GEOPHYSICAL RESEARCH LETTERS, VOL. 22, NO. 8, PAGES 997-1000, APRIL 15, 1995

Broadband analysis of the 21 September, 1993 Klamath Falls

earthquake sequence

Douglas Dreger!, Jeroen Ritsema?, and Michael Pasyanos

Abstract. The source characteristics of the Klamath
Falls earthquake sequence were estimated from broad-
band seismograms recorded by the Berkeley Digital
Seismic Network (BDSN), TERRAscope, and western
United States IRIS stations. Solutions were obtained
for events ranging in size from M,,3.8 to M,,6.0. An
empirical Green’s function inverse approach was used
to estimate kinematic source parameters of the two
M, 6.0 mainshocks. Both events were found to have
ruptured northwest on adjacent segments of the Lake
of the Woods system of normal faults. The two main-
shocks abut where there is a pronounced 10° to 20°
clockwise rotation of strike which may have initially
acted as a barrier to a through-going M,,6.2 event.

Introduction

An unusual sequence of the largest earthquakes on
record to strike Oregon occurred on September 21, 1993.
The sequence was located 16 km northwest of the city
of Klamath Falls in southern Oregon (Figure 1), and
began at 03:16 (UTC; 8:16 pm PDT) with a M,4.1
foreshock followed by two M,,6.0 mainshocks at 03:29
and 05:45 (UTC), herein referred to as events 0329
and 0545 respectively. The mainshocks were felt to a
range of 100 to 150 km, and caused extensive damage in
the epicentral area [Wiley et al. 1993]. These damag-
ing mainshocks were followed by 10 M,, >4 aftershocks,
the largest of which (M,,5.4) occurred on December 4,
1993. There were reports of extensive ground failure
and cracking, although none was attributable to tec-
tonic slip on a mapped fault [Wiley et al. 1993].

There are Quaternary normal faults throughout the
north-northwest trending Klamath basin, the western
margin of which is defined by the Lake of the Woods
fault zone (LWFZ). The LWFZ is composed of imbri-
cated east dipping normal-slip faults, approximately 8-
12 km west of the sequence. Tectonically, the Kla-
math Basin is within the northwestern Basin and Range
province. The Cascade volcanic arc lies to the west, and
there are numerous volcanic vents in the epicentral re-
gion [ e.g. Luedke et al. 1983]. Despite the recent
volcanic activity and the presence of Quaternary fault-
ing, there have been only a few moderate earthquakes
as large as M4.0 historically [ e.g. Wiley et al. 1993;
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Jacobson, 1986], making this sequence a unique oppor-
tunity to study the source characteristics of earthquakes
occurring on normal faults in the region. This paper
serves to report on our moment tensor results for the
20 largest events and develops a kinematic source model
of the mainshock rupture process.

Moment Tensor Analysis

Three regional distance moment tensor methods us-
ing data from BDSN, TERRAscope and western U.S.
IRIS stations were applied to the three largest events.
Harvard CMT solutions are available for comparison
for the two mainshocks. Table 1 lists the methods, data
used, references, and solutions. The agreement between
the various methods for the three largest events is rea-
sonably good. The largest standard deviation of the
mean solutions are 12°, 9° and 20° for the strike, dip
and rake parameters respectively. These values are rep-
resentative of the scatter of the various regional meth-
ods in use in California [Ritsema et al., 1994] and more
closely reflect the true uncertainties than the standard
errors of the individual methodologies because the ef-
fects of different data sets, methodologies, and velocity
structures are considered. For comparison the standard
errors computed for event 2 using method 1 are 2° for
all three fault parameters. Scalar seismic moment for
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Figure 1. Moment tensor solutions obtained using
method 1 (Table 1) and master event relocated after-
shocks (Tony Qamar, written communication, 1994) are
plotted with Quaternary faults.
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Table 1. Fault Plane Solutions

Ev. OT Lat. Lon. My, M, 2Z S/D{R M S
# (°N) (°W) (Nm)lkm) (° #
1 9309210316 42.31 122.02 4.1 1.815 8 326/57/-103 1 1
2 9309210329 42.32 122.03 5.9 7.6 17 8 332/55/-94 1 2
5.9 8.417 12 353/37/-59 2 12

6.0 1.118 8 343/46/-83 3 3

6.0 1.118 15 334/60/-98 4 44

3 9309210416 42.27 122.01 4.5 7.215 8 358/34/-41 1 1
4 9309210434 42.30 122.04 4.3 2.815 5 308/53/-1291 1
5 9309210545 42.36 122.06 5.9 7.9 17 8 346/46/-89 1 2
6.0 1.418 12 9/37/-46 2 12

6.0 1.118 8 352/47/-84 3 3

6.0 1.018 15 357/34/-85 4 42

6 9309210614 42.39 122.05 4.8 2.016 8 3/56/-90 1 1
7 9309210728 42.40 122.09 4.1 1.415 8 28/44/-60 1 1
8 9309211734 42.31 122.02 3.5 2.314 8 330/56/-113 1 1
9 9309230621 42.31 122.05 4.6 8.715 8 328/45/-1171 1
10 9309240157 42.35 122.08 3.8 5.2 14 8 351/44/-1001 1
11 9309241653 42.38 121.97 4.0 1.315 5 182/63/-22 1 1
12 9312042215 42.29 122.01 5.4 1.417 8 335/50/-83 1 2
5.4 1.517 10 330/42/-72 2 9

5.4 1.617 6 326/45/-79 3 3

13 9312042223 42.26 121.99 3.9 8.914 5 317/58/-1221 1
14 9312042250 42.25 121.96 3.9 7.214 5 358/27/-46 1 1
15 9312251233 42.28 121.95 4.1 1.515 5 3/53/-40 1 1
16 9312311808 42.29 121.94 4.1 1.715 5 10/53/-38 1 1
17 9401070939 42.26 121.93 4.1 1.8 15 5 144/63/-155 1 1
18 9401080255 42.25 121.92 3.8 6.0 14 14 308/65/174 1 1
19 9401091903 42.26 121.92 4.3 3.1 15 14 302/60/166 1 1
20 9401192227 42.29 121.94 4.2 2.115 5 353/42/-70 1 1

Event locations from UW Geophysics. Ev.: event number.
OT: origin time. S/D/R: Strike, dip, rake. M,: Seismic moment.
Z: Centroid depth. M: Methodology where 1 is three-component
waveform (£<0.1 Hz); 2 is regional surface wave spectral inversion
(£<0.066 Hz; Patton and Zandt, 1991; Romanowicz et al., 1993);
3 is the RCMT method (f< 0.05 Hz; Ritsema and Lay, 1993); 4
is the Harvard CMT (£<0.022 Hz). S: number of stations used in
each inversion. '

the three largest events vary by as much as 48% which is
quite good considering that variations of a factor of two
are sometimes observed [e.g. Ritsema et al., 1994]. The
three regional methodologies agree very well for event
12 indicating that the greater scatter in the solutions of
the two main events may be due to source complexity.
The three regional methodologies obtained minima in
the depth parameter space for each of the events ana-
lyzed. Table 1 shows that there is a range of 2 to 4
km in the depth estimates of the regional methodolo-
gies. Master event relocation of the three largest events
(Anthony Qamar, personal communication, 1993) in-
dicate depths of 10.3 km for the two mainshocks and
a depth of 6.5 km for event 12 (Table 1) which are
in general agreement with the moment tensor results.
The depth of the events and the surface projection of
the east-dipping plane are consistent with the LWFZ as
the causative fault structure. The largest west dipping
structure forms the eastern edge of Klamath Lake and
is 22 km east-northeast of the epicentral area. Unfor-
tunately, the relocated aftershocks do not define planar
structures attributable to specific surface faults.
Figure 1 shows the best fitting double-couple solu-
tions obtained from method 1 (Table 1). The pre-
dominantly normal-slip sequence was observed to rotate
from northwest striking in the southern half to more
northerly striking in the northern half, in agreement
with Braunmiller et al. [1995]. The standard error of
method 1 indicates that the relative mechanism changes
are significant although there may be larger systematic
errors associated with model assumptions. The solu-
tions for the two mainshocks indicate strike uncertainty
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of approximately 12°, however each method shows a
consistent clockwise rotation of the strike of event 0545
by 9 — 20° which agrees with the rotation of Quater-
nary faulting, and the aftershock distribution (Figure
1). The foreshock and event 0329 are located near the
vertex of this structural “knee.” The eastern edge of the
sequence shows considerably greater variability in focal
mechanism estimates including some strike slip events.
These events were part of an increase in activity fol-
lowing the December 4, 1993 aftershock (event 13) on
a sub-parallel structure approximately 6 km to the east
(Figure 1). Although there is some variation in focal
mechanisms the T-axes are very stable and strike east-
northeast for all of the events studied.

Source Time Functions

We estimated the source durations of the two main-
shocks using broadband data recorded at several of the
closest BDSN stations and the IRIS station COR using
the empirical Green’s function deconvolution technique.
This method assumes that a small event, or empiri-
cal Green’s function (EGF), can be viewed as a point-
source, and that the deconvolution of the EGF from the
mainshock records removes waveform distortions due to
propagation leaving the far-field source time function
(STF). The data were bandpass filtered between 0.01
to 2 Hz and integrated to displacement prior to the de-
convolution. To stabilize the deconvolution process a
“water level” of 1% of the peak EGF spectra was used
to fill spectral holes.

Event 9 was used as the EGF for 0329 and event 6
was used for 0545. These choices were based on the
relative locations, and focal mechanisms, as well as the
need to select events for which there is reasonably good
signal-to-noise ratios at regional distances. We found
that STFs obtained from both the tangential and ver-
tical components, as well as with other aftershocks had
similar features. Notably, there is a pronounced thin-
ning of the STF for both mainshocks from the southeast
clockwise to the northwest (Figure 2a and 3a). In ad-
dition, event 0329 shows two distinct pulses at stations
COR, ARC, YBH and WDC indicating a greater degree
of source complexity.

The thinning of the STFs toward the northwest sug-
gests directivity in that direction, however STF am-
plitudes are greatest at stations to the south opposing
this hypothesis. The small differences in mainshock-
EGF radiation patterns lead to a systematic elevation
of STF amplitude at southwest stations and a decrease
in amplitude at COR due to the near-nodal position of
COR on the focal sphere. Sensitivity tests using syn-
thetic seismograms reveal that while STF amplitudes
may be modulated by small differences in the mecha-
nisms the duration and shape were found to be stable.

Source Time Function Inversion

To quantify the directivity and dimension of the two
mainshocks a procedure based on the method of Mor:
and Hartzell [1990], and modified for regional distances
[Dreger, 1994] was used. Essentially this method makes
the assumption that STF shape can be mapped into the
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Figure 2. (a) Far-field source time functions obtained
by deconvolving the vertical component motions from
event 9 from event 0329. The name and azimuth to each
station is noted on the left. On the right the peak am-
plitudes of the raw STF's are plotted. (b) Compares the
fit of synthetic STFs (dashed) and the inferred STFs
(solid)) computed from the best fitting slip model (Fig-
ure 4).

i

spatial and temporal distribution of fault slip, and con-
stitutes a perturbation to the point-source approxima-
tion implied by the deconvolution process. The rupture
model consists of a radial rupture front propagating at
constant velocity with slip distributed across a plane
with the orientation of the mainshock. The plane is
discretized into subfaults which are allowed to slip only
once following the passage of the rupture front. Since it
would be difficult to confidently isolate individual wave
types we assume a half space ray trajectory to compute
relative subfault-hypocenter distances, and timingusing
an assumed shear wave velocity of 3.6 km/s. Absolute
slip is computed using independent long-period scalar
seismic moment estimates and is subject to the same
uncertainty. For the Klamath Falls earthquakes the slip
amplitudes have an uncertainty of approximately 48%.

To be consistent at all of the stations, the STF used
in the inversion were interpreted between zero crossings.
In addition, to give each station equal weight in the
inversion and to remove amplitude uncertainty, the STF
were normalized to unit area. Thus the method fits
STF shape only. The computed areas for events 0329
and 0545 were found to have standard deviations of 41%
and 55% of their respective mean values.

In our calculations a 21 x 23 km fault (strike by
downdip width) was used and the plane was discretized
into 483 1 km x 1 km subfaults. Subfault STF are
approximated by “boxcar” functions. Assuming a du-
ration (T;) of 1 s the spatial resolution (A) of the
model is approximately 2.2 km or twice the grid spac-
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Figure 3. (a) Far-field source time functions obtained
by deconvolving the vertical component motions from
event 6 from event 0545. The name and azimuth to
each station is noted on the left. (b) Compares the fit of
synthetic STFs (dashed) and the inferred STFs (solid)
computed from the best fitting slip model (Figure 4).
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ing (A = V,Tg). An inversion in which the subfault
dimension was increased to 4 km? resulted in the same
gross slip distribution. Inversions were performed over
a range of rupture velocity (1.8 to 3.4 km/s) to find the
best combination of model parameters.

The fit to the data is shown in Figures 2b and 3b. Fig-
ure 4 shows the distribution of slip on the east dipping
fault plane. The M, estimated from method 1 (Table
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Figure 4. Slip distribution. The star denotes the

hypocentral locations of both main-events. The slip at-
tributable to each mainshock is labeled. These results
were obtained with a rupture velocity of 2.2 km/s (60 %
of the assumed shear wave velocity of 3.6 km/s). The
first and second contours are the 10 and 20 cm level.
Subsequent contours show increments of 20 cm in slip.
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1) was used to scale the absolute slip. A shallow mini-
mum in variance was obtained for a rupture velocity of
2.2 km/s. Event 0329 had components of both up- and
downdip rupture. The updip slip patch extends to the
northwest. Event 0545 ruptured a relatively smaller re-
gion located west of its hypocenter with higher average
stress drop. Event 0329 abuts against the slip patch of
event 0545 and the region where the surface faults and
focal mechanisms undergo a rotation in strike. It is pos-
sible that the warped fault may have initially impeded
the rupture from propagating into the event 0545 slip
area.

Discussion

In Dreger [1994] the sensitivity of the method was
discussed. In brief, those tests revealed that the decon-
volution procedure is sensitive to the relative depths
of the main events and their EGFs. The optimal lo-
cation is near the slip centroid. Deconvolutions us-
ing sub-optimally located EGF's resulted in noisy STFs
which would be nearly impossible to interpret. These
tests also investigated the assumption of direct subfault-
station ray paths in a dispersive medium. Since in the
test case and also for the Klamath Falls earthquakes the
fault dimension is approximately 10% of the propaga-
tion distance, these influences were found to be small
but capable of introducing noise into the slip maps.
Hypocenter uncertainty impacts the absolute location
of slip but it does not affect the hypocenter-relative po-
sition. Nevertheless it was found that the approach can
effectively recover the main slip patches.

Unfortunately there is no west-northwest or east-
northeast station coverage and it was not possible to
constrain which of the two planes slipped from the STF
data alone. As discussed previously, the east dipping
plane is favored because of the geometrical relationship
with a surface mapped fault. The 0329 data seems to
prefer a component of downdip slip to fit the STF com-
plexity at ARC, COR, YBH and WDC, however the
resolution is poor. If we limit the allowable dimension of
the fault such that there is only updip rupture, a patch
of low amplitude slip develops south of the hypocen-
ter to compensate and the fit to the data is reasonably
good. Alternatively, the subevent could be caused by
temporal rather than spatial complexity, or possibly by
rupture on a subparallel fault, either of which are not
resolvable with the approach and assumptions we em-
ployed. It is therefore safest to interpret only the robust
updip slip patch of event 0329 and the northward direc-
tivity of both events.

Conclusion

Geometrically the east dipping LWFZ is the most
likely causative fault structure. There is a pronounced
structural “knee” in the surface expression of the LWFZ
that is also evident in the moment tensor solutions and
the aftershock distribution indicating that the com-
plexity persists to seismogenic depths. The directiv-
ity analysis revealed that both events had a component
of northwest rupture. These events occurred on abut-
ting segments of the LWFZ. We propose that the pro-
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nounced change in strike of the causative fault struc-
ture acted as a barrier to a through-going M,,6.2 event.
This observation agrees with those made by King and
Ndbélek [1985] for other moderate to large earthquakes
in which ruptures were found to either initiate or ter-
minate near fault bends.
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