can be inferred through analysis of directivity, the station-to-station variation in the
observed signal from an earthquake due to
the finite size of the faulting region ( 1012). Where rupture proceeds in one direction (unilateral rupture), the displacement
pulse observed at any station i will vary in
duration T (although with identical pulse
shape) according to
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Earthquake of 9 June 1994 and the Mechanism
of Deep-Focus Earthquakes
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Ti =

The Mw = 8.3 deep (636 kilometers) Bolivian earthquake of 9 June 1994 was the largest
deep-focus earthquake ever recorded. Seismic data from permanent stations plus portable instruments in South America show that rupture occurred on a horizontal plane and
extended at least 30 by 50 kilometers. Rupture proceeded at 1 to 3 kilometers per second
along the down-dip azimuth of the slab and penetrated through more than a third of the
slab thickness. This extent is more than three times that expected for a metastable wedge
of olivine at the core of the slab, and thus appears to be incompatible with an origin by
transformational faulting. These large events may instead represent slip on preserved
zones of weakness established in oceanic lithosphere at the Earth's surface.

Deep-focus earthquakes occur exclusively
in subducted oceanic lithosphere. Slip appears to take place on fault planes, and
rupture propagates at 1 to·4 km/s, as with
surface events. Frictional sliding, the mechanism that causes earthquakes at shallow
depths, is restricted to pressures lower than
about 1 to 2 GPa (depths of 30 to 60 km);
at high pressures and temperatures, faulting
is expected to be replaced by ductile deformation (1 ). These deeper events then require a separate mechanism that nevertheless produces earthquakes much like their
shallow counterparts. Efforts have focused
two candidate mechanisms: the metastable
transformation of olivine to the denser
spinel structure (2-4) and dehydration of
hydrous minerals (5, 6). Details of the
phase transformation hypotheses have advanced to the stage where a test can be
formulated. In this report we provide such a
test, based on the rupture properties of the
very largest deep-focus events.
On 9 June 1994, the largest (Mw = 8.3)
recorded deep-focus earthquake occurred
beneath Bolivia at a depth of 636 km
(NEIC). It was recorded by the recently
deployed global network of digital broadband high-dynamic-range seismographs and
three networks of portable broadband instruments in South America [Fig. 1A (7)].
The stations from the BANJO/SEDA
(Broadband ANdean JOint/Seismic Examination of the Deep Altiplano) experiments
(8) were just a few hundred kilometers
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(1)

(X/c)cosD..i

( 13), where D..i is the angular distance between the rupture velocity vector V and the
propagation direction pi at the source, c is
the propagation velocity (either P or S
wave), 'T is the actual duration of moment
release, and X is the total rupture extent. If
the rupture is not strictly unilateral, then
we can instead identify individual subevents with times Tj,Th ... which can be individually inverted as in Eq. 1 ( 10). T~ is
then interpreted as the arrival time of the
subevent, 'Tn is its origin time, xn is the
distance from the location of the onset of
rupture to the subevent, and 11~ is the angle
between pi and the relative location unit
vector xn of the subevent with respect to
the onset. We performed this second analysis of P-wave (Fig. 2) and some S-wave
displacement traces for the Bolivian event.
With. measurements of Ti and given that pi
and c are known from the source-receiver
geometry and a velocity ~odel for the
Earth, Eq. 1 can be used to estimate the
remaining four variables, 'T, X, and the two

south of this earthquake, and the BLSP
(Brazilian Lithospheric Seismic Program)
stations (9) were some 1500 km to the ESE
in Brazil (Fig. 1B). Because most permanent
seismic stations are in the Northern Hemisphere, there is usually poor coverage at
southern azimuths for these large South
American events. Thus, the addition of the
portable instrumentation adds critical coverage in the southeast quadrant, and provided an opportunity to study this event in
detail (Fig. 1C).
The rupture properties of a seismic event
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Fig. 1. (A) Locations of the stations used in constraining the rupture properties of the Bolivian earthquake.
Triangles and diamonds denote BANJO/SEDA and BLSP portable stations. Squares give the locations of
permanent stations. Also shown, location and source mechanism {15) of Bolivian event. (B) All portable
stations that recorded the event. Filled symbols are those stations actually used (based on being on-scale
and within appropriate distance range). (C) Focal sphere plot of the stations used. Open circles are for
down-going rays (lower hemisphere projection, permanent stations, and BLSP), filled circles are for
up-going rays (upper hemisphere projection, BANJO stations).
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angles e (measured from the horizontal,
positive up) and <!> (clockwise from north)
defining xn.
The Bolivian event began with a small
onset in moment release for 10 s followed
by a large pulse lasting ~40 s. Within the
large pulse we observed at least four subevents (Fig. 2).' The station-to-station differences in arrival times of these subevents
allow us to characterize the rupture characteristics. For example, the large pulse (la-
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beled T1 in Fig. 2) arrived earlier at stations
in Brazil (ESE), compared to stations at
other azimuths, constituting clear evidence
of directivity toward the east.
We chose five reference times in the
displacement P waveforms that correspond
to critical points in the rupture process.
These are (Fig. 2 and Table 1): T 0 , the
onset time of the event (E 0 ), which we use
as a reference for all subsequent subevents,
T I' the initiation time of the first subevent
(E 1 ) some 11 s into the record, T 3 , the time
of peak moment release (E 3 ), and T 4 the
last significant moment release (E 4 ) about
3S to 40 s from the onset. This last pulse
clearly bifurcates into two distinct peaks for
most of the stations: all stations to the south
(all BANJO and BLSP records plus PMSA
and RPN) and those to the north-northwes~ (SJG, CCM, and ANMO). This bifurcation is not seen to the northeast (TBT,
PAB, and ESK) and is ambiguous for stations to the northwest. We thus refer to
these as distinct subevents E 4 a and E 4b
(with times T 4a and T 4b) and assume that
they arrive at the same time for stations
where two subevents could not be resolved.
Using Eq. 1 we located these subevents
with respect to the onset of rupture by
performing a linear inversion for T and X
and a grid search over all possible values of

<!> in so increments. We minimized
the squared misfit between predicted and
observed delay times, and used the misfit
contours to determine uncertainties ( 14).
As a first step in estimating rupture geometry, we performed an unconstrained inver_:
sian for subevent location to determine if
either the near-horizontal (Ph) or near-vertical (P) nodal plane [strike, dip, rake =
(1 °, 13°, -4°) and (9S 89°, -103°), respectively (Fig. 1) (15)], was also the rupture plane. The best fit e values for all four
events are near-horizontal: e = ( -10°,
-10°, -S 10°) for E 1, E 3 , E 4 a, and E 4b,
respectively. As shown by the estimates of
(e, <!>) (Fig. 3A), all four subevents are
consistent with Ph (Fig. 3A), and all but E 1
are inconsistent with P v (E 1 can be fit by
either plane). We thus conclude that rupture occurred on Ph. To further resolve the
rupture properties, we reinverted for the
subevent location, constraining the subevents to lie on Ph. (Table 2; results are
similar if a horizontal plane is used instead).
Uncertainty in X is illustrated by plotting
the directivity parameter defined as P =
(cos/)._il/c against reduced delay timeT - T
(Fig. 3A). As in Eq. 1,_ this should be a
straight line for the optimal solution, with a
slope of X. E 1 and E 3 show little scatter,
althDugh E 4 a and E 4b show increased scat-
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Table 1. Seismic stations and data. Sta., stations; Lat., latitude; and long., longitude. Latitude and
longitude are in degrees.

w
Sta.

Lat., long.
South

PMSA

-19.61'
-19.62,
-19.35,
-18.83,
-19.10,
-19.38,
-19.16,
-64.77,

-68.33
-67.73
-67.22
-66.73
-66.22
-65.93
-65.07
-64.05

CACB
CDCB
FRMB
FURB·
PARB
PPDB
RIFB

-21.68,
-20.24,
-20.49,
-20.68,
-23.34,
-22.03,
-20.07,

-46.73
-44.72
-45.64
-46.28
-45.62
-51.31
-47.50
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Fig. 2. (Top) Representative displacement
records used in inversion. Note coherence of
waveforms within each group of stations and the
clear differences between groups. The difference
in waveforms suggests that it is not a simple unilateral rupture. Shown in all cases are the estimated arrival times T0 , T1 , T3 , T48 , and T4 b (see text).
(Bottom) Stacks of displacement records from
the BANJO and BLSP stations. On the stacks are
noted the various subevents that comprise the
source pulse.
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S02
S03
S04
S05
S06
S08

30.97
30.4
30.8
30.2
29.9
29.9
29.5
30.0

36.98
37.34
37.31
36.75
37.00
37.04
38.66
35.7

41.00
41.00
40.65
39.76
39.96
39.26
38.66
41.1

8.8

27.4

8.3
8.7
8.5
8.8
8.4

27.03
27.33
27.7

35.37
35.37
35.02
35.12
35.40

39.11
38.95
38.59
38.92
39.24

26.91

34.52

38.52

27.10

32.85

34.70

26.9
27.65
26.85
27.50
25.8
27.60

34.20
35.28
34.85
34.30
32.85
34.74

34.70
35.28
34.85
36.10
34.16
34.74

25.7
25.75
26.10

32.00
32.88
30.65

32.00
32.88
30.65

29.0

38.2

39.7

11.72
11.58
11.30
11.10
10.80
10.86
10.20
10.7
East -southeast

North-northwest

ANMO
BINY
CCM
CMB
COR
PAS
SJG
TUC

34.95, -106.46
42.20, -75.99
38.06, -91 .25
38.04, -120.39
44.59, -123.30
34.15, -118.17
18.11,-66.15
32.31,-110.78

ESK
PAB
TBT

55.32, -'-3.21
39.55, -4.35
28.68, -17.91

RPN

-27.23, -109.33

11.9
11.4
11.8
11.8
11.7
11.5
10.4
11.9
Northeast

10.0
10.1
9.3
Southwest
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ter, reflecting the lower signal levels for
these subevents.
All subevents occurred in the northeast
quadrant (Fig. 3C); E 1 was the most easterly, 29 km east of E 0 (apparent rupture velocity, 2.6 km/s). The subsequent events
occurred roughly north of E 1 ; E 4 b had the
greatest extent (X = 52 km). The apparent
rupture velocity for these later events were
all much lower, from 1.0 to 1.4 km/s. Thus,

the rupture extent was about 30 by 50 km
with the long direction oriented to the
north-northeast. A partial check of this
geometry is available from the S-wave data.
Because the S waves were generally noisier,
it was only possible to reliably pick times for
T 1 and T 3 • The location of E 3 with respect
to E 1 was<!> = -20° and X = 32 km, which
when combined with the location of E 1
from the P waves gives<!> = 31 o and X= 35

Table 2. Inversion for rupture properties. Four subevents identified in waveforms for which rupture
properties were determined (see text). X and <!> are the distance and azimuth (clockwise from north)
referenced to onset E0 . Tis origin time of subevent and Vis apparent rupture velocity Xh. Rupture plane
assumed to be near-horizontal nodal plane (15). Uncertainties are 1u. N is number of observations.
Event

X(km)
29 ::'::
34 ::'::
35 ::'::
52::'::

<!> {deg)

3
3
7
9

90
35
30
15

::'::
::'::
::'::
::'::

5
5
13
10

8
4

0
-4

.,

4

c

0
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0

u
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0
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120

</>(degrees)

$ -4

V(km s- 1 )

N

11 .1
28.0
35.1
36.8

2.6
1.2
1.0
1.4
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25
25
25
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0.2
0.2
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Fig. 3. Inversion for rupture properties (see Table 2). (A) Estimates and 95% confidence contours
(marginal uncertainties) for inclination angle 8 (measured positive up from horizontal) and azimuth <!>
(measured clockwise from north); for unconstrained inversion for subevents E1 (triangle), E3 (circle),
E4 a (diamond), and E4 b (square). Darker contours are for better constrained subevents E1 and E3 , and
lighter contours are for less well-constrained subevents E4 a and E4 b. Near-horizontal (Ph) near-vertical
(Pv) solid curves correspond to estimated nodal planes for this event (15). Dotted line is horizontal
plane. All events are consistent with occurrence on (Ph), and, except for E 1 , are inconsistent with
occurrence on {Pv). (B) Plot of directivity parameter r versus reduced delay time (T 1 - T) for the four
subevents corresponding to the solutions in Table 2 (see text). The slope of the line equals the distance
X and scatter reflects the related uncertainty. Symbols identify station azimuth (legend). (C) Map view
of subevent locations with respect to the onset, along with 1u uncertainties. Also shown, azimuth of
compression axis of source mechanism [long dash (15)], inferred down-dip azimuth of slab from
recent deep focus seismicity {dotted) and aftershock seismicity {short dash (17). Long direction of
rupture is roughly parallel to these directions.
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km with respect to E 0 • These values are
close (<!> = 35°, X = 34 km) to the parameters obtained for E 3 directly from P waves
(Table 2). The inferred geometry is also
similar to that obtained from teleseismic
data by Kikuchi and Kanamori (15). They
also concluded that the near-horizontal
plane provided the best fit to the data and
that the rupture propagated to the northeast. Our rupture dimensions are somewhat
larger than those of (15), because of the
enhanced coverage to the south and east
provided by the local stations (16).
The deep-focus seismicity of South
America is concentrated in two nearly
north-south lines. The northern part of the
southern line is offset some 500 km to the
east, separated by a comparatively aseismic
region between 11° and 16° south (Fig. 4).
The Bolivian event occurred in this region.
The deep geometry of the slab here is revealed by the recent increased seismicity associated with the event, two other events in
1994 (10 January and 8 August), and numerous aftershocks (17). Further information is
available from conversions and reflections
from the top surface of the slab using data
from local portable statio_ns (18). We modified contours of derived slab consistent with
these data. At 600 km, the slab appears to be
dipping ~45o toward N20°E. This geometry
is supported by two additional observations.
First, the aftershock distribution ( 17) is not
confined to the horizontal rupture plane, but
also appears to represent increased seismicity
in the slab from ~ 15 km above to ~ 25 km
below the event. The aftershocks define a
plane dipping 45° toward N35°E, roughly
parallel to the inferred slab. Second, for this
geometry the maximum compressive stress
direction as inferred from the source mechanism of the Bolivian earthquake is downdip, the orientation most often found for
deep focus events (19).
The horizontal extent of the Bolivian
earthquake is at least 50 km along the downdip azimuth (20). Rupture proceeded from
the center of the slab toward its former top
surface, cutting the slab at a 45o angle. The
rupture thus penetrated about 35 km of the
slab's thickness. Deep focus events of this size
are rare; the last one occurred some 25 years
ago, roughly 1000 km to the north of this
event beneath Colombia (10, 11, 21). Similarities with the Bolivian event are striking.
The Colombian event ruptured the westward-dipping nodal plane (dip angle of 45°).
The subevents were distributed primarily updip from the main event extending ~60 km
(in an east-west cross section) with an overall duration of about 50 s (rupture velocities
of 1.0 to 3.2 km/s (1 O) ). The slab geometry is
less well constrained than for Bolivia because
of the absence of nearby seismicity. The
near-vertical compression axis for this event
(21 ), a steeply dipping slab (22), and the
71

Fig. 4. (A) Relocated deep focus
-74°
-66°
600 B
-72°
-70°
-68°
-64°
seismicity (40) in the depth range 500
A
to 600 km (triangles) and greater than
600 km (circles), along with slab con- ·10°
620
tours. Shallow contours from (41)
(150 km to 300 km) and deeper ones
are from (18), modified to be consis- _12o
tent with recent Bolivian seismicity in
.s:. 640
1994 (1 0 January and 8 August, two
open circles in middle of plot). Also
shown, the NEIC location of the main -14°
660
event (filled circle), the estimated locations of four subevents (crosses),
and inferred down-dip azimuth of -16°
680 L _ _ _ J __ _ _
slab, N20°E (arrow). (B) Cross section taken parallel to arrow in (A),
0
40
20
60
showing estimated locations of
Distance (km)
subevents (filled circles) along with -18°
distribution of aftershocks (17). Diagonal lines give approximate dip of
slab (45°) and bound region of slab
containing subevents and aftershocks. In cross section, rupture extent is
of the slab (direction of arrow). Rupture penetrated 35 km of slab
about 50 km. Apparent rupture direction is toward the former top surface
thickness.

~

!

L . __ _ _ , _ _ _-~.._

north-south trend of deep-focus seismicity a
few hundred kilometers to the south all suggest that the slab here is striking roughly
north-south and dipping steeply to the east.
The rupture also evidently proceeded from
the core of the slab toward its former top
surface. The inferred slab thickness penetrated by the event is at least 45 km, comparable
to (indeed larger than) the Bolivian event.
A somewhat smaller (Mw = 7.6) deep-focus
event occurred recently beneath Tonga that
also ruptured a comparable thickness of the
slab (23).
According to the transformational fault-

Fig. 5. Schematic of transformational faulting hypothesis. As slab descends, the mineral olivine
(white) transforms to denser spinel phase (gray) in
transition zone. It is hypothesized that there exists
a metastable wedge of olivine, within which deep
focus earthquakes occur. Shown is approximate
shape of wedge appropriate for South American
slab. The rupture extent of Bolivian earthquake
(shown in text) is much larger than the thickness of
the metastable region. Alternatively, large deepfocus earthquakes could occur on preserved
zones of weakness that have originally formed
during large normal-faulting earthquakes in the
oceanic lithosphere seaward of subduction zones
(shown at top).
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ing hypothesis for deep-focus earthquakes
(2, 3, 24, 25), olivine in the slab is metastably subducted below the equilibrium depth
of the olivine __.,. )'-spinel phase transition
(400 km). Deep seismicity is driven by a
shear instability associated with the olivinespinel phase transformation in a metastable
wedge (Fig. 5). The termination of earthquakes near 650 km is thought to represent
the complete transformation of metastable
olivine to spinel in the subducting slab (26).
Outside of the wedge, a rupture on a fault
would be presumably stopped by friction.
The size-of this metastable wedge will be
governed by the. kinetics of the olivinespinel phase transformation and the thermal
structure of the slab. For compositions of
(Mg0 .9 , Fe 0 . 1 ) 2Si04 at 13.3 GPa (corresponding to 400-km depth in the mantle)
the temperature for the transition IT-olivine
__.,. IT-olivine + )'-spinel is 1000° to 1400°C.
The uncertainty in the transition temperature reflects the size of the mixed phase
region in the MgO - FeO - Si02 system
and kinetics. A broad range of kinetic experiments on the olivine-spinel transition indicate that the maximum temperature for preserving metastable olivine at the base of the
upper mantle (P = 15 to 23 GPa) is approximately 600°C (27, 28). For the transformational faulting hypothesis to be valid, the
seismically active portions of subducting
slabs must remain below this temperature
before faulting.
Thermal models of subduction zones
show that thermal evolution is most strongly dependent on the age of the slab and the
subduction velocity. For the South American slab, or even much colder slabs (29),
the width of the 600°C isotherm, and hence
the thickness of the proposed metastable
wedge of olivine, is predicted to be s;lO km
and may not even be present at the depth of
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the Bolivian earthquake. This is considerably less than the thickness of slab ruptured
by the earthquake, 35 km.
Several seismological studies have
searched for the predicted properties of the
metastable olivine wedge: low seismic velocities in the core of the wedge (30) and
concentrated seismicity at its boundary
(31). Even if such a wedge exists, however,
it does not prove that transformational
faulting is occurring. The most important
requirement is that all deep-focus events
should be contained within the wedge. The
Bolivian event ruptured well outside the
likely metastable zone, regardless of where
the rupture occurred in the slab. The properties of the Colombian event and recent
Tonga event lead to the same conclusion.
These results taken together rule out any
mechanism that relies solely on a metastable phase transformation in olivine.
To reconcile the rupture characteristics
of the Bolivian earthquake with the transformational faulting hypothesis would require either (i) that the slab is horizontal at
the base of the upper mantle or (ii) that the
metastable wedge is anomalously thick (> 35
km). As discussed above, (i) is inconsistent
with the geometry of the slab at the depth of
the earthquake, as well as the sense of slip
during the Bolivian event, and regional tomographic studies (32). Even if the slab were
flat, the depth range of aftershocks would
still imply a seismic zone 30 to 40 km in
thickness. ( ii) can be achieved either by a
thickened slab or a metastable wedge comprising a larger portion of an underformed
slab. Although slab thickening has been inferred for the lower mantle based on seismic
tomography (22) and geoid modeling (33),
there is no evidence for thickening in the
upper mantle. Laboratory and numerical experiments (34) indicate that any thickening

would occur by folding, which would not
affect the thickness of the metastable wedge
(35). A thickened metastable wedge in an
undeformed slab would present serious dynamical problems. In particular, with a 35km-thick wedge of olivine, a 100-km-thick
slab would be positively buoyant between
400 and 650 km depth and should not sink
at all (36).
The size and orientation of the rupture
plane of the Bolivian earthquake are broadly
similar to those of the largest earthquakes
that occur in the oceanic lithosphere at the
Earth's surface. Bending or lithospheric normal-faulting events that occur near the
trench wall or on the outer rise just before
subduction, can have magnitudes in excess
ofMw = 8 (37). In the case of the Sumbawa
earthquake of 1977 (Mw = 8.3 ), for example,
the normal faulting produced a rupture plane
dipping 45° and extending from the surface
to depths of 30 to 50 km (38). Both events
occurred on the surface of maximum shear
stress for in-plane stresses in the lithosphere,
and in both cases the largest principal stress
direction (tensional for Sumbawa, compressional for Bolivia) was parallel to the downdip direction of the slab. The similarity of
these deep and shallow events suggests that
failure during deep-focus earthquakes represents the reactivation of faults that were
established when the lithosphere was near
the Earth's surface (39). Several processes
might preserve the weakness of established
faults zones to depths of 650 km, such as a
reduction in grain size by the faulting process
or dehydration of hydrous minerals initially
produced by the circulation of fluids into the
fault zone (6). The hypothesis that deep
events occur on preexisting faults addresses
perhaps the most intriguing and paradoxical
feature of deep focus events, namely their
striking resemblance to earthquakes near the
Earth's surface.
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