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INTRODUCTION

Slow earthquakes, characterized as ones whose magnitude 
increases with period, are often observed occurring on oceanic 
transform faults (Kanamori and Stewart 1976; Okal and Stewart 
1982; Stein and Pelayo 1991; Choy and Boatwright 1995; 
Newman and Okal 1998; Perez-Campos et al. 2003). Previous 
work has found that oceanic transform earthquakes often have 
lower body wave magnitudes compared to ridge and oceanic 
intraplate earthquakes of comparable surface wave magnitude 
and seismic moment. This phenomenon might result from the 
slow events having lower stress drop. Alternatively, the effect 
could be due to a source mechanism bias resulting from the fact 
that transform earthquakes are primarily strike-slip events on 
steeply dipping faults. In this geometry, body waves arriving at 
teleseismic distances left the source near nodal planes, result-
ing in smaller amplitudes than for dip-slip events of the same 
moment.

Slow earthquakes are ones that release energy more “slowly” 
than typical earthquakes and therefore radiate more energy at 
longer periods. Such earthquakes have been identified in vari-
ous ways. One is from an anomalous ratio of the body wave 
magnitude mb, which reflects the energy release at a period of 
1 s, to the surface wave magnitude MS, which reflects the energy 
release at a period of 20 s.

Although slow earthquakes have been observed in various 
tectonic environments, they are especially common for oce-
anic transform earthquakes that have strike-slip mechanisms, 
as shown by analysis of a global catalog of oceanic earthquakes 
(Stein and Pelayo 1991). The transform earthquakes generally 
had lower body wave magnitudes compared to ridge and oce-
anic intraplate earthquakes of comparable surface wave magni-
tude and seismic moment. This effect is illustrated in Figure 1A, 
where a transform event with a moment larger than the ridge 
event shown has lower mb than the ridge event.

Other techniques have also been used to identify possible 
slow transform fault earthquakes. Some use the ratio of the 
energy in short-period body waves to the seismic moment to 
characterize the ratio of short- and long-period energy (Choy 
and Boatwright 1995; Newman and Okal 1998; Perez-Campos 
et al. 2003). Others use the shape of long-period source spectra 

to identify possible slow slip (McGuire et al. 1996; Abercrombie 
and Ekstrom 2003). These methods do not find “slowness” to 
be as pervasive as it appears from the magnitudes.

Slow earthquakes as defined by the magnitude differences 
can result from several effects (Stein and Wysession 2003). The 
most common is low stress drop, as illustrated in Figure 1B, 
which compares theoretical source spectra for earthquakes with 
the same seismic moment, M0. The stress drop is a theoretical 
parameter proportional to the ratio of slip in the earthquake 
to its source dimension. For a given moment and fault shape, 
a lower stress drop corresponds to larger fault dimensions and 
therefore longer time functions and smaller corner frequencies. 
Thus, given two earthquakes with the same rupture velocity, the 
one with lower stress drop will have less high-frequency radia-
tion and thus lower mb. Hence the ratios of mb/MS and mb/M0 
(or equivalently mb/MW where MW is the moment magnitude) 
can be interpreted as indicating relative stress drops.

However, slow earthquakes need not reflect stress drop 
variations. One alternative is that similar effects can result from 
a slower rupture velocity, which also gives a longer time func-
tion for a given fault dimension. Another alternative is that dif-
ferences in source mechanism can cause variations in mb/MS or 
mb/M0. This possibility is illustrated in Figure 1C, which shows 
focal mechanisms for a pure strike-slip event on a vertically dip-
ping fault and a pure dip-slip event on a 45-degree dipping fault. 
Oceanic transform earthquakes are primarily strike-slip events 
on steeply dipping faults. As shown, body waves for such events 
that arrive at teleseismic distances left the source near nodal 
planes, resulting in smaller amplitudes than for dip-slip events 
of the same moment. A goal of this study is to assess whether 
this effect is large enough to produce the observed difference 
in magnitudes.

ANALYSIS AND MODELING

We explore two questions here. First, how convincingly do data 
show mb/MS or mb/M0 discrepancies between oceanic trans-
form, ridge, and intraplate events? Second, if these differences 
are real, could they be due to the focal mechanism?

We began with the set of 142 earthquakes from 1964 to 
1984 analyzed by Stein and Pelayo (1991). As shown in Figure 
2A, the transform events generally have lower mb for a given MS 
or M0 than the ridge and intraplate events. We then compiled a 
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Figure 1 ▲ . (A) Seismograms from two events in the Gulf of California showing lower mb for the transform event with higher M0. (B) 
Schematic source spectra for low (dashed) and high (solid) stress drop events of the same moment. (C) Schematic illustration of a source 
mechanism bias on body wave amplitudes due to rays for strike slip events leaving the source closer to nodal planes.
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set of 419 additional events between 1984 and 2003 (Schramm 
2007) with known focal mechanisms from the Harvard CMT 
catalog (now the Global CMT catalog). This larger dataset 
(Figure 2B) shows a similar pattern.

Given that the pattern is repeatable, we used body and sur-
face wave modeling (Kanamori and Stewart 1976) to explore 
the possibility that it resulted from the differences in focal 
mechanisms rather than in stress drop. We generated synthetic 
seismograms for events with the locations, mechanisms, and 
moments of those in Figure 2A and measured body and surface 
wave magnitudes on the synthetic seismograms. This approach 
has the advantage that the differences in the measured magni-

tudes reflect only source mechanism differences, because other 
factors are held constant.

As shown in Figure 1B, the stress drop affects body and 
surface wave amplitudes via the source time function, which is 
the inverse Fourier transform of the source spectrum. Analytic 
expressions (Kanamori and Anderson 1975) are available that 
relate the stress drop to the seismic moment for several fault 
mechanisms and fault geometries. Following Geller (1976) we 
use the simplest, a circular fault model, to relate the stress drop

Δσ = (7/16) M0 /R3  (1)
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Figure 2 ▲ . Comparison of magnitudes observed for earthquakes (A and B) and measured on synthetic seismograms (C) for events with 
locations and mechanisms of those in (A). Circles that appear filled are overlapping events.
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to a source dimension or radius R for a given moment. We 
computed a fault source assuming a stress drop of 50 bars. In 
this approximation, the earthquakes under consideration have 
source dimensions of about 3–20 km. These are comparable to 
or longer than the wavelength of the body waves with period 1 s 
that are used to measure mb. Hence the source dimension has a 
significant effect on body wave seismograms.

In the formulation we use, the source dimension controls 
the duration of the source time function, which can be described 
as a trapezoid resulting from the convolution of two “boxcar” 
functions. These have durations equal to the rupture time, TR, 
reflecting the time needed for rupture to propagate along the 
fault and the rise time, TD, over which slip occurs at any point. 
Assuming a circular fault, a shear velocity of 4 km/s and a rup-
ture velocity (VR) 0.7 times the shear velocity gives

TR = R / VR = 0.35R and TD = 0.18R (2)

(Geller 1976). Synthetic body wave seismograms were gener-
ated by scaling the source time function by the seismic moment 
and convolving it with a set of delta functions reflecting the 
source geometry and depth, and operators describing the effects 
of earth structure and a seismometer (Okal 1992).

We also generated synthetic surface wave seismograms, 
which did not require including the effect of source dimension. 
This is because the waves used to measure MS (20-s period) and 
the longer period waves used to measure M0 have wavelengths 
longer than the source dimension for the earthquakes in ques-
tion. Hence although the source is finite for body waves, it is a 
point source for surface waves.

We calculated the magnitudes using the conventional for-
mulas. Body wave magnitudes were derived from the largest 
amplitude measured at periods of 0.3–2.1 s on the short-period 
body wave synthetics using

mb = log (A/T) + Q(Δ, h), (3)

where A is the amplitude in microns of ground motion mea-
sured on the seismogram, T is the period in seconds, and the 
Q(Δ,	h) values that vary with distance (Δ) and depth (h) are 
from the National Earthquake Information Center (NEIC), 
based on Gutenberg and Richter (1956). Surface wave mag-
nitudes were calculated from synthetic seismograms for the 
vertical component of Rayleigh waves by measuring the larg-
est amplitude between 18–22 s and using the International 
Association of Seismology and Physics of the Earth’s Interior 
(IASPEI) formula

Ms = log (A/T) + 1.66 log Δ + 3.3 (4)

For each earthquake in Figure 2A we synthesized seismograms 
at 10 stations with varying azimuths and distances. The magni-
tudes were measured for each station and their average is shown 
in Figure 2C.

The stations were picked by looking up each event in the 
ISC catalog and downloading the list of stations reporting arriv-

als. A computer program read in the list and found one station 
for each of 10 azimuthal bins between 0–360 degrees. Events 
without good azimuthal coverage were discarded. Distances for 
the stations varied from 30 to 70 degrees.

Examination of the magnitudes derived from the syn-
thetic seismograms shows two gratifying features. First, the 
general range and trend of the body and surface magnitudes 
from the synthetic seismograms are similar to those in the 
two datasets. Hence it appears that the earthquake source 
and earth model parameters used to generate the synthetics 
are reasonable. Second, the variation in body and surface mag-
nitudes between transform and other events in the synthetic 
seismograms are similar to those in the data. It seems likely 
that the observed variation is due largely to the differences in 
focal mechanism.

DISCUSSION

Our modeling shows that for earthquakes with the same seis-
mic moment and source time function duration, strike-slip 
events will appear slow relative to dip-slip events because of 
their lower body wave amplitudes. This slowness is apparent 
in that because it reflects the effects of the radiation pattern 
rather than the source spectrum. It arises because magnitudes 
are measured directly from seismograms and not corrected for 
the source radiation pattern.

Although this procedure identifies slow earthquakes by 
comparing two measured magnitudes, the magnitudes do not 
directly yield an estimate of stress drop. Estimation of the stress 
drop from observations first requires estimating the source 
dimension or dimensions directly or indirectly from either 
source spectra in the frequency domain or the source time func-
tion. This requires assumptions about the rupture velocity, rise 
time, and fault geometry, including whether rupture propaga-
tion was unilateral or bilateral. Often only one dimension is esti-
mated from the data, and the other is inferred for the assumed 
fault geometry. Because the inferred stress drop depends on the 
inverse cube of the estimated source dimension, small changes 
in the estimated dimensions have large effects on the estimated 
stress drop (Chung 1979; Stein and Kroeger 1980).

Additional uncertainties result because further assump-
tions are needed to infer stress drop from the estimated source 
dimensions, as illustrated in Table 1 and Figure 3. Depending 
on these assumptions, quite different stress drop values would 
be inferred. As shown in Table 1’s first row, the stress drop 
for a given seismic moment depends on the focal mechanism 
(columns) and fault geometry (R or L and w) (Kanamori and 
Anderson 1975, their Figure 1). The second row shows how 
estimates of the stress drop can vary for different geometries 
with the same seismic moment and source dimension (L	 or 
R). For example, compared to the stress drop inferred for a 
circular fault, assuming slip on a square rupture (shape factor 
C = L/w = 1) with strike-slip or dip-slip motion yields stress 
drops about 50% or 100% larger (Figure 3). The inferred stress 
drop is even greater for narrower (greater C) ruptures. Similar 
issues arise in estimating the stress drop for events with the same 
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seismic moment and fault area, and thus slip, as shown in Table 
1, fourth row, and the right-hand side of Figure 3.

Thus although the transform earthquakes appear slow in 
that they have relatively less short-period energy on seismograms 
at teleseismic distances, there is no clear case for assuming that 

they have lower stress drop. We have shown that the observed 
differences in magnitudes would occur between strike-slip and 
dip-slip earthquakes of the same moment and source time func-
tion duration. As Table 1 shows, such earthquakes would have 
the same stress drop using a circular rupture model. However, 
they would have different stress drops in the rectangular fault 
models. The larger transform events would likely occur on lon-
ger and narrower faults than the dip-slip ridge and intraplate 
events. This geometry may explain the observation that the 
transform events have lower ratios of seismic moment to time 
function duration cubed than ridge and intraplate events (Stein 
and Pelayo 1991). Although this observation would be consis-
tent with transform events having low stress drop, it would also 
be consistent with the transform events having the same stress 
drop but on longer and narrower faults. Resolving these issues 
for earthquakes observed at teleseismic distances like those dis-
cussed here will be difficult except for the largest earthquakes, 
where seismological data provide more information about the 
fault geometry.

These results bring out the recognized issue that although 
“stress drop” can be inferred from seismograms, albeit with large 
uncertainties, this seismologically estimated parameter may—
or may not—reflect the stress change during rupture (Atkinson 
and Beresnev 1997). Moreover, what if any relation it has to the 
state of stress on the fault is unclear (Kanamori 1977). The idea 
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Figure 3 ▲ . Left side: comparison of stress drop for faults with the same moment and source dimension, but different focal mechanism 
and fault geometry. Right side: comparison of stress drop for faults with the same moment and source area, but different focal mechanism 
and fault geometry.
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of slow events being due to low stress drop is intuitively appeal-
ing, as is the idea that active transforms may be weaker than 
other oceanic crust. However, the results here imply that the 
apparent slowness of transform events implied by their magni-
tudes is largely due to their strike-slip mechanisms. This result 
would partly explain why other techniques for identifying slow 
earthquakes, which are either less affected by this bias or correct 
for it, find fewer slow events on oceanic transforms. 
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