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FIG. 3 X-ray reflectivity (measured at beamline X22B at the National
Synchrotron Light Source) versus q, for a self-replicating eight-layer film on
Si prepared as the films of Fig. 2 (circles). (g, is the wavevector transfer
along the surface normal.) The reflectivity decreases faster at large g, than
that of a perfectly flat Si interface (Fresnel theory, solid line), indicating a
substantial substrate roughness of the order of 5A. Oscillations in the
reflectivity are due to the interference between rays reflected from the top
and bottom of the film. The existence of multiple oscillations shows the
presence of well ordered layers. The total film thickness derived from the
0.028 A~ spacing of these Kiessig fringes is 224 + 8 A. The quasi-Bragg
peaks at ~0.23 and ~0.45 A~* indicate a layer spacing of 28 A, close to the
expected thickness of an untilted OTS monolayer®. Thus, the ratio of the
total thickness to the layer spacing (8.0 + 0.3) confirms the existence of
eight silane layers, in accordance with the self-replicating growth model.
The broad, weaker peak at ~0.36 A~* originates from the presence of the
OTS bilayers (Fig. 1) and is absent in the reflectivity of NTS films with same
number of layers grown layer-by-layer (not shown)°. The reflectivity results
for a four-layer film show that the thickness is half that of the eight-layer film;
but a detailed interpretation is slightly complicated by the fact that, for
technical reasons, the quasi-Bragg peak is far less pronounced, and so the
data are not shown here.

from the copy”) is achieved with conservation of the overall
structural integrity of the system, which leads to the growth of a
three-dimensional structure (multilayer), starting from an initial
two-dimensional nucleus (monolayer) itself generated via con-
trolled self-assembly at the interface. Thus, unlike the related self-
multiplication previously observed in some layer silicates”, the
present process does not rely on the availability of a template of
natural origin. Our system contains the instructions required for
its own replication while still offering the advantage that the
replication is discontinuous and subject to precise control through
an external chemical trigger operation. ]
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Effect of slab temperature on
deep-earthquake aftershock
productivity and maghnitude-
frequency relations

Douglas A. Wiens & Hersh J. Gilbert

Department of Earth and Planetary Sciences, Washington University,
St Louis, Missouri 63130, USA

DEeep earthquakes generally show fewer aftershocks and a larger
variability in magnitude—frequency relations than shallow earth-
quakes'. These characteristics and the factors that control them
may place constraints on the mechanism of deep earthquakes,
which is still uncertain®®. Here we show that systematic varia-
tions in aftershock productivity and magnitude-frequency rela-
tions are related to the temperature of the downgoing slab, as
inferred from the vertical velocity and age of the subducting
lithosphere. Deep earthquakes with substantial aftershock
sequences are found only in colder slabs, and earthquakes in
warmer slabs consistently show few aftershocks. Magnitude-
frequency relations for deep earthquakes also show systematic
variations as a function of slab thermal structure, with warmer
slabs showing fewer small earthquakes (lower ‘b-values’). The
statistical properties of deep earthquakes thus appear to be
temperature sensitive to an extent not observed for shallow
earthquakes, and not adequately explained by simple geometrical
limitations on fault width.

The aftershock productivity of deep earthquakes varies from a
nearly complete absence of aftershocks to aftershock rates
approaching those of typical shallow earthquakes. As extreme
examples, the 1970 Colombia deep earthquake (moment magni-
tude M,, = 8.0) produced no reported aftershocks, whereas 144
aftershocks have recently been recorded for the much smaller
9 March 1994 Tonga event (M,, = 7.6)""".

To address the systematics of deep-earthquake aftershock
production, we have compiled two datasets. One dataset consists
of all 1958-96 deep earthquakes with M, > 7.0 (Table 1a). For
this dataset we compiled all reported aftershocks with body wave
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magnitude (m,) > 4.5 with the magnitude threshold imposed to
reduce the effect of uneven detection levels. Events are counted as
aftershocks if they occurred within 100km of the mainshock
hypocentre within a period of 3 months following the mainshock.
For most cases, this simple criterion readily distinguishes after-
shocks from the background seismicity, particularly because most
deep seismic zones show relatively low seismicity levels. For a few
active deep zones, seismicity rates are high enough that this
criterion might include several randomly occurring background
events. In these cases, the time window is limited to the period
in which the seismicity rate exceeds the background seismicity
rate.

We also compiled a second dataset to take advantage of the
superior instrumentation available for recent deep earthquakes.
This dataset consists of 1990-96 deep earthquakes with M, > 6.0,
for which waveform data is available from at least one station
within 12° distance (Table 1b). For the 1994 Tonga and Bolivia
events we used results from temporary networks operating in
these regions™". For other events, we obtained data from all
nearby broadband stations and identified any aftershocks within a
2-day period following the mainshock. Any event showing P-S
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FIG. 1 a, Number of normalized aftershocks (m, > 4.5) for large 1958-96
deep earthquakes (Table 1a) as a function of subduction-zone thermal
parameter (product of vertical descent rate and the age of the subducting
lithosphere). Larger thermal parameters correspond to cooler slabs. Uncer-
tainty for the thermal parameter for Chile is shown by the arrow; thermal
parameters as high as 6,500 km are possible if the deep seismic zone
occurs within Mesozoic age lithosphere®®. The number of aftershocks are
normalized to correct for different mainshock sizes assuming that the
logarithm of the number of aftershocks should be proportional to M,, as
is observed for shallow earthquakes. b, Total number of normalized after-
shocks recorded for 1990-96 deep earthquakes (Table 1b) as a function of
subduction-zone thermal parameter. Data is shown only for earthquakes for
which the number of aftershocks could be checked by at least one broad-
band seismic station within 12° distance. Deep earthquakes in cold slabs
show a much higher aftershock rate for both datasets.
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times similar to the mainshock was considered an aftershock.
These aftershocks were added to any identified from the monthly
Preliminary Determination of Epicenters (PDE) bulletin using
the criteria noted above. If there were any appreciable after-
shocks, the broadband data were searched for an additional time
period. This procedure will identify any significant aftershock
sequences, as the occurrence rate of aftershocks decays rapidly
following the mainshock®'*!*, Because the deep earthquakes in
this study vary in seismic moment by more than three orders of
magnitude, the aftershock production must be corrected for
differences in mainshock size. We normalize the number of
aftershocks assuming that the number of aftershocks scale with
M,, (ref. 5). The normalization simply permits results from a wider
range of mainshock magnitudes to be compared simultaneously.

The results, when tabulated, suggest that aftershock production
varies systematically between different subduction zones.
Although there is substantial variability, the Tonga and Marianas
subduction zones show more aftershocks on average than subduc-
tion zones in South America for deep earthquakes of equivalent
size. Deep earthquakes in the Kurile, Japan, and Izu—Bonin
regions also show few aftershocks.

Although the results shown in Fig. 1a have been normalized to
permit comparison of a wide range of mainshock magnitudes, the
differences in aftershock production are clear in the raw after-
shock numbers. For example, the 1996 Indonesia event (M,, 7.8) in
arelatively cold slab shows 14 aftershocks (m,, > 4.5), whereas the
larger 1970 Colombia event (M,, 8.0) in a warm slab shows no
aftershocks. The 1996 Indonesia event can also be compared to
the 1973 Japan event (M,, 7.7) and the August 1963 Peru event
(M,, 7.7), both of which occur in warmer slabs and also show no
aftershocks. The 1994 Tonga event (M,, 7.6) in the coldest slab
shows 19 aftershocks (m, >4.5), whereas the November 1963
Peru event with the same moment magnitude shows two after-
shocks.

It may be thought that these trends reflect the detection levels in
the various subduction zones. The converse is true, as detection
levels in the Tonga and Marianas subduction zones are worse than
in most other subduction zones. Of the subduction zones studied,
the Tonga subduction zone shows one of the highest detection
threshold levels, as indicated by changes in the slope of the
magnitude—frequency curve. For example, only 60% of the
m,, > 4.5 aftershocks from the 9 March 1994 Tonga event were
detected by the PDE, as determined by comparison with the local
broadband data.

Aftershock productivity shows a strong relationship to the thermal
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FIG. 2 The b-value determined from the magnitude—frequency relation for
various deep seismic zones as a function of slab thermal parameter. The
uncertainty for the thermal parameter of the Peru—Chile deep seismic zone
is shown by the arrow. Cold deep seismic zones show a much higher b-
value than warmer slabs, showing that larger earthquakes predominate in
warmer slabs and demonstrating that the statistical behaviour of deep
earthquakes is temperature dependent.
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characteristics of the slab. Figure 1
plots the normalized number of
aftershocks as a function of thermal
parameter for both datasets. The
thermal parameter, the product of
the slab vertical-descent rate and
the age of the subducting litho-
sphere, is a simple way of estimat-
ing the overall temperature
structure of the deep slab. The
use of the thermal parameter to
compare temperatures at depth in
the slab is justified theoretically if
heating of the subducted lithosphere
occurs by conduction and if the
lithospheric temperature structure
is given by a halfspace cooling
model before subduction'. Larger
thermal parameters correspond to
cooler slab temperatures at depth.
Table 2 lists the values used to
calculate the thermal parameters
for each subduction zone.

For several regions, some com-
plicating factors must be taken into
account in calculating the thermal
parameter. The Tonga, Marianas
and Izu-Bonin regions have
active back-arc spreading systems,
and so estimates of the back-arc
spreading rate from marine surveys
are added to the convergence rate
of the major plates. Recent GPS
surveys of the Tonga region® sug-
gest an exceedingly fast conver-
gence rate (~21cmyr™'). This
rate is probably not indicative of
the descent rate of the deep slab, so
we use the absolute velocity of the
Pacific plate to estimate the vertical
descent rate of the steeply dipping
deep part of the slab. For the South
American subduction zones, uncer-
tainty in the age of the lithosphere
at depth complicates the calcula-
tion. It has been suggested that the
material at depth may be as much
as 100 Myr older than the currently
subducting plate'®. Plate recon-
structions suggest that this is not
the case for the deep seismic zone
in the Peru region'’, but it is less
clear for Chile. Use of the older
lithospheric ages would raise the
thermal parameter from about
2,200 to 6,500 km; the uncertainty
in this parameter for Chile is shown
by an arrow on the figures.

The maximum aftershock produc-
tivity is correlated with the slab
thermal parameter for both data-
sets (Fig. 1). Deep earthquakes
showing substantial aftershock
productivity are limited to colder
slabs, such as Tonga and the
Marianas. Warmer slabs, such as
Chile and Peru, consistently show
few aftershocks. This suggests that
the temperature of the slab plays a
very important role in controlling

TABLE 1 Aftershocks of deep earthquakes

Subduction Depth Normalized
Date zone (km)* M, Numberi aftershocks$§
a Aftershocks (m, > 4.5) for 1958-96 deep earthquakes (M,, > 7.0)

9 June 94 Bolivia 636 8.3 3 3
31 Jul 70 Colombia 651 8.0 0 0
17 Jun 96| Indonesia 565 7.8 14 44
15 Aug 63 Peru 543 7.7 0 0
29 Sep 73 Japan 575 7.7 0 0
26 Jul 58 Peru-Chile 650 7.6 1 5

9 Nov 63 Peru 600 7.6 2 10

9 Mar 94 Tonga 565 7.6 19 95
22 Jun 82 Indonesia 450 7.4 0 0

6 Mar 84 lzu-Bonin 457 7.4 1 8

7 Oct 68 Izu—Bonin 457 7.3 1 10
30 Aug 70 Kurile 645 7.3 1 10
21 Jul 94 Japan 473 7.3 0 0
31 Aug 61 Peru 626 7.2 2 25

9 Oct 67 Tonga 654 7.2 6 76
10 Feb 69 Tonga 673 7.2 1 13
11 Feb 69 Indonesia 450 7.2 0 0
30 Mar 72 Tonga 532 7.2 6 76
12 May 90 Kurile 611 7.2 0 0
23 June 91 Chile 581 7.2 2 25

8 Dec 62 Chile 620 7.1 0 0
29 Nov 74 lzu—Bonin 419 7.1 2 32
29 Jun 75 Japan 560 7.1 0 0

7 Mar 78 lzu—Bonin 442 7.1 0 0
26 May 86 Tonga 553 7.1 6 95
25 Aug 63 Tonga 557 7.0 2 40
15 Dec 63 Indonesia 650 7.0 0 6]
23 Mar 74 Tonga 535 7.0 6 120
17 Oct 79 Marianas 601 7.0 6 120
16 June 86 Tonga 565 7.0 3 60

5 May 89 Peru 604 7.0 1 20
24 May 90 Indonesia 588 7.0 2 40
23 Aug 95 Marianas 595 7.0 9 180
b Aftershocks for 1990-96 deep earthquakes (M,, > 6.0)

9 June 94 Bolivia 636 8.3 87 87
17 June 96|| Indonesia 565 7.8 33 104

9 Mar 94 Tonga 565 7.6 144 722
21 Jul 94 Japan 473 7.3 0 0
23 Aug 95 Marianas 595 7.0 23 459
17 Oct 90 Peru 624 6.9 1 25
10 Jun 94 Peru 589 6.9 0 0
29 Apr 94 Chile 573 6.9 0 0
10 May 94 Chile 605 6.9 0 0

3 May 91 lzu—Bonin 459 6.7 1 40
20 Jun 92 lzu—Bonin 512 6.6 0] 0
27 Oct 94 Tonga 549 6.6 1 50
19 Jan 93 Japan 455 6.5 0 0
31 Mar 94 Tonga 591 6.5 11 694
30 Oct 92 Isu—Bonin 406 6.4 0 0
19 Aug 94 Chile 565 6.4 0 0
17 Jan 95 Tonga 637 6.3 2 200

4 Nov 94 Peru 618 6.1 0 0
29 Oct 95 Tonga 611 6.1 1 158
19 Jan 94 Tonga 537 6.0 0 0

* Deep earthquakes are defined as deeper than 400 km for this study.

+Moment magnitude calculated from ref. 32 for 1958-61 earthquakes, from ref. 33 for 1962-76
earthquakes and from Harvard CMT solutions®* for 1977-96 events.

{ For a the number of aftershocks m, > 4.5 from the Preliminary Determination of Epicenters (PDE) and the
International Seismological Centre (ISC) are tabulated; for b the total number of aftershocks determined from
all sources are tabulated. With the exception of 17 Jun 96, only events for which broadband waveform data was
available from stations within 12° distance are included in b. The total number of aftershocks for 9 Mar 1994
are from ref. 10, and for 9 Jun 94 the number of aftershocks are taken from ref. 11.

§Aftershocks are normalized assuming that the log of the number of aftershocks scales linearly with
M, This relationship is consistent with aftershock sequences of shallow earthquakes in both California and
Japan?®. Aftershocks are normalized to the number expected for an M,, 8.3 earthquake using log N, = 8.3—
M, + log N,, where N, and N, are the normalized and observed number of aftershocks respectively®.

|| Aftershock statistics for the recent 17 June 96 event are determined from the Reviewed Event Bulletin
(REB) and the weekly PDE, as the monthly PDE data is not yet available. A magnitude correction is made to
events located only by the REB. As no data are available from within 12°, the number of aftershocks for this
event may be underestimated relative to the others in b.
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TABLE 2 Subduction zone parameters

Subduction Age Velocity Backarc
zone (Myn)* (mmyr=)f velocityt
Kurile 100 82 0
Japan 130 87 0
Izu-Bonin 145 55 5
Marianas 155 44 22
Indonesia 140 79 0
Tonga 110 84 130
Peru 41 78 0
Chile 45 84 0

Angle Vertical Thermal }

(deg)$§ velocity parameter b-value||

49 62 6,200 0.59 (£ 0.03)
30 43 5,600 —
51 a7 6,800 0.68 (+ 0.05)
64 59 9,200 0.73 (£ 0.03)
58 67 9,400 0.82 (+ 0.04)
53 1071 11,800 1.28 (+ 0.02)
35 44 1,800 0.44 (£ 0.02)
35 48 2,200 —

* Age of the lithosphere entering the trench, from compilations of magnetic anomalies®® and the magnetic timescale®®.

+ Relative velocity at the trench®’.

¥ Backarc spreading rates taken from ref. 38 for the Marianas, ref. 39 for lzu—Bonin, and ref. 15 for Tonga.

§ Average slab dip, obtained by calculating the angle subtended by a line connecting the trench axis with the deep seismicity.

|| Slope of the magnitude—frequency curve determined by least squares from 1977-95 M,, values (taken from the Harvard CMT catalogue® over an M,
range of 5.3-6.8. Adjacent subduction zones with similar thermal parameters were combined for the Peru—Chile and Japan—Kurile regions to obtain enough
samples for the b-value determination. The uncertainty is the least-squares standard deviation.

T0wing to slab rollback and the complex recent history of the Tonga slab, the vertical velocity is set to the absolute motion of the Pacific plate®, to
approximate the velocity of the descending slab relative to the mantle. Use of the complete convergence rate would resultin a much larger thermal parameter.

the mode of seismic energy release in aftershock sequences, and
that aftershock sequences may be particularly suppressed in warm
sections of the slab. This observation is consistent with the
characteristics of the large 1994 Tonga deep earthquake, which
shows few aftershocks in the outermost, warmer region of the
slab®.

Previous studies have noted that deep earthquakes in different
subduction zones show different slopes of the magnitude—
frequency relation (b-value)'*°. We determined the b-values for
the deep seismic zones studied here from a least-squares fit to
1977-95 M, data, with M, values determined from the Harvard
centroid moment tensor (CMT) dataset. The Chile—Peru and
Japan—Kurile regions were combined to obtain enough moment
data to determine a b-value, as they are adjacent and have similar
thermal parameters. The resulting b-values are also correlated
with the thermal parameter (Fig. 2), suggesting that slab thermal
structure also controls the magnitude—frequency relation for deep
earthquakes. Not surprisingly, the subduction zones showing the
largest b-values also tend to show greater aftershock activity’. A
similar correlation is obtained using b-values determined from
more numerous 1, data.

A previous study” has proposed that the difference in b-values
between Tonga and other slabs is due to the effect of the finite
width of slab material available for faulting, as has been observed
for very large shallow earthquakes'™". The present study shows
that slab thermal structure significantly affects aftershock occur-
rence for equivalently sized faults. This effect cannot result from

simple physical limits on the width of faults, which should not
cause different aftershock levels for similar sized faults in different
subduction zones. Rather, this study suggests a more fundamental
effect of temperature on the statistics of deep earthquake faulting,
including both magnitude—frequency relations and aftershock
productivity.

Although some studies suggest small regions of anomalous
magnitude—frequency relations at -shallow or intermediate
depth®*, shallow earthquakes generally show remarkably uni-
form b-values®®. Similarly, although some differences in after-
shock and foreshock production have been reported for shallow
events®?®, other studies find shallow aftershocks consistently
proportional to fault area®, and no systematic aftershock produc-
tion anomalies have been definitively established". This study
demonstrates that aftershock production and magnitude—
frequency relations for deep earthquakes are temperature depen-
dent in a fundamentally different way from shallow earthquakes.

The observation that deep earthquake statistical properties are
temperature dependent provides important constraints on deep-
earthquake generating processes. Several proposed mechanisms
for deep earthquakes are expected to be highly temperature
sensitive, beyond the obvious temperature effect of limiting slab
width. One possible candidate is plastic shear instabilities?’?,
which are likely to be highly temperature dependent. These
instabilities may be triggered in the slab core by transformational
faulting”". O
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