Seismic Evidence for an Earthquake
Nucleation Phase

W. L. Ellsworth and G. C. Beroza

Near-source observations show that earthquakes initiate with a distinctive seismic nu-
cleation phase that is characterized by a low rate of moment release relative to the rest
of the event. This phase was observed for the 30 earthquakes having moment magnitudes
2.6 to 8.1, and the size and duration of this phase scale with the eventual size of the
earthquake. During the nucleation phase, moment release was irregular and appears to
have been confined to a limited region of the fault. It was characteristically followed by
quadratic growth in the moment rate as rupture began to propagate away from the
nucleation zone. These observations suggest that the nucleation process exerts a strong
influence on the size of the eventual earthquake.

I order for an earthquake to occur, a fault
must evolve from a locked state to one in
which slip occurs at speeds of up to several
meters per second and propagates along the
fault at a rupture velocity of several kilome-
ters per second. The abrupt onset of P waves
emanating from an earthquake’s hypocenter
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Table 1. Moment rate functions used to derive parameters determined with a
P-wave velocity V= 6 km s~1, V/Vg = 1.73, and n = 30,000 MPa for a
surface receiver at a radial distance, R, from the hypocenter. Letters following
the date identify aftershocks of the Northridge, California, earthquake (N);
earthquakes located near Anza, California (A); mine tremors recorded under-
ground in South Africa (M); earthquakes at Parkfield, California, recorded in
the 1-km-deep Varian borehole (P); and earthquakes in Long Valley Caldera,

has generally been interpreted as evidence
for self-similar rupture growth from the be-
ginning of the earthquake. Dynamic solu-
tions for self-similar models of crack growth
at a constant stress drop lead to far-field
velocity seismograms that grow linearly
from the arrival time of the initial P wave
(Fig. 1A) (I). However, recent observations
of velocity seismograms indicate that the
initiation of rupture commonly violates the
self-similar assumption (2). This violation

commonly appears as an interval of weak
ground motion that precedes the strong
ground motion of the main event and has
sometimes been described as an immediate
foreshock (3, 4). We found this behavior at
the beginning of earthquakes that span
eight orders of magnitude in seismic mo-
ment (Table 1). In this report, we quantify
the temporal evolution of this process and
suggest two possible interpretations.

We used near-source, digital recordings
of the hypocentral P wave to study the early
stages of earthquakes (Table 1 and Fig. 2).
The velocity seismograms exhibit a range of
behavior. In some cases, such as events 1
and 10, the velocity seismogram is one-
sided but returns to zero before growing
rapidly. In other cases, such as events 4 and
16, the velocity seismograms do not return
to zero before they begin to grow dramati-
cally. In no case do the data in Fig. 2
exhibit a linear increase of velocity in time
measured from the initiation of the earth-
quake. A similar observation has been made
for microearthquakes (moment magnitude
M, < 2.7) in Japan (2).

The recent Northridge, California, earth-
quake, M, = 6.7, is an example for which
there have been multiple observations of the

Callifornia, recorded in the 2-km-deep Long Canyon borehole (L). The total
duration of the earthquake is the duration of the seismic nucleation phase, v,
plus the time from breakaway until the cessation of seismic radiation, 7. The
seismic moment release during nucleation phase, MY, is given as a percent of
the main shock moment, M,. Computations of the nucleation zone radius, r,,,
and dynamic stress drop during breakaway, Ac,, are described in the text.
We assume a rupture velocity V = 0.8 Vg in the determination of Aay,.

Event Date My, M, (N—m) R (km) v () 7 (s) MY (%) r, (m) Ao, (MPa)
1 19 Sep 1985 8.1 1.4%1021 25 5.0 0.2 6300 5.0
2 28 Jun 1992 7.3 9 x10' 21 3.0 0.4 3400 4.1
3 25 Apr 1989 6.9 2.4x10' 27 0.53 0.02 850 3.4
4 18 Oct 1989 6.9 2.8x10 25 1.6 1.6 2200 1.9
5 17 Jan 1994 6.7 1 x101° 19 0.5 0.2 600 40
6 15 Oct 1979 6.5 6 X108 19 0.59 0.6 1000 14
7 9 Jun 1980 6.4 4.8x108 13 0.44 0.02 410 6.0
8 24 Oct 1993 6.4 5.8x108 46 0.36 0.03 520 5.5
9 28 Jun 1992 6.2 2 X108 29 0.46 0.16 560 8.1
10 23 Apr 1992 6.1 1.4%x1018 44 0.12 0.01 150 17
11 31 May 1990 5.9 7.5%10'7 24 0.082 1.7 0.04 130 64
12 29 Jun 1992 5.8 4.8x10"7 27 0.46 17 0.1 420 2.9
13 28 Jun 1991 5.5 2.8%10'7 23 0.34 0.8 16 480 18
14 20 Mar 1994N 5.3 8.9x10'6 22 0.127 0.87 1.31 230 42
15 3 Dec 1988 4.9 2.4X1018 16 0.11 0.8 1.4 220 15
16 16 Jan 1993 4.9 2.4x108 29 0.21 0.8 2.2 300 8.8
17 14 Nov 1993 4.8 2.0%101 15 0.20 0.3 0.8 410 1.1
18 11 Aug 1993 4.7 1.3%10'8 10 0.73 0.45 3.0 270 8.3
19 3 Feb 1994N 4.2 2 x10' 26 0.047 0.26 0.43 73 9.6
20 6 Feb 1994N 4.1 1.4%10'5 24 0.026 0.3 0.13 46 8.0
21 2 Feb 1994N 3.8 5 x10'4 17 0.039 0.27 0.30 66 2.3
22 27 Oct 1991A 3.7 3.5%10™ 15 0.038 0.10 0.6 52 6.5
23 6 Feb 1994N 3.7 3.5%10"4 23 0.030 0.32 0.25 36 8.3
24 26 Oct 1992P 3.6 2.5%10™ 11 0.022 0.05 1.8 28 100
25 1 Feb 1994N 3.6 2.5%10'4 11 0.013 0.24 0.10 32 3.4
26 2 Jan 1990A 3.5 1.8%1014 16 0.038 0.11 0.6 39 8.2
27 4 Feb 1994N 3.5 1.8x10 16 0.008 0.21 0.45 35 8.4
28 8 Mar 1994N 3.4 1.3%101 22 0.047 0.15 0.71 100 0.4
29 30 Jan 1988M 3.3 8.1x10 2 0.027 0.17 1 18 60
30 8 Nov 19921 2.6 7.9x10'2 6 0.004 0.03 0.2 11 5.4
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initiation process (Fig. 3) (5). At high mag-
nification it is clear that the earthquake
started abruptly. It is also clear that this
beginning of the earthquake is dwarfed by
what follows. At 0.5 s into the event, there
was a sharp increase in the ground velocity,
corresponding to a 30-fold increase in the
seismic moment release in the next 0.5 s (6).
We characterize the evolution of the source
process by the moment-rate function, M_(t),
for an equivalent point source (7).

We define the interval between the ini-
tial P wave and the sudden increase in
growth of the velocity seismogram as the
seismic nucleation phase and denote its
duration as v; v is measured as the time
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Fig. 1. Three conceptual models of the nucleation
process of earthquakes, as viewed on the fault
plane, and their corresponding far-field velocity
seismograms. The numbers refer to the slip state
of the fault at three different episodes during the
initial growth stage of the rupture. By time 3, all
three models have evolved into a fully dynamic
rupture propagating along the fault plane. (A) Self-
similar growth of the rupture from the instant of
initiation leads to linear growth of the far-field ve-
locity seismogram. The observation of the seismic
nucleation phase and the abrupt transition to
breakaway are clearly inconsistent with this mod-
el. (B) Cascade model in which the spontaneous
occurrence of subevent 1 leads to the delayed

interval between the first arrival and the
abrupt increase in moment acceleration
(8) (Fig. 4). Although this is a retrospec-
tive definition, Fig. 4 shows that there is a
sudden and unambiguous increase in the
moment acceleration.

Our analysis shows that v scales as the
cube root of the total seismic moment, M
(Fig. 5). This scaling is suggestive of constant
stress-drop scaling observed for earthquakes
(9); however, the comparison in Fig. 5 is
between the duration of the seismic nucle-
ation phase alone and the moment of the
entire earthquake. Despite the correlation, it
is not obvious how to interpret v in terms of
source properties because we do not know
the rupture velocity. Indeed, models of nu-
cleation predict that rupture will occur in
place before propagating away from the nu-
cleation zone (10, 11).

The duration of the nucleation phase,
normalized by the duration of the rest of the
earthquake, T, is distinctly long-tailed.
There are even a few instances for which v
is comparable to or greater than 7 (Table 1).
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The distribution of v/t is approximately
log-normal (12) and has a mean value of
0.16. A 1/t distribution, which describes the
temporal decay of aftershock rates and the
temporal growth of foreshock rates, does
not fit the observations (13).

The moment released during the seismic
nucleation phase

v

M, = jM(,(t)dt (1)

0

represents only a small fraction of the total
seismic moment, averaging 0.5% (Table 1).
The fraction of the moment during the seis-
mic nucleation phase shows no systematic
variation with the total moment of the
earthquake. During nucleation, the charac-
ter of moment release shows considerable
variation; however, for most events it is ep-
isodic rather than gradual (Fig. 2) (14, 15).

If we assume that the place at which the
earthquake begins has stress and strength
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failure of area 2, which in turn leads to delayed
failure of the remainder of the fault at time 3. (C)
The start of the earthquake in the preslip model is
preceded by aseismic slip in the stippled region.
Subevents 1 and 2 are confined within this zone
until time 3 when the rupture breaks out of the
preparation zone. The velocity seismograms in (B)
and (C) are difficult to distinguish in the far field.

Fig. 2. A representative set of broadband velocity seismograms used in our analysis, shown at two
amplitude scales in order to display the character of both the first arrival and the subsequent strong arrivals.
The numbers in parentheses refer to the event number in Table 1. Time increases from left to right and is at
a different scale for each seismogram. Velocity amplitudes and polarities are normalized. The arrival time of
the P wave is at zero and is marked by the longest dashed line. Each seismogram is plotted at two amplitude
scales with the higher magnification (top) showing the onset of the first P wave. The interval between zero
and the second dashed vertical line spans the duration, v, of the seismic nucleation phase. Self-similar
growth of the rupture predicts a linear increase in velocity with time, which begins at time v.
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conditions that are grossly similar to the rest
of the fault, we can estimate dimensions for
and average slip within the nucleation zone.
Under this assumption, the stress drop in the
nucleation zone will be approximately equal
to the dynamic stress drop in the surround-
ing zone, Ao, that is released when the
event begins to grow rapidly. The quantity
Ao, is determined in the interval immedi-
ately after the seismic nucleation phase ac-
cording to the relation (16)

M,(t) = D(V) Aoy, V¢ (2)

where V is therrupture velocity and D is a
function that is nearly unity and depends
weakly on the rupture velocity. We typically
observe quadratic growth of M (t) after the
nucleation phase, as predicted by Eq. 2,
which also can be seen as a linear growth
of the velocity seismograms (Figs. 2 and
3). We term this interval of quadratic
growth the “breakaway phase.” The veloc-
ity seismogram will exhibit linear growth
only for the initial stages of dynamic rup-
ture until the finite size of the fault, stress,
or strength heterogeneities influence sub-
sequent rupture propagation.

We estimated the radius, r,, and average
fault slip, Au,, of the nucleation zone from
the measured quantities M ¥ and Agy, using
the equations

7 M\
v~ (i5an, v
and
Au, = M.
T (4)

where W is the shear modulus. These esti-
mates (Table 1 and Fig. 6) will be applica-
ble as long as the process involves the fail-
ure of contiguous areas (17). Our estimate
of 7, should be relatively insensitive to er-
rors in M_” or Aoy, because it depends on
the cube root of those quantities.

Both the fault slip during nucleation and
the radius of the nucleation zone scale as the
cube root of the main-shock seismic moment
(Fig. 6). This scaling follows from the obser-
vation that the ratio M_"/M_, is independent
of M, and the assumption of matching stress
drop. Although M_" is a small fraction of M,
the scaling implies that slip during nucle-
ation is approximately 20% of the slip in the
main-shock (18). A simple estimate of the
mean rupture velocity during the seismic
nucleation phase is given by r /v for the
self-similar crack model and 2r /v for unilat-
eral propagation. This yields a low apparent
rupture velocity of 1.5 km s™! for radial
expansion. Events of the tail of the log-
normal distribution have low apparent rup-
ture velocities under either assumption (19).

The duration, seismic moment, source
dimension, and average slip of the process

that generates the seismic nucleation
phase all scale with the moment of the
eventual earthquake, suggesting that the
ultimate size of an earthquake is strongly
influenced by the nucleation process. We
suggest two contrasting models that may
explain these observations.

One interpretation, which we call the
cascade model, is that there is no difference
between the beginnings of large and small
earthquakes (20, 21). A large earthquake
results when a small earthquake triggers a
cascade of increasingly larger slip events (Fig.
1B). In this case, the seismic nucleation
phase represents a stochastic accumulation
of small events that occur from the initiation
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Fig. 3. Near-source recordings of the initial P
waves from the hypocenter of the 17 January 1994
Northridge earthquake at four sites. The top traces
display seismograms at high magnification to illus-
trate impulsive onset att = O s. The bottom traces
show the full dynamic range of motion during the
first second of the earthquake. During the first 0.5 s
of the earthquake, the ground motions were weak
compared to the next 0.5 s. We identify this interval
of weak motions as the seismic nucleation phase of
the Northridge earthquake. After 0.5 s the velocity
grows linearly, corresponding to a dynamic stress
drop of 40 MPa. The stations shown include the
borehole strainmeter PUB (A = 66 km, azimuth =
68°), digital accelerometer LAQO (A = 14 km, azi-
muth = 145°), broadband seismometer USC (A =
32 km, azimuth = 132°), and telemetered geo-
phone (upper trace) and accelerometer (lower
trace) station SMF (A = 23 km, azimuth = 158°). All
traces are shown as ground velocity, except for the
dilatational strain at PUB, which is equivalent to the
velocity in the plane-wave limit. The polarities of all
traces are reversed for comparison with models.
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of the first event until the largest subevent.
In the cascade model, the scaling be-
tween M, v, Au,, and M, could arise if
rupture propagation is controlled by a hier-
archical distribution of fault elements (21).
In this model, rupture continues to grow if it
can cause successively larger fault elements
to fail. The last jump in the size of fault
elements determines the size of the earth-
quake and would be identified with the
breakaway phase. Thus, the scaling is con-
trolled by the breakaway phase rather than
by the seismic nucleation phase. The timing
of the successive failure in this hierarchy
would have to satisfy the observations on the
distribution of v. A mechanism (22) needs to
be imposed to account for delayed failure.
Another interpretation, which we call
the preslip model, is that the beginnings of
small and large earthquakes differ (Fig. 1C).
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Fig. 4. Moment-acceleration functions for the initi-
ation of earthquakes over a large range of magni-
tudes. The numbers in parentheses refer to the
event numbers in Table 1. Moment acceleration is
proportional to the ground velocity in the far-field
approximation and was determined by deconvolu-
tion of complete synthetic seismograms from ob-
served broadband seismograms. Each earthquake
begins weakly and then abruptly accelerates into a
large earthquake. The point of transition is iden-
tified as the end of the seismic nucleation phase.
Before that, the moment acceleration is erratic
and sometimes negative, indicating that rupture
growth is irregular.
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In the preslip model, failure initiates aseis-
mically, with an episode of slow, stable
sliding over a limited region that gradually
accelerates until the slipping patch reaches
a critical size (23). The process then be-
comes unstable, and fracture propagates
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Fig. 5. The seismic moment M, versus v. The
straight line has a slope of 1/3, indicating a scaling
of M, ~ v2.
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away from the nucleation zone at high rup-
ture velocity in an earthquake (24). The
seismic nucleation phase represents the fi-
nal stages of this process during which rup-
ture is confined to the nucleation zone.
Rate- and state-dependent friction models
not only lead to the development of an
aseismic nucleation zone but also provide a
mechanism for rupture delay.

In the preslip model, the scaling be-
tween nucleation zone properties and main-
shock moment could result from the mag-
nitude of the slip amplitude at breakaway.
When this amplitude is large, the resulting
dynamic rupture is difficult to stop and a
large earthquake results. In simple terms,
the earthquake propagates farther and
grows larger because it is “pushed harder” at
the beginning (25). By analogy with labo-
ratory experiments (11), the scaling of slip
within and the dimension of the nucleation
zone may be controlled by the critical dis-
placement (D_) for the fault surface.

Observations of the seismic nucleation
phase for all earthquakes we examined as
well as other examples in the literature (2,
26) suggest that such a phase is a common,
if not universal, feature of the earthquake
nucleation process. Its properties rule out
the class of self-similar models for earth-
quake nucleation, including not only the
idealized self-similar shear crack (I) but,
more generally, any growth process that
maintains scale independence (20). The
fundamental difference between the two
interpretations is that in the preslip model
the seismic nucleation phase is the culmi-
nation of a process already in progress,
whereas in the cascade model, the seismic
nucleation phase marks the very beginning
of the process.

Of the two models developed here, only
the preslip model offers any possibility of
short-term earthquake prediction. Even if it
is correct, the size of the nucleation zone
need not scale with earthquake size and
might be undetectably small (27). Our ob-
servations, however, indicate that the seis-
mic nucleation zone scales with the size of
the eventual earthquake. For earthquakes
M, = 6.5, we find that the radius of the
nucleation zone ranges from 600 m to 6 km
(Table 1). If the zone develops aseismically,
its small dimensions and limited deforma-
tion arising from aseismic slip within it may
be extremely difficult to detect as a strain
signal (15) but might be large enough to
generate other detectable signals (28).
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Late Triassic Turtles from South America

Guillermo W. Rougier,* Marcelo S. de la Fuente,
Andrea B. Arcucci

The discovery of Triassic (Norian) turtles from the northwest part of Argentina extends the
South American record of turtles by 60 million years. Two skeletons, one almost complete,
represent a new genus and species of a basal turtle, Palaeochersis talampayensis. This
turtle is a member of the family Australochelidae that was recently erected for Aus-
tralochelys africanus from the Lower Jurassic of South Africa. Here, it is proposed that
Australochelidae is the sister group of Proterochersis plus Casichelydia, that turtles were
diverse by the Late Triassic, and that Casichelydia probably originated during the Jurassic.

Recent findings and restudy of previous
collections have led to a new understanding
of the origin of Casichelydia (pleurodires
and cryptodires) and of turtle relations (1—
8). A few German localities of Norian age
have yielded complete skeletons of Pro-
ganochelys quenstedti (7) and the carapace,
plastron, and girdles of Proterochersis robusta
(9). Apart from these fossils, only extremely
poor material from the Triassic attributed to
Proganochelys has been reported worldwide
(10). Proterochersis was previously identified
as the oldest pleurodire (9). Therefore,
pleurodires and cryptodires, the groups that
include all living turtles, should have made
their appearance during the Upper Triassic
(7,9, 11). This would place modern turtles
among the wide array of taxa, including
frogs, crocodiles, mammals, and dinosaurs,
that originated around this time (12). On
the basis of our fossils, we question the
inclusion of Proterochersis in Pleurodira and
accordingly the Triassic origin of Casichely-
dia. Here, we report the discovery of two
partial turtle skeletons collected from the
upper part of the Triassic Los Colorados
Formation -in northwestern Argentina.
These fossils are associated with a tetrapod

assemblage of Norian age (13-15) and they
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extend the South American record of tur-
tles by 60 million years (16).

Palaeochersis talampayensis gen. nov. sp.
nov. is represented by an unusually com-
plete skeleton (Figs. 1 and 2) and additional
material (17). Palaeochersis shows numerous
primitive features present in Proganochelys
or other nonturtle amniotes, including
paired vomers, persistence of supratemporal
and interpterygoid vacuities, and epiplastral
processes (clavicles). However, the impor-
tance of Palaeochersis rests in the numerous
characters shared with more advanced tur-
tles (Fig. 3), such as the incipient middle
ear cavity, the fusion between the pterygoid
and the basicranium, and the fusion of the
pelvis to the carapace; the latter is thought
to be characteristic of pleurodires.

Although identification of a sister
group to turtles remains controversial
(18), Proganochelys is considered to be the
sister group to all other known turtles (7,
8, 10, 11). We performed a cladistic anal-
ysis (19) of major turtle taxa, using Pro-
ganochelys as one of the outgroups (Table
1), and only one tree (20) was identified
(Fig. 3). In this tree, Palaeochersis and
Australochelys africanus, .an Early Jurassic
turtle from Africa, form a monophyletic
assemblage, Australochelidae (11). The
monophyly of Australochelidae is support-
ed by the presence of large elongated nares
(21), a nasal platform or bump, a wide
occipital plate with depressions for neck
muscles, and a temporal fossa that is par-
tially closed by an overhanging flange of
the skull roof. The geographic location of
both members of Australochelidae sug-
gests a Southern Pangaeic—-Gondwanian
distribution for the family.

Primitive amniote or chelonian charac-
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