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The Chi-Chi Earthquake
Sequence: Active,
Out-of-Sequence Thrust

Faulting in Taiwan
Honn Kao' and Wang-Ping Chen?

We combined precise focal depths and fault plane solutions of more than 40
events from the 20 September 1999 Chi-Chi earthquake sequence with a
synthesis of subsurface geology to show that the dominant structure for
generating earthquakes in central Taiwan is a moderately dipping (20° to 30°)
thrust fault away from the deformation front. A second, subparallel seismic
zone lies about 15 kilometers below the main thrust. These seismic zones differ
from previous models, indicating that both the basal decollement and relic

normal faults are aseismic.

The Chi-Chi earthquake sequence occurred
beneath the fold-and-thrust belt along the
western portion of the Taiwan orogen (Fig.
1). This orogen is a consequence of ongoing
collision since 5 million years ago (Ma) be-
tween the Luzon volcanic arc along the west-
ern margin of the Philippine Sea plate and the
passive continental margin of southeastern
China (Fig. 1) (I-3).

The Taiwan orogen is a unique natural lab-
oratory for studying collisional processes. First,
the orogen is largely exposed above sea level,
making it accessible to a wide range of field
measurements. Second, the young age of the
fold-and-thrust belt provides an opportunity to
investigate possible reactivation of structures
related to passive margins (4, 5). Third, abun-
dant seismicity can test the critical taper model
of mountain building, a concept developed with
Taiwan as a typical example (6). In central
Taiwan, a basal decollement, dipping at a small
angle of 5°, was proposed as the controlling
geologic structure (6).

To this end, the Chi-Chi earthquake se-
quence is unique. The sequence is well record-
ed by the Broadband Array in Taiwan for Seis-
mology (BATS), including numerous after-
shocks as small as magnitude (M,) 3.6. A
surface rupture of about 80 km in length is well
exposed (7, §). Moreover, the surface rupture is
adjacent to regions where subsurface geology
has been extensively studied (9—13).
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kang, Taipei, Taiwan 115, Republic of China. 2Depart-
ment of Geology and Mid-America Earthquake (MAE)
Center, University of Illinois, Urbana, IL 61801, USA.

For the main shock (M, 7.5) and the three
largest aftershocks (M, 6.2 to 6.4), we used
the inversion algorithm of Nabelek (14) to
determine source parameters. The data are
high-quality broadband P and S waveforms
recorded at teleseismic distances by the Glob-
al Seismic Network and the French GEO-
SCOPE Project (Fig. 2). In the inversion,
main bursts of seismic moment release are
parameterized as subevents, each represent-
ing the average properties of a portion of the
rupture. One advantage of this representation
is its ability to easily accommodate variations
in fault plane solutions and focal depths. For
the main shock, our results are similar to
those of other studies in the overall geometry
of faulting, the distribution of slip, and a
northward-propagating rupture with increas-
ing amounts of slip (/5-/7). Furthermore,
our solution resolved a clockwise rotation in
the strike of the east-dipping nodal plane
toward the northern end of the rupture by
nearly 90°, consistent with the observed
sharp bend in the trend of the surface rupture
(Fig. 1). For the rest of the aftershocks, we
carried out inversion of regional broadband
waveforms from BATS (18) (Web tables 1
and 2) (/9). On the basis of trends in seis-
micity and patterns in fault plane solutions,
we separated the aftershocks into several
groups (Fig. 1). The events in group (a) fall
immediately to the east of the subevents dur-
ing the main shock, forming part of a central
cluster trending north-south.

The Chi-Chi sequence produced a surface
rupture of 80 km in length along the Che-
lungpu thrust, which lies to the west of this
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cluster of numerous aftershocks (7). The
trend of this cluster follows that of the Che-
lungpu thrust (Fig. 1). Moreover, the ver-
gence of the Chelungpu fault is westward,
consistent with that of all major faults in the
epicentral region (20) and the fact of high
mountains rising to the east. Therefore, the
east-dipping nodal plane is likely the fault
plane for the main shock and the largest
aftershocks in group a, T3 and T4.

A highly unusual aspect of the Chi-Chi
sequence is a large difference of over 15 km
in focal depths among the aftershocks. This
difference is particularly striking between
events T3 and T4, whose epicenters are next
to each other (Figs. 1 to 3). Yet the two
events show a difference of over 8 s in the
time interval sS-S, the differential arrival time
between the direct S-wave arrival and the
reflection off the free surface above the hy-
pocenter, sS (Fig. 2).

West of the epicentral region, the foothills
and the foreland basin of the orogen were
explored for hydrocarbon. We synthesized
seismic reflection profiles, borehole data, and
detailed surface mapping to provide geologic
context for understanding earthquake-gener-
ating (seismogenic) structures (Fig. 3).

In the foreland, the most obvious structur-
al feature is the Pakuashan anticline (Fig. 3),
an elongated, north-south—trending topo-
graphic high (Fig. 1). The subsurface geology
of this structure is well constrained by seis-
mic reflection profiles and two boreholes
(Fig. 3) (9-11). In particular, Chen (9) inter-
preted the Pakuashan fault as a ramp thrust,
postdating the infill of the foreland basin of
Pleistocene age (~1 Ma) (20). Another im-
portant feature beneath the Pakuashan anti-
cline is a high-angle hinge fault (Fig. 3),
produced during the opening of the South
China Sea (21). The Pakuashan thrust ap-
pears to postdate any reverse slip along the
hinge fault (Fig. 3), and the deformation front
of the Taiwan orogen has reached farther to
the west of the Pakuashan thrust.

Surface rupture of the Chi-Chi sequence, the
Chelungpu fault, marks the eastern boundary of
the foreland basin (/0—13). Near the surface, all
strata between the Chelungpu and the Shaung-
tung thrusts are monoclines dipping to the east
at 20° to 30° (10, 13). The Chelungpu thrust has
a similar geometry down to a depth of ~5 km
(10). This geometry is constrained by numerous
seismic reflection profiles, most of which re-
main proprietary.

Although the Chelungpu fault probably
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initiated as a listric thrust (6), a planar exten-
sion of this thrust from the surface to a depth
of about 15 km provides a straightforward
explanation for the main rupture of the Chi-
Chi sequence, First, an average dip of 25° of
the Chelungpu thrust is consistent with the
range of apparent dips of the fault plane (20°
to 30°) of the largest events (S2 to S4 and T4)
(Fig. 3). Second, the centroids of these events
cluster around such a planar structure.

At greater depths, the data indicate a sec-
ond seismogenic zone. The strongest evi-
dence is the difference in depths of about 15
km between the two large aftershocks, T3 and
T4 (Fig. 2). The depth of event T3 alone
suggests that this event does not belong to the
same cluster as events S2 to S5 and T4 (Fig.
3). Furthermore, apparent dips of the east-
dipping nodal plane for events T3 and B8 are
also close to 25°, suggesting that a planar
structure extends up dip from event T3 by
about 15 km. We interpret aftershocks B4,
B13, and B23 as part of this second, deeper
seismic zone.

Overwhelmed by large signals from later
subevents, the initiation of the main shock,
subevent S1, has large uncertainties in its focal
depth. Consequently, one cannot resolve if the
rupture nucleated on the main seismogenic
zone. Because uncertainties in locating earth-
quakes are unlikely to be small enough to de-
fine a set of exact planes, we see no evidence to
propose a more complex seismogenic structure
than that depicted in Fig. 3 (22). Although
seismogenic thrust faulting has been observed
down to 30 to 40 km in zones of recent con-
vergence (23), our results suggest that such
faulting occurs along well-defined structures
down to depths of about 30 km.

Because the deformation front of the Tai-
wan orogen has advanced westward beyond
the Pakuashan thrust (Fig. 3) (24), the Chi-
Chi sequence alone shows that the Chelungpu
fault is an active, out-of-sequence thrust—a
thrust fault that develops or remains active in
the hinterland of a fold-and-thrust belt (25,
26). Moreover, field investigations show that
the Chelungpu fault system itself has migrat-
ed toward the hinterland (7). The configura-
tion of this fault system depicted in Fig. 3 is
in marked contrast to previous models of the
Taiwan orogen in which either a basal de-
collement, dipping at a small angle of 5° (6),
or the reactivation of high-angle (>60° in
dip) normal faults is the controlling geologic
structure (4, 5). _ .

The second, deeper seismogenic zone dur-
ing the Chi-Chi sequence also has important
implications for seismic hazard. In south-
western Taiwan, moderate-sized earthquakes
(up to M, 6.2) occur at depths of 20 to 25 km
(27-29). If structures associated with the Chi-
Chi sequence extend southward, these mod-
erate-sized earthquakes may have occurred
on the deeper, secondary seismic zone. How-
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ever, it is the shallower thrust fault that poses
the greatest earthquake hazard.

Indeed, aftershocks in groups (b) and (c)
provide indications for the lateral termina-
tion of the Chelungpu fault system. To the
south, large aftershocks in group (b) show
left-lateral slip on northwest-trending nodal
planes. The extent of this cluster is nearly
50 km along the same trend (Fig. 1). To the
north, aftershocks show an east-northeast
trend [group (c)]. Except for event Bl, one
nodal plane of the other large aftershocks is
subparallel to this trend and shows right-
lateral slip (Fig. 1). Thus, the main rupture
of the Chi-Chi sequence terminated in
strike-slip fault zones that accommodate
the westward slip of the hanging wall of the
Chelungpu fault (Fig. 1).
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Accommodating Phylogenetic
Uncertainty in Evolutionary
Studies

John P. Huelsenbeck,’* Bruce Rannala,? John P. Masly’

Many evolutionary studies use comparisons across species to detect evidence
of natural selection and to examine the rate of character evolution. Statistical
analyses in these studies are usually performed by means of a species phylogeny
to accommodate the effects of shared evolutionary history. The phylogeny is
usually treated as known without error; this assumption is problematic because
inferred phylogenies are subject to both stochastic and systematic errors. We
describe methods for accommodating phylogenetic uncertainty in evolutionary
studies by means of Bayesian inference. The methods are computationally
intensive but general enough to be applied in most comparative evolutionary

studies.

The processes of mutation, selection, and
genetic drift that underlie evolutionary
change operate very slowly in most species.
Many questions in evolutionary biology are
therefore addressed by comparing molecu-
lar, morphological, ecological, or behavior-
al characteristics among groups of species
(1). The comparative method, for example,
uses comparisons of the states at two or
more characters among extant species as a
tool for detecting the evidence of adapta-
tion. Correlated change among characters is
the footprint of natural selection. Similarly,
comparative analyses of DNA sequences
have transformed molecular evolutionary
studies, indicating evidence of strong puri-
fying selection and, more rarely, evidence
for positive selection at the molecular level.
Many evolutionary biologists, however, are
concerned with much simpler questions
than whether characters have changed in a
correlated manner. For example, a question
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commonly asked in comparative evolution-
ary studies is whether certain traits are
capable of rapid evolutionary change and
whether they change in a biased manner
over evolutionary time. Such studies typi-
cally examine the number of times that a
trait has been gained and lost over the
evolutionary history of a group of related
species.

Most evolutionary biologists now recog-
nize that phylogenetic history must be ac-
commodated in comparative analyses. Oth-
erwise, the covariation among characters
induced by their common phylogenetic his-
tory can compromise a statistical analysis
(2). Accordingly, the “gold standard” of
between-species studies today includes a
phylogenetic analysis. However, phylog-
enies used in comparative studies are typi-
cally treated as known (7). Although wary
of this assumption, in the absence of any
clear alternative the usual response of biol-
ogists has been to “hedge bets” by perform-
ing the analysis with only the well-support-
ed parts of a phylogeny, or with phylog-
enies obtained by several methods with the
implicit assumption that the conclusions of
the analysis are well founded if they are
robust to the method of phylogenetic infer-
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ence used. Recent attempts to accommo-
date phylogenetic uncertainty seek to ascer-
tain the sensitivity of a comparative study
to the phylogeny used (3) or to average
over all possible phylogenies generated by
a stochastic model of cladogenesis (4).
Such approaches do not make efficient use
of information about the relative probabil-
ities of potential phylogenies that can be
obtained from a sample of DNA sequences.
Developing a formal method for dealing
with phylogenetic uncertainty in compara-
tive analyses is important for at least two
reasons: (i) estimates of phylogeny are sub-
ject to both systematic and stochastic errors
(5, 6) and (ii) evolutionary biologists often
have only a peripheral interest in phyloge-
ny and are more interested in testing evo-
lutionary hypotheses.

Recently developed methods for phylo-
genetic analysis with molecular data make
it possible to perform comparative analyses
in such a way that inferences are averaged
over all possible trees (7, 8); the character
analysis is performed on each tree, and the
result is weighted by the posterior proba-
bility (9) that the tree is correct. For even
moderate numbers of species, it is usually
not feasible to perform a comparative anal-
ysis by considering all possible trees. This
ideal can be approximated, however, by
sampling trees according to their (posteri-
or) probability given the existing data. We
illustrate this idea by asking how many
times the horned soldier caste evolved and
was lost in aphids (/0). This question is
typical of the type of question asked by
many evolutionary biologists. There are
two sources of uncertainty in studies of the
evolution of a particular character: (i) un-
certainty about the phylogenetic tree of the
species under study and (ii) uncertainty
about the character transformations on that
tree. We illustrate two ways in which such
uncertainties can be considered. The first
approach accommodates uncertainty in the
phylogenetic tree by averaging over possi-
ble trees weighted according to their pos-
terior probabilities but ignores the inherent
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