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After a magnitude 7.2 earthquake in 1975 and before the start of the ongoing 
eruption in 1983, deformation of Kilauea volcano was the most rapid ever 
recorded. Three-dimensional numerical modeling shows that this deformation 
is consistent with the dilation of a dike within Kilauea's rift zones coupled with 
creep over a narrow area of a low-angle fault beneath the south flank. Magma 
supply is estimated to be 0.18 cubic kilometers per year, twice that of previous 
estimates. The 1983 eruption may be a direct consequence of the high rates 
of magma storage within the rift zone that followed the 1975 earthquake. 

Kilauea volcano is characterized by rapid de- 
formation and intense seismic activity (Fig. 1). 
In 1975, the magnitude (M) 7.2 Kalapana earth- 
quake caused the south flank of the volcano to 
move seaward by as much as 8 m (I). After the 
Kalapana earthquake and before the onset of 
the Pu'u O'o eruption in 1983, high rates of 
deformation were recorded, and magmatic ac- 
tivity of the volcano was predominately intru- 
sive (2). Since 1983, the volcano has been 
almost continuously eruptive. This change from 
intrusive to eruptive activity was associated 
with a decrease of extension rates across 
Kilauea caldera from 25 to 4 cdyear  (3). This 
report addresses the deformation of Kilauea's 
rift system and flanks for the period between 
the 1975 earthquake and the 1983 eruption. 

Geodetic and seismological observations (4, 
5) indicate that magma rises from the mantle 
through a conduit located below Kilauea sum- 
mit before being supplied to the rift zones. 
Magma is stored within these rift zones, as 
evidenced from petrologic (6) and geophysical 
studies (7,8). Supply of magma to the rift zones 
is sometimes accompanied by shallow (1 to 4 
km) swarms of earthquakes corresponding to 
the intrusion of shallow dikes. Precise relative 
relocations of these earthquakes (9,lO) define 
narrow ribbons interpreted to mark the highly 
stressed zone at the top of a vertical tabular 
magma reservoir. This observation, together 
with the long wavelength of deformations 
across the rift system (ll),  suggests the dilation 
of a dike-like reservoir that extends from a 
depth of 3 km to the prevolcano sea floor, 
which is depressed to 9- to 10-km depth below 
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sea level. The continuous deformation mea- 
sured since 1970 on the volcano indicates that 
the injection of magma into the rift zones is a 
steady process (11). 

Large earthquakes-the 1975 M 7.2 and 
the 1989 M 6.1 earthquakes-were caused by 
seaward motion of Kilauea's south flank on a 
low-angle fault (12, 13), which is probably 
located at the interface between the volcanic 
edifice and the sea floor. The south flank of 
Kilauea is associated with high rates of seis- 
micity at depths of 6 to 12 km. Relative 
relocations (14) show that many of these 
earthquakes define a low-angle northward 
dipping fault corresponding to the base of the 
edifice. Slip on this fault is thought to accom- 
modate the accumulation of magma into the 
rift zones (15, 16). This hypothesis is sup- 

ported by analysis of geodetic data (1 7, 18). 
For our analysis, we used trilateration, lev- 

eling, and sea-level data collected by the Ha- 
wai& Volcano Observato~y staff. From 1976 
to 1982, trilateration baselines (Fig. 1) show 
rapid horizontal extension across the rift zones. 
This extension was particularly fast in the upper 
southwest and upper east rift zones, .reaching a 
maximum of 26 cdyear  across the summit 
caldera. Most of the baselines that span the 
south flank, particularly those perpendicular to 
the rift zones, experienced compression of up to 
9 cdyear. Negligible deformation rates were 
recorded in the easternmost part of the rift 
system as well as on the north flank of the 
volcano. Across Kilauea summit, large horizon- 
tal relative displacements were accompanied by. 
subsidence (Fig. 2) at the rift-system axis (up to 
7 cdyear) and uplift (up to 2.5 cdyear) of the 
south flank. This uplift was confirmed by tide 
gauge and water well data (Table I). 

We analyzed the observed deformation us- 
ing a three-dimensional mixed boundary ele- 
ment method that takes the topography into 
account (19). The medium is assumed to be 
elastic. We further assume that the sporadic 
shallow dike intrusions and the steady magma- 
reservoir dilation can be modeled by a single 
dike (Fig. 3A). The horizontal position of this 
dike is defmed from the shallow seismicity, 
and, where available, relocated earthquakes (9, 
10) were used. The dike was also assumed to be 
the locus of maximum subsidence determined 
by leveling. In order for the dike to induce fault 
displacements, it must extend to the low-angle 
fault at the volcano base. In our starting model, 
the fault is located at 9-km depth and allowed to 
slip over a narrow area corresponding to the 
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aseismic region south of the rift zones (Fig. 1). 
The lack of seismicity there might be related to 
aseismic creep of the fault caused by elevated 
temperatures in the rift system of hot olivine- 
rich magma and olivine cumulates (20). The dip 
of this fault is assumed to be 5" to the north- 
west, which is a good compromise between 

Distance along leveling line (km) 

Fig. 2. Comparison of relative vertical velocities 
measured and predicted by the best fitting 
model. Data are represented by dots and 
dashed lines; the best model results are repre- 
sented by solid lines. AA', Kilauea's summit, 
projected onto a line trending N16S0E, leveled 
in April 1976 and October 1982. BB', southwest 
rift zone, projected N1lOOE, leveled in May 
1976 and October 1982. CC', upper east rift 
zone, projected N180°E, leveled in May 1976 
and August 1982. DD', lower east rift zone, 
projected N15S0E, leveled in July 1976 and 
December 1982. For locations of level profiles, 
see figure 7a of (77). Random error on leveling 
is taken as 7 mm/km1/2 (37). 

various independent estimates (14,21,22). The 
boundary conditions are stresses. All parts of 
the rift system are assumed to be hydraulically 
connected, resulting in a single overpressure for 
the dike. The fault is assumed to move passive- 
ly in response to the reservoir dilation, and, 
consequently, it has a null stress perturbation. 
Young's modulus is 50 GPa, a value deduced 
from the P-wave velocity in the south flank (8) 
and corrected by a factor of 0.7 to account 
for the difference between the static and 
dynamic modulus at a confining pressure of 
100 MPa (23). Poisson's ratio is assumed to 
be 0.25. 

Model variables for this study are the depth, 
height, width, dip, and overpressure of the dike; 
the dip; the depth of the low-angle fault; and the 
southward width of the creeping portion of this 
fault. To compare among the different models, 
we computed the error (x2) on relative dis- 
placements along the trilateration baselines 
(24). To adjust the indeterminate components 
of the velocity field, we used the model coor- 
dinate method of network adjustment (25). 

The depth of the top of the dike, its dip, 

Table 1. Comparison between elevation changes 
measured in water wells and tide gauges between 
1976 and 1982. Water well and tide gauge (Apua) 
data are derived from the interpolation given in 
(3). 

Elevation (cmlyear) 

Measured Modeled 

Kapoho (1g030', -1.4 2 0.7 0.2 
1540501) 

Malama ki (1g027', -1.7 t- 0.6 0.7 
154O53') 

Pulana (19O2I1, 5.0 t- 1.2 7.0 
1 5S02') 

Apua tide (19"16', 5.7 + 1.3 6.0 
154O12') 

and the area of fault creep were constrained 
by the trilateration observations. For a fault 
depth of 9 km, our best-fit solution (Fig. 3A) 
corresponds to a vertical dike, 8.5 km high, 
dilating at.an average rate of 40 cndyear. The 
low-angle fault coupled to this dike creeps 
over the narrow aseismic area south of the 
rift. At the ground surface, the model results 
in an average rift-zone opening of 20 cnd 
year. The model also gives the best fit of the 
leveling data (Fig. 2). However, the sharp 
subsidence along line BB' associated with the 
August 1981 southwest rift intrusion was not 
resolved (26). Modeled height changes are 
also comparable to those obtained from sea- 
level measurements (Table l). 

Dike dilation with no fault slip fits the 
trilateration data but leads to an underestima- 
tion (up to 50%) of the rift subsidence in the 
summit area (line AA'). Compared with the 
best-fit solution, when the fault is allowed to 
slip over a larger uniform width of 10 km, 
error x2 on distance variation increases by 
lo%, south flank compression is not account- 
ed for, and the rift subsidence is overestimat- 
ed by up to 40% in the summit area. The 
overestimation of the south flank uplift re- 
mains the same when the fault is horizontal. 

The trilateration data give little constraint 
on the fault depths and dike height, as well as 
the precise western and eastern extent of the 
dike. Indeed, trilateration data are equally 
well explained by a fault located in the depth 
range 6 to 11 km and for a rift system 4 km 
shorter or longer to the west or to the east. 

This model, with a narrow-creeping fault 
leading to substantial displacements of the 
north flank stations, differs from models ob- 
tained for 1983-91 (17) and for 1990-93 
(18). The previous models used much wider 
zones of fault slip (15 to 30 km) and yielded 
negligible displacements north of the rift 
zones. These differences can be partly ex- 

Fig. 3. (A) Velocities predicted by the best fitting model at the trilateration geometry in the east rift zones in represented in Fig. 4. (B) Velocities 
ranging stations. Surface projection of the dike modeled is indicated by a determined from trilateration data with the model coordinate network 
bold line and the low-angle fault creeping portion is shown as a gray surface. adjustment (25) performed with reference to the best-fitting velocity model. 
The rest of the fault is locked. A cross section (N-S) of the model Ellipses indicate the 95% confidence interval. 
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plained by differences in the pattern of defor- 
mation for the different periods: During the 
1976-82 period, the south flank experienced 
compression, whereas extension was record- 
ed after 1983. They also result from the type 
of data used. We used trilateration measure- 
ments, and no site was distant enough to be 
removed from volcanic activity as is the case 
with later data from the Global Positioning 
System. Consequently, our model addresses 
the deformations and not the absolute dis- 
placements of the volcano. 

The average rate of rift opening determined 
in this study (40 cmlyear) summed over the 
1976-82 period is consistent with the dike 
opening measured at the onset of the Pu'u 0'0 
1983 eruption (2.1 m). This suggests that the 
1983 eruption may have been caused by the 
propagation to the ground surface of a dike-like 
reservoir that had been inflating since the 1975 
earthquake. The observation that the south flank 
was under compression indicates that rift dila- 
tion was not passive but was driven by magma 
accumulation. The modeled rift dilation implies 
a magma storage rate of 0.18 km3/year. Com- 
pared with storage rate, the volume of erupted 
magma during this period (0.006 km3/year) was 
insignificant (27). The predominance of rift 
magma storage over eruptions can be attributed 
to the 1975 earthquake, which generated a trap- 
ping stress favoring intrusions (16). These ob- 
servations lead us to conclude that the 1983 
eruption is the direct consequence of the high 
rate of magma storage that took place within the 
rift zones since 1975. 

From 1976 through 1982, the storage and 
erupted volumes give a total magma supply rate 
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of 0.19 km3/year. Similarly, on the basis of 
rates of stored and erupted magma, the total 
mama supply rate ranges from 0.14 to 0.18 
km3/year for 1983-91 and is estimated to 0.18 
km3/year for 1961-70 (28). Thus, the rate of 
magma supplied to the volcano from 1961 to 
1991 appears to be constant. This supply rate is 
nearly twice as large as the rate (0.1 km3/year) 
estimated from rates of lava produced during 
large eruptions associated with no summit de- 
formations (29). It is also twice as large as 
estimated (0.09 km3/year) from summit infla- 
tion and subsidence at the time of rift intrusions 
(27). However, these rates were estimates of 
the minimum supply, as they did not take into 
account magma supplied to the rift zones with 
no associated summit deformations. 

The rift-dike dilation and associated south 
flank motion over a narrow area of a low-angle 
fault provide mechanical explanations for the 
occurrence of south flank earthquakes away 
from the rift zones (Fig. 4): (i) The area of fault 
creep is such that dike dilation results in the 
largest increase of Coulomb stresses (30) where 
the south flank microseismicity is the highest, 
and (ii) the locked portion of the fault in our 
model corresponds to the area that slipped dur- 
ing the M 7.2 1975 and the M 6.1 1989 earth- 
quakes (12, 13). Our model is consistent with 
the compression of the south flank before 1975 
leading to the Kalapana earthquake (IS), but it 
does not account for the extension of the south 
flank that occurred after 1983. The models of 
Kilauea deformation after 1983 use wide zones 
of fault creep that appear to be inconsistent with 
the observed occurrence of large earthquakes 
within rapidly creeping regions (1 7, 18). 
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Fig. 4. Coulomb stress changes and M 2 1.5 earthquakes (black circles) for 1976-82. The vertical 
cross section goes through the east rift zone (Fig. 3). The creeping portion of the fault is represented 
by a solid line and the Locked portion is represented by a dashed line. Rift-dike overpressure is 9 
MPa. Coulomb stresses (30) correspond to the model that best fits the deformation data. Potential 
failure planes considered are subhorizontal, with a seaward slip direction such that positive 
Coulomb stress variations indicate promotion of seaward slip. 
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The Chi-Chi Earthquake 

Sequence: Active, 


Out-of-Sequence Thrust 

Faulting in Taiwan 


Honn ~ a o '  and Wang-Ping Chen2 

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 t o  show that the dominant structure for 
generating earthquakes in central Taiwan is a moderately dipping (20" t o  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 
\vestem 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- 
em margin of the Philippine Sea plate and the 
passive continental margin of southeastern 
China (Fig. 1) (1-3). 

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 3.6. A magnitude (MI+) 
surface rupture of about 80 krn in length is well 
exposed (7,8). Moreover, the surface rupture is 
adjacent to regions where subsurface geology 
has been extensively studied (9-13). 
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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 (15-1 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) (19). 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 (10-13). 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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