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X-ray structure analyses
[(anthracene)4−

3 (K+
2THF3)

+2
2 ]1 (Fig. 2). Space group P1̄, a ¼ 9:388ð2Þ, b ¼ 13:265ð2Þ,

c ¼ 14:192ð2Þ Å, a ¼ 62:876ð8Þ, b ¼ 85:20ð1Þ, g ¼ 70:47ð1Þ8, V ¼ 1477:5ð5Þ Å3, Z ¼ 1,
r ¼ 1:263 g cm 2 3, m ¼ 0:35 mm 2 1, Fð000Þ ¼ 598, crystal size ¼ 0:4 3 0:35 3 0:35 mm;
crystals were removed from the trap wall after 4 days under argon, immediately immersed
in perfluor-polyether oil and mounted under a flow of nitrogen cooled to 150 K on a
Siemens P4 diffractometer (Mo Ka, graphite monochromator). A total of 6,211 reflections
(2:31 , Θ , 26:278) were collected, of which 4,911 unique reflections (Rint ¼ 0:0308)
were used. The structure was solved using the program SHELXS-93 and refined (343
parameters) using the program SHELXS-93 to R ¼ 0:0434 for 3,941 reflections with
I . 2jðIÞ (both programs from G. M. Sheldrick, Univ. Göttingen, 1993).

[(anthracene)2−
2 (K+

2THF3)
+2]1 (Fig. 1c). Space group C2/c, a ¼ 14:186ð3Þ, b ¼ 10:633ð2Þ,

c ¼ 23:382ð4Þ Å, b ¼ 103:78ð1Þ8, V ¼ 3425:4ð11Þ Å3, Z ¼ 4, r ¼ 1:262 g cm 2 3,
m ¼ 0:314 mm 2 1, Fð000Þ ¼ 1; 384, crystal size ¼ 0:25 3 0:62 3 0:84 mm; crystals were
removed from the trap wall after 11 days under argon, immediately immersed in perfluor-
polyether oil and mounted under a flow of nitrogen cooled to 150 K on a Siemens P4
diffractometer (Mo Ka, graphite monochromator). A total of 3,783 reflections
(2:42 , Θ , 258) were collected, of which 2,995 unique reflections (Rint ¼ 0:0337) were
used. The structure was solved using the program SHELXS-93 and refined (203
parameters) using the program SHELXS-93 to R ¼ 0:0507 for 1,801 reflections with
I . 2jðIÞ (both programs from G. M. Sheldrick, Univ. Göttingen, 1993). The b-carbon
centres of the THF ligand in the middle position are disordered over two positions with
site occupation factors of 0.49 and 0.51.

Unrestricted density functional theory calculations
For both the rather large aggregates [(anthracene)4−

3 (K+
2THF3)

+2
2 ] and

[(anthracene)2−
2 (K+

2THF3)
+2], the singlet- and triplet-state computations have been

performed at the UB3LYP/6-31G* level, using the NEC SX4 supercomputer of the
Höchstleistungs-Rechenzentrum Stuttgart, Germany using the Gaussian 94 program
package9. The singlet-state calculations were started from the broken symmetry orbital.
The total energies of the triplet states are calculated to be −5384.72797 a.u. and
−2976.24778 a.u. The charge and spin distributions were obtained by natural bond orbital
analysis after enlarging the capacity of the corresponding program module.

EPR measurements
Pulsed and continuous-wave EPR measurements were performed with a Bruker E580
ELEXIS X-band spectrometer. Single crystals (4 3 0:35 3 0:35 mm) were sealed in 3-mm-
diameter X-band quartz EPR capillaries under argon in n-hexane solution. The single
crystals give rise to a narrow homogeneous EPR line, with a linewidth of 1.9 G and a g value
close to 2, typical for a p-delocalized organic radical. No dipolar splitting of the signal
could be observed in the temperature range 10–290 K. The Rabi oscillation behaviour of
the signal17 of these crystals have been compared with a spin-state S ¼ 1=2 radical salt of
perylene ((perylenyl)2(AsF6)0.75(PF6)0.35⋅0.85 CH2Cl2) and a spin-state S ¼ 5=2 MnO
sample (only the central mS ¼ 2 1=2 to +1/2 transition observed) under identical
conditions (same Q value of microwave cavity, microwave excitation power, sample size
and temperature). The theoretical predicted ratio of the oscillation frequencies are
1 :

���
2

p
: 3 for a S ¼ 1=2, a S ¼ 1 and the mS ¼ 21=2 to +1/2 transition of a S ¼ 5=2 spin

state. The observed Rabi frequencies were 7 MHz for S ¼ 1=2, 9.5 MHz for the anthracene
crystals, and 24 MHz for the MnO sample. Therefore these measurements clearly showed
that the spin state of the observed signal corresponds to a triplet state. The temperature
dependence (10–290 K) of the EPR signal as well as the absolute signal intensity exclude an
assignment of the signal to a low-lying excited triplet state or to impurities or defects.
Taken together, these measurements prove that the ground state of this compound is
indeed a triplet spin state.
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14. Bock, H., Näther, C., Havlas, Z., John, A. & Arad, C. Ether-solvated sodium ions in salts containing p-

hydrocarbon anions: crystallisation, structures and semiempirical solvation energies. Angew. Chem.

Int. Edn Engl. 33, 875–878 (1994).
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Süleyman S. Nalbant§, Bertrand Meyerk, Rolando Armijok,
Paul Tapponnierk & Geoffrey C. P. Kingk

* Department of Geosciences, Princeton University, Princeton, New Jersey 08544,
USA
† ITU, Maden Fakultesi, Jeoloji Bolumu, Ayazaga, Istanbul, Turkey
‡ Observatoire des Sciences de la Terre de Strasbourg (UMS 830 of CNRS),
Strasbourg, France
§ Geophysics Department, Engineering Faculty, Istanbul University, Istanbul,
Turkey
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On 17 August 1999, a destructive magnitude 7.4 earthquake
occurred 100 km east of Istanbul, near the city of Izmit, on the
North Anatolian fault. This 1,600-km-long plate boundary1,2 slips
at an average rate of 2–3 cm yr−1 (refs 3–5), and historically has
been the site of many devastating earthquakes6,7. This century
alone it has ruptured over 900 km of its length6. Models of
earthquake-induced stress change8 combined with active fault
maps9 had been used to forecast that the epicentral area of the
1999 Izmit event was indeed a likely location for the occurrence of
a large earthquake9,10. Here we show that the 1999 event itself
significantly modifies the stress distribution resulting from pre-
vious fault interactions9,10. Our new stress models take into
account all events in the region with magnitudes greater than 6
having occurred since 1700 (ref. 7) as well as secular interseismic
stress change, constrained by GPS data11. These models provide a
consistent picture of the long term spatio–temporal behaviour of
the North Anatolian fault and indicate that two events of magni-
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tude equal to, or greater than, the Izmit earthquake are likely to
occur within the next decades beneath the Marmara Sea, south of
Istanbul.

Seventy kilometres east of Izmit, the North Anatolian fault (NAF)
splits into two main segmented strands12. The northern most active
strand (NNAF) passes beneath the Sea of Marmara, while the

southern strand (SNAF) remains on land south of the Sea5,9. Since
1900 and before the Izmit event, five earthquakes of magnitude
6 # M , 7 and three M . 7 earthquakes have ruptured fault
segments of one or other of the strands9 (Fig. 1a). Each of the M . 7
earthquakes, whose fault parameters are constrained by instrumen-
tal data and surface rupture mapping, broke several segments9. They
provide a guide to the assessment of slip during earlier M . 7
historical events.

The Coulomb stress8,13 field resulting from all earthquakes this
century in the Marmara Sea region before the Izmit event is shown
in Fig. 1a (ref. 9). The 1963 and 1967 earthquakes enhanced stress by
0.5–2 bar in the Izmit epicentral region9,10. Over the last few years
microseismicity had clustered around the August 1999 epicentre
(Izinet network, Kandilli Observatory). The 1999 rupture nucleated
in the area of increased stress, and extended along at least 110 km on
four main segments (Fig. 1a) with dextral displacement of up to 5 m
(ref. 1). As a result, the Coulomb stress resolved onto faults west of
the rupture rose by 1–5 bar over a distance of 25 km, increasing the
probability of an earthquake closer to Istanbul (Fig. 1b). At the
eastern tip of the rupture, stress was increased by 10–0.6 bar along
the Ducze fault, which then ruptured on 12 November 1999 with up
to 5 m of dextral slip and locally up to 4 m of vertical offset. The
events have also reduced stress by 3–15 bar along 120 km of the
SNAF making an event there in the near future less likely (Fig. 1b).
The largest aftershocks (Kandilli Observatory, preliminary loca-
tions) fall near the rupture or at rupture segment extremities where
the Coulomb stress was enhanced (Fig. 1c). When earlier seismicity
is included, most of the aftershocks at the western end of the rupture
are confined to the area of Coulomb stress increase (Fig. 1c). This
indicates that the small stress shadow of the M = 6.4 1963 earth-
quake still persists after more than 36 years (refs 9, 13, 14).

The seismic behaviour of the NAF can be seen better in Coulomb
models that include all M . 6 events since 1700 (see below). For the
period 1700–1900, the information about damage is available.
When combined with detailed mapping of Holocene faulting9 and
scaling relations9,15 the modelling parameters (fault locations,
dimensions, strike, dip, amplitude and rake of the slip vector) can
be evaluated (see Methods). We also included tectonic loading in
the modelling, a significant effect as the NAF has a high slip rate. We
assume that associated localized shear occurs aseismically below a
prescribed locking depth16, which we model using vertical disloca-
tions positioned beneath the mean location of the surface faults and
with slip vectors that fit local GPS data around the Marmara Sea
(See Methods and Fig. 2). Both this tectonic loading and the
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sequential loading of all M . 6 earthquakes since 1700 (excluding
the Izmit event; Fig. 3a) are taken into account to calculate the stress
distribution (Fig. 3b). Models do not take into account any viscous
loading17. The stressed region where the Izmit earthquake occurred
is restricted to 40 km, and includes the epicentre and all the western
segments. The segments to the east were not uniformly stressed
before the earthquake (Fig. 3b), but became stressed as failure
proceeded. When the effect of the Izmit event is included (Fig. 3c),
regions of enhanced stress are mainly restricted to the 160-km-long
Marmara Sea trough. The faults of this complex pull-apart basin
have now accumulated stress over 233 years (,100 bar) without any
major earthquake, and thus should be approaching failure. Much of
the character of the Coulomb stress distributions is dominated by
large-scale slip deficits.

To explore further these large-scale features, we examine directly
the accumulating slip release due to earthquakes on the NNAF
(Fig. 3d). For the period 1700–1900, the component of co-seismic
slip resolved parallel to relative plate motion3 is dominated by
M . 7 events occurring between 1719 and 1766 (Fig. 3d). There are
uncertainties in the magnitude of slip of about 1 m and the locations
of segments which ruptured in each earthquake cannot be deter-
mined unambiguously, especially for the 1894 event (see discussion
in Supplementary Information). This is also particularly true for the
Marmara Sea pull-apart, where the fault geometry is poorly con-
strained: earthquakes could have ruptured north-dipping, south-
dipping oblique faults or even pure strike-slip faults12 that have a
slightly different strike. However, all active faults are located in a
zone 20–25 km wide, and Coulomb stress distributions for the
different fault geometries at a distance from the fault plane remain
similar9. In all the likely scenarios the westward propagating 1719–
1766 sequence, which followed events farther to the east that
ruptured about 500 km of the NAF in 166818, released all the

stress previously accumulated. After 1766, stress began accumulat-
ing anew in the Marmara Sea region. After 146 years, 3.5 m of
loading have accumulated on the NNAF. A single event then
occurred in the west in 1912. In 1939, a major westward propagating
sequence of earthquakes started rupturing the NAF from eastern
Turkey to the eastern part of the Marmara Sea region (M . 7
earthquakes in 1957 and 1967, Fig. 3d)6,10. When this sequence
started, at least 5 m of loading had accumulated on the NAF since
1766 as a result of plate motion. The 17 August 1999 Izmit event fills
part of a 5.5-m slip deficit on the NNAF (Fig. 3d). The 12 November
1999 Ducze event (M = 7.2) extends the 1999 Izmit rupture zone
eastwards toward the NAF fault segment that ruptured in 1944.
With this last event, all the active NAF segments have now ruptured
from eastern Turkey to the Sea of Marmara.

There are three possible reasons why rupture did not continue
towards the west. The first could be a shadow effect resulting from
the 1963 earthquake (Fig. 1a), perhaps sufficient to arrest rupture.
The second could be associated with the geometry of faulting. The
predominantly strike-slip faults that ruptured in 1719 and 1999 do
not extend far into the eastern Marmara Sea. Motion is transferred
to fault segments with substantial components of normal slip that
bound the trough south of Istanbul. Thus rupture may not readily
propagate directly from one fault system to the other. Finally, the
Coulomb model based on our understanding of segment geometry
and slip history suggests that the rupture may have been arrested by
a Coulomb minimum related to earlier events as well as to the 1963
event (Fig. 3b). When the Izmit event is included, a slip gap remains
within the Marmara Sea over a distance of about 160 km where
5.5 m of slip has accumulated since 1766. Unlike the NNAF, the
history along the SNAF since 1700 does not provide us with a period
when the whole boundary has ruptured. However, major events
have occurred also in sequence west of Bursa, and none have
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Figure 3 Earthquake-induced stress changes including historical seismicity since 1700.
a, Location of fault elements used to model earthquakes between 1700 and 1900.
b, Coulomb stress with tectonic loading distribution immediately before the Izmit
earthquake. The 1999 earthquake epicentre is located in a high-stress area. c, Coulomb
stress distribution with tectonic loading including the Izmit earthquake. The stresses are
enhanced in the Marmara Sea area and reduced along the SNAF. d, Seismic slip resolved

parallel to relative plate motion3 for events on the NNAF and NAF since 1700 between
longitude 268 409 E and 318109 E. In the eighteenth century, the whole Marmara region
slipped (top diagram) and by 1766 most of the accumulated slip would have been
released. The smaller events contribute little to the total slip. Since 1900, major events
have released slip in the east and west of the Marmara Sea region (bottom diagram). The
slip due to the Izmit and Ducze events fills a gap to the east.
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occurred to the east in this time period. The resulting stress
accumulation can be seen in the Coulomb stress distributions
(Fig. 3c). The last event to have ruptured the eastern part of the
fault occurred in 1419 (ref. 7). Since then, 3.5 m of slip has
accumulated over 125 km of the SNAF.

The above models depend on the accuracy of our data and on
assumptions about the behaviour of faults in the Marmara Sea
region. It might be supposed that our slip rate of 3 cm yr−1 is too
high. However, the earthquake slip that has occurred in the
Dardanelles region (3–4 m) and in the west of the Gulf of Izmit
(4–5 m) is difficult to explain if the loading rate is less. It is possible
that we have over-estimated both the slip in these historical earth-
quakes and the loading slip. A slip rate of 2 cm yr−1 on the NAF
would reduce all slips and slip rates by one-third, but would preserve
the spatial pattern of estimated historical slip (Fig. 3d). Similar
proportional changes apply to stress amplitudes in the Coulomb
models. Thus changing the assumed loading rate does not alter our
models. The only way to significantly change the picture would be to
assume high creep rates for faults beneath the Marmara Sea. The fact
that these faults have hosted numerous earthquakes throughout
history makes this improbable.

The significance of the observations here can be clarified by
discussing the slip deficits and Coulomb stress changes together. A
major slip gap (5.5 m since 1766) exists on faults beneath the
Marmara Sea, and might be greater than the slip released by
events in 1754 and 1766 following the 1719 earthquake (Fig. 3d).
Faults in the west and east of the Marmara Sea region have
experienced Coulomb stress increases due to events this century
(Fig. 1). The stress increase in the west has been present since the
1912 earthquake while that in the east has just happened. In 1719
when an event similar to the Izmit event occurred, it was followed 35
years later (in 1754) by an event on a fault to the west. The same fault
has now experienced a Coulomb stress increase of 1–5 bar (Fig. 1b).
It is therefore likely that this fault will slip again and furthermore,
the risk during the aftershock sequence must be regarded as
particularly high10,19. Following the 1754 earthquake, the 1766
events ruptured the rest of the fault 12 years later. It is very likely
that a similar sequence will recur.

From the present study, the NAF earthquake behaviour could be
summarized in the following way. Stress accumulates on the fault
continuously as a result of plate motion. When the whole fault
system is near failure, a critical stage is reached that is characterized
by an extreme susceptibility to small perturbations and strong
correlation between different parts of the system20,21. Small stress
increases (1–5 bar) are then sufficient to trigger failure in the upper
crust, and the fault tends to rupture over most of its length in a
cascading sequence of earthquakes. Between 1668 and 1766, the
NAF seems to have ruptured over most of its length in such a
sequence in about 100 years. This century the fault ruptured from
eastern Turkey to the Izmit bay in a sequence of eight M . 7 events,
the Izmit and the Ducze earthquakes being the last ones. In the next
decades, it is likely that rupture of the fault segments of the
Marmara Sea region will complete the sequence. M

Methods
Coulomb modelling
The stress fields due to earthquakes are calculated using dislocation theory8,22. Dislocations
to represent each event or sub-event are approximated by rectangular planes whose
geometry, dimension and location must be known. Places of likely future failure are then
identified as having an increased Coulomb stress (Djf), which is calculated at a depth of 6
km (ref. 9; Djf = Dt −m9 Djn with m9 = 0.4, where Dt and Djn are respectively the change in
shear and normal stresses on likely future fault planes). To specify preferred orientations of
faulting, a regional stress is applied and the program searches for the optimal strike, dip
and rake of the fault unless it is specified (horizontal principal compressive stress axis of
100–150 bar oriented N1208E)8,9. All fault dislocations extend from the surface to a depth
of 15 km, which is slightly greater than the 12.5 km previously used9 to be consistent with
the loading model. In the program, Dt = De13 + De31 (where Dt is the shear stress on the
target fault plane, and De13 is the tensor component of shear stress rotated into that plane),

so the calculated Coulomb stresses are to a first approximation doubled when compared to
previous work8,9,10 where Dt = De13.

Tectonic loading
This is modelled by dislocations assumed to extend through the lithosphere to infinite
depth (this is similar to a dislocation extending to 100 km and a fluid asthenosphere
beneath). The slip parameters for these deep dislocations were established to fit the
following criteria. The overall rate should be consistent with recent geological rates
(2.0 cm yr−1)4,5, geodetic rates (2.5–3.0 cm yr−1)3, a reasonable Europe/Anatolia pole of
rotation3,4 and the locally measured GPS rates around the Marmara Sea11. To fit this data, a
3.0 cm yr−1 slip (0.6 cm yr−1 on the SNAF, 2.4 cm yr−1 on the NNAF) is needed. We reduced
slightly the component of opening on the NNAF consistent with the pole to fit local GPS
vectors. The depth used was 15 km. In fact, reasonable fits with local GPS could be
obtained with locking depths of 10–20 km (ref. 23). However, a locking depth of 10 km
seems too small to generate an earthquake of M = 7.4, while a locking depth of 20 km
requires the slip to be increased to nearly 3.5 cm yr−1, which seems too high.

Fault parameters for earthquakes from 1700 to 1900
All of the M . 6 earthquakes in Turkey produce surface faulting that accumulates to
produce recognisable morphological features. These allow fault geometry to be mapped,
each fault segment having characteristic parameters (length, strike, dip and rake). When
this information is combined with historical data describing damage, seismic sea-waves or
liquefaction, all of the parameters of earlier earthquakes can be evaluated9. Historical
records of fifteen M . 6 earthquakes exist in the area around Istanbul for 1700 to 1900
(ref. 7). The catalogue separates events into those with M . 7 and those with 6 # M , 7,
with M . 7 events breaking 2 or more segments while the smaller ones occur on single
segments. Segments associated with an event are initially identified mainly from reported
damage. Scaling relations15 are used to determine magnitude and moment. Slip is then
distributed between the dislocations representing the segments. The slip direction is taken
to be parallel to the relative plate motion3. The final parameters are adjusted using two
additional criteria. First, if one event was clearly larger than another, its magnitude should
be greater and it should involve a greater length of faulting. Second, unless there is clear
evidence that two events occupied the same stretch of fault, they are more likely to have
occurred on adjacent segments. An example of the former is provided by the 1719 and
1999 events. Damage in the 1719 and 1999 events occurred in the same places. However, in
1719 there was widespread damage in Istanbul. If such shaking had been repeated in 1999
much greater destruction would have occurred in Istanbul. We therefore conclude that, in
addition to the segments that ruptured in August and November 1999, a sub-marine
segment closer to Istanbul also ruptured in 1719. An example of the latter is provided by
events in 1719, 1754, 1766a and 1766b, which occurred in a westward migrating sequence.
These events are placed such that every segment of this stretch of fault moved once.
Defining the slip regions for the six largest events is more straightforward than estimating
parameters of some smaller events, for which there can be a choice of two or even three
possible locations separated by 20 km or more. For example the 1894 event had a damage
area similar to the 1999 and 1719 events, but the associated destruction was much less, so
its rupture zone should be shorter and reduced to one or two fault segments (see
Supplementary Information). However, as these events contribute little to the overall slip,
errors in their location have no significant effect on the conclusions we report here.
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Total) et Modélisations Utilisant la Contrainte de Coulomb sur Différentes Echelles de Temps. Thesis,
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The seismological properties of the Earth’s inner core have
become of particular interest as we understand more about its
composition and thermal state1,2. Observations of anisotropy and
velocity heterogeneity in the inner core are beginning to reveal
how it has grown and whether it convects3,4. The attenuation of
seismic waves in the inner core is strong, and studies of seismic
body waves5,6 have found that this high attenuation is consistent
with either scattering or intrinsic attenuation5. The outermost
portion of the inner core has been inferred to possess layering and
to be less anisotropic than at greater depths7–10. Here we present
observations of seismic waves scattered in the inner core which
follow the expected arrival time of the body-wave reflection from
the inner-core boundary. The amplitude of these scattered waves
can be explained by stiffness variations of 1.2% with a scale length

Table 1 Earthquakes and explosions in this study

Date
dd/mm/yr

Time Latitude
(8N)

Longitude
(8E)

Depth
(km)

Distance

.............................................................................................................................................................................

28/02/69 04:25:36.9 36.23 −10.48 33 688
31/05/70 20:23:27.3 −9.18 −78.82 33 688
02/08/71 07:24:56.0 41.37 143.44 45 738
05/09/71 18:35:26.8 46.54 141.15 14 708
06/09/71 13:37:10.1 46.76 141.39 21 708
09/09/71 23:02:06:8 44.34 150.85 7 698
27/09/71 05:59:55.8 73.39 54.92 0 598
24/11/71 19:35:28.5 52.85 159.22 99 578
28/02/73 06:37:54.4 50.51 156.58 62 608
17/06/73 20:37:52.1 42.65 146.08 11 708
24/06/73 02:43:22.8 43.29 146.43 26 708
27/10/73 06:59:58:0 70.80 53.96 0 628
15/05/74 18:59:56.1 49.98 156.22 58 608
29/08/74 09:59:56.2 73.39 54.91 0 598
09/10/74 07:32:00.6 44.64 150.09 34 678
02/11/74 04:59:57.4 70.83 53.82 0 628
.............................................................................................................................................................................

of 2 kilometres across the outermost 300 km of the inner core.
These variations might be caused by variations in composition, by
pods of partial melt in a mostly solid matrix or by variations in the
orientation or strength of seismic anisotropy.

Here we examine 12 earthquakes and 4 nuclear explosions in the
distance range 588 to 738. The events, listed in Table 1, were recorded
on LASA (Large Aperture Seismic Array) between 1969 and 1975,
and were less than 100 km deep. LASA consisted of up to 525 short-
period vertical-component seismometers buried to a depth of 70 m
and spread across an aperture of 200 km in Montana11,12.

Our seismograms mostly extend from the P wave back past the
P9P9 arrival, spanning more than half an hour. An arrival that is not
explained by previously identified ray-paths appears near the
predicted arrival time for PKiKP, which is the faint reflection
from the boundary between the inner and outer core. Generally,
the boundary between the inner and outer core appears locally flat
and sharp8,13,14. Figure 1 shows the onset time, duration, and
slowness of the energy incident on LASA in this interval. The
image is the logarithmic average of slant stacks of the 16 events
generated from the seismograms after they had been passed through
a 1-Hz band-pass filter.

We attribute the 200 s of observed ground motion to inner-core
scattering (ICS) (Fig. 1). This energy arrives nearly vertically from
the direction of the inner core. The energy builds for a few tens of
seconds, then gradually fades back into the more omnidirectional
background. Most of the energy lies between −0.02 and 0.02 s km−1,
consistent with paths from the inner core. The initial tens of seconds
of the ICS have an average slowness near 0.01 s km−1, close to that
expected for PKiKP. These unexpected arrivals are not visible in the
seismograms without stacking. PKiKP is barely visible, as expected
at these distances8,14,15.

Also visible in Fig. 1 is a comparable amount of energy with the
same slowness as the direct P wave, which also fades with time. This
late-arriving P coda is scattered near the event. LASA is sufficiently
dense and wide to clearly distinguish between the inner-core arrivals
and the P coda. The background noise is generated by the event; it
diminishes monotonically with increasing time after the event, and
is higher than the pre-event noise.

Our 16 events sample four distinct regions of the inner core
(Fig. 2a). The ray paths of PKiKP and the ICS are shown in Fig. 2b.
Many of the earthquakes occurred near Japan, and the explosions
were in Novaya Zemlya; there were also earthquakes under Peru and

PKiKP
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Figure 1 Average seismic-wave amplitude arriving between 970 and 1,280 s after all
events. The image shows logarithmically averaged envelopes of the slant stacks for all 12
earthquakes and 4 nuclear explosions. The image shows the time and slowness, which is
the reciporcal of apparent velocity, of energy incident on LASA. Three features of the
signal are visible: (1) a stripe near 0.06 s km−1 slowness, which corresponds to late P coda
and aftershocks, (2) a stripe of energy from 1,050 s until 1,250 s that we interpret as
inner-core scattering (ICS), and (3) uniform background source-generated noise that
diminishes with time. All subarrays are included in this stack for maximum slowness
resolution.
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