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ABSTRACT 

The largest inland earthquake (ML =7.3) of the 20th century in Tai

wan occurred at 0147hrs local time on 21 September, 1999 near the small 

town of Chi-Chi, in central Taiwan. The crustal deformation pattern, caused 
by the Ch-Chi earthquake, appears to be unrelated to the velocity field that 

GPS stations measured in the period 1992 to 1995. It exhibits a greater 

horizontal and vertical slip in the northern block between the Tachia River 

and the Wu River than in the southern block between the Wu River and 
the Tzoshui River. This study compares the stream profiles of three rivers 

in central Taiwan, namely the Tachia, Wu and Tzoshui Rivers, which run 
westward across the Shuilikeng fault, the Shuangtung fault, the Chelungpu 

fault and the Changhwa fault. Historical change of stream gradient is re

trieved by a comparison of previous maps published by the Japanese au
thorities in 1904 and produced by the Department oflnterior, ROC in 1985. 

The results, simulated by the diffusion model, indicate that the changes are 

attributable to the crustal movement in this area over the past 80 years. It 
is concluded that crustal deformation has been more evident in the block 
between the Tachia River and the Wu River than that between the Wu 

River and the Tzoshui River. This result agrees with the faulting net slip 
caused by the Chi-Chi earthquake. The method used in this study has been 

verified as a feasible tool in the research of earthquake prediction and seis

mic hazard assessment. Further studies are necessary in such a tectonically 

active area as Taiwan. 
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1. INTRODUCTION 

The Taiwan orogenic belt was formed by an arc-continent collision that occurred after the 
late Miocene (Ho 1988; Teng 1987, 1990). It can be divided into several geologic terrains. 
From east to west, they are the Coastal Range, Central Range, Wes tern Foothills and Coastal 
Plain. In central Taiwan the Western Foothills consists of a series of subparallel thrust faults 
and related folds, which construct the western part of the fold and thrust belt of thin-skinned 
deformation (Suppe 1981, 1983). In this district, most of the active folding and thrusting which 
took place is associated with east-dipping reverse faults, namely the Shuilikeng, Shuangtung, 
Chelungpu, and Changhwa faults. The Chelungpu fault is the western boundary of the foot
hills. It is an overthrust, showing a hanging wall of Pliocene deformed strata riding upon a 
footwall of late Quaternary sequence and recent alluvium (Chang 1971; CPC 1982a, b; Chang 
et al. 1998). Over the past one hundred years, this area has experienced coseismic surface 
rupturing several times, in 1906 (ML =7.1) and 1935 (ML =7.l)(Cheng et al. 1999). 

The largest inland earthquake (ML =7.3) of the 20th century in Taiwan occurred at 0147hrs 
local time near a small town, Chi-Chi, in central Taiwan on 21 September,1999. The epicenter 
was located at 23.85°N, 120.81°E, and the depth of the hypocenter was about 7 to 10 km. 
According to investigations reported by the Central Geological Survey (CGS), Ministry of 
Economic Affarrs, a continuous surface rupture extending for about 100 km along the Chelungpu 
fault has been found with vertical thrust and left-lateral strike-slip offset. From its southern 
end due east of Taichung city the rupture closely follows the N-S trending preexisting Chelungpu 
fault trace. However, to the north, the newly formed rupture runs along the borderline of the 
foothills instead of the preexisting Chelungpu fault trace. Farther to its northern end, it curves 
toward the northeast and ramifies into complex branches which extend northeast for over 15 
km and have never been previously identified as active faults (Fig.1). 

GPS geodetic measurements taken after the Chi-Chi earthquake showed a striking crustal 
deformation along the upthrown block of the 1999 rupture (CGS 1999). In general, the vertical 
displacement of this fault exhibits an average of 2-3 min the south and reaches a maximum 
slip of 7-8 m in the north (Ma et al. 1999, Bilham and Yu 2000). There is a greater horizontal 
and vertical slip in the northern block between the Tachia River and the Wu River than in the 
southern block between the Wu River and the Tzoshui River (CGS 1999). The crustal defor
mation pattern induced by the Chi-Chi earthquake seems to be unrelated to the velocity field 
for GPS stations monitored in the period of 1990 to 1995(Fig. 2); these stations showed much 
smaller velocity vectors in central Taiwan than in southern and eastern Taiwan (Yu et al. 
1997). This was probably resulted from the distribution of GPS stations being too sparse and 
the measurement interval too short to obtain the entire picture of crustal deformation along the 
Chelungpu fault. We therefore propose that a comparison study of topographic features can be 
made between a historical map of 1904 and a more recent map to disclose features of crustal 
deformation over a longer period of time. 

Based on two historical maps, we compare the longitudinal profiles along three major 
rivers in central Taiwan, namely the Tachia, Wu and Tzoshui, which run westwards through 
the Shuilikeng, Shuangtung, Chelungpu and Changhwa faults. One of the above-mentioned 
maps is the 1904 version of Tai wan Bautu on a scale of 1120000, which was mapped by the 
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Fig. 1. Permanent deformation after the Chichi earthquake, measured by the 
GPS stations along the Chelungpu fault (CGS 1999). Solid lines are ac
tive faults, namely Shuilikeng fault (F l), Shuangtung fault (F2), 
Chelungpu fault (F3), and Changhwa fault (F4). Dash line is surface rup
ture of the Chichi fault. The maximum horizontal and vertical slip is 
8.5m and 3.4m respectively. Numerals denote localities: 1. Chushan, 2 .  
Chienming bridge, 3. Fengyuan. 
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Japanese authorities in Taiwan. The other is a 1985 version topographic map on a scale of II 
25000, which was published by the Department of Interior, ROC Stream gradient change over 
the period of 80 years is statistically verified and is also simulated by the diffusion model 
under the assumption of crustal movement. It is hoped that this study will lead to a better 
understanding of deformation and related mechanisms in the Chi-Chi earthquake. 

2. THEORETICAL BACKGROUND 

The longitudinal profile of a river represents its gradient at each given point as a reaction 
to tectonic, lithologic and climatic factors. The gradient in the upper reach is steeper, decreas-
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Fig. 2. Velocity field with respect to the Penghu station monitored by the GPS 
Network (Yu et al. 1997). Thin lines are active faults. Crustal deforma
tion is indistinct along the Chelungpu fault (the heavy line). 
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ing gradually, and is very low in the delta reach, dwindling to zero at sea level. This profile 
results in a concave-upward curve that is composed of segments, each of which can be math
ematically defined (Tanner 1971). A number of previous studies with respect to active crustal 
warping provide useful information related to river profile adjustments. For example, Volkov 
et al. (1967), Burnett and Schumm (1983), and Ouchi (1985) interpret irregularities in present
day river profiles as reflecting vertical crustal movement. Snow and Slingerland (1990) simu
lated nonlinear response of a simplified stream system to the influences of crustal tilting and 
domal uplift. 

The mathematical model applied in this paper describes uniform, steady flow and sedi
ment routing in a channel with erodable bed provided lateral inflow of sediments is not consid
ered. The equation describing generalized flow for an isotropic medium in one independent 
dimension is: 

. 
ay Q = -rs . 1(. 
ax 

' (1) 

where Q is the vector flux, y is elevation (m) above base level, Ys is density (kg/m3), x is the 
distance, and K is the erosional diffusivity (m2/yr). Application of the equation of continuity 
for transient behavior leads to the diffusion equation in its most common form: 

ay cPy 
- =1(· --

dt ax2 • 
(2) 

For a terrain with a continuous, time independent uplift source, it may be expected that 

Jy a2y 

dt = 1(. axz + "<x)' 
(3) 

where t denotes time (in years), and V(x) is the uplift rate (m/year) at x. 
The model equation is solved numerically by an explicit finite-difference solution. A 

single modeled stream reach, 80km in length, is used in this study to simulate a longitudinal 
profile subjected to successive uplifting at certain positions of the reach. The initial profile is 
modeled by an exponential function, 

(4) 
where y0 and a are constants. The uplifting component, V(xJ' is assigned by a step function in 
which Vx«O =0 and V x>xO=O. I. The step function is shifted downstream every thousand years of 
modeled time. The result is shown in Fig. 3. The uplifted profiles commonly have a gentler 
gradient in the upper reach and a steeper gradient in the lower reach than that of the initial 
profile. In contrast to the initial profile, which is assumed to be in equilibrium and is fitted by 
an exponential function, the uplifted one can be fitted piecewise by different functions. The 
upstream reach of the final modeled profile at the uplifted segment can be fitted by a linear 
function, while the downstream reach is better fitted by a steeper exponential function. Similar 
observations have been made by a flume experiment fitted by a flexible base to mimic uplift 
and subsidence (Ouchi 1985). Both braided channel and meandering channel adjusted to uplift 
by changes in their channel pattern. The braided channel aggraded both upstream and down-
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stream of the upwarp. The meandering channel increased its sinuosity downstream of the 
upwarp, while ponding occurred upstream. The numerical model showed that the zone of 
channel incision widened and the point of maximum channel-elevation increase (the net effect 
of uplift and incision) shifted upstream through time (Snow and Slingerland 1990). 

The stream-gradient index (SL index) has been commonly used to highlight gradient change 
of a stream's longitudinal profile. It is believed to reflect stream power or competence and is 
simply the product of the channel slope at a point and channel length measured along the 
longest stream above the point where the calculation is made (Hack 1973). Usually it is very 
sensitive to changes in channel slope, and is applied to evaluate relationships between possible 
tectonic activity, rock resistance, and topography (Keller and Pinter 1996). In practice, the 

channel slope is averaged over a segment of the reach in order to smooth out local variations. 
Segment length is controlled by a relief of 30 meters in this study, and thus the upstream 
segment is shorter and the downstream segment longer. Therefore, positioning accuracy is 
worse in the downstream reach than in the upstream reach. The SL index curves of the initial 
stream profile and the final modeled profile are shown in Fig'. 4. Assuming no lithologic varia
tion and no lateral inflow of sediments, the profiles were simulated through four successive 
uplifting events. Peaks of the SL index curve actually indicate the position of relative uplift. 
Also, the more recent the tectonic event, the higher the SL index. Just as Snow and Slingerland 
(1990) prediCted, over time, the SL index peak of the less active uplifts becomes lower and 
broader upstream. 
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Fig. 4. The modeled longitudinal profiles subjected to a successive uplift and 
their SL index curves. t0 denotes the initial profile and t4, the final profile 
after four successive uplifting. Peaks of the SL index curve depict the 
uplifted position. 

3. THE STREAM GRADIENT CHANGE 

741 

The behavior of a river profile adjusting to tectonic uplift can be applied to explain the 
stream gradient change of the three rivers studied during the period 1904 to 1985. Overlay of 
the above-mentioned two versions of topographic map by evaluating the match of coastal lines 
is generally successful. Although they may not possess the same level of accuracy, the com
parison is also valid if a statistical test is performed. At first glance, there have been some 
distinct changes in the drainage pattern of the three rivers over the past 80 years (Fig. 5). The 
incised meanders have more or less shifted downstream in the middle reach. The alluvial 
channels in the lower reach have changed their courses laterally on the coastal plains and 
portions of channels have been confined by man-made constructions. Since the rivers run 
across the active folding and thrusting belt, the longitudinal profile of the three rivers in the 
lower reach of about 80 km in length is considered more tectonically controlled. The follow
ing is a statistical test performed to verify gradient change for each segment of longitudinal 
profile bounded by faults. At the beginning of the test, we tentatively divided the Wu River 
and the Tzoshui River into five segments by four north-south trending faults, namely, the 
Shuilikeng fault, the Shuangtung fault, the Chelungpu fault, and the Changhwa fault. The 
Tachia River can be also subdivided into five segments by four faults, namely, the Shuangtung 
fault, the Chelungpu fault, the Tungtzechiao fault and the Changhwa fault. The profile of each 
segment is best fitted by either an exponential function or a linear function with a significant 
level of at least higher than 96% (Fig. 6). Segments of longitudinal profile may be merged into 
one for each individual river respectively in terms of the goodness of fit of a regression func
tion. For example, the Tachia River is regressed with a linear function for the entire reach 
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Fig. 5. Overlay of coastal lines and rivers digitized from the 1904 Taiwan Bautu 
and the 1985 topographic map. The roman numerals denote the segments 
of the rivers. Rectangular frames denote the area of channel pattern analy
sis. F1: Shuilkeng fault. F2: Shuangtung fault. F3: Chelungpu fault. F4: 
Changhwa fault. F5: Tungtzechia fault. 

studied. The lowest reach �f the Wu river, as suggested by regression analysis, is not further 
segmented by the Changhwa fault. As a consequence, segmentation of the longitudinal profile 
for the three rivers can b.e fllrther discussed in terms of tectonic implication. To be statistically 
valid in comparing the stream gradient of the same segment of longitudinal profile measured 
from the two versicms' oftopographic m�p, it is necessary to take into consideration the Stu
dent t test for parallelism for the regression lines. The null hypothesis for a comparison of 
slopes in the segment i is given by 

Ho : /3i,1904 = f3;,19ss 
If the null hypothesis is rejected, the slope of the regression lines is not equal and the 

stream gradient of the segment has changed during the period 1904 to 1985. Table 1 summa
rizes the test statistics for all segments of the three rivers. 
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Fig. 6. Longitudinal profiles of three rivers digitized from the1904 Taiwan Bautu 
and the 1985 topography map and their SL index curves. Fl-F5 are ac
tive faults explained in Fig. 5. 
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Table 1. Student t test for gradient change of segments of longitudinal profiles between maps of 1904 and 1985. 

Name 

Ta-Chia River 

Wu River 

Tzo-Shui 
River 

The null hypothesis is given by H0 : /3i.1904 = /31•1985 • Asterisks denote that the null hypothesis is 
rejected. 

Segment No. Data Points Regression Function r2 Test statistics Gradient change Comment 

AH 1715 (I 904)y = -1.103x10-2x + 617.13 0.999 
30.86* -0;745xl0-3 

Significantly 
276 (1985)y = -l.029xJ0-2x + 577.92 0_999 decrease 

I 299 (1904)log(y) = -3.436xJ0-5x + 6.52 0_995 
36.26* -0.673x10-5 

Significantly 
211 (1985)log(y) = -2.763xJ0-5x + 6_349 0.998 decrease 

II 254 (1904)y = -5.963xl0-3x + 436.92 0.960 13.21 * +I .922x 10-3 Significantly 
78 (1985)y = -7.885xl0-3x + 482.90 0.995 increase 

III 273 (l 904)y = -7_652x10"3x + 505.09 0.952 6.31 * -1.005 x I 0-3 Significantly 
114 (1985)y = -6-647x 1o-3x+ 444.0 0.999 decrease 

IV 240 (1904)log(y) = -8.955xW-5x + 9.312 0_990 0.512 +2.515xJO-S Non-significantly 
112 (1985)log(y) = -1 I .470xl0-5x + 10.649 0.998 increase 

I - - - - - Not compared . · 

II 41 (l 904)y = -8.474x 1 o-3x + 392-29 0.983 0.34 +0.083x10-3 
Non-significantly 

23 (1985)y = -8.557x 10-3x + 371.32 0_993 increase 

III 150 (1904)y = -6.146xJ0-3x + 352.71 0.996 10.6* +0_621x10-3 Significantly 
73 (1985)y = -6.767x10-3x + 346.57 0.999 mcrease 

IV 166 (1904 )log(y) = -5.856x 10-5x + 6.903 0.980 2_82* -0.346x 10"5 
Significantly 

64 (I985)log(y) = -5.510xJ0-5x + 6.644 0.991 decrease 

v 239 (1904)log(y) = -5.l 29x 10-5x + 6.452 0.991 
23.91 * +I.209xW-5 

Significantly 
I 14 (I 985)log(y) = -6.338x 10-sx + 6.962 0.997 increase 
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The modeled longitudinal profile subjected to tectonic uplift has shown that the stream 
gradient decreases in the upper reach and increases in the lower reach of the longitudinal 
profile at the uplifted position. The modeled profile has been exaggerated in scale to highlight 
topographic response to tectonic movement. The longitudinal profile of natural rivers has a 
mild response to tectonic upwarping by changing stream gradients and/or drainage patterns 
(Ouchi 1985; Snow and Slingerland 1990). Considering the stream gradient change reflected 
in each segment of longitudinal profiles over the past 80 years, the Wu River is the most 
dynamic one among the three rivers. The stream gradient of the Wu River has changed signifi
cantly from segment I through segment III. It implies that the Shuilikeng fault and Chelungpu 
fault have been actively thrusting upward to induce a 13%-32% stream gradient change. The 
Tzoshui river shows less gradient change from segment III through segment V. It indicates, 
however, a rather active upwarping at the Changhwa fault with a 24% change in stream gradi
ent change. The stream gradient of the Tachia River has become gentler in the entire reach 
studied due to degrading process of the river and does not show any evidence of fault activity. 

4. THE SL INDEX 

The sensitivity of the SL index to changes in channel slope, as illustrated in Fig. 6, may 
possibly be related to tectonic activity or rock resistance. In landscape evolution, the adjust
ment of stream profiles to rock resistance is assumed to occur fairly quickly (Keller and Pinter 
1996). Therefore, the SL index is used to identify recent tectonic activity by looking for anoma
lously high index values for a particular rock type. An area of high SL indices on soft rock may 
indicate recent tectonic activity. The SL index curves of the Tachia River for both map ver
sions display a common upslope trend, with major peaks depicting the fault trace as well as the 
lithologic boundary (Fig. 6a). Since the Tachia river has braided channels below segment II, 
high SL index values on the 1904 map indicate the relative activity of the Shuangtung, 
Chelungpu, Changhwa and Tungtzechia faults. The Shuangtung fault also marks the lithologic 
boundary between the Pliocene shaly sequence and the Pleistocene Conglomerate. The 1985 
SL index curve is much smoother than that for 1904, except for a high SL index anomaly on 
the Tungtzechia fault, indicating that the Tachia River has been in the process of gradation for 
the past 80 years. This implies that the Tungtzechia fault has remained active only since the 
surface rupture occurred during the 1935 earthquake. Of the three rivers, the Wu River shows 
the greatest change in the SL index curves between the two versions of map. The major slope
break (the knick point) in the upper reach of the longitudinal profile of the 1904 map had been 
smoothed out and was not evident on that of the 1985 map, while the major slope-break in the 
lower reach remains for both profiles (Fig. 6b). The high values in segment I may reflect 
lithologic variations in the Oligocene series of quartzose sandstone and argillite, dispersed by 
river grading. The peak value in segment III denotes rock resistance of the Pleistocene 
Toukoshan Conglomerate and is smoothed out by gradation. The sustained peak of the SL 
index between segments III and IV implies that the Chelungpu fault has been more active than 
other faults along the Wu River. As for the Tzoshui River, there is also a greater change in the 
SL index curves of the lower reach. The major peak of the 1904 profile has shifted upstream 



746 TAO, Vol. 11, No. 3, September 2000 

approaching the trace of the Chelungpu fault in the longitudinal profile of the 1985 map (Fig. 
6c). This again reflects the recent high activity of the Chelungpu fault along the Tzoshui river. 

The regional scale contour map of SL index values shows a significant change in the 
western block of the Shuangtung fault over the past 80 years (Fig. 7). The first derivative of 
the SL index curve usually emphasizes the deflection point of longitudinal profile of a river, 
which may be more sensitive to tectonic activity than to rock variation in this region. Accord
ing to the model analyzed in the previous section, the area with a positive derivative value 
indicates the area uplifted, while the area with a negative derivative value indicates the area 
subsided or unchanged. The zero-value may depict the deflection point of the upwarped pro
file. This indicates a noteworthy change in position of the zero-contour line of the first deriva
tive SL index over the past 80 years (Fig. 8). The zero-contour line is roughly coincident with 
the trace of the Chelungpu fault and makes a sharp tum near the Tachia River on the map of the 
1985 profile (Fig. 8b). This indicates that the crustal deformation front in this region has mi
grated westwards to the present position of the Chelungpu fault. It may also explain why 
surface ruptures, induced by the Chi-Chi earthquake, follow the trace of the Chelungpu fault 
in most cases and turn sharply along the Tachia River, because the Tachia River marks the 
margin of crustal deformation since 1904. The comparison between historical maps leads to 
the conclusion that crustal deformation is more evident in the block between the Tachia River 
and the Wu River than in the block between the Wu River and the Tzoshui River. This is in 
agreement with the net slip of the Chelungpu fault induced by the Chi-Chi earthquake (Fig.2). 

5. DISCUSSIONS 

The Chi-Chi earthquake caused many coseismic modifications of rivers in central Tai
wan. A 7to 8 m high waterfall was created immediately after the earthquake by the reverse 
fault scarp in the Tachia riverbed. However, many effects of active tectonics are neither so 
sudden nor so dramatic as such coseismic events. More typically, tectonic deformation of the 
earth's surface takes place slowly over thousands of years or longer. Although deformation is 
imperceptible to the human eye, it can be detected using sensitive scientific instruments. River 
systems are the next most sensitive tool, capable of adjusting to deformation over periods of 
decades to centuries (Keeler and Pinter 1996). An alluvial river tends to maintain itself in such 
a state of dynamic equilibrium that any change in one variable in the system will cause changes 
in other variables in the system in order to reestablish equilibrium. Tectonic uplift or tilting of 
just a few tenths of a percent can change the pattern of a river, such as from meandering to 
braided (Berberian et al. 1992). Response of experiment channels to uplift across the channel 
has shown that channel cutting proceeds at the axis of deformation while a strongly braided 
pattern and frequent channel shifts occur upstream and downstream (Ouchi 1985). Similar 
phenomena have been noticed, for example, at the lower reaches of the Tachia River and 
Tzoshui River. A strongly braided channel pattern is observed either upstream or downstream 
from the trace of the Tungtzechia and Chelungpu faults (Fig. 9). The implication is that both 
alluvial rivers have been adjusting their channels to active faults. 

The forms of rivers or streams and the processes occurring in those systems are described 
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Fig. 7. Contour maps of the SL index calculated from the 1904 Taiwan Bautu 
and the 1985 topographic map. Red color denotes relatively high value, 
and blue color denotes relatively low value. Dots are control points of 
the SL index value. Kriging is used for interpolation . Fl-F5 are active 
faults explained in Fig.5. 
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Fig. 8. Contour maps of 1st derivative of SL index derived from Fig . 7. Legend 
is explained in Fig. 7. The contour line of 0.00 denotes the deflection line 
of the upwarping surface. 
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(a) 

3 km 

(b) 

3km 

Fig. 9. Channel pattern and active faults (Location refers to Fig.5). (a) Strongly 

braided channels developed upstream and downstream reach of the 
Tungtzechia fault. The Tungtzechia fault is an earthquake fault formed 
in 1935, which has right-lateral displacement with a vertical scarp of 
about 0.6m at riverbed (Chang 1994). (b) Strongly braided channels de
veloped upstream and downstream reach of the Chelungpu fault. The 

Chelungpu fault is upthrusting toward west ( CGS 1999). 

by a large number of parameters: channel width and depth, sediment load, channel slope and 
sinuosity, and many others. Each of these parameters may provide signs of tectonic activity. 
When more than one parameter is applied to a particular region, the results are more meaning
ful than those of any single analysis (Bull 1977 and 1978). A comprehensive study of stream 

gradient change, in terms of regression analysis, the SL index, and channel pattern, leads to the 
conclusion that during the past century, the Chelungpu fault has been the most active of the 
five faults discussed in this study. 
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Although the accuracy of the maps studied requires further verification, there are a fow 
reasons for taking the results of this comparison between two versions of maps into consider� 
ation. First, both versions of topographic map have the common original control point lo.cated 
at Futzeshan, near the small town of Puli in central Taiwan. They also have a common coordi
nate system in latitude and longitude. Second, the general match of coastal lines of the two 
maps indicates that both maps have an equivalent level of accuracy (Fig. 5). Third, the data 
quality of the coordinates of the river profiles is relatively good due to its ease of accessibility. 
Nevertheless, an accuracy assessment of historical maps needs to be done if crustal deforma
tion is to be verified quantitatively. 

6. CONCLUDING REMARKS 

The Chi-Chi earthquake caused a permanent displacement along the Chelungpu fault in 
central Taiwan. This crustal deformation is not conformable to that monitored by the GPS 
Network during the period 1990 to 1995 (Fig. 2). On the other hand, the crustal deformation 
revealed by stream gradient change during the period 1904 to 1985 shows a good agreement 
with that induced by the Chi-Chi earthquake. This study thus demonstrates a potential tool in 
the research of earthquake prediction and seismic hazard assessment. Further detailed studies 
on the change of stream profile and channel pattern in history are encouraged. 
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