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[1] High amplitude, high frequency, and laterally coherent seismic phases from the core-
mantle boundary (CMB) are observed on data from Peaceful Nuclear Explosions in
Siberia. These arrivals are observed at 2600–4000 km offset with travel times and move-
outs consistent with CMB reflections (PcP) and are readily correlated because of the
small station interval of 10 km. The duration and complexity of the arrivals are
inconsistent with a simple reflection from a single CMB interface. They require the
combination of PcP and a complex precursor phase (PdP) from the top of an ultralow-
velocity zone (ULVZ) despite the fact that earthquake recordings indicate that there is no
ULVZ present beneath this part of Siberia. Lateral variations in the waveform imply
that the thickness and physical properties of the ULVZ change with a wavelength of 150–
200 km and an amplitude of up to 8 km. We find at least one location where there is no
ULVZ present. At another well-sampled location, the precursor has higher frequency
content than the primary arrival. Reflectivity modeling of these PcP/PdP phases shows
that kilometer-scale layering may be required in the ULVZ to explain the seismic
waveform and the frequency split. The modeling shows very low velocity in the ULVZ
with reductions of 25 and 40% for P and S waves, respectively. This indicates higher
percentages of partial melt in the ULVZ than hitherto interpreted. Our observations
indicate that the ULVZ may be present over wide areas of the Earth with a thickness below
the resolution limit of seismological data with a lower frequency content. INDEX TERMS:

7207 Seismology: Core and mantle; 7219 Seismology: Nuclear explosion seismology; 7203 Seismology:

Body wave propagation; KEYWORDS: core-mantle boundary, ultralow velocity zone, nuclear explosion

Citation: Ross, A. R., H. Thybo, and L. N. Solidilov (2004), Reflection seismic profiles of the core-mantle boundary, J. Geophys.
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1. Introduction

[2] The core-mantle boundary (CMB) is the major phys-
ical discontinuity within the Earth and the lower boundary
layer of the mantle and may be an important region for the
driving forces of plate tectonics as the possible source of
mantle plumes. Accordingly, the details of the transition
between the core and mantle have in recent years received
considerable attention. In part, this has been motivated by
tomographic images which suggest that velocity anomalies
may extend throughout the mantle between the core-mantle
boundary and the base of the lithosphere [Grand et al.,
1997; van der Hilst et al., 1997] and by a significant amount
of research on the chemical properties of the lower mantle
with, e.g., diamond anvil cells [Knittle, 1998]. The impor-
tance of the CMB region to the whole dynamics of the
mantle is reflected in the suggestion that plumes may
originate from the boundary layer between the core and
mantle [Helmberger et al., 1998]. However, even the high-
est-resolution tomographic images lack the resolution to

identify short-scale (<200–300 km) velocity anomalies at
the base of the mantle. Fortunately, other types of analysis
of seismic waves from both earthquakes and, as we report
here, controlled source profiles provide the high vertical and
horizontal resolution needed to study the fine structure at
the CMB.
[3] Detailed seismological investigations of the lower-

most mantle have discovered the existence of a 5–50 km
thick ultralow velocity zone (ULVZ) at the core-mantle
boundary [Garnero and Helmberger, 1995; Mori and
Helmberger, 1995; Revenaugh and Meyer, 1997; Garnero
et al., 1998]. The velocity reduction reported in this ULVZ
is 5–20% for compressional waves and 10–50% for shear
waves as compared to the lower mantle above. To date, less
than half of the CMB has been investigated for the existence
of an ULVZ, and it is observed in only 12% of the locations
studied [Garnero and Jeanloz, 2000]. The CMB has been
investigated with several seismic phases (SPdKS [Garnero
et al., 1993; Garnero and Helmberger, 1995, 1996;
Helmberger et al., 1998; Williams et al., 1998; Helmberger
et al., 2000], PKP [Vidale and Hedlin, 1998; Wen and
Helmberger, 1998], ScP [Garnero and Vidale, 1999; Castle
and van der Hilst, 2000; Reasoner and Revenaugh, 2000;
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Rost and Revenaugh, 2001], SKS [Stutzmann et al., 2000]
and PcP [Mori and Helmberger, 1995; Revenaugh and
Meyer, 1997; Williams et al., 1998]) as well as travel times
[Sylvander and Souriau, 1996; Sylvander et al., 1997].
These studies have identified the ULVZ in many locations
around the world and suggest that the ULVZ may be a layer
of partially molten lower mantle material [Williams
and Garnero, 1996; Vidale and Hedlin, 1998; Wen and
Helmberger, 1998]. However, the seismic data are also
consistent with a transition layer between the core and
mantle containing a mixture of core and mantle material
[Garnero and Jeanloz, 2000] or a layer of volatile ‘‘sedi-
ments’’ produced from the small percentage of silicates
present in the core after rising to the top of the outer core to
form a layer below the traditional definition of the CMB
[Buffett et al., 2000]. Where observed, the ULVZ shows
considerable variability in thickness over distances of only a
few hundred kilometers with thicknesses ranging from 5 to
40 km [Williams and Garnero, 1996; Wysession et al.,
1999].
[4] The studies mentioned above have relied on natural

earthquake sources to sample the CMB region. This has
resulted in particularly good coverage of the CMB in certain
regions (e.g., the Pacific Ocean [Garnero et al., 1998])
where high seismic station density and high earthquake
frequency at the appropriate offsets coincide. There is
poorer coverage in other regions which do not have appro-
priately located stations and sources. One of those poorly
sampled regions is the former Soviet Union. Here we
present high-resolution, high-frequency seismic data from
nuclear sources which suggest the existence of a very thin
ULVZ at two locations beneath Siberia in a region where no
ULVZ has been previously reported. The offset range is
between 20� and 40�, which is at the limit at which PcP
has a high enough reflection coefficient to be visible
[Kampfmann and Mueller, 1989; Astiz et al., 1996]. Our
findings raise the possibility that an ULVZ may be present
over a wide area of the Earth with a thickness below the
resolution limit of most seismological techniques.
[5] Siberia is not entirely unexplored in terms of lower

mantle and CMB structure. The lowermost mantle under
Siberia has been examined in several studies of earthquake
P wave data from the Pacific subduction zones recorded at
various sites in western Europe [Weber and Davis, 1990;
Gaherty and Lay, 1992; Weber, 1993; Thomas and Weber,
1997; Thomas et al., 1998; Freybourger et al., 1999, 2001;
Thomas et al., 2002]. The reflection points for PcP are
clustered around 80�E mostly under Siberia and the Kara
Sea, east of the trace of the Ural Mountains and north of the
location of the Peaceful Nuclear Explosion profiles. These
studies show PcP precursors which arrive 10 s ahead of PcP
and correspond to reflections from the top of D00. There are
no reports of precursors arriving from 5 to 2 s before PcP,
which is the expected arrival time of reflections from the top
of an ULVZ at the offset range of 75�–80� for these
earthquakes and the European recording stations used.

2. Peaceful Nuclear Explosions

[6] The Soviet Peaceful Nuclear Explosion (PNE) pro-
gram operated between 1965 and 1988 and in this time
generated a set of long-range seismic profiles which is

unique in two respects. First, the sources are physically
very small and compact with high energy output and a
precise location and onset time. Second, the sources were
recorded to very large offsets and long travel times with
very closely spaced seismometers. This allows for reliable
correlation of seismic phases with a very compact source
waveform.
[7] In total, there were 122 nuclear detonations for

engineering, construction, and geoscientific purposes as
part of the PNE program [Sultanov et al., 1999]. The
specifically geophysical part of this program accounted
for 41 of these explosions which were typically fired in
deep boreholes at depths of around 0.5–1 km, although
some shots were detonated in mines. The shots were
recorded by arrays of Russian-made Taiga short-period
three-component seismographs which were deployed at a
10–15 km spacing along profiles with maximum offsets of
3000–4000 km. The yield of the PNE shots was sufficient
(up to earthquake equivalent 5.6 mb) for recording of
seismic energy outside of the former Soviet Union on the
global seismograph network and on seismic arrays such as
NORSAR and Gräfenberg. Three components of ground
displacement were recorded by the Taiga instruments. All
the PNE data were originally recorded as analogue data
which were digitized in the 1990s from the original tapes.
These digitized data have been made available to a limited
number of groups outside Russia.
[8] Previous interpretations of the PNE data have concen-

trated on the original purpose of the experiments, which was
to investigate the mantle and mantle transition zones beneath
Siberia [Fuchs, 1997; Thybo and Perchuc, 1997; Nielsen et
al., 1999; Ryberg and Wenzel, 1999; Morozova et al., 2000;
Nielsen et al., 2002; Thybo et al., 2003a]. Typical record
lengths were 1100 s; long enough to allow observation of
arrivals from the lower mantle and the core in addition to the
primary targets of upper mantle discontinuities. The lack of
earthquake sources in the very large area covered by Siberia
makes the PNE data particularly interesting since they allow
observations of the Earth’s structure at offsets and locations
where it would not be possible with natural sources.
[9] Our analysis is based on seismic recordings of three

PNE shots: KRATON-1 and KRATON-4 detonated in 1978
and BATHOLITH-2 detonated in 1980 [Egorkin, 1999;
Sultanov et al., 1999] (Figure 1). We have not found any
indication of arrivals from the CMB in the other PNE record
sections that are available to us (METEORITE, QUARTZ,
and KIMBERLITE profiles). This is a result of inappropri-
ate offset ranges. For example, we do not see any CMB
arrivals on recordings of shots KRATON-2 and KRATON-3
which are in the center of the profile and do not have offsets
>20�. In this offset range the signal-to-noise ratio is too low
to observe PcP [Astiz et al., 1996]. However, PcP arrivals
from KRATON-3 are observed on the NORSAR network in
Norway, suggesting that these shots have sufficient energy
to produce CMB reflections if observed at the appropriate
offset range.
[10] Profile KRATON is located in Siberia, stretching

from the Ural Mountains to the Sea of Okhotsk. Four
individual PNEs and a number of much smaller chemical
explosions were recorded by the instruments along the
profile. Only the two PNEs at the ends of the profile are
discussed here, as the other two split-spread shots have
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insufficient shot-receiver offsets to observe the PcP phase,
as already mentioned. The KRATON shots had yields of
22 kt (equivalent earthquake magnitude mb = 5.5 and 5.6
for KRATON-1 and KRATON-4, respectively [Sultanov et
al., 1999], and recording station intervals of 10 km, with a
maximum source-receiver offset of 3310 km. The other
observation of CMB phases is on recordings of the
BATHOLITH-2 seismometer array in the region of the
Caspian Sea. BATHOLITH-2 had an 8 kt yield (mb = 5.2)
[Sultanov et al., 1999] and was recorded to a maximum
offset of 4390 km with Taiga stations.

3. Seismic Observations

[11] The seismic section for KRATON-1 (Figure 2)
shows clear first arrivals at almost all offsets with very
low levels of noise before the first arrivals on most traces.
This is not unexpected given the low levels of cultural noise
at the extremely remote locations in which most of the
recording seismometers were deployed. The gaps along the
profile are the result of noisy traces or lost data not made
available to us from the original recordings which had more
complete coverage of the offset range. We also have both
manually and automatically (by frequency band pass filter-
ing from 1 to 10 Hz) edited noise from the data, primarily to
remove large noise spikes, but some traces which contained
large amounts of instrument-generated noise have also been
removed from the displays of the data in Figure 2. The first
P arrivals from the mantle (Pn) and the transition zone (P410

and P660, waves which are refracted below the 410 and 660
upper mantle discontinuities, respectively) are distinct. In
addition, reflected arrivals are observed. The S arrivals are
less distinct and form a region in the seismic section with

enhanced energy but no clear arrivals. They are mainly
observed at offsets <1500 km. One other arrival on these
records is a distinct phase between 200 and 300 s around the
maximum offset of the record section corresponding to
525–545 s true two-way travel time. This arrival matches
both the arrival time and expected time-versus-distance
move-out of a reflection from the core-mantle boundary
(PcP). The waveform is sharp and distinct on the illustrated
scale compared to the long reverberative coda of interfering
arrivals following the first arrival in the same offset interval.
[12] This arrival is even more pronounced and stronger on

the BATHOLITH-2 section than on the KRATON-1 section
(Figure 3). For KRATON-4 the PcP arrival is visible but
weak. These arrivals can be traced with variable clarity
over the offset range 2600–3300 km for KRATON-1,
2500–2900 km for KRATON-4, and 2600–3950 km for
BATHOLITH-2 (Figure 3). Hence the arrival is visible on
three different PNE recordings, being strongest on the
BATHOLITH-2 record. We observe no arrivals from the
CMB at offsets smaller than 2200 km (�20�), consistent with
global observations of PcP [Astiz et al., 1996].
[13] There are no arrivals observed in these data from any

boundary in the lower mantle that is not very close to the
CMB. Arrivals from D00 have been reported under Siberia
from observations on the Gräfenberg array of earthquakes in
the Kuril and Aleutian Islands [Weber, 1993; Freybourger et
al., 1999, 2001]. These authors have suggested the exis-
tence of point scatterers in D00 as the cause of the arrivals.
The scatterers are located below the Kara Sea several
hundred kilometers to the north of the PNE profiles. We
do not observe any evidence from the PNE data for arrivals
from the top of D00 or from within D00 above the ULVZ and
the CMB. However, this may be because of the offset

Figure 1. Map of the former Soviet Union showing the location of the two seismic profiles and three
PNE shots used in our analysis (Lambert Equal Area projection). The locations of the PNE shots for
which we observe seismic signals from the CMB (stars), the trace of the recording station locations
(lines), the locations of the individual stations which recorded the PcP arrivals (circles), and the locations
on the CMB of the bounce points of the observed PcP phases (ellipses) are indicated. Roman numerals
refer to offset range bins along profile BATHOLITH shown in Figure 3.
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interval of our observations, and therefore we cannot rule
out the possible existence of these scatterers beneath the
PNE profiles.
[14] The reflected arrivals from the CMB are observed on

both the KRATON-1 and KRATON-4 seismic sections,
which are reversed profiles with the two shots recorded
on the same array in opposite directions. Consistent travel
times and move-out velocities on both of the two reversed
sections indicate that this seismic phase originates from
beneath the profile and not from out of the profile plane as
sideswipe from a shallower boundary at a large distance
from the profile. The observation of the same phase for
three different shots from two different PNE profiles makes
it extremely unlikely that it is some local or source-related
artifact which is mimicking an arrival from the CMB. In
addition, all these arrivals have the appropriate travel time
move-out for PcP, making us certain that these arrivals can
only be reflections from the CMB.

[15] The first onsets of the CMB arrival on KRATON-1
and KRATON-4 are 0–1 s earlier than the expected travel
time for the PcP reflection from the core-mantle boundary
in the IASP91 model (Figures 3b and 3c). For KRATON-1
the maximum amplitudes of the complex waveforms occur
at the expected travel time for PcP. On BATHOLITH-2 the
onsets are �1.5 s earlier than the expected PcP time
between 2800 and 3500 km offset (Figure 3a), with
the time difference gradually increasing to 2.5 s at 3800–
4000 km offset (Figure 4). These differences could, in
principle, reflect relatively high velocity in the mantle or
in D00 [Freybourger et al., 1999] but are more likely the
result of geometry at the CMB, caused by thickness
variation of the ULVZ or possibly by topography of the
CMB. These variations would have a wavelength on the
order of the variations in travel time residual, i.e., 300–
400 km of offset or 150–200 km at the CMB. On all
profiles a strong arrival is observed at the expected arrival

Figure 2. Seismic record section for the KRATON-1 shot recorded to 3400 km offset. (See Figure 1 for
shot and profile locations.) The data are displayed with a reduction velocity of 10 km s�1. The expected
travel times for P, S, and PcP phases in the IASP91 model [Kennett and Engdahl, 1991] are
superimposed in the lower plot. The first arrivals correlate with expected travel times for upper mantle
arrivals down to the transih Sg, Sn, and PP are also observable. At the far offsets of the profile a strong
arrival at 200–300 s after the first arrivals is observed. This phase has an extremely high apparent
velocity, and its travel time coincides with a reflected arrival from the CMB (the PcP arrival in the
IASP91 model). Pg is the direct P wave arrival and is the first arrival out to an offset of approximately
150 km. Pn is the P wave arrival refracted below the Moho and is the first arrival beyond an offset of
150 km. PP is a P arrival which has bounced once from the surface before arriving at the recorder. For
this data the pP arrival is not a distinct phase since the source depth is around 0.5 km.
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time for PcP after the first arrival from the CMB region,
and the arrivals have the appropriate move-out for PcP. The
�1 s differences in absolute travel times between the
BATHOLITH and KRATON sections probably reflect dif-
ferences in mantle velocities. The time difference in the first

onset on BATHOLITH-2 is 1 s over 1300 km (650 km at
the CMB) and varies smoothly along the profile. If this time
difference was due to local receiver statics, it should not
have such a smooth variation and would vary from trace to
trace. The local receiver statics are observed during stacking

Figure 3. Close-up views of the seismic sections from the (a) BATHOLITH-2, (b) KRATON-4, and
(c) KRATON-1 PNE shots for the offset range of 2800–4000, 2300–2700, and 2600–3300 km recorded
along the profiles shown in Figure 1. For each of the shots both time windows around the first arrivals
and around the CMB arrival are shown. The top panel is displayed in reduced time (reduction velocity
11 km s�1 in Figure 3a and 10 km s�1 in Figures 3b and 3c). The bottom panel is displayed relative to the
expected travel time for PcP (calculated using the TauP Seismic Toolkit [Crotwell et al., 1999] and the
IASP91 global velocity model [Kennett and Engdahl, 1991]). Strong arrivals are observed with onsets
1.5–2 s before Dt = 0 for BATHOLITH-2, with energy at larger offsets arriving even earlier, up to 2.5 s
before PcP. For KRATON-1 the onsets are consistently 0–1 s before the expected PcP arrival. The early
arrivals with long waveforms are consistent with a complex CMB. The traces used for calculation of the
waveform stacks shown in Figure 9 (solid triangles) are indicated. The boxes and Roman numerals
correspond with the areas labeled in Figure 1 and show the offset bins used to stack the data from
BATHOLITH-2.
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of the data. They are only on the order of a few hundred
milliseconds.

4. Instrument Responses

[16] Analogue short-period, Taiga-type instruments were
used to record most Soviet PNEs. These are ground
displacement recorders and were deployed over large
distances in typically very rough terrain with very poor
access. The instrument response of the Taiga seismographs
has been measured for several of the instruments, and the
result was provided to this study for each of these instru-
ments. These reference signals, Ar, are included at the end
of the traces for several stations for each PNE profile in
the distributed data made available from Russia. This
information is not included for all stations, however. The
amplitude response varies with frequency up to a sharp
drop-off from 10.5 to 12 Hz (Figure 5). For an unknown
reason the seismographs were set to a different response
for offsets from 0 to 495 km and over 500 km. The
ground displacement (L) in nanometers is given as

L ¼ AE

ArK
; ð1Þ

where A is the seismic signal amplitude recorded by the
seismograph, Ar is the reference signal amplitude, K is a
geophone parameter in mV nm�1, and E is a reference
parameter in mV with two different functions versus
frequency for offsets of 0–495 km and for more than

500 km. These parameters were all measured for a seismic
signal of dominant frequency F between 0 and 10 Hz. The
reference signal Ar (Figure 5a) has high amplitude at high
frequencies, as do both the parameters K and E (Figure 5c).
This results in a relative amplification of high frequencies
by the Taiga seismographs up to a maximum frequency
cutoff at 10.5 Hz, followed by a very sharp drop-off
(Figure 5b). Therefore the seismograph acts as a high-pass
filter on the data (Figure 5d). The instrument response
differs significantly from the instrument response of other
short-period seismometers which have recorded the arrivals
from PNE shots (Figure 5b). In addition to the instrument
response discussed here, most of the PNE data were filtered
after recording with a low-pass frequency filter with a
frequency cutoff at 10 Hz. The original unfiltered data are
not available for almost all the PNE data. The one exception
is the QUARTZ PNE profile on which we have been unable
to identify any CMB phases. We find that the frequency
response of the seismic instruments as provided by our
Russian colleagues is correct, as demonstrated by deconvo-
lution of the recorded signals at certain offsets, which leads
to similar waveforms as recorded on Gräfenberg and
NORSAR at the same offsets (Figure 6b).

5. First Arrivals

[17] A simple test of the significance of the PcP arrivals
on KRATON-1 with regard to CMB structure is the relative
length of the PcP arrivals to the direct arrivals. This
comparison is complicated by the existence of several

Figure 4. Travel time residuals of the onset of the CMB arrivals from the expected arrival time of PcP
in the IASP91 model for BATHOLITH-2. The residuals are all negative, showing an early arrival
compared to PcP and hence either high velocities in the lower mantle or D00 layer [Freybourger et al.,
1999] or structure at the CMB in this region. The residuals can be grouped into three bins with distinct
differences in travel time residual. Variations in mantle velocity structure cannot be ruled out, but given
the relative wavelengths of the arrival time variation and likely mantle velocity variations [van der Voo et
al., 1999], it is more likely that they result from variations in velocity structure at the CMB. The bins
located in Figure 1 and indicated on the data in Figure 3 are shown (boxes). These bins provide the data
for the stacks labeled with the same Roman numerals in Figure 9.
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branches from transition zone structure in the offset range
where the PNE data show arrivals from the CMB. However,
if the length of the direct P arrival and PcP are the same,
then there is nothing to suggest that additional structure
exists at the CMB. However, the existence of fine structure
at the CMB would be suggested if there is a significant
difference in the character. If the PcP arrival is longer then
the direct wave, this would clearly show CMB structure.
[18] An example of the KRATON-1 first arrival recorded

at 3430 km on the Gräfenberg array station GRB2 shows a
simple first arrival (Figure 6). The first arrivals from
KRATON-1 at the NORSAR array and on the PNE sections
are more complex because there are three interfering P
branches at this offset (2620–2680 km) (Figure 6). The first

arrival on the Gräfenberg record is similar to the short-offset
arrival recorded with Taiga instruments, i.e., the Pn arrival
in the offset interval 180–350 km (Figure 7a). At other
offset ranges the first arrivals are the complex interference
of several reflected and refracted arrivals from the upper
mantle and transition zone making the determination of the
direct waveform impossible from the first arrivals. In the
appropriate offset range the first P is a combination of at
least three different arrival branches from the transition zone
(Figure 7b). Hence our observations of CMB phases are in
the same offset interval as the complex interference phases
from the transition zone. Therefore we cannot compare the
CMB arrivals to the first arrival waveforms at the same
offset to assess the complexity of the CMB structure.

Figure 5. Measured instrument response and theoretical response parameters for the Taiga
seismometers used in recording Russian PNE data. (a) Calibration pulse (recorded at the end of a
number of individual traces on the PNE records) showing increasing amplitude with frequency.
(b) Calibration pulse with a drop-off in sensitivity beyond 10.5 Hz in the power spectrum. Frequency
responses (amplitude spectra) for selected short-period instruments from NORSAR, station KONO (part
of the Global Seismic Network), and the Gräfenberg array are shown for comparison. The Taiga
seismometer has a higher sensitivity than most short-period recorders at frequencies above 5 Hz. In order
to estimate an average instrument response, we fit a polynomial function to the average of several of the
frequency responses. Only a few stations have response information forcing us to estimate responses for
the other instruments from those we have. Fortunately, these individual responses show a large degree of
similarity. (c) Two other parameters, K and E, determining the frequency response of the PNE
instruments. These parameters effectively show a linear amplitude increase with frequency. The
frequency response is a combination of these parameters and the calibration pulse (equation (1) in text).
(d) Applying the Taiga frequency response to a theoretical waveform with a peak frequency of 1 Hz,
which results in a shift to high frequencies in the power spectrum.

B08303 ROSS ET AL.: CORE-MANTLE BOUNDARY SEISMIC PROFILES

7 of 19

B08303



Figure 6. (a) First arrivals for KRATON-1 recordings compared to data from the NORSAR array,
Gräfenberg array, and other seismic stations with short-period seismographs. The offsets and data sources
are indicated next to the traces. All data are displayed relative to the theoretical P arrival time from the
IASP91 standard model. Theoretical P arrivals from the upper mantle and transition zone (arrows) are
indicated. For nearly every case, there is more than one P arrival branch which complicates the first
arrivals significantly because of interference between the phases. The first arrivals are much simpler for
large offsets where only one P arrival is expected, mainly because of the lack of interfering phases as seen
on the trace from the Gräfenberg array at 3430 km offset. (b) First arrivals for KRATON-1 and
BATHOLITH-2 for short-period recording arrays outside the former Soviet Union. Arrows indicate P
arrival times at the NORSAR data for KRATON-1 (station codes beginning with NB, top 3 traces). These
arrivals are more complicated than for the same shot recorded by the Gräfenberg array at larger offset
(station codes beginning with GR), which show a simple arrival for both KRATON-1 and for
BATHOLITH-2 at even larger offsets (last 3 traces). For comparison, the synthetic seismogram at offset
2672 km is shown convolved with the instrument response of the NORSAR array. (c) This synthetic
seismogram calculated for the IASP91 model [Kennett and Engdahl, 1991] and modified to include a
seismic interface at 538 km and the 660 km interface shifted to a depth of 662 km. Ray paths for P and
PcP arrivals from KRATON-1 to the NORSAR array, showing the multiple arrivals from the transition
zone at a source-receiver offset of 2672 km, are shown.
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Figure 7
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Instead, we estimate the source waveform from near-source
and very long-offset recordings (e.g., Gräfenberg) for this
evaluation.
[19] It has been suggested that the long-lasting first

arrivals observed at the offsets where we see the CMB
arrivals may be caused by source effects. One possibility is
that the complex waveform is caused by ghosts from the
free surface. However, the depth of the detonations was
between 0.5 and 1 km, which corresponds to a delay time
for the ghost of <0.5 s. This is much shorter than the
observed length of the CMB phases. It has been proposed
that the long direct waveform at these offsets is due to
spalling and the collapse of the cavity produced by the
exceptionally large charges. However, synthetic modeling
of PNE source characteristics using local geological models
obtained from borehole logs reproduces the observed wave-
forms without introducing spall or collapse effects [Murphy
et al., 2001]. We find that such effects are mainly observed
on recordings of waves from the nuclear explosion test sites,
such as at Semipalatinsk and Novya Zemlya. Furthermore,
the observed first arrivals at short offsets (Pn arrivals at
180–330 km) and at far offsets (>3500 km) are simple and
show no indication of trailing energy to the main direct
phase (Figure 7). Hence such effects can be ruled out as
possible causes of the long direct waveform. In many cases
the first arrival is substantially longer than the CMB phases
which clearly demonstrate that its length may be determined
by interference between several seismic phases.
[20] The waveform of the first arrivals is the combined

interference effect of several waves that arrive from the
mantle transition zone. Therefore we cannot use first arriv-
als on the traces that recorded the PcP reflections as input
waveforms for modeling. Instead, we estimate the source
waveform from the small offset recordings of the Pn wave
signal where there is least contamination from upper mantle
structure. This approach is justified by a simple first arrival
from the KRATON-1 shot recorded at the Gräfenberg array
(Figure 6). NORSAR and Gräfenberg array data show
simple first arrival waveforms from PNEs except at medium
range offsets (around 2000–3200 km) where multiple
branches produce multiple first arrivals. Data from other
stations show similar variability (Figure 8).
[21] The difference in length of the PcP arrivals indicates

that there is a difference in the character of the interfaces
which produce the arrival. The long waveform of the CMB
arrival is not consistent with a reflection from a simple first-
degree discontinuity between the lower mantle and the outer
core. Hence these arrivals suggest additional structure at the
CMB which we can observe in the PcP arrival. In section 6
we discuss stacking of the data and variations in the
resulting waveform from different offset bins. This provides
further indication that there is additional complexity at the
core-mantle boundary. If all complexity in the PcP arrival
was due to source or receiver effects, these effects should be

either universal (for source effects) or most likely at short
wavelength and random. The fact that we can identify
groups of arrivals with common characteristics which
include 10–20 different traces and hence an offset range
of l00–200 km is neither random nor universal. It is a result
of complexity at or around the CMB.

6. Data Stacks and Lateral Variation in PcP

[22] The data quality is high enough for KRATON-1 and
BATHOLITH-2 to estimate the signal waveform at certain
offsets on single seismograms. As a result of the large
number of traces we can further improve the signal-to-noise
ratio by stacking the data. This allows a good estimation
of the exact shape of the waveform at the CMB. The
overall length of the arrivals is typically 2–3 s, which is
significantly longer than expected from reflectivity calcu-
lation of the reflection waveform for a single interface
using the IASP9l model and an average wavelet derived

Figure 7. Details of record sections for KRATON-1 (trace normalized). (a) First arrivals (Pn) in the offset range 150–
350 km. These arrivals are simple. (b) First arrivals in the offset range 1800–3500 km (where PcP arrivals are observed at
later travel times), showing a complicated interference of arrivals from the upper mantle and the transition zone. Theoretical
travel times for P arrivals from the IASP91 model (straight lines) are shown. At most offsets within this range the first
arrivals are a combination of several branches. Additionally, we expect reflections from an interface at �520 km depth
[Ryberg and Wenzel, 1999], for which the travel times are not shown.

Figure 8. Seismograms for the two PNE shots KRATON-4
and KIMBERLITE-l shown in a window around the first
arrivals and phases from the CMB. The length of the first
arrivals is highly offset-dependent, whereas the PcP wave-
form is more constant. These traces were recorded by short-
period seismographs outside of the former Soviet Union. For
the shortest-offset case the P and PcP arrivals are dissimilar
with different durations. However, the duration and wave-
form of the arrivals tend to become similar with increasing
offset. Seismic stations are as follows: MAJO is Matsushiro,
Japan; ANTO is Ankara, Turkey; and SHIO is Shillong,
India.
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from the near-source arrivals from KRATON-1 (Figure 9).
No near-offset arrivals were recorded for BATHOLITH-2,
but the source parameters of the two PNEs are likely to
be similar where the frequency content may be slightly
higher for the BATHOLITH shot than the KRATON shot
(Figure 6b). Application of a Hilbert transform to the digital
BATHOLITH-2 data produces a waveform which closely
matches the waveform estimate for KRATON-1. The higher
frequency content for arrivals from the BATHOLITH-2 shot
than the KRATON shots is a source-related effect, as
evident from a comparison of the arrivals from these two
shots on the Gräfenberg and NORSAR arrays (Figure 6b).
[23] We interpret the recorded waveforms from around

the CMB as a combination of at least two separate arrivals:
(1) from the top of the ULVZ (PdP [Revenaugh and Meyer,
1997]) and (2) from the CMB (PcP) with possible other
reflections in between. These are the first data to show the
existence of the ULVZ at the CMB in Siberia [Garnero et
al., 1998]. The complex waveform cannot be caused by
near-surface reverberations, since they are unlikely to affect
all stations over an 800–1200 km range of offsets. Further,
the recordings of the KRATON-2 and KRATON-3 shots
show simple waveforms comparable to the Pn arrival for
KRATON-1 and KRATON-4 in near offset on the
same stations that show the complex CMB waveforms for
KRATON-1 and KRATON-4. If the long waveform of
arrivals from the CMB had been the effect of crustal
structure, Pn would have been a long, reverbatory arrival
on the same stations for KRATON-2 and KRATON-3.
Surface ghosts (pP) for the PNE source depths (593 m
for KRATON-1, 567 m for KRATON-4, and 720 m for
BATHOLITH-2) are too close to the direct pulse to explain
the long wave train and also result in additional complexity
of the first arrival. Other source-related effects such as
delayed collapse of the cavity produced by the shot can
also be disregarded because both recordings of Pn at short
offset and the first arrival at long offset (>3400 km) show
very simple waveforms; compare to the recording of
KRATON-1 on the Gräfenberg array (Figure 6).
[24] Close examination of the arrivals from KRATON-1

and BATHOLITH-2 shows variation between individual
traces. On the BATHOLITH-2 record section the variation
between the traces is less than for KRATON-1, but
BATHOLITH-2 has a systematic variation along the record
(Figure 3). Three offset ranges appear to have relatively
coherent waveforms which vary in absolute travel times
and waveform duration (Figures 3 and 4). These variations
are likely due to variations in the properties of the CMB
along the BATHOLITH-2 profile. The lateral variation in
the waveform indicates lateral variation in the properties
(thickness or velocity) of the ULVZ with a wavelength of
150–200 km at the CMB. The short arrival in stacking bin
III (Figure 3) indicates a region where there is a much
thinner, or nonexistent, ULVZ than in the other two bins.
These are most likely small variations in thickness.
[25] The impression provided by the raw data is con-

firmed by the data stacks (Figure 9). The data were stacked
by aligning the arrivals within each stacking bin (three bins
for BATHOLITH-2 and one bin for KRATON-1) such that
the first onset time of the CMB arrival was the same. The
validity of the resulting stacks was checked by randomly
moving traces relative to each other to discover if any bias

Figure 9. Waveforms of the KRATON-1 and BATH-
OLITH-2 core-mantle boundary arrivals and the calculated
waveform for a reflection from a single interface CMB,
assuming propagation through the IASP91 velocity model.
The data show two separate phases (PdP and PcP). Most
traces are stacked. To take into account local receiver statics
and difficulties with picking the onset of the CMB arrivals
for some traces, maximum power stacks were calculated for
one offset bin for KRATON-1 and for three offset bins for
BATHOLITH-2. Only the traces indicated by triangles in
Figure 3 were used for stacking. However, adding the other
traces makes no difference to the overall waveform shape
and length. Numerals refer to offset bins located in Figure 1
and indicated in Figure 3. There are clear differences in the
waveform and complexity of the stacks for each offset bin.
The source waveform for modeling the KRATON-1 stack
was extracted from a windowed stack of direct arrivals in
the offset range 180–300 km (compare to Figure 7a). The
change in amplitude of PdP with frequency is identifiable
on individual traces (channel 120 from KRATON-1 is
shown here as an example). A significant amplitude
reduction for PdP occurs when frequencies above 1.5 Hz
are removed but not for the PcP arrival. Time is measured
relative to the predicted arrival time of PcP according to the
IASP91 model.
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was applied in picking the first arrivals. The very large
travel time difference between the first arrivals and the
CMB arrivals as well as their different travel paths in
the mantle means that variations in arrival time from the
expected arrival time for the first arrivals (receiver statics)
do not necessarily correspond in detail to the variations
apparent in the CMB arrivals. Therefore the first arrival
statics are not a good guide for stacking the CMB arrival,
although variations in the stacks appear to be similar to
those observed in the first arrivals.
[26] One concern in estimating variability at the CMB is

the large size of the Fresnel zone and therefore the low
resolution of short-wavelength features at the CMB in our
data. The size of the Fresnel zone for 1 Hz at the CMB is
130 by 260 km [Weber, 1993]. The frequency content of the
signals is much higher for PNEs than for earthquakes, such
that the Fresnel Zone is considerably smaller for these data,
on the order of 50 by 80 km. Our profiles are long enough
to sample the CMB over more than one Fresnel zone, and
therefore we do have information about lateral variation at
the CMB. In contrast, data recorded at the NORSAR and
Gräfenberg arrays have bounce points within one Fresnel
zone so that any lateral variation within these arrays is
probably caused by local structure at the receivers and
cannot be related to structure at the core-mantle boundary.
[27] The BATHOLITH-2 record section shows variation

in absolute arrival time over its offset range. Both core-
mantle boundary topography and mantle velocity variations
can cause changes in the absolute travel time of arrivals
from the core-mantle boundary and will cause variations in
the arrival time with a wavelength that corresponds to the
wavelength of the velocity or topography variations. Varia-
tions in travel time might be due to interference of phases
from the CMB where the ULVZ may decrease the ampli-
tude of the first part of the arrival (PdP) and preserve the
second part (PcP), which will create a short, apparently
delayed arrival.
[28] We have compiled some short-period recordings

from both the PNEs and other Soviet nuclear explosions,
i.e., weapon tests from Semipalatinsk (in what is now
Kazakhstan) and Novya Zemlya (Figure 10). The compila-
tion illustrates the large variability in waveform of the CMB
arrivals with offset and azimuth. For the Chiang Mai
(CHTO) station the first arrival and CMB waveforms are
similarly indicative of a simple CMB. The data from the
Ankara station (ANTO) show a double reflection for the
CMB region at far offsets indicative of a well-developed
ULVZ, also here with a tendency for a high-frequency
precursor compared to the second arrival. This station also
illustrates how a complex first arrival may be measured in
front of a double CMB arrival with much shorter duration
(at 1515 km offset) similar to our observations on
the PNE data at offsets out to �3200 km. The Toledo
(TOL) station shows a relatively complex first arrival
and generally a more complex CMB wave train with
substantial offset-dependent variation. Waveforms at indi-
vidual recording stations from different tests fired in close
proximity (e.g., at the Novya Zemlya test site) show
significant similarity over long time periods (Figure 11a).
At some offsets the amplitudes of the PcP arrivals and
the primary P are similar; in particular, at offsets close to
4500 km (Figures 11b and 11c). The lateral variations in

PcP character suggest a large degree of variability in the
nature of the CMB under Siberia. The amplitude of the
PcP arrivals from the PNE shots is very high at offsets of
4000–5000 km for a number of azimuths in agreement

Figure 10. Records of first P and PcP arrivals for different
seismological stations and nuclear test shots. The waveform
of PcP resembles the first arrival for station CHTO, whereas
the PcP arrival is much more complex and of longer
duration than the first arrival for station ANTO, even though
the first P is very similar for both stations. At shorter offset,
station ANTO shows a very complicated first P but only a
slightly longer and more complex PcP waveform. The
recordings at station TOL are similar for P and PcP for test
explosions at Semipalatinsk. These records indicate the
existence of an ULVZ at the bounce point of the ray on the
CMB. Records of a test shot at Novya Zemlya at the same
station show almost similar waveforms for P and PcP,
indicating a simple CMB at this bounce point.
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Figure 11
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with the expected variation in reflection coefficient for
PcP from modeling [Kampfmann and Mueller, 1989].

7. Frequency Split

[29] For the KRATON-1 shot the stacked waveform has
two interesting features. First, amplitudes are above the
ambient noise level at frequencies up to 3.5 Hz with the peak
frequency being 0.7 Hz higher for the early (PdP = 2.2 Hz)
than for the late (PcP = 1.5 Hz) phase (Figures 9 and 12).
Second, the amplitude of the precursor (PdP) is close to that

of the main arrival (PcP). Typical earthquake recordings
show significantly lower amplitudes of PdP than PcP and
require stacking of data to resolve the PdP phase [Mori and
Helmberger, 1995; Revenaugh and Meyer, 1997; Williams
et al., 1998]. In the PNE data the PcP and PdP phases are
visible without any processing (Figures 9 and 3). Applica-
tion of an appropriate low-pass frequency filter (at 1.5–2 Hz
roll-off) to the KRATON data significantly reduces the
amplitude of the PdP phase relative to the PcP phase
(Figure 9) and makes the trace appear similar to other
observations based on earthquake data at low frequency.
The preferential reflection of high frequencies suggests
tuning within a thin layer at the top of the ULVZ [Ake
and Sanford, 1988]. We investigate this possibility by
applying reflectivity modeling to the core-mantle boundary
reflections.

8. Modeling

[30] A simple calculation of travel time versus offset
based on the IASP91 Earth model confirms that the ob-
served arrivals in the PNE data are from the CMB. We have
also demonstrated that the waveforms are too long to be
simple, first-order reflections from the CMB. In this section
we discuss modeling with the aim of investigating the
possible range of fine structure at the CMB which could
lead to the observed arrivals.
[31] We modeled the stack from KRATON-1 using the

reflectivity program [Fuchs and Mueller, 1971] based on
one-dimensional models of the spherical Earth. We fit four
main observations: (1) the separate PcP and PdP phases,
(2) the overall duration of the wave train, (3) the high
amplitude of PdP relative to PcP, and (4) the different
frequency content of the two phases (Figure 12). The
variables are the number of layers, the layer thicknesses,
the layer P wave velocities, the layer S wave velocities, the
layer densities, the velocities and densities in the lowermost
mantle, and the outer core and the attenuation in the layers
at the boundary. The wide range of variables makes the
modeling necessarily nonunique. Furthermore, we have
only a limited amount of data to model since we lack access
to the first arrivals from BATHOLITH-2. Hence the model
we produce only applies to a limited region of the CMB.
[32] The input waveform was extracted from first arrivals

on near-offset traces between 200 and 350 km offset, i.e.,
Pn arrivals. This is a simple waveform (Figure 7a). Our
choice of input waveform is justified by recordings from
long offsets (>4000 km) where a simple first arrival is also
observed (Figure 6b). Intermediate offsets have more com-
plicated first arrivals because of the multiple arrivals from
the mantle transition zone which interfere at these offsets

Figure 11. (a) Records from several explosions at the Novya Zemlya test site recorded at station CHTO (Chiang Mai,
Thailand). The explosions had magnitudes of between 5.6 and 5.9 mb. They have very impulsive P onsets and clear PcP
arrivals. The P and PcP arrivals from different nuclear tests show a great deal of similarity even though the shots range in
time from years 1978 to 1990. There is no precursor to PcP, indicating a simple CMB boundary at this location, and the first
arrival waveform is more complex than the PcP arrival in this offset range. (b) Recording of the KRATON-4 PNE by the
NORSAR array. A very clear PcP arrival is present at almost all stations of the array. (c) The amplitude of this arrival
relative to the first arrival, plotted as mean amplitude in a 15 s window around expected arrival time. For some stations the
PcP arrival amplitude equals the P arrival amplitude. The noise level was calculated in a window beginning 20 s before the
PcP arrival.

Figure 12. Amplitude spectrum for the KRATON-1
stacked PdP and PcP arrivals together with the calculated
reflection from a single CMB interface in the IASP91
model. The window size is 2 s for each spectrum with a
cosine taper applied at both ends of the data window. Note
that the PdP phase has a significantly higher frequency
content than the PcP, with a peak amplitude at 2.2 Hz as
opposed to 1.5 Hz. The calculated arrival has a peak
frequency close to that of the PcP phase.
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and so cannot be used. This is the case for the offset ranges
where CMB phases are observed. The synthetic trace
calculated at 2672 km offset for our input waveform
resembles closely the recorded signal on the NORSAR
array (Figure 6b). The waveform has been filtered with
the instrument response of the NORSAR recorder.
[33] The simplest modeling case is a single interface

between two half-spaces with the velocities and densities
according to the IASP91 model. Modeling the PcP arrival
with this simple model does not lead to the observed
waveform complexity. Rather, the calculated waveform is
very simple with too short a duration to explain the
observations (Figure 13a). The simple PcP reflection cannot
explain the observations, which leads us to investigate a
more complicated set of boundaries at the CMB.
[34] The second simplest possibility is a one-layer model

of the CMB defined by two interfaces. We investigated this
initially with a range of models with both positive and
negative velocity contrasts relative to the lower mantle
velocity. A high-velocity/high-density layer produces a set
of models which do not resemble the expected waveform in
any way when constrained to the overall waveform length
observed. However, a velocity decrease produces a much
more acceptable waveform, particularly with respect to the
relative polarity of the two separate arrivals. Varying the
thickness of the layer (Figure 13a) shows that a more than
10 km thick layer produces too long a waveform while a
5 km thick layer produces too short a waveform. There is a
trade-off between layer thickness and velocity (in this case
we assumed a velocity of 12.3 km s�1 corresponding to a
10% velocity decrease from the lower mantle velocity of
13.6 km s�1). A different velocity would produce a different
thickness. The maximum and minimum velocities (and
thicknesses) are limited by the lower mantle and outer core
P wave velocities, respectively. These constraints fix the
maximum thickness at 8.2 km and the minimum thickness
at 4.8 km in a simple ULVZ model.
[35] Since neither a single interface at the CMB nor a

simple one-layer ULVZ can explain the observed wave-
form, we have to include yet further complexity at the
CMB. A two-layer model matches the waveform and
reproduces the observed frequency difference between the
two parts of the waveform by tuning in the thin upper
sublayer (tuned to frequencies at 2.5 Hz for the PdP). A
high-velocity lower layer produces the wrong polarity of
the PcP arrival (Figure 13b) which fixes the velocity of
the ULVZ layer between 13.6 km s�1 (lower mantle) and
8.0 km s�1 (core) and provides a thickness range for the
ULVZ of between 4.8 and 8.2 km. The amplitudes of the
PdP and PcP phases are comparable at high frequency
which further constrains the possible velocities of the two
layers. As a consequence of the tuning effect in the upper,
thin layer, the velocity contrast may differ by up to a factor
of 2. Hence the preferred model is relatively well deter-
mined. The thickness of the ULVZ is close to the lower
thickness bound reported in other areas [Garnero et al.,
1998]. Our preferred model consists of a 1.2 km (upper) and
a 6 km (lower) layer (Figure 14). The thickness uncertain-
ties are ±0.3 km, and the relative velocity uncertainties are
±2% or 0.2 km s�l (Figures 14b and 14c). The exact
parameters used are listed in Table 1. This model is an
end-member model, ignoring attenuation within the low-

velocity layers. If, as suggested by other studies, the ULVZ is
partially molten, it should have a significantly stronger
attenuation and hence lower quality factor Q than the lower
mantle. Including attenuation within the ULVZ has little
effect on the waveform for Q > 150 because of the limited
thickness of the layers. At Q < 30, no reasonable velocities
can produce an acceptable fit to the data, fixing the minimum
value of Q to 30 and the minimum thickness of the ULVZ to
5.7 km (Figure 15 and Table 1). The shape of the waveform

Figure 13. Results of reflectivity modeling of the stack
from KRATON-1, illustrating the effect of thickness and
velocity of a single layer CMB on the calculated waveform.
The source waveform was extracted from the first arrivals
near the source. (a) The effect of layer thicknesses between
5 and 10 km. A thickness of 7 km provides the correct
duration of the waveform although not a good fit to the
waveform. (b) A sequence of low-velocity decreases in the
ULVZ for a double-layered CMB. This can explain the data,
whereas a high-velocity layer cannot provide a fit. The
observed data (dashed lines) and calculated waveforms
(solid lines) are shown.
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is relatively insensitive to the density within the ULVZ. We
have considered models with higher densities than in the
overlying lower mantle, but such models cannot explain the
observations [Thybo et al., 2003b]. Introducing more than
two layers into the model is not supported by the available
data and tends to produce internal multiples, which lengthen
the wave train beyond that observed.
[36] The frequency content of the source is very impor-

tant (Figure 16). The modeled 7 km thick layer becomes
virtually indistinguishable from a single interface at the
CMB for waveforms with a maximum frequency content of
around 1.5 Hz. A higher frequency content is required in the
data for such a thin layer to be observable with the velocity
range at the CMB. This suggests the possible existence of a
thin ULVZ layer in other regions where no precursor has
been observed because the frequency content of most

earthquake source signatures is relatively low. A very thin
layer (0.12–0.18 km) of nonzero S wave velocity from a
core-rigidity zone has been reported in the Tonga-Fiji region
from analysis of ScP data [Rost and Revenaugh, 2001]. This
layer is visible because of the extremely low S wave
velocities in the layer.

9. Discussion

[37] Our data indicate fine structure in an extremely thin
ULVZ at one location in Siberia (from profile KRATON)
and lateral variability in the CMB region at another location
under Siberia (from profile BATHOLITH). The character of
the CMB arrival of the KRATON and the BATHOLITH
profiles is different. The CMB arrival for BATHOLITH-2 is
much clearer and more consistent with offset than for

Figure 14. Results of reflectivity modeling of the stack from KRATON-1. The source waveform used
for modeling was extracted from the first arrivals near the source. The length of the wave train constrains
the overall thickness of the zone to around 7 km with thickness uncertainties of ±0.3 km. The stack
(dashed line) and the calculated synthetics (solid line) are shown. (a) Preferred model of the CMB based
on modeling of the stack from the KRATON-1 section. Velocity changes (both P and S waves) of <2%
(�0.2 km s�1) in the (b) lower and (c) upper layers, which do not affect the waveform significantly.
However, larger velocity changes reduce the fit to the data to below acceptable levels. Abbreviation vp is
compressional velocity versus shear velocity. The parameters for model A are listed in Table 1.
Abbreviations are as follows: vp is compressional velocity, vs is shear velocity, a is the upper layer within
ULVZ, and b is the lower layer within ULVZ.

Table 1. Parameters for the Models Shown in Figures 14 and 15a

Model za, km
vpa,

km s�1
vsa,

km s�1 Qpa Qsa

ra,
kg m�3 zb, km

vpb,
km s�1

vsb,
km s�1 Qpb Qsb

rb,
kg m�3

ztotal,
km

A 1.2 12.3 4.6 1 1 6.06 6.0 10.3 4.1 1 1 6.06 7.2
B 1.2 12.3 4.6 150 150 6.06 5.0 9.1 3.1 50 50 6.16 6.2
C 1.2 12.3 4.6 150 150 6.06 4.5 8.8 2.9 30 30 6.16 5.7
D 1.2 12.3 4.6 150 150 6.06 4.5 8.5 2.9 20 20 6.16 5.7
Mantle above the ULVZ 13.69 7.3 5.56
Core 8.01 0.0 9.9

aLetters A–D refer to examples shown in Figure 15. Model A is our preferred model shown in Figure 14. Abbreviations are as follows: z is thickness, vp
is compressional velocity versus shear velocity, Qp and Qs are quality factor, r is density, and vs is shear velocity (a is the upper layer within ULVZ, and b is
the lower layer within ULVZ). Subscript letters refer to upper (section a in Figure 14a) and lower (section b in Figure 14a) layers of the ULVZ. The total
thickness of the ULVZ is given by ztotal.
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KRATON. This is either because of different noise levels
on the two profiles or because of different CMB structure in
the two data areas. A difference in the CMB between
BATHOLITH and KRATON is supported by data from
other sources. Global P wave tomography modeling
[van der Voo et al., 1999] shows a change in the lower
mantle seismic velocity at the CMB in the region of the
BATHOLITH-2 profile. There is a shift from a positive
velocity anomaly at the CMB beneath KRATON to a
negative velocity anomaly underneath BATHOLITH. It has
been suggested that this difference indicates the presence of a
subducted slab from the Pacific rim subduction zones in this
region. This cold slab may be cooling the lower mantle
leading to an extremely thin ULVZ (or no ULVZ) underneath
part of profile KRATON. Here we present evidence for the
presence of a very thin ULVZ in the center part of the profile
which adds constraints to the possible expected extent of the
proposed slab. The lower velocities at the CMB beneath
BATHOLITH suggest higher temperature than under
KRATON which may allow the presence of a thick ULVZ.
This is reflected in the long-duration arrivals from the CMB
for this profile. We observe variations in duration of the
arrivals and hence the thickness and/or physical properties of
the ULVZ over distances of around 150–200 km consistent

with observations from the CMB beneath the Pacific Ocean
[Williams and Garnero, 1996;Wysession et al., 1999]. These
variations are possibly sharp enough to generate diffractions
at the edges of the separate regions. However, several
different mechanisms could be responsible for some of our
observations, although a variable, multilayered ULVZ
provides the best explanation of our observations.
[38] Though nonunique, our waveform modeling sug-

gests that velocities in the ULVZ are very low with velocity
reductions of �10% for P waves and �37% for S waves in
the upper layer and 25% for P waves and �45% for S waves
in the lower layer of the ULVZ at the CMB below
KRATON-1. The values for the upper layer are consistent
with previous estimates for ULVZ velocity reductions of
�10% for P waves and �30% for S waves [Garnero et al.,
1998]. Taking the uncertainties in the fit for the best model
into account, the velocity reduction in the lower layer could
be as little as 23% and 43% for P and S waves, respectively.
These velocity reductions are larger than most previous
studies. However, analysis of SPdKS beneath the Pacific
ocean and recorded in North America shows P wave
velocity reductions of 18% for P waves and 50% for S
waves [Rondenay and Fischer, 2002, 2003], which are very
close to our values. This study also suggests the existence of
a two-layer ULVZ. These low velocities are within accept-
able possible velocities for reasonable amounts of partial
melt for S waves (Figure 17) with the exact amount of
partial melt being dependent on the exact melt geometry
[Mavko, 1980]. However, the P wave velocity in the lower
layer is outside the predicted range of velocities for the

Figure 15. Modeling result of the effect of quality factor
Q. A unique solution does not exist because of a trade-off
between Q, velocity, and the thickness of the lower layer.
Model A is the best fit model shown in Figure 14. Lowering
Q requires lower P and S wave velocities in the lower layer
and a reduced thickness. No acceptable combination of vp
and vs could be found for Q < 30 in the lower layer. The
variable vpb is the P wave velocity of the lower ULVZ layer.
The velocity of the upper layer, vpa, is 12.3 km s�1. Full
parameters for the various models are listed in Table 1.

Figure 16. Illustration of the importance of the frequency
content of the source waveform for identification of a thin
ULVZ. The result of reflectivity calculations for a single
interface (dashed line) and the data after bandpass filtering
(solid line) are shown, with the frequency characteristics
listed to the right of the figure. For frequencies <1 Hz the
thin ULVZ becomes indistinguishable from a CMB with no
ULVZ present.
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modeling by Williams and Garnero [1996]. Although not
consistent with the partial melt modeling, these values are
not outside the range of previously modeled ULVZ param-
eters, especially for thin ULVZs where a trade-off between
P wave velocity and thickness exists [Revenaugh and
Meyer, 1997; Garnero and Helmberger, 1998]. One possi-
ble explanation for the very low velocities is sedimentation
of light silicic material at the CMB which would produce a
very low velocity layer with velocity reductions of 25% for
P waves and 50% for S waves [Buffett et al., 2000].
[39] The difference between the two layers could there-

fore represent either a change in the percentage of partial

melt or, possibly, of the melt geometry (a cumulate layer at
the top of a high-percentage melt layer may be a possibil-
ity). The two layers could also be a combination of partial
melt and other low-velocity material such as silicic sedi-
ments. In our upper layer, partial melt percentages could be
between 5% and 30%. The extremely low velocities in the
lower layer are consistent with percentages of melt from
15% to 40% [Williams and Garnero, 1996]. The density of
mantle melts at very high temperature and pressure is higher
than the surrounding matrix [Rigden et al., 1984, 1989]
such that any melt would sink to the bottom of the melt
layer. This would be consistent with a two-layer model with
a higher percentage of melt in the lower layer of the ULVZ
than at the top of the ULVZ.

10. Conclusions

[40] We observe clear seismic phases from the core-
mantle boundary on high-density record sections from three
nuclear explosions in Siberia. The arrival times and move-
out velocities of these phases are consistent with the
expected reflection times from the CMB of the PcP phase.
On one profile the observation is made on reversed record
sections. Hence we are confident that the seismic phases
originate from the CMB.
[41] The long waveform and a complex precursor (PdP)

to the PcP reflection from the CMB demonstrate the
presence of an ULVZ under Siberia, where previous inter-
pretations indicate that such a zone is absent. The complex-
ity of the phases indicate additional structure within the
ULVZ at one location. It has been suggested that the
complexity is caused by effects of the seismic source, such
as ghosts or collapse and spalling of the cavity produced by
the powerful explosions. However, our observations show
that such causes can be ruled out, and the observation
requires the presence of an ULVZ. Observations on the
global seismograph network of signals from several nuclear
explosions confirm a strong lateral variability in the CMB
phases.
[42] The modeled velocities in the CMB under Siberia are

consistent with the presence of high percentages (10–40%)
of partial melt in the ULVZ and decreasing melt percentage
with distance from the CMB. Our discovery of a complex
ULVZ under Siberia suggests that the CMB may generally
be complex and that it may exist in a larger part of the Earth
than hitherto suggested (12%). Our observations demon-
strate high lateral variability of the properties of the ULVZ.
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