivity profiles. In a some
what simplistic way, the resistivity pattern can be read as the degree of relative abundance of 
clay minerals and as the inverse of the 'energy' in the original depositional environment. For 
example, proximity to a shoreline where there was wave action represents 'high energy', with 
the consequent removal of clay minerals. Hence, a resistivity pattern which gradually increases 
in clay as the surface is approached indicates a receding· shoreline and, hence, a transgressive 
sea (Figure 11 ). Conversely, an increasing in clay with depth is interpreted as a regressive 
sea. Accordingly, the cross-section AA' in Figure 10, for example, shows at least two episodes 
of transgression - one which happened at about the depth of 75 m and the other at the depth of 
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Fig. 8. Lithofacies distributions at depths 10, 20, 30, 50, 80, 100, 1 50 and 200 m, 
respectively, based on the lithologic columns of each well in Fig. 7. 
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Fig. 9. Regional resistivity contour maps (in log10 
resistivity, ohm-m) at depths 

10, 20, 30, 50, 80, 100, 150 and 200 m, respectively, are superimposed 
on lithofacies distributions which are displayed in shaded maps. The cor
relation between the locations of higher resistivity contours ( in the north 
) and the regions of gravel or sand is noteworthy. 
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less than 20 m. This means that the paleocoastal line as delineated in this way was located as 
far as 20 km land-ward from the present locations; at the same time, the southern half of the 
survey area was still covered with seawater. On the other hand, during the regression period, it 
may have been caused by the transport of many sediments which came from the eastern hills 
and quickly filled up the lagoons that resulted in the layer of high resistivities. Similar evi
dence of trangression displayed in the remaining cross-sections BB', CC' and DD' is not as 
obvious as that of section AA' because of groundwater interference as explained in the previ
ous section. 
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Increasing resistivity 

Regressive sea 

Transgressive sea 

Fig. 1 1. Characteristic resistivity 
curves for transgressive and 
regressive seas. 

It is very fortunate that, to some extent, the above arguments could be checked by the 

lithology of the existing wells. An intensive project of geological and water monitoring well 
drilling and sampling was conducted by the CGS at the same time that the AA' profile was 
being analyzed. There were 7 wells almost evenly distributed along this profile. C-1 4  dating of 
the sedimentary cores and core-to-core correlation of dated sections reveal lithofacies distri
butions in time and space ( Figure 1 2a ). For the purpose of comparison, Figure 1 2  illustrates 
both the stratigraphic columnar section ( Liu, 1 994) and the geoelectric section AA' on ap
proximately the same distance scale. From the standpoint of the general trend, the tendency 
for the regional sediments to change from coarse grained sediments ( such as gravel ) to fine
grained ones ( such as clay ) in the western direction ( Figure 1 2a )  may be correlated with the 
geoelectric section from the eastern high toward the western low ( Figure 1 2b ). Meanwhile, 
the geoelectric profile clearly shows the presence of the twice main transgressive sea due to 
the decrease in resistivity as the surface is approached ( Figure 12b ). Radiocarbon dating of 
sediments at correlated depths from shallow to deep indicates that the transgressive seas hap
pened in 6 to 16 kyr. B. P. and more than 50 kyr. B. P., respectively. 
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Fig. 12. (a) Geologic section of profile AA' in Fig. 1 based on 7 wells. C- 1 4  
dating of sediments are also indicated. (b) Geoelectric section of profile 
A A' are contoured inJog10 ( resistivity), ohm-m. The tendency for the 
regional sediments to change from coarse grained sediments, gravel, to 
fine-grained ones, clay, in the western direction clearly correlate with
the geoelectric section from the eastern high toward the western low. 
The resistivity profile also shows the presence of twice transgressions ( 
T ) and once regression ( R ). Numbers on the surface indicate well loca
tions. 
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4. CONCLUSIONS 

Based on the results of the TEM soundings carried out in the Coastal Plain, southwestern 
Taiwan, this paper presents a large set of both field data and lithofacies distributions of wells 
to interpret the sedimentology associated with sea-level changes. The sediment of sand gradu
ally changes to clay in the SW direction in the survey area. Moreover, the direction of the 
sediments appear to have changed systematically from NS to WE during the sedimentary 
processes. It was also discovered that the paleo-coastal lines once progressed as far as 20 km 
land-ward from the present location during 1 6  to 6 kyr. B. P. in the northern part of the survey 
area; at the same time, the southern region was still covered by seawater. These data on the 
coastal environmental changes might well be used as a local or even regional index related to 
further studies concerning past global changes. 
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