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Abstract

The September 21, 1999 MwZ7.6 earthquake in Taiwan ruptured along the north–south-trending, east-dipping Chelungpu thrust fault that

bounds the western foothills of the Taiwan fold-and-thrust belt. The near-surface (!4000 m deep) fault geometry changes from a simple wedge

above a footwall ramp in the southern region, to a ramp–flat, bed-parallel geometry in the northern Chelungpu region. Rupture characteristics also

varied between the northern and southern regions; higher frequency accelerations but lower velocity shaking was experienced in the southern

region compared with the northern region. The hanging-wall flat, bed-parallel geometry of the northern Chelungpu region is the result of recent

(w50 ka) fault migration w1 km eastward away from the Sanyi fault trace. By contrast, the southern part of the Chelungpu fault is confined to its

original trace that appears to have been active for much of the Quaternary. We show that this ‘out-of-sequence’ fault migration into the hanging

wall in the northern region occurred due to the mechanics of the fault geometry at the leading edge of the thrust sheet where the shallow emergent

thrust sheet is elongated due to the near-surface, bed-parallel flat. A simple mechanical model shows how resisting forces in the wedge-shaped

hanging wall, which overrides a thick conglomerate sequence in the northern region, exceeds the tectonic load driving the slip of the thrust at the

base of the wedge. In response, the fault forms a hinterland imbricate that shortens the hanging wall thrust sheet, reduces the volume of the

emergent hanging-wall wedge, and thus reduces the resisting force. The southern region has a simple-wedge geometry that produces resisting

forces in the hanging wall, to depths of 4000 m, that are less than or equal to the tectonic driving forces, allowing the thrust sheet to move without

internal deformation or imbrication. This investigation of the Chelungpu fault indicates that hindward migration of an individual thrust fault can

occur simultaneously with foreland-progression of the fold-and-thrust belt, given a shallow (!4000 m) footwall flat within the emergent thrust.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Chelungpu fault ruptured in an MwZ7.6 earthquake on

September 21, 1999 (referred to as the ChiChi earthquake). The

earthquake produced a 100-km-long rupture with vertical

displacement up to 12 m (Y.H. Lee et al., 2001). The rupture

displayed primarily thrust motion with oblique displacement at

the northern and southern ends of the rupture (Lin et al., 2001;

Lin et al., 2003). Though the 100-km-long rupture trace is

continuous along the base of the foothills, where it separates
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the foothills from the Taichung basin to the west (Fig. 1), the

fault structure and rupture characteristics varied significantly

along strike. Investigation of the fault structure indicates a

different geometry in the northern region than in the southern

region of the fault (Fig. 2). The northern region ruptured along

a steep, 45–608, bed-parallel fault in the near surface to at least

250 m depth (Heermance et al., 2003). In contrast, the southern

region ruptured along a 20–308, east-dipping, footwall ramp

where the fault cuts up-section (Tanaka et al., 2002; Wang

et al., 2002a).

We investigate how the varying structure and geometry

along the Chelungpu fault may have controlled the rupture

style during the earthquake. The surface rupture from the

ChiChi earthquake produced some of the largest displacements

ever documented during a single earthquake (c.f. Wells and

Coppersmith, 1994). The largest surface displacements were

restricted to the northern region of the rupture approximately

40–50 km north of the epicenter (Y.G. Chen et al., 2001; Y.H.

Lee et al., 2001; Lin et al., 2001). For this reason, we divided
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Fig. 1. Generalized geologic map of the Chelungpu/Sanyi fault region. Faults are shown as the bold black (9/21/99 earthquake trace) and thin black lines (dashed

where inferred). Cross-sections A–A0 and B–B 0 through the northern and southern regions are indicated. Map modified from Chang (1994), Chen et al. (2000), Ho

and Chen (2000), and Lo et al. (1999).
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the Chelungpu fault into the northern and southern regions

(Fig. 1) based on surface displacement, the location of an

eastward jog in the fault trace, and ground motion character-

istics. Average vertical displacements were 4 m in the northern

region, and reached a maximum of 12–15 m at the Shihkang

Dam on the Tachia River (W.S. Chen et al., 2001; Y.G. Chen

et al., 2001; Y.H. Lee et al., 2001). Horizontal displacements in

the northern region averaged 8 m and reached a maximum of

11.1 m (W.S. Chen et al., 2001; Lin et al., 2001). Slip vectors in

the northern region trend 320–3308 based on surface rupture

piercing points and GPS data indicating oblique thrust motion

(W.S. Chen et al., 2001; Yu et al., 2001). In contrast, the

southern region had only 2 m average vertical and horizontal
displacements. Slip vectors trend 270–2908 along a 20–308

dipping fault plane (Lee et al., 2001), indicating almost pure

thrust movement in the central and southern parts of the

ruptured fault.

Why the Chelungpu fault cut back into its hanging wall in

one section of the fault, rather than maintaining slip on the

Sanyi thrust, and how the varying fault geometry in the

northern and southern regions affected the fault properties and

rupture characteristics are investigated in this paper. We

combine geologic map and cross-section analysis with results

of the drilling through the fault tip (Tanaka et al., 2002;

Heermance et al., 2003; Yue et al., 2005), and a simple

mechanical analysis, to examine the conditions by which



Fig. 2. Cross-sections through the northern and southern regions of the Chelungpu fault, modified after Yue et al. (2005). Faults are shown as bold black lines, dashed

where approximated. The active rupture trace of the ChiChi earthquake is shown in the hanging wall of the Sanyi fault in the northern region. Cross-sections have the

same scale and no vertical exaggeration. Boxed areas outline the fault structure to a depth of 4 km.
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the thrust fault moves back into its hanging wall at the thrust tip

at the northern region of the rupture.
2. Regional geology

The island of Taiwan has evolved due to structural

thickening of sediments along the plate boundary between

the Philippine Sea Plate and Eurasian Plate since the early

Pliocene (Chi et al., 1981; Hsieh, 1990). Plate convergence is

manifested in the southward propagating uplift of the

mountains in Taiwan (Suppe, 1980, 1987). The Western

Foothills geologic province is an active fold-and-thrust belt

that runs along the western edge of the central mountains, and

consists of Miocene through Quaternary sedimentary rocks

accreted from the Eurasian margin (Ho, 1986; W.S. Chen et al.,

2001), and deformed in a classic thin-skinned fold-and-thrust

belt (Suppe, 1980).

The Chelungpu fault comprises the middle of three, north–

south striking, west-vergent thrust faults in the Western

Foothills geologic province (Fig. 1). The fault trace extends

approximately 100 km NNE along the margin of the foothills

(east) and the Taichung basin (west). The Shuangtung fault and

blind Changhua fault roughly parallel the Chelungpu fault to

the east and west, respectively (Fig. 1). These three faults make

up the westward-propagating toe of the sub-aerial accretionary

wedge created from oblique convergence of the Philippine Sea

plate with the Eurasian continent (Davis et al., 1983; Ho,

1986). The southern region of the Chelungpu fault was
probably continuous with another fault, the Sanyi thrust fault

(Meng, 1963) to the north, during the early fault history, based

on the continuous, north–south alignment of the faults and

similar footwall deposits (Fig. 1). Both faults juxtapose Late

Tertiary sediments with correlative Quaternary basin-fill along

strike. However, this Sanyi/Chelungpu fault cuts up-section

from the north to the south, because the Sanyi fault places

middle Miocene units over thick Quaternary conglomerates

(Hung and Wiltschko, 1993), the northern Chelungpu fault

places Mio-Pliocene rocks over Quaternary deposits, and the

southern Chelungpu fault places Pliocene Chinsui Shale over

thin Quaternary conglomerate (Tanaka et al., 2002).

Timing of faulting in the Western Foothills fold-and-thrust

belt is difficult to constrain precisely (Hung and Wiltschko,

1993). The Shuangtung and Chelungpu faults both cut the

Pleistocene Toukoshan Formation, but the Shuangtung fault

exhumes early and middle Miocene bedrock whereas the

Chelungpu fault exhumes later Miocene and Pliocene bedrock

in their hanging walls, respectively. The westernmost

Changhua fault is blind but deforms Pleistocene deposits in

its hanging wall. Though this evidence indicates all three faults

were active during the Quaternary, in a general sense fault

activity is probably progressing from the east to west,

consistent with foreland propagation of the accretionary

wedge (Davis et al., 1983). Paleomagnetic evidence suggests

that deposition in the foreland basin increased at approximately

1.25 Ma (W.S. Chen et al., 2001) due to uplift in the proximal

foothills, that is, slip on the Chelungpu and Shuangtung faults.
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The Shaungtung thrust likely initiated during the early

Quaternary around 1.25 Ma, followed by the Chelungpu fault

between approximately 0.7 and 1 Ma, and ultimately by the

Changhua thrust within the last 500 ka (Y.G. Chen et al., 2001;

J.C. Lee et al., 2001; Mouthereau et al., 1999).

The Sanyi and southern Chelungpu regions have total

displacements of at least 8 and 14 km, respectively (Hung and

Wiltschko, 1993; J.C. Lee et al., 2001; Yue et al., 2005), and

cut a thick (O1500 m) section of Quaternary Toukoshan

Formation in the footwall. The northern region of the

Chelungpu fault ruptured along a bed-parallel surface through

late Miocene and early Pliocene bedrock at or near the surface,

based on footwall outcrops near Fengyuan. The lack of any

stratigraphic displacement across this northern region of the

Chelungpu fault, combined with little to no syn-tectonic

footwall deposits (Toukoshan Formation) and only w300 m of

slip (Yue et al., 2005) indicates that the northern region

Chelungpu may be much younger than the Sanyi or southern

Chelunpgu faults. The 1999 rupture also reveals that the

Chelungpu fault is no longer continuous with the Sanyi fault, at

least in the near surface, and that the Chelungpu fault northern

region ruptured behind the Sanyi fault trace. The w1 km map

separation of these fault traces (Figs. 1 and 2a), combined with

recent earthquake displacement on only the Chelungpu fault,

suggests that contraction is accommodated along the northern

Chelungpu fault in lieu of the ‘older’ Sanyi. The distinct fault

traces indicate that strain has been localized along either the

Sanyi or Chelungpu fault, as opposed to accommodated in a

wide shear zone.

3. Fault structure

The northern region of the Chelungpu fault dips 45–608 east

along a bed-parallel surface that follows late Miocene/early

Pliocene bedding planes within 2–3 km of the earth’s surface

(Fig. 2a). This was determined by drilling through the fault at

250 m vertical depth (Tanaka et al., 2002; Heermance et al.,

2003), field mapping, and seismic surveys (Wang et al., 2000,

2002b) across the fault. The hanging wall near the 1999 rupture

trace consists of the Pliocene Cholan Formation, Pliocene

Chinsui Shale (strike: 0–458, dip: 35–708E), and upper-

Miocene Kueichulin Formations. Bedding becomes gentler

(20–408) eastward away from the fault trace towards the axis of

the Toukashan syncline (Lo et al., 1999).

The northern region of the Chelungpu fault bends at w3–

4 km in the subsurface along a relatively flat detachment

horizon in the Chinsui Shale. However, the Chinsui Shale is

folded in the northern region into the Toukoshan syncline and

the Tungshih anticline above a flat, lower detachment level in

the Miocene Kuechulin Formation (Yue et al., 2005; Fig. 2).

This lower detachment likely includes the Sanyi fault. Yue et

al. (2005) suggest that slip is transferred from the Kuechulin

detachment to the Chinsui Shale detachment via the Tungshih

anticline. Alternatively, the fault could step up from the

Kuechulin detachment into the Chinsui detachment.

The southern region of the Chelungpu fault shows a

distinctly different structure from the northern region. Deep
seismic reflection across the fault in the southern region (Wang

et al., 2002a; Yue et al., 2005a) clearly reveals a planar fault

geometry to 5–6 km depth (Fig. 2). The fault in the southern

region dips 20–358 east in the near surface (Y.G. Chen et al.,

2001; Tanaka et al., 2002) and cuts across relatively horizontal

beds of Pleistocene and Pliocene stratigraphy in the footwall

(Fig. 2b). Quaternary deposits of the Toukoshan Formation in

the footwall are at least 1000 m thick in the southern region

(Chang, 1971). The rupture does not follow pre-existing

bedding planes in the footwall, at least in the near surface

(!2 km).

4. Offset fluvial terraces

Offset fluvial terraces provide evidence for recent faulting

and uplift along the northern part of the Chelungpu fault (Hsieh

et al., 2001; Chen et al., 2002). Correlation of terraces across

the fault provides strain markers that, given a terrace age, can

allow the calculation of a minimum uplift rate across the fault.

The Chelungpu fault contains multiple terrace levels in the

hanging wall, but only one or two levels are preserved in the

footwall (Hsieh et al., 2001; Fig. 3a). The terraces in the

hanging wall are interpreted as abandoned fluvial surfaces

exposed after tectonic uplift along the fault caused relative

base-level to drop in the footwall, resulting in incision in the

hanging wall (Hsieh et al., 2001).

The northern Chelungpu fault has fill terraces preserved 80–

350 m above river level (Fig. 3a and b). These fill terraces

consist of approximately 10 m of alluvium above an angular

unconformity with the Cholan and Toukashan Formations

(Hsieh et al., 2001) (Fig. 3b). Correlative terraces in the

footwall of the Chelungpu fault are less than 30 m above river

level. We interpret the fill terraces preserved in the hanging

wall of the northern region to have formed at a time when the

strath surface was near present-day river level, at the level of

the correlative footwall terraces. Fill terraces require aggrada-

tion of the river channel above base level, and hence indicate

that the hanging wall of the Chelungpu fault was a depositional

environment for some time period, whereas it presently is

being incised (eroded) due to recent uplift.

The southern region contains mainly strath terraces in the

hanging-wall (Chen et al., 2002), without significant aggrada-

tion of alluvium above the strath. The terrace surfaces in the

southern region of the Chelungpu fault do not correlate across

the fault. These strath terraces likely formed during river

incision through the hanging wall after a tectonically induced

change in base level in the region, and hence did not form in the

footwall.

The fill terraces in the northern region contain lateritic soil

horizons interpreted to develop over long periods of time under

tectonically stable conditions with intense weathering (Birke-

land, 1999). Lateritic terraces in Taiwan are generally assumed

to be older than 30,000 years. Lateritic terraces have been dated

at 37,600–46,800 years old (Liu, 1990) from the northern part

of Taiwan, near Taipei, 75 km north of the Chelungpu fault

northern region. A general correlation may be made based on

the lateritic soil development between the terraces in northern



Fig. 3. Map (a) and photo (b) of lateritic terraces in the northern region of the

Chelungpu fault. (a) Topographic map with 100 m contour lines (Chang, 1994;

Lo et al., 1999; Ho and Lee, 2000; Ho and Chen, 2000). Fault traces are shown

with teeth on upthrown side. Dotted lines depict major rivers flowing towards

the west. Black dot in photo is location of photo in (b). (b) Photograph of

uplifted lateritic terrace in hanging wall of the northern region of the Chelungpu

fault. Person at base is 1.60 m tall. The terrace is a fill terrace w10 m thick and

350 m above the adjacent river level. Bedding is depicted with the dashed lines.

View is to the north.
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Taiwan and the Chelungpu region. Climatic variation is

minimal between these areas, and the topography is similar,

indicating similar weathering processes are probably taking

place in both regions. Therefore we suggest that the lateritic
terraces observed in the Taichung region of Taiwan have ages

similar to terraces observed near Taipei. The approximately

250 m vertical offset terrace elevation across the fault (Fig. 3a),

divided by 45,000 years, yields an approximate uplift rate of

5.5 mm/yr. If we conservatively assume 3 m vertical offset

during an earthquake, it would take one earthquake per 540

years to attain the observed offset. This seems reasonable for

the active rates of tectonic processes in Taiwan. This uplift rate

is also in good agreement with the w1 cm/yr rock uplift rate

determined from Holocene terraces in the southern Western

Foothills thrust belt to the south of the present study area

(Hsieh and Kneupfer, 2002).

We consider the effect of erosion on the thrust sheet, and

specifically the effect of the Tachia River on the northern

region. The Tachia River is one of the major drainages eroding

the western slope of the Taiwan Central Mountain Range. The

Tachia River flows west, but is diverted northward behind the

hanging wall of the Chelungpu fault. The river again turns west

where the Chelungpu fault bends east, and from there the river

flows out to the Taiwan Strait. The hanging wall block that

apparently ‘diverts’ the Tachia River is capped by lateritic fill

terraces (Fig. 3a). Our hypothesis is that the Tachia River

previously flowed due west, prior to uplift of the northern

Chelungpu hanging wall but post-erosion of the Sanyi hanging

wall, while depositing alluvium of the fill terraces. Movement

on the Chelungpu thrust uplifted the hanging wall in the

northern region causing northward diversion of the Tachia

River east of the fault. Norris and Cooper (1997) noticed a

similar geomorphic affect on the Waikukupa thrust in New

Zealand, where the Wakukupa River effectively removed the

hanging wall material, and this contributed to the formation of

the ‘out-of-sequence’ imbricate thrust in the hanging wall.

Faulting must have ceased for a period of time to allow fill

terrace development and subsequent laterite formation in the

northern region, and the cause of this paucity of activity will be

discussed in the following section of this paper.

5. Mechanics of the thrust toe

One of the curious relationships shown by geologic

mapping prior to the 1999 event, and the 1999 event itself, is

that the active fault (northern Chelungpu thrust) lies

approximately 1 km east of the Sanyi thrust trace (Fig. 1).

We examine the mechanics of the shallow toe of the northern

Chelungpu thrust sheet in order to determine why an emergent

thrust, such as the Sanyi thrust, might form a hinterland

imbricate. The simplest analysis considers a wedge of rock in

two dimensions that is being driven by a tectonic load at the

back part of the wedge. Resisting this force are the component

of the weight of the wedge (acting parallel to the fault) and the

resistant frictional force. This is essentially a restatement of the

Hubbert and Rubey (1959) analysis, changed to consider a

wedge-shaped block.

We evaluate the forces within the hanging wall that act to

resist movement along a fault plane within 4000 m of the

surface and use force equilibrium considerations to determine

when the frontal wedge is stable, versus the point at which



Fig. 4. Model parameters for the different geometries of the Chelungpu fault. The zones of ‘passive stress drop’ (solid gray) and ‘active stress drop’ (cross-hatched)

are shown. Stress release during the earthquake produces a horizontal driving force (s) on the upper 4 km of hanging wall block. W, B, and R refer to respective parts

of the hanging wall block that behave passively during earthquake rupture. Refer to text for description.
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imbrication is favored. We use 4000 m as the cut-off depth

where above this level the rock mass is moved passively

relative to the lower regions of the fault (4–15 km) (Quin,

1990; Scholz, 1998). That is, the fault region above 4000 m

does not store enough stress to produce energy during a fault

rupture, and can be considered a ‘passively’ rupturing section

of the fault. Movement within the upper 4000 m is therefore

driven by displacement and energy release below 4000 m

depth. Cohesion is not included in the analysis because

cohesion values would offset each other in the passive and

active regions of the fault.

The hanging wall of the Chelungpu fault from 4 km depth to

the free surface can be viewed as an emergent thrust. A tectonic

load drives this elongated wedge of rock from the back part of

the wedge (Fig. 4a and b). The wedge consists of up to three

parts, W, B, and R. Part W is the simple wedge at the front of

the emergent thrust sheet (Fig. 4a). It is defined as an inverted

right triangle with the top angle an approximation of the fault

dip down to the level of the horizontal fault surface in the

northern region (558), and for the entire fault plane within

4000 m of the surface in the southern region (258). Area B is

the rectangular block of rock behind the frontal wedge. The

block has length l that is defined as the distance along the

footwall flat between the fault bends towards the hypocenter

(Fig. 4a). For this analysis, l is assumed to be 6000 m, but will

vary depending on the local fault geometry, which changes

along strike (Heermance et al., 2003). The depth h is measured

from the surface, assumed flat, to the subhorizontal fault

between the fault detachments. Area R is the parallelogram-

shaped area behind block B that accounts for the remaining

volume of the hanging wall thrust sheet above 4000 m depth.

The forces in the horizontal, or x, direction resisting

hanging-wall movement for the existing geometries in the

northern and southern regions (Fig. 4) can be expressed in

terms of the gravitational forces plus the frictional forces:

N:Region resisting forceZwWsin558CwRsin258

CmðwWcos558CwBCwRcos258Þ

(1)

S:Region resisting forceZwWsin258CmwWcos258 (2)

where wZthe weight (kg) of hanging wall areas W, B, and RZ
wedge, block, or rear block, respectively, and m is the
coefficient of friction. By incorporating rock density r (kg/

m3), gravitational acceleration (9.8 m/s2), length (l) in meters

for block B, depth h (m) to the base of block B, a coefficient of

friction m, a pore pressure term expressed as a ratio of the

lithostatic load (Davis et al., 1983), and a total depth of the

passive-rupture region of 4000 m, the total resisting force for

the two areas in the wedge can be written as: Northern Region

resisting force:

FrZ
rgh2

2tan558

� �
Csin258

40002Kh2

2tan258

� �

Ccos558m
rgh2

2tan558

� �
Cmrghl

Ccos258mrg
40002Kh2

2tan258

� �
(3)

Southern Region resisting force:

sin258
rgð4000Þ2

2tan258

� �
Ccos258

rgð4000Þ2

2tan258

� �
m (4)

This expression is for the cohesionless dry state. If we

consider the case of a thrust sheet with a fluid pressure (lf) in

the fault zone (see Hubbert and Rubey, 1959; Willemin, 1984),

the resisting force in the north becomes:

FrZ
rgh2

2tan558

� �
Csin258

40002Kh2

2tan258

� �

Ccos558m 1Klf

� � rgh2

2tan558

� �
Cm 1Klf

� �
rghl

Ccos258m 1Klf

� �
rg

40002Kh2

2tan258

� �
(5)

and the southern resisting force is given by:

sin258
rgð4000Þ2

2tan258

� �
Ccos258

rgð4000Þ2

2tan258

� �
m 1Klf

� �
(6)

where lf is the pore pressure as a ratio of the lithostatic load in

the fault zone.

We examine the consequences of this force balance in

Fig. 5. For a thrust wedge longer than 1 km, variations in h

and l lead to changes in the resisting force on the wedge. As h

increases, the force resisting motion at first increases to a



Fig. 5. Results of mechanical analyses for imbrication of the thrust toe. Force

values are in newtons (N). mZcoefficient of friction. lfZpore pressure as a
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maximum, and then decreases (Fig. 5a). This is due to the

increasing load applied to the back end of the wedge as h

increases. As l increases, the resisting forces also increase due

to the resistance to frictional slip in the fault zone. If the values

of m and g are held constant, the mechanisms that can reduce

the resistance to slip are either to decrease l or increase h.

Decreasing the value of l can be accomplished by forming a

hanging wall imbricate. An increase in h is also accomplished

by hindward imbrication. Note that erosion in this case would

reduce resistance up to the value of hmax, and then tend to

increase the net resistance as h increases past hmax.

In the case of the northern part of the Chelungpu fault,

where hZ2300–2500 m and l is 5–6 km, the resisting force is

near the maximum for that fault geometry (Fig. 5a) and is

greater than the modeled driving force produced during the

Chichi earthquake (Hwang et al., 2001). Thus, we suggest that

the frontal toe is prone to hindward imbrication in order to

reduce the resisting force in the hanging wall and therefore

allow the toe to be moved forward.

An alternative means of reducing the resisting force is to

reduce the coefficient of friction (Fig. 5b). Here, the resisting

force is reduced along the thrust fault, and slip would tend to

continue on the pre-existing fault. In the case of the Chelungpu

fault, however, the frontal thrust rides over the conglomerates

shed from the hanging wall. Heermance et al. (2003) suggest

that the 1999 rupture occurred parallel to bedding in the shale-

rich Chinsui Formation. Thus, we suggest that hindward

imbrication is favored by the fact that frictional resistance to

slip is likely to be greater where the thrust rides over

conglomerates than where it juxtaposes shale on both sides.

Increasing the pore-fluid pressure decreases the resistance to

slip (Fig. 5c; see Hubbert and Rubey, 1959). We saw little

evidence for elevated pore fluid pressures in the uppermost

portions of the fault (Heermance et al., 2003), but increased

pore fluid pressures could be important at depths that have not

been sampled by drilling.

The forces on the toe of the thrust along the planar fault in

the southern region do not change within 4000 m of the surface

(Fig. 5a), given that erosion keeps pace with uplift above the
ratio of lithostatic load in the fault zone. (A) Plot of the resisting forces in the

hanging-wall of the northern (convex-up graph lines) and southern (star)

regions of the Chelungpu fault during the 9/21/99 earthquake as a function of

the ‘passive’ hanging-wall thickness h, for different values of block length l. In

the northern region, forces within the wedge initially increase with thickness h,

and then decline. The value of h is interpreted to increase over time in the

northern region due to deposition in the footwall and continued slip on the fault

(Fig. 6). Thus, given the hanging-wall flat in the northern region, the resisting

forces will increase in the hanging wall over time. This may force imbrication

of the hanging-wall to maintain slip on the underlying footwall flat. In contrast,

the resisting force in the hanging wall of the southern region does not vary due

to the planar fault geometry, and this resistant force for the southern region is

plotted as the star. The horizontal lines indicate the modeled driving forces

calculated from the stress-drop during the 9/21/99 rupture for the northern and

southern regions, respectively (Hwang et al., 2001). (B) Effects of changing the

coefficient of friction and the length of the toe region. Reducing h decreases the

driving forces needed to drive the toe, as does reducing the length, l. (C) Effects

of pore fluid pressure on resistance to slip. Increased pore pressure reduces the

force required to move the toe, which enables the toe region to be longer.
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ramp. Therefore, the rupture does not form a hinterland

imbricate because of the planar fault geometry.

Increased volume in the hanging wall increases the magnitude

of the resisting forces. For the existing conditions in the northern

region, our model shows that resisting forces for the Sanyi fault

would have been greater than the likely dynamic force produced

during the 9/21/99 earthquake. Driving forces from the earth-

quake are calculated from the dynamic stress-drop and the fault

area below 4000 m (Hwang et al., 2001) and are plotted in Fig. 5

as “driving force, south”. This force is then converted to the

horizontal direction. For existing conditions above the Sanyi fault

(northern region) the wedge would not rupture given the driving

forces produced during the 9/21/99 earthquake (Figs. 5a and 6).

By breaking back into its hanging wall along bedding planes, the

wedge effectively shortens the length l by the distance between

surface traces, reducing the volume in the hanging wall wedge

and thus reducing the forces resisting block displacement. In the

case of the Chelungpu thrust, the new rupture along bedding

probably has similar, if not lower, frictional resistance to the

original fault, due to the flat-on-flat, bedding plane geometry of

the fault. Therefore our assumption ofmZ0.7 for friction is valid,

and as such would not affect our calculations. The wedge now fits

within the condition for the lZ4000 m, and our present

conditions indicate that this is at equilibrium. Hence, the

hinterland migration of thrusting has brought the wedge back

into equilibrium.

As h increased above equilibrium values, faulting may have

‘shut down’ in the region until enough stress built up to

overcome the static friction along bedding in the hanging wall.

This hypothesis would allow the time and tectonic quiescence

necessary to produce lateritic terraces. This would explain the

lateritic terraces in the northern but not the southern region of

the Chelungpu fault.
6. Discussion

This investigation indicates why some emergent thrust

faults may have a tendency to migrate towards the hinterland.
Fig. 6. Schematic model for how the hanging wall wedge thickens due to fault

geometry in the near surface. Continued displacement on the fault causes

footwall deposition. In response, the hanging wall must thicken as well

(structural and/or ‘piggy-back’ deposition). The thickness of the hanging wall

wedge thereby increases above the datum level where there is a flat geometry in

the near surface. The thickness of the hanging wall wedge is unaffected when a

planar ramp exists in the near surface (southern region). Therefore, with

increasing time, the volume of the hanging wall wedge increases above the

datum only where a flat exists in the near surface.
We suggest that the shape of the hanging-wall block (as

dictated by original fault geometry) in the near surface

determines the weight, and thus the force resisting movement

during an earthquake. A shallow, footwall-flat fault geometry

produces a hanging wall block in the near surface that has a

much higher volume than a simple wedge above a planar fault

ramp. If the resisting forces (weight of the hanging-wall in the

near-surface) exceed the stress applied to the hanging wall

during an earthquake, then the fault will migrate ‘out-of-

sequence’ towards the hinterland in order to restore equili-

brium. Though Yue et al. (2005) show that the structure of the

Chelungpu fault is quite complex, the change from ramp to flat

nevertheless occurs above 4000 m in the northern region but

between 5000 and 6000 m in the southern regions. Therefore,

we propose that the northern Chelungpu fault migrated from

the Sanyi fault into its hanging wall due to the shallow sub-

horizontal detachment level in the near surface. Displacement

on the Sanyi thrust during the Quaternary caused its hanging

wall rocks to be tilted to the angle of the footwall ramp, as they

were translated along the fault. As displacement occurred at the

fault tip, continued erosion of the newly uplifted hanging wall

caused the sedimentary-fill thickness in the footwall to

increase. The thickness of the hanging wall block (h) (Fig. 6)

increased in the northern region until a critical value was

reached, where the resisting forces in the near surface (!
4000 m) were greater than the tectonic load on the fault. The

fault therefore could not rupture as an intact block, and thus

imbricated, by stepping up or transferring slip to the higher

detachment Chinsui Shale, in order to accommodate crustal

shortening in this region of the fault. Similar hindward

imbrication, or alternating thrusting, has been documented by

Burbank et al. (1992) in the Pyrenees, Rubey et al. (1975) and

Delphia and Bombolakis (1988) for the toe of the Absaroka

thrust in western Wyoming, and Norris and Cooper (1997) in

New Zealand. In all of these cases, the hindward imbrication

occurs at the frontal part of the regional thrust system, and the

imbrication occurs in regions where syntectonic conglomerates

lie in the footwall. The typical spacing between the frontal and

hindward thrust imbricates are 1–3 km.

Other reasons for the fault migration into the hanging wall

could be the effect of the fault bend along the syncline flank.

Poliakov et al. (2002) describe how a propagating rupture will

naturally jump into its hanging wall as the rupture is forced

around a bend. These characteristics have been observed

during the Kettleman Hills earthquake (Ekstrom et al., 1992)

and the Alpine fault in New Zealand (Norris and Cooper, 1997;

Kent et al., 2002). The existence of optimally oriented shale

bedding planes within the Kueichulin and Chinsui Shale

Formations may have provided the path of least resistance for

the fault rupture.

Migration of the Chelungpu fault into the hanging wall of

the Sanyi Fault has produced significantly different structures

between the northern and southern regions. The northern part

of the Chelungpu fault is characterized by bed-parallel slip in

the near surface. The fault has a narrow, 0.7–20 cm clay gouge

zone to at least 250 m total vertical depth (Heermance et al.,

2003). The southern part of the Chelungpu fault juxtaposes
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Pliocene shale with O2000 m of Quaternary conglomerate

along a footwall ramp. The fault consists of a wide (O20 m)

zone of sheared clay gouge (Tanaka et al., 2002). Displacement

during the 1999 earthquake was significantly less in the

southern region (1–3 m) than in the northern region (5–7 m),

due to the diffuse, wide fault zone (Heermance et al., 2003).

The results determined in this analysis indicate that the fault

geometry in the near-surface controls surface rupture of thrust

faults. For this reason, fault geometry should be considered

when pre-determining potential rupture localities of faults. This

simple force balance analysis can be applied to other regions

where fault geometry is known, and may be utilized by the

geotechnical community when considering earthquake

hazards.

The region we consider here is a small toe of the tapered

region considered in most ‘wedge-theory’ models of thrust

development (Chapple, 1978; Davis et al., 1983). The region is

essentially the region between the thrust wedge front and the

area where the thrust slope steepens (Mouthereau et al., 2002;

Fig. 1). As such, the same basic forces act, but our region is

smaller that that of the entire critically tapered wedge. Thus,

the imbrication mechanics here are the result of the resisting

forces exceeding the tectonic load available to the wedge. The

thin wedge we consider does not produce sufficient topography

to be greatly influenced by the wedge geometry. Out-of-

sequence thrusting at the scale of the entire thrust wedge may

also be occurring (Kao and Chen, 2000), suggesting that at both

the local and regional scales, the northern part of the western

Taiwan thrust belt is experiencing hindward migration of

active thrusting.
7. Conclusions

The southern region of the Chelungpu fault was contiguous

with the Sanyi fault from between 1.0 and 0.7 Ma (W.S. Chen

et al., 2001; Y.G. Chen et al., 2001). The fault ruptured along

flat and ramp surfaces within late Miocene and early Pliocene

sedimentary units. Some time before 46 ka, fault activity

probably ceased on the Sanyi thrust in the northern region but

not in the southern region. Pre-50 ka fill terraces within the

lateritic terraces were formed along the river valleys and in the

coastal plain. After formation of these terraces, we suggest

faulting resumed along the Chelungpu/Sanyi fault segment.

The fault, however, migrated back into its hanging wall in the

northern region due to the shallow sub-horizontal detachment

level, 558 fault dip, and wedge and block geometry. The fault

did not migrate into its hanging wall in the southern region

because the 258 dip and planar geometry did not require

imbrication for fault emergent thrust rupture.

The mechanical model presented here shows that imbrica-

tions at the toe of a thrust complex will occur when the lower

fault either encounters rocks of higher frictional resistance to

slip, or if the toe lengthens, or if material is not removed from

the toe fast enough. Thus, the 1–3 km hindward imbrication of

thrust fronts observed in a variety of thrust belts may be a

common result of this mechanical process.
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