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Determining the seismic fracture energy during an earthquake
and understanding the associated creation and development of a
fault zone requires a combination of both seismological and geo-
logical field data1. The actual thickness of the zone that slips dur-
ing the rupture of a large earthquake is not known and is a key
seismological parameter in understanding energy dissipation,
rupture processes and seismic efficiency. The 1999 magnitude-
7.7 earthquake in Chi-Chi, Taiwan, produced large slip (8 to
10 metres) at or near the surface2, which is accessible to borehole
drilling and provides a rare opportunity to sample a fault that had
large slip in a recent earthquake. Here we present the retrieved
cores from the Taiwan Chelungpu-fault Drilling Project and
identify the main slip zone associated with the Chi-Chi earth-
quake. The surface fracture energy estimated from grain sizes in
the gouge zone of the fault sample was directly compared to the
seismic fracture energy determined from near-field seismic data3,4.
From the comparison, the contribution of gouge surface energy to
the earthquake breakdown work is quantified to be 6 per cent.

The North–South-trending Chelungpu fault is a major 90-km
structure that dips shallowly to the east (30u), and principally slips
within, and parallel to, bedding of the Pliocene Chinshui shale5.
Taiwan Chelungpu-fault Drilling Project (TCDP) drilled two vertical
holes 40 m apart (hole A to a depth of 2 km, and hole B to a depth of
1.3 km), and a side-track from hole B (hole C) at the depth of 950 m
to 1,200 m about 2 km east of the surface rupture, near the town of
DaKeng (Fig. 1a). The subsurface location of the Chinshui shale was
known from high-resolution seismic reflection profiles6,7 at a depth
of about 1,000 m under the DaKeng site. The spatial slip distribution
for the earthquake was well constrained from close strong motion
stations and Global Positioning System (GPS) data3,4 and shows a slip
of 8.3 m on the fault near the drill site. The drilling carried out
continuous coring for depths of 500–2,000 m for hole A, 950–
1,300 m for hole B and 950–1,200 m for hole C, respectively.
Geophysical well logs were carried out in hole A to collect seismic
velocities, densities and digital images.

From the hole-A core, the Chelungpu fault zone is seen within the
Chinsui shale as a damaged zone at depths of about 1,105 to 1,115 m,
consisting of fault breccia and fault gouge (Fig. 1b). The degree of
fracturing increases from the top to the bottom of the zone. Near the
bottom of the broad zone of deformation, a 12-cm-thick primary slip
zone (PSZ) can be identified based on the presence of ultra-fine-
grained fault gouge and increased fracture density at depths of
1,111.23 to 1,111.35 m. A corresponding feature was also found in
the hole-B core at depths of 1,136.50 to 1,136.62 m, confirming the
fault dip of 30u E. The geophysical logging measurements of low

seismic velocities and low electrical resistivity around the depth of
1,111 m also confirm that this is the main fault zone.

The PSZ seen in the core from hole C after splitting and polishing
(Fig. 1c), shows several layers of slip zones associated with several
repeating earthquakes. The individual slip zone has a thickness of
about 2–3 cm with a 5-mm ultrafine grain zone in the bottom as
indicated in the PSZ schematic (Fig. 1c). Among the slip zones, the
least deformed region, which has the fewest number of cross-cutting
cracks, is the 2-cm zone at the bottom of the PSZ, suggesting that this
narrow band might be the major slip zone (MSZ) that corresponds to
the Chi-Chi earthquake. Other estimates of the thickness for the slip
zone from nearby sites are 50–300 mm observed at the surface near the
DaKeng drill site8, and 7 mm from a fault core at a depth of 330 m in
shallow drilling before TCDP9. These determinations of slip zone
thicknesses are all from layers located near the bottom of the fracture
zone. The variation of thickness of the slip zone at different depths
might correspond to differences in normal stress10–12.

We also analysed the grain size distribution of the slip zone13,14

using transmission electron microscope (TEM), scanning electron
microscope (SEM) and optical microscope measurements, to estim-
ate the surface fracture energy associated with the gouge formation.
The distribution of particle size is shown in Fig. 2a, which follows a
power-law distribution with a slope of about 2.3 (refs 15 and 16;
see Supplementary Information). Grain sizes of 50 nm–100 mm
(Fig. 2b, Supplementary Fig. 1a–c) were observed for the 2-cm
MSZ (Supplementary Table 1). We consider grain sizes larger than
50 nm for the surface fracture energy calculation. The images with
grain sizes of less than 50 nm show rounded shapes, suggesting that
those small grains might be the result of precipitation rather than
fracturing (Fig. 2b). Assuming spherical grains and a ratio of surface
area to volume for spheres of 3/radius (ref. 13), we obtained the total
particle surface area for the 2-cm slip zone SMSZ of 6.46 3 105 m2 per
metre squared area. The mineral composition from X-ray diffraction
for semiquantitative analysis shows that the MSZ was composed of
about 70% of quartz, 5% of feldspar, and 25% of clay minerals
(Supplementary Fig. 2). This gives a specific fracture energy Gc of
about 1 J m–2 (refs 17–19). Using a correction for grain roughness l
of 6.6 (ref. 20), and the specific fracture energy, we obtain the surface
fracture energy GMSZ of the 2-cm MSZ by:

GMSZ 5 SMSZlGc (1)

From equation (1), we obtain a value of 4.3 MJ m22 for the surface
fracture energy. This is interpreted as the minimum amount of
energy that is necessary to produce the MSZ in one earthquake.
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Any additional contribution to the estimated surface fracture energy
from considering a much wider, but less deformed, damage zone is
thought to be less than 10% of the above value13.

Formation of the slip zone is associated with the seismic fracture
energy, which is consumed as the earthquake rupture propagates.
The creation of small grains is a contribution, but may not be the
total equivalent to the seismic fracture energy. To estimate the seis-
mic fracture energy from the observed earthquake waves, we used a
three-dimensional finite difference code based on the traction-
at-split nodes method to calculate the stress time history on the
earthquake fault plane21, with the temporal–spatial slip distribution
inverted from strong motion data4 as a constraint. The seismic frac-
ture energy density on the fault is determined by retrieving the
dynamic traction evolution during the slip history.

The breakdown work22 Wb, which is the excess work over some
minimum level achieved during slip, is the energy spent to allow the
rupture to advance. It can be obtained from the slip history of shear
traction on the fault, by calculating the integral of the traction versus
slip, from zero slip to the point that the traction drops to a minimum:

Wb~

ðTb

0

(t(t){tmin):v(t)dt ð2Þ

where v(t) is the slip velocity, t(t) is the shear traction, and Tb is the
time at which minimum traction tmin is reached. A grid size of
0.95 km and a time interval of 0.054 s were used for the calculation.
Figure 3 shows the shear traction change as a function of slip and
time for the particular portion of the fault beneath the borehole site.
The shaded area in Fig. 3 corresponds to the integral in equation (2),
and gives a value for the breakdown work Wb of 11.6 MJ m22. This
value is comparable to that for other nearby subfaults, and the results
of other studies23. This breakdown work can be considered as an

equivalent to the seismic fracture energy density22 Gs. The breakdown
work derived from the equation (2) is composed of the surface frac-
ture energy for formation of the slip zone, and other dissipative losses
during faulting22. Here, we assume that the fault core thickness, fault
geometry, clast grain size and distribution retrieved from TCDP
do not significantly change over the subfault area of the seismic
inversion.

The geological studies5,8 show that the total displacement accom-
modated by the Chelungpu–Chinshui detachment, where the TCDP
drilled through, is 0.3 km. Considering the 12-cm primary slip zone
identified from the retrieved core, the ratio (T/D) of the slip thickness
(T 5 12 cm) to the total displacement (D 5 300 m) is 4 3 1024. For
the 8.3-m slip of the Chi-Chi earthquake, the slip thickness for a
single earthquake is 3.3 mm. This means that the number of events
in the 2-cm MSZ is between 6 and 7 if we assume similar displace-
ments of repeating earthquakes in the major slip zone. For the
4.3 MJ m22 of the surface fracture energy from the 2-cm MSZ, the
fracture surface energy associated to a single earthquake on average
would be about 0.65 MJ m22. Given that the breakdown work is
11.6 MJ m22, this value shows that the process of grain formation
represents about 6% of the earthquake breakdown work. We con-
sider this estimate to be the maximum for the assumption that there
is no fracture energy occurred during sliding13. The remaining
part of the breakdown work will mostly be heat, which might be
associated with other dynamic processes, such as fault thermo-
pressurization24–26, or fault lubrication27,28.

The radiation efficiency gR is the ratio of the radiated energy ER

to the energy available for mechanical processes. It was defined29 as

gR~
ER

ERzEG

, where EG is the product of fault area and seismic fracture

energy density. Here, we consider the seismic fracture energy in the
equation to be the surface energy used to pulverize the rock for
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Figure 1 | Location, core images and polished primary slip zone. a, The
location of the drill site at the town DaKeng and the ruptured Chelungpu
fault (bold blue line). The black triangles show the distribution of the strong
motion stations close to the fault. The epicentre is shown by a red asterisk.
b, The core image and schematic diagram from the depths of 1,109.02 m to
1,111.83 m of hole A with descriptive comments. A 12-cm primary slip zone
was observed at the depth of 1,111.23–1,111.35 m. c, An enlarged photo of

the splitting and polishing slab of the 12-cm principal slip zone (PSZ) with its
schematic. The thicker lines in the schematic indicate the possible slip zones
associated with several repeating earthquakes. The 5-mm ultrafine grain
zone in the bottom of each layer is shown in grey. The bottom layer with the
less-deformed slip zone is the major slip zone (MSZ) related to the 1999 Chi-
Chi earthquake.
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formation of the fault gouge. Assuming that the ratio of the seismic
energy to seismic moment is constant, gR can be modified to the
quantity1:

g0R~
1

1z 6l
mCR

( T
D

)( Gc

d̂d
)

ð3Þ

where CR 5 ER/Mo, and Mo is the seismic moment. The value of CR is
2 3 1025, using values of ER and Mo for the Chi-Chi earthquake

derived from seismic data4,30. The representative grain size d̂d has a

value of 186 nm from d̂d 5 6T/SMSZ, which has an amount of surface
fracture energy equivalent to that of the power-law size-distribution
in the MSZ. If the surface energy is the major contribution to the

fracture energy, g0R will have a similar value to gR. For a rigidity

m 5 30 GPa, we obtain a value of g0R of 0.88 for the Chlungpu fault
(Fig. 4).

The gouge zone of the Chelungpu fault for the Chi-Chi earthquake
was formed as a result of about 6% of the breakdown work. The
calculated value for g0R is intermediate between that of the well-
developed Punchbowl fault in California13 (g0R < 1.0) and those of
the earthquakes in a South African mine that are (g0R < 0.16) asso-
ciated with making new fractures18. The physical differences in the
fault zones may depend on the maturity and style of faulting13 and
reflect the differences in the mechanical energy absorbed during large

events. When large earthquakes occur on mature faults, there is less
fracturing, so the proportional amount of dissipative energy is smal-
ler, compared to the more brittle behaviour of young faults.
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