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SUMMARY

Detailed interpretation of upper-mantle scattered waves recorded in the 800—1400 km offset
range of four reversed ‘peaceful nuclear explosion’ seismic sections along the 3500 km long
profile Kraton in Russia has revealed an ~85 km thick seismically inhomogeneous low-velocity
zone below the 8° discontinuity at ~100 km depth. The scattered waves make up a wave train of
high amplitude that decreases in duration from ~8 s at 800 km offset to ~4 s at 1400 km offset.
2-D elastic finite-difference modelling of the seismic wavefield has previously shown that the
inhomogeneous zone from ~100 to ~185 km depth may be described by continuous, random
velocity fluctuations represented by an exponential medium with a horizontal correlation length
of 5-10 km, a vertical correlation length of <5 km and a standard deviation of ~2 per cent
of the average background velocity value. Here, we demonstrate that other proposed velocity
fluctuations in the lower crust and in the uppermost mantle from the Moho to ~100 km depth
cannot explain the observed scattered phases. Our study shows that upper-mantle velocity
fluctuations below the 8° discontinuity at 100 km depth are needed in order to explain the
observed seismic wavefield, and that they lead to scattering that is significantly different from
the scattering caused by the fluctuations at shallower levels.

Key words: 8° discontinuity, scattering, seismic modelling, seismic waves, synthetic
seismograms, upper mantle.

INTRODUCTION

Global seismic discontinuities that are identified in continental ar-
eas include the Mohorovici¢ discontinuity (Moho) between the
crust and mantle, the 8° discontinuity at ~100 km depth (Thybo &
Perchu¢ 1997), the upper boundary of the transition zone at around
400 km depth (Jeffreys 1936) and the 660 km discontinuity (Niazi &
Anderson 1965). Other discontinuities that are often interpreted in
the upper mantle beneath continents are the Lehmann discontinuity
at approximately 210 km depth (Lehmann 1964) and the 520 km
discontinuity (Shearer 1993; Egorkin 1997).

Complicated wave patterns observed in high-resolution,
controlled-source, wide-angle and deep normal-incidence seismic
data sets are linked to small-scale inhomogeneities embedded in
the crust and mantle between the major discontinuities. Levander
& Holliger (1992) show that scattered seismic arrivals observed in
southern Germany are in agreement with a model in which the lower
crust contains small-scale velocity fluctuations, as observed in the
Ivrea zone, where lower crustal rocks are exposed to the surface. Ac-
cording to Tittgemeyer ez al. (1996) and Ryberg et al. (2000), the so-
called teleseismic P, phase observed to large offsets along ‘peace-
ful nuclear explosion’ (PNE) profile Quartz (Fig. 1) indicates that
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the uppermost mantle from Moho to approximately 100 km depth
contains thin, horizontally elongated velocity anomalies. However,
Morozov et al. (1998), Morozov & Smithson (2000) and Nielsen
et al. (2003) suggest that these seismic arrivals should rather be un-
derstood as whispering-gallery phases that are influenced by crustal
scattering. Based on a global investigation of several high-resolution
long-range seismic sections, Thybo & Perchu¢ (1997) proposed an
upper-mantle model for continental areas in which an approximately
100 km thick zone between the §8° discontinuity and the Lehmann
discontinuity contains seismic scatterers. The average velocity of
this zone is slightly reduced compared with the surrounding man-
tle, which is explained by this part of the upper mantle being partially
molten. Nielsen et al. (2002) show that delayed and scattered upper-
mantle P waves observed along the PNE profile Kraton (Fig. 1) may
be explained by an inhomogeneous low-velocity zone situated at
~100-185 km depth.

Based on 2-D visco-elastic finite-difference modelling, we cal-
culate the seismic wavefield response of crustal and upper-mantle
models, which contain stochastic velocity fluctuations. We show
that velocity fluctuations between 100 and 185 km depth lead to
scattered phases that are fundamentally different from those that
result from other suggested velocity anomalies in the lower crust
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Figure 1. Location map of profile Kraton. The four stars show the locations of the PNE shot points. The scattered field is observed on all four shots. The
locations of deep seismic profiles Fennolora and Quartz are shown by thin lines. The names of the main tectonic provinces are given in italic.

and uppermost mantle to ~100 km depth. The studies are based on
seismic data collected along the 3500 km long PNE profile Kraton,
and we show that only the model with a heterogeneous low-velocity
zone below the 8° discontinuity can explain the observed coda.

OBSERVED SCATTERED
UPPER-MANTLE PHASES

Scattered mantle phases of high amplitude behind the first arrivals
are mainly observed at offsets >800 km in the four PNE seismic sec-
tions along profile Kraton. The main frequency of these phases is ~2
Hz for PNEs 1, 2 and 4 (Fig. 2) and ~3 Hz for PNE 3 (¢f. Nielsen
et al. 2001). In combination with the average receiver spacing of
~15 km, the 2 Hz seismic signals permit high-resolution investiga-
tion of upper-mantle structures. The important characteristics of the
scattered arrivals are as follows.

(1) The scattered arrivals are mainly observed in the ~800—
1400 km offset range.

(2) The wave trains of high-amplitude scattered phases decrease
in duration from approximately 8 s at ~800 km offset to ~4 s at
~1400 km offset. The coda duration is ~1.5 times the expected time
interval between the reflections from 100 and 185 km depth.

(3) Withrecordings made at ~15 km station spacing the scattered
arrivals show little lateral correlation and individual phases cannot
be confidently identified in the up to 8 s long time window in which
the scattered waves appear.

These key observations are consistently made in all four Kraton
record sections. Only weak scattering is observed directly behind
the first arrivals at offsets <800 km, although a coda of up to 2-3
s duration is evident. Delays of up to ~1-2 s are observed at 900—
1000 km (~8°) offset in all four sections recorded along profile Kra-
ton (Fig. 2; Nielsen ez al. 2001). These delays constrain an ~85 km
thick inhomogeneous low-velocity zone below the 8° discontinuity
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at ~100 km depth (Nielsen e al. 1999). It is unlikely that delays
caused by lateral variations in the velocity field always appear at
900-1000 km offset in the seismic sections along the line. Thus, the
delays should be explained by the vertical mantle velocity structure.

Beyond ~1800 km offset a weak, linear phase, the Lehmann
refraction, from below the zone of scattering is observed. Strong
reflections from approximately 350 km depth and the top of the tran-
sition zone (~410 km) are observed at offsets larger than 1500 km
(cf. Thybo et al. 1997).

FINITE-DIFFERENCE MODELLING
OF SCATTERED PHASES

Based on the results of Nielsen ez al. (1999), we subdivide the upper
mantle down to the 400 km discontinuity into three principal layers:
(1) from 35 to 100 km depth the velocity increases from 8.04 to
8.44 km s~!; (2) from the 8° discontinuity at 100~185 km depth the
vertical velocity gradient is almost zero and the background velocity
is slightly reduced compared with the surrounding layers (Nielsen
et al. 1999) (here we have chosen a constant velocity of 8.44 km s~!
for this interval); (3) below 185 km depth (the Lehmann discontinu-
ity) the velocity gradient is positive from a velocity of 8.44kms™! . In
order to investigate the origin of the observed scattering, we consider
three different types of stochastic velocity models: (1) a model in
which the lower crust contains velocity fluctuations as described by
Holliger & Levander (1992) (Fig. 3a); (2) a model containing thin,
horizontally elongated velocity anomalies in the uppermost man-
tle from 35 to 100 km depth as proposed by Ryberg et al. (2000)
(Fig. 3b); (3) a model where the 100185 km depth range contains
random velocity fluctuations represented by a medium that follows
a von Karman distribution function with a Hurst number of 0.3, a
horizontal correlation length of 10 km, a vertical correlation length
of 5 km and a standard deviation of 2 per cent of the average back-
ground velocity value (c¢f. Nielsen et al. 2002) (Fig. 3¢); (4) a model
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Figure 2. Data recorded along the Kraton profile from PNEs 2 and 4. The data sections are shown in reduced traveltime format (reduction velocity is 8.7

km s~1). The scattered arrivals observed in the 800

—1400 km offset range are indicated by grey rectangles. Amplitudes are scaled proportional to offset. The

vertical arrows mark the traveltime delays associated with the 8° discontinuity. Tilted arrows identify the refraction from below the Lehmann discontinuity,

PLn. Note that the observed scattered phases do not interfere with the reflected arrivals from the top of the transition zone (P410P). The dotted line indicates a

reflection from approximately 350 km depth (¢f’ Thybo & Perchuc 1997).
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Figure 3. Images of the models investigated in this study. Only 100 km wide portions of the 2000 km wide models are shown. 1-D V,- and V' -profiles shown
to the left of the model images are extracted from the 2-D models at a distance of 3.4 km. (a) Model containing lower crustal velocity fluctuations according to
Holliger & Levander (1992). (b) Model containing thin, elongated velocity fluctuations from the Moho to 100 km depth according to Ryberg et al. (2000). (c)
Model containing fluctuations in the 100-185 km depth interval according to Nielsen et al. (2002). (d) Model combining all types of fluctuations. In all four
models, the background P-wave velocity structure is based on the tomographic image found by Nielsen ef al. (1999).
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which combines all the crustal and upper-mantle heterogeneities
described above (Fig. 3d). We use the flat-Earth approximation in
order to account for sphericity of the Earth (Aki & Richards 1980).
The model values given above and shown in Fig. 3 have been trans-
formed using this approximation, and, therefore, they are slightly
larger than the actual spherical-Earth values.

We use the visco-elastic finite-difference algorithm described by
Robertsson et al. (1994) for calculating the wavefield in the highly
inhomogeneous models. The models have been sampled with a hor-
izontal and vertical grid spacing of 170 m. In order to maintain
accuracy of the finite-difference calculations we only propagate sig-
nals with frequencies up to 4 Hz (five gridpoints/minimum shear
wavelength) on the grid. The synthetic seismograms are calculated
in time steps of 7 ms. Hence, we need to calculate 47 150 time steps
in order to obtain 330 s long seismic records. The size of the models
is 11765 x 1471 gridpoints (2000 x 250 km). Edge-effects, such
as reflections from the sides of the model, are suppressed by a 30
gridpoint wide zone of high attenuation (Q, = O, = 2), which sur-
rounds the model grid. In all models, we relate S-wave velocity and
density to P-wave velocity by assuming a Poisson ratio of 0.25 for
the crust and 0.27 for the mantle. Density is linked to P-wave veloc-
ity using the linear relationship of Birch (1961). For the visco-elastic
calculations, we have assigned Q-values to the crust and mantle. In
the upper 5 km of the crust we have chosen low Q-values (Q, = 100
and Q; = 60) to account for the damping effects of sediments and
faulted upper crystalline basement structures, and heuristically, the
effects of scattering attenuation resulting from small topography.
From 5 to 20 km depth, we select O, = 200 and Q, = 125. In the
remaining crustal column, 0, = 500 and Q, = 300. In the mantle
layer from Moho to 100 km depth and in the layers below 185 km
depth we select 0,- and Q,-values of 1000 and 600, respectively.
The reduced background Q-values (0, = 800 and O, = 450) from
100 to 185 km are selected because this depth interval has been
suggested to contain small amounts of molten material (Thybo &
Perchuc 1997).

The calculated visco-elastic seismic wavefield response of the
background model with lower crustal scatterers (Fig. 3a) is shown
in Fig. 4(a). The seismic arrivals of this section include: the
crustal refraction (Pg), the crust-mantle reflection (PmP), the upper-
mantle refracted wave (P), the Lehmann refraction (PLn) and the
whispering-gallery phase (WG) propagating as multiple refractions
along the underside of Moho (¢f Morozov & Smithson 2000;
Nielsen et al. 2003). The small-scale lower crustal fluctuations
mainly result in scattered phases in front of the PmP reflection at
short offsets. They also add a very weak coda of scattered phases
to all mantle phases. These scattered arrivals do not match the three
key observations because: (1) the coda to the 2 Hz mantle signals
is very weak and cannot account for the up to ~8 s long wave train
of high amplitude beyond 800 km offset and (2) the coda already
appears at short offsets (<200 km) and is not mainly restricted to
the 800—1400 km offset range.

The seismic section of Fig. 4(b) is the wavefield response of the
model, which includes scatterers from the Moho to 100 km depth
(Fig. 3b). Clearly, the upper-mantle fluctuations from 35 to 100 km
depth give rise to scattered arrivals of significant amplitude, which
trail the first arriving mantle waves. However, these scattered phases
do not fit the observed scattering because: (1) the coda duration
increases with offset, opposite to the observations; (2) at around
800 km offset the scattered wave trains only constitute a coda of
approximately 3 s length; and (3) the coda is not mainly observed
in the 800-1400 km offset range. Thus, the model of Ryberg et
al. (2000), which was proposed to explain the origin of the high-

frequency (>5 Hz) coda of the teleseismic P, phase, cannot account
for the scattered 2 Hz signals observed in the 800—-1400 km offset
range.

The seismic section in Fig. 4(c), which is calculated for the model
containing fluctuations in the 100-185 km depth range (Fig. 3c),
provides a better fit to the observed key features of the scattering: (1)
the length of the scattered wave trains decreases from approximately
8 s at 800 km offset to around 4 s at 1400 km offset and (2) the
scattered arrivals show only limited correlation and they are evenly
distributed over the 4-8 s long time window, which follows the first
arrivals.

The seismic response of the model, which combines all types of
heterogeneity that we are concerned with, is shown in Fig. 4(d). This
combined model does not provide a satisfactory fit to observations,
because scattering attenuation in the zone from the Moho to 100 km
depth reduces the scattering that can be observed from below the 8°
discontinuity. Therefore, our preferred model for the mantle below
profile Kraton does not include the heterogeneous zone proposed
by Ryberg et al. (2000). Ryberg et al. (2000) argue that the upper
mantle must include a ~100 km thick, strongly heterogeneous zone
below Moho in order to explain the characteristics of the teleseismic
P,, which is observed to offsets of more than 3000 km on PNE
profiles Quartz and Ruby. However, new visco-elastic waveform
modelling results show that the teleseismic P, may be explained
simply by a combination of an inhomogeneous lower crust and an
uppermost mantle with a positive vertical velocity gradient (Nielsen
et al. 2003).

DISCUSSION

Seismic scattering and low velocities below ~100 km depth are
reported from investigations of other high-resolution seismic data
sets in the Russian and adjacent areas. Wenzel et al. (1997) and
Tittgemeyer (1999) interpreted irregular first arrivals observed at
offsets >800 km of the PNE seismic sections of profiles Quartz and
Ruby (Fig. 1) to be the result of seismic scattering below ~100 km
depth. Ryberg et al. (1996) observe first arrival traveltime delays
of approximately 2.5 s at 800-900 km offset in the PNE recordings
along profile Quartz, which they interpret as being caused by low-
velocity zones in the depth intervals of ~105-130 and ~150-180
km along the northernmost and the southernmost halves of this pro-
file, respectively. From traveltime inversion, Morozova et al. (1999)
identify a low-velocity zone between ~100 and ~170 km depth
in the central part of the mantle beneath profile Quartz. Reflec-
tivity modelling of seismic arrivals detected along the ~2100 km
long Fennolora profile (Fig. 1) has revealed a strongly heteroge-
neous mantle layer from ~100 to ~150 km depth beneath the Baltic
Shield (Perchu¢ & Thybo 1996). Tomographic inversion of first
P- and S-wave arrivals observed along the Fennolora profile identi-
fies a low-velocity layer with a high V,,/V and a low Q-value for
S-wave propagation in the same depth range (Abramovitz et al.
2002). Thus, the modelling results reported here may apply to a
large part of the mantle below Russia and the Baltic Shield.

The scattered wavefield observed from 800 to 1400 km offset
in the Kraton records is seen on seismic sections from widely dis-
tributed shot points. Therefore, they cannot result from near-surface
effects. We have demonstrated that neither lower crustal nor up-
permost mantle heterogeneity from Moho to ~100 km depth can
account for the characteristics of the scattered wavefield. A heteroge-
neous, low-velocity zone between 100—185 km reproduces the char-
acteristics of the wavefield. Based on stochastic modelling, Nielsen
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Figure 4. Calculated data sections shown in the same reduced traveltime format and with the same amplitude scaling as the observed data of Fig. 2. (a) Seismic
response of the model containing velocity fluctuations in the lower crust (Fig. 3a). Annotated phases are: refraction from the crust (Pg); first arriving P-wave
from the upper mantle (P); the whispering-gallery phase (WG); refraction from below the Lehmann discontinuity at 185 km depth (PLn). (b) Seismic response
of the model containing velocity fluctuations from the Moho to 100 km depth (Fig. 3b). (c) Seismic response of model containing velocity fluctuations below
the 8° discontinuity (Fig. 3c). (d) Seismic response of the model which includes heterogeneity in the lower crust, in the uppermost mantle from the Moho to

100 km depth and from 100 to 185 km depth (Fig. 3d).

et al. (2002) investigate how the choice of the spatial correlation
parameters influence the characteristics of the modelled scattering
from the 100—185 km depth interval. For continuous, exponentially
correlated velocity fluctuations with a standard deviation of 2 per
cent of the average background velocity, they find that the best fit
to the observed scattered arrivals is obtained when the horizontal

© 2003 RAS, GJI, 154, 196-204

correlation is 5—10 km and the vertical correlation length is <5 km.
For the studied mantle phases with a centre frequency of ~2 Hz, the
Fresnel radius at 150 km depth is of the order of 50 km. Thus, the
actual geological structures that give rise to the scattering are below
the resolution limit of the seismic data, and the observed scattered
phases are caused by interference between the response of many
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Figure 4. (Continued.)

scatterers. The scatterers are comparable to the wavelength of the
input signal, as 2 Hz waves have a wavelength of approximately
4.25 km in this region. In Fig. 5, snapshots of the seismic wavefield
propagating through a model, which contains scatterers in the 100—
185 km depth range, are shown. At early times (¢ = 21.775 s), the
wavefield has only propagated through a small part of the scattering
zone. The scattered phases are of relatively small amplitude, and the
wave front is only slightly undulating. The wavefield gradually be-
comes more scattered as it propagates further through the model. At
t = 91.455 s, when the wave front has propagated to almost 800 km

1000 800 600 400 200 0
Offset (km)

offset, the secondary arrivals have higher amplitude than the first
arrivals and the wave front has become very irregular.

The observed scattering and the low average velocities in the
100-185 km depth interval may be explained by the existence of
small amounts of partially molten material in this zone (Thybo &
Perchu¢ 1997). According to Sato et al. (1989), up to 6 per cent
reduction in the velocity of the upper-mantle rock should be ex-
pected at the solidus temperature, a reduction that gradually in-
creases from ~85 per cent of the solidus temperature. Thus, small
partially molten bodies embedded in solid-state rocks of higher

© 2003 RAS, GJI, 154, 196-204
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Figure 5. Snapshots taken at three different times, 7, after shot. The seismic wavefield propagates through the model which incorporates heterogeneity from
100 to 185 km depth (Fig. 3c). The source is located at 56.28 km model distance. The thin black line shows the position of the Moho. Thick black lines indicate
the 8° discontinuity and the Lehmann discontinuity. P, P-wave front; P, crustal refraction; PmP, Reflection from the crust-mantle boundary (modified after

Nielsen et al. 2002).

velocity could lead to significant scattering of the seismic wave-
field. As discussed by Nielsen et al. (2002), rheological weakening
and low average velocities caused by high subsolidus temperatures
combined with randomly distributed small-scale anisotropic bodies
each having different velocities in the direction of wave propagation
may also explain the existence of the low-velocity scattering zone,
without melts being present. However, we see no viable explana-
tion as to why such phenomena should always occur from ~100 km
depth. Possible mineralogical changes in the upper mantle may also
lead to scattering. From geochemical studies, Griffin et al. (1996)
propose that the mantle lithosphere in the central part of the Siberian
kimberlite province is strongly layered. They suggest that depleted
lherzolites predominate to a depth of approximately 150 km, while
harzburgites comprise up to 60 per cent of the rock volume in the
150-180 km depth range.

Subhorizontal reflections have been detected at ~25 and ~35-44
s traveltime in the deep normal-incidence URSEIS data section col-
lected across the southern Urals (Steer ef al. 1998) and at ~22-25's
traveltime on crossing marine seismic reflection profiles from the
southeastern North Sea (MONA LISA Working Group 1997). If the
heterogeneous low-velocity zone below ~100 km depth is actually
partially molten then the reflectivity at ~22-25 s traveltime (~80—
90 km depth) might represent material that has solidified above
this zone. The normal-incidence reflectivity detected at ~35-44 s
(>150 km depth) may represent reflectors inside the ~85 km thick
heterogeneous zone below the 8° discontinuity or at its base.

Our preferred model (Fig. 3c) incorporates a heterogeneous
medium from 100 to 185 km depth, which is described by a von
Karman distribution function with a Hurst number of 0.3. It has
been noted that von Karman distribution functions exhibit self-
affine characteristics above their corner wavenumber (e.g. Holliger
& Levander, 1992).

CONCLUSIONS

Based on scattered arrivals observed in the PNE data of profile
Kraton and visco-elastic finite-difference calculations of the seismic
wavefield we draw the following conclusions.

(1) In order to fit scattered arrivals consistently observed in the
800-1400 km offset range of the PNE seismic sections along profile

© 2003 RAS, GJI, 154, 196-204

Kraton, we must incorporate an ~85 km thick scattering layer below
the 8° discontinuity at ~100 km depth.

(2) Models containing continuous stochastic velocity fluctua-
tions in the 100—185 km depth range lead to scattered phases that are
significantly different from the scattered arrivals caused by inhomo-
geneities in the crust and uppermost mantle above ~100 km depth.
In particular, they approximately follow the kinematics of waves re-
flecting from the top and bottom of the zone across the offset range,
but appear in a window approximately 1.5 times as long. Waves
scattered in the uppermost mantle appear with different kinematics
from the observed scattered field.

(3) Crustal effects cannot explain the observed scattered waves
that we are concerned with in this study.

(4) The previously suggested mantle heterogeneity from the
Moho to ~100 km depth does not fit the key characteristics of
the observed scattering. The fit to observations deteriorates if this
zone is included on top of the heterogeneous layer from 100 to
185 km depth because the wavefield is attenuated in the scattering
zone from the Moho to 100 km depth. Hence, our preferred model
for the mantle below profile Kraton does not include heterogeneity
from the Moho to 100 km depth.
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