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Abstract

A seismic survey with a receiver spacing of 50 m provided one of the most densely sampled wide-angle seismic reflection
images of the lithosphere. This unique data set, recorded by an 18-km-long spread, reveals that at wide-angles the shallow
subcrustal mantle features high amplitude reflectivity which contrasts with a lack of reflectivity at latter travel times. This
change in the seismic signature is located at approximately 120—150 km depth, which correlates with the depth estimates of the
lithosphere—asthenosphere boundary (LAB) of previous DSS studies. This seismic signature can be simulated by two-layer
mantle model. Both layers with similar average velocities differ in their degree of heterogeneity. The shallow heterogeneous
layer and the deeper and more homogeneous one correlate with the lithosphere and the asthenosphere, respectively. Studies
involving surface outcrops of ultramafic massifs and mantle xenoliths infer that the upper mantle is a heterogeneous mixture of
ultramafic rocks (lherzolites, harzburgites, pyroxenites, peridotites, dunites, and small amounts of eclogites). Laboratory
measurements of physical properties of these mantle rocks indicate that compositional variations alone can account for the
wide-angle reflectivity. A temperature increase would homogenize the mixture, decreasing the seismic reflection properties due
to melting processes. It is proposed that this would take place below 120—150 km (1200 °C, the LAB).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The structure and composition of the upper mantle
are still unknown and are controversial issues for the
Earth sciences. The mantle “stratigraphy”, and mantle
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lithology are very difficult topics to address. The only
means to obtain direct knowledge on the mantle
composition are the very limited surface exposures of
upper mantle units and the petrological study of
xenoliths. Recent advances in geothermobarometry
and trace element analysis allow the determination of
equilibration temperatures of individual grains of a
concentrate. These data can be placed in a temperature
depth context and provide a way to map mantle
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“stratigraphy” in terms of rock types and fluid related
processes (Griffin et al., 1996). Geochemical compar-
ison of mid-ocean ridge basalts and ocean island basalts
has also provided mantle models. However, the
chemical observations can be explained by a variety
of models. Petrological models for the mantle are also
controversial. Some models assume a mantle divided
into a depleted upper mantle and an undepleted lower
mantle, responsible for the mid-ocean ridge and ocean
island basalts, respectively. Two alternative models
have been proposed which also explain the chemical
observations: a layered mantle model (Anderson, 1990)
and the strongly heterogeneous plum-pudding mantle
model (Morgan, 1997; Morgan and Morgan, 1999).
Seismic surveys provide direct measurements of the
physical properties (P- and S-seismic velocities) which
constitute another link to the mantle structure. Con-
troversy on the velocity structure of the upper mantle
date from the early 1950s. Two of the earliest and best-
known models of seismic velocities of the Earth, one by
Jeffreys and a second by Gutemberg, differ at depth.
Gutemberg’s model requires a low velocity zone at
100-150 km depth to explain the 20° discontinuity,
while Jeffreys” model does not (Anderson, 1990).
Interpretations of the first long-range explosion seismic
experiments suggested a heterogeneous velocity struc-
ture for the upper mantle (Willmore, 1949). Since then,
the existence, depth and nature of major mantle
discontinuities has been discussed by seismologists
intensively; for example the 400 km (Jeffreys, 1936),
and the 220 km discontinuities (Lehmann, 1964).
Since the early 1980s, the structure of the upper
mantle has been one of the main topics of research in
Earth Science (Pavlenkova, 1996; Thybo and Perchuc,
1997; Perchuc and Thybo, 1996; Nolet, 1994; for
example). Expensive active source deep seismic
reflection/refraction experiments have been devoted
to study the upper mantle, for example GNOME, Early
Rise (Iyer and Hitchcock, 1989), FENOLORA (Gug-
gisberg and Berthelesen, 1997), the Peaceful Nuclear
Explosions (PNE) (Yegorkin et al., 1987) and most
recently the Deep Probe (Henstock et al., 1998). New
two-dimensional interpretations of these seismic data
sets show strong lateral variations of the velocity
structure within the upper mantle commonly inter-
preted as alternating high and low velocity layers
(Mechie et al., 1993; Ryberg et al., 1995, 2000;
Ryberg and Wenzel, 1999; Tittgemeyer et al., 1996,

1999; Morozov et al., 1998; Morozov and Smithson,
2002; Nielsen et al., 2003a,b). These studies and the
interpretation of passive teleseismic studies, which are
characterized by low resolving power, reveal hetero-
geneities at all scales within the upper few kilometers
of the mantle (Nolet, 1994). Upper mantle hetero-
geneities have been considered as responsible for the
high frequency teleseismic Pn event recorded in the
far offset wide-angle PNE shot records (Ryberg et al.,
1995, 2000; Ryberg and Wenzel, 1999; Tittgemeyer et
al.,, 1996; Morozov et al., 1998; Nielsen et al.,
2003a,b). Pn is then interpreted as a result of a
whispering gallery, multiply reflected and refracted
wave within the upper mantle (Menke and Richards,
1983). A number of recent studies (Calvert et al.,
1995; Pavlenkova, 1996; Perchuc and Thybo, 1996;
Warner et al., 1996; Thybo and Perchuc, 1997;
Carbonell et al., 2002; Nielsen et al., 2003a,b; among
others) associate the complex velocity structure with
stratified lithospheric mantle and propose a number of
possible mechanisms for its development, including
partial melting, phase transition, compositional
changes, trapped fluids, thermal boundary and tec-
tonic process related alterations.

The new technical improvements in seismic record-
ing has allowed a large number of recent deep seismic
multichannel reflection studies from different parts of
the world and from different geologic settings to
observe near vertical and wide-angle reflections from
the continental mantle (Calvert et al., 1995; Warner et
al., 1996; Steeretal., 1998; Cook et al., 1999; Carbonell
etal.,2000,2002). Although, the geotectonic origin and
significance of these events can be uncertain, their
location in the vicinity of major orogenic features
suggests that such anomalous reflective regions were
developed as a result of the direct involvement of the
subcrustal lithosphere in the tectonic processes affect-
ing the overlying crust. Because of the demonstrated
coupling between the crust and lithospheric mantle
(Zhao and McCulloch, 1993; Chen et al., 1994),
information on the internal structure, nature and
composition of the upper mantle is an asset to under-
standing the processes that affect it, and which play an
active role on the mechanisms and timing of large-scale
tectonic events that influence the crust.

The aim of this study is to present one of the highest
resolution wide-angle images of the upper mantle ever
obtained and the analysis of the seismic signature in the
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light of the existing geochemical knowledge from
xenoliths and limited surface exposures. The wide-
angle data discussed in this paper are unique in several
aspects. Wide-angle data are often acquired with
average trace spacing larger that 250 m. The shot
gather presented here features a trace spacing (50 m)
which is not common in on-land seismic wide-angle
data acquisition. This wide-angle image acquired in the
Urals features an unusually high lateral resolution.
Additionally, the midpoint between the source and
receiver locations lies in the center of the Urals
mountain range, sampling the root zone beneath the
core of the orogen. The upper mantle structure (beneath
the crustal root zone) is the result of mountain building
orogenic processes. Although, densely recorded
onshore—offshore wide-angle data were acquired dur-
ing the BABEL and the MONA LISA in the Baltic Sea
and the North Sea, respectively, these data sets do not
address mountain building orogenic processes. Thus,
the seismic image is probably unique in the sense that it
is an imaging process, which is not common in seismic
surveys of other orogenic zones like the Appalachians
or the Caledonides.

2. The wide-angle seismic reflection image of the
lithosphere

The high-resolution deep seismic wide-angle data
set analyzed in this study was acquired during the
URSEIS’95 (Berzin et al., 1996) multiseismic experi-
ment. This seismic data acquisition experiment which
was acquired across the Southern Urals (Fig. 1),
consisted of three main components: (1) a normal
incidence Vibroseis source component; (2) a normal
incidence explosive source component and, (3) a
wide-angle component. Description of the objectives,
acquisition parameters, processing and different inter-
pretations have been published elsewhere (Echtler et
al., 1996; Carbonell et al., 2000, 2002). Nevertheless,
the wide-angle densely recorded shot gather has never
been displayed or discussed. The three experiments
started at approximately the same time. The normal
incidence data was acquired using a 360 channel
input/output seismograph with a 18-km-long cable
with stations distributed every 50 m. For the wide-
angle experiment, 1 to 3 ton explosion shots were
used. The acoustic energy released by these shots was

recorded by 50 three component digital seismographs
(LENNARTZ and REFTEKS). Because the three
experiments started at approximately the same time,
the wide-angle shot point 1 was also recorded by the
360 channel input/output seismograph (Fig. 1). The
18-km-long recording spread was located at an offset
distance of 310-328 km. The image is one of the
highest resolution wide-angle images obtained of the
lithosphere since today because it images up to
approximately 200-km depth (Fig. 2) with a surface
(horizontal) sampling interval of 50 m. Qualitatively,
the shot gather displays two characteristic horizontal
bands. A highly reflective band from —3.5 to 4.0 s
reduced travel time (6 km/s) and a more transparent
one from 4.0 to 10 s reduced travel time (Fig. 2).
Conventional ray tracing modeling suggests that
all of the most prominent crustal arrivals at this
offset range should be recorded within the time
window between —3.5 and —2 s reduced travel time
(Fig. 3). The velocity model derived from the
interpretation of the refraction data (Carbonell et
al., 2000) was used for the ray tracing. This time
window includes the first arrival and the PmP as the
most prominent phases. These phases are laterally
continuous and characterized by high amplitudes for
the 18-km profile covered by the shot record. Below
the crustal reflectivity, the shot gather displays a
densely laminated fabric of relatively horizontal
events which are, on average from 4 to 6 km long.
The band between 3 to 9 s is clearly less reflective
and, more transparent. Nevertheless, a few linear,
and relatively short events can be distinguished for
example at 314 km offset at 4, 7 and 8 s, and at 324
at 4 and 8 s. The events within this band are less
laterally continuous being less than 2 km long.
With the aim of characterizing the reflectivity
above and below 3 s, the amplitude decay curve and
the frequency content of two 3 s long time windows,
one between —3.0 and 0.0 s and a second one between
5.0 and 8.0 s, were analyzed (Fig. 4). The amplitude
decay curve reveals that the most prominent events in
the reflective and in the transparent bands feature
amplitude maxima of similar magnitudes. For exam-
ple, the events at approximately —2, 0, 1,2, 4, and 7 s
(Fig. 4). The amplitude decay curve also displays the
behavior of the average amplitude which increases
from 500 amplitude units (AU) to over 2000 AU at
—2 s, then it stays, approximately, constant (over 2000
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Fig. 2. Spatially dense high-resolution seismic shot record acquired in the southern Urals by the seismic reflection 360 channel input/output
seismograph. The source used was the 3000-kg shot fired from shot point 1 for the seismic refraction/wide-angle experiment. The offset range
was approximately 310-328 km. The data has been reduced by 6 km/s velocity in order to compare with Fig. 3. The traces have been
normalized by the rms amplitude of the noise. The rms amplitude of the noise has been estimated using a 1-s-long time window before the first

arrival.

AU) until 2 s and then decrease to about 1000 units at
9 s. Notice that the shot gather features a 5-s window
where the average amplitude is relatively high. The
amplitude decay curve (Fig. 4) is consistent with a
coda overlain by some fairly deep high amplitude
reflections.

The frequency content for both time windows is
displayed in Fig. 4. The data were recorded using
geophones with a 10-Hz natural frequency. Therefore,
the signal has a frequency content between 10 and 40
Hz in both windows. The window between —3.0 and
0.0 s displays high frequency content at 12—17 Hz and
at 20-26 Hz. The 5.0-8.0 s window features relatively
high amplitude content between 12 and 15 Hz
frequencies. Both spectra are similar below 20 Hz.
The frequency band above 20 Hz has been attenuated
at the later window (Fig. 4).

3. Physical properties of mantle rocks

The lithological composition of the upper mantle
can be inferred by studying the tectonically emplaced
ultramafic massifs in orogenic belts and samples of
ultramafic material which has come to the surface
such as mantle xenoliths (Downes, 1997). These
studies reveal that layered sequences of eclogites with
different chemical compositions, and very heteroge-
neous layers featuring a mixture of lherzolites,
harzburgites, pyroxenites, peridotites and dunites are
common in the upper mantle. The very limited surface
outcrops of lower crust to upper mantle sequences
such as the Cabo Ortegal area (Northwestern Iberia
Peninsula), Ivrea (Northern Italy), the exposures of
mantle rocks such as the Ronda (Southern Iberia
Peninsula) and Beni-Bousera (Northern Morocco),

Fig. 1. Location of the URSEIS’95 deep seismic experiment. Geologic sketch map indicating the major geologic units and tectonic structures of
the southern Urals. Top inset map shows the location of the study area in the southern Urals. The URSEIS’95 normal incidence seismic
reflection transects indicated by a gray line. The location of the wide-angle shot 1, which was recorded by the input/output seismograph and that
discussed in the text, is indicated by a star. The location of the seismic reflection recording cable is denoted by a bold black line; 50 m was the
station spacing of the sensors (standard seismic exploration geophones, with a 10-Hz natural frequency).
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Fig. 3. (a) Velocity model derived by travel time interpretation of the refraction data (Carbonell et al., 2000). Shot 1 corresponds to the source
point of the densely sampled wide-angle image. (b) Synthetic ray paths for shot 1 (reduced travel time (rtt)) using 6 km/s. The location of the
recording cable is indicated by a bold line labeled WA. (c) Synthetic travel times for shot 1 indicating the subset recorded by the densely spaced
wide-angle image. Notice that all the crustal arrivals are recorded within the —2 to —4 s rtt window for offsets greater than 300 km. Please refer
to the web version of the paper to view this figure in colour.
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and the tectonically emplaced ultramafic massifs of
the Pyrenees and Alps, all reveal structural complex-
ities such as pyroxenite layering, harzburgite bands
and several generations of crosscutting mafic and
ultramafic dykes. Commonly these ultramafic units
display laminated or banded structures composed of
interlayering of lherzolite, harzburgite, pyroxenite,
peridotites, dunites, among other types of dense rocks
and minerals. Most of the ultramafics contain high
amounts of olivine and garnet. Ultramafic massifs can
have pyroxenite bands which can be well defined or
diffused and with a thickness that can range from a
few millimeters to a few meters. Additionally,
harzburgite can be found in bands up to 20 m thick
and parallel to the pyroxenite layering. Surface
outcrops of mantle peridotites are typically found to
be a mixture of basalt—pyroxenite veins embedded
within a harzburgite—lherzolite matrix. For example,
the Ronda and Beni-Bousera ultramafic massifs
contain pyroxenite veins, with 10-m to 10-km length
scales. These rock types are also common in xenolith
suites. The structural and petrological complexities in
the field observations, the tectonic fabrics and the
variability in the laboratory measurements of physical
properties reveal the existence of heterogeneities at all
scales. For example in xenoliths, amphibolite veins
cut peridotite, and in massifs meter-scale layers of
pyroxenite appear cutting a peridotite matrix. As the
kilometer-scale heterogeneities can be identified in the
differences in petrological composition between adja-
cent massifs, this characteristic feature should be
detectable by geophysical methods (Downes, 1997) in
particular by seismic techniques.

A physical properties database (density, seismic
velocities, seismic attenuation) was build from pub-
lished studies of laboratory measurements on rock
samples from different areas and from different
tectonic environments and on mantle xenoliths (Car-
michael, 1989; Long and Christensen, 2000; Gao et
al., 2000; among others). The database was developed
to evaluate if the differences mapped at outcrop scale

can be detected by seismic methods (Fig. 5). The
density and P-wave velocity values for each rock
sample are plotted in Fig. 5. These ultramafic rocks
feature high densities (3.0-4.4 kg/cm®) and relatively
high P-wave velocity values (within the range 6.70—
8.75 km/s). Both range of values is broad enough so
that the juxtaposition of different rock types or, even
the juxtaposition of different samples of the same rock
type can result in relatively high reflection coeffi-
cients. Thus the variability of the seismic velocities
and densities within these rock types can result in
significant reflection coefficients (Fig. 5).

For each specific rock type, a random stratigraphic
column, “stochastic single rock type model” was build
by randomly choosing, from the physical properties
database, samples of that particular rock type and
juxtaposing them. Then the reflection coefficients for
the stratigraphic column were calculated and a histo-
gram of the population of the reflection coefficients as
a function of frequency was plotted (Fig. 5). Fig. 5
reveals that stratigraphic columns characterized by the
superposition of different samples of a single rock
type can produce relatively high reflection coeffi-
cients. For example, a stratigraphic column composed
by peridotite layering can have reflection coefficients
greater than +0.1 while reflection coefficients of
+0.1 are not possible or have very low frequency for
single rock type stratigraphic columns of dunite, of
eclogite, or of harzburgite. The variety in the physical
properties of pyroxenite samples can also result in
high reflection coefficients. Fig. 5 indicates that the
stochastic stratigraphic columns of peridotite and
pyroxenite can cause reflectivity, while dunite, harz-
burgite and eclogite are less capable of causing
seismic reflections.

These rock types are all found forming complex
structural relations in the limited surface exposures of
ultramafic massifs. Rock samples from the same area
can have small differences in percentages of the
constituent minerals, which causes important differ-
ences in the physical properties. For example, differ-

Fig. 5. Stochastic estimation of the reflection coefficients for the lithosphere from physical properties of mantle rocks. (a) Database of the
physical properties (density and seismic velocities of P (compressional) waves) of rock samples characteristic of the upper mantle. (Carmichael,
1989; Kern et al., 1999; Gao et al., 2000). A relatively large number (5000) of layered models were generated by randomly selecting velocity—
density pairs from the database. (b—f) Distributions of the reflection coefficients for layered models consisting of single rock types, eclogite,
peridotite, dunite, harzburgite and, pyroxenite, respectively. (g) Distribution of the reflection coefficients for layered mantle models consisting of

mixtures of the rock types previously specified.
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ent P-wave velocities and densities for harzburgitic
xenoliths from South Africa (velocities of 7.7 and 7.1
km/s and densities of 3.168 and 3.049 kg/m®) have
been reported (Long and Christensen, 2000). Addi-
tionally, tectonic fabrics (shear zones, foliation) affect
the physical property measurements introducing ani-
sotropy (Levander and Holliger, 1992; Long and
Christensen, 2000). The database of the physical
properties of mantle rocks is not complete, and the
amount of each rock type present in the mantle is
unknown; however, because of the factors which
influence the physical properties it seems reasonable
to use this database to generate a stochastic mantle
model by randomly choosing rock samples from the
entire database of physical property measurements
(Fig. 5). The stochastic stratigraphic column and the
histogram plot Fig. 5) illustrate that approximately
30% of the reflection coefficient population is larger
than +0.05, indicating that compositional variations
alone, within the mantle, can provide reflection
coefficients high enough to cause relatively high
amplitude reflections. This reflectivity can be further
emphasized due to the tectonics of the area, which can
generate tectonic fabrics, foliation, and sheared zones
that cause anisotropy, resulting in highly reflective
structures.

4. Geological and geochemical constraints on the
composition of the upper mantle

A heterogeneous upper mantle is supported partly
by surface exposures of ultramafic massifs and partly
by the geochemical analysis of mantle xenoliths.
Griffin and Ryan (1995) and Ryan et al. (1996) use
geothermobarometric measurements of xenolith to
provide evidence for upper mantle layering in terms
of rock types. They also estimate variation in the
chemical compositions of mantle xenoliths and
attribute them to the depth of generation. For example,
the chromite content in garnets changes within the
temperature range 700-1100 °C, their experimental
work and laboratory measurements indicates an initial
increase of Cr,O5 content with depth and a subsequent
decrease (Fig. 6). They also determined that depleted
garnets with relatively low contents of Zr, Y and TiO,
indicate an increase of the melt-related metasomatism
above the 1200 °C. High T xenoliths show magma-

related heating, recrystallization, thermal resetting of
fine-grained assemblages and recrystallization (Boyd,
1984). The existence of inclusions of garnet and
pyroxene grains within large olivine crystals consti-
tutes evidence for recrystallization processes. The
predominance of these melt-related signatures is
regarded as reflecting a rapidly increasing influence
of asthenosphere-derived material. Based on this
chemical evidence, the base of the lithosphere can
be located at the 1200 °C geotherm (Griffin et al.,
1996). The laboratory observations reveal that the
lithosphere—asthenosphere transition features large
temperature gradients, which can be horizontal and
vertical. The large database of xenolith suites occur-
ring in kimberlite fields indicates that lherzolites are
dominant at shallow depths (up to 900 °C), harzbur-
gites become more abundant with increasing depths
(within the temperature range of 900-1500 °C) to a
maximum of 150-190 km. At greater depths, lherzo-
lites become more abundant again (at 7 larger than
1100 °C) and many of these deeper lherzolites are
depleted (Griffin et al., 1996). At depths larger than
220 km, nearly all reported xenolith data reveal that
xenoliths are highly metasomatized and correspond to
the sheared xenolith population (Griffin et al., 1996).

5. Discussion and implications

The small trace spacing (50 m) used for the
acquisition of the wide-angle seismic reflection data
(Fig. 2) results in an image of the crust and upper
mantle characterized by an unusually high lateral
resolution. Furthermore, as the reflection midpoint is
located beneath the core of the Urals orogen, the
seismic data images the root of a Paleozoic collision
orogen. Although this wide-angle image is very
limited in extent, the previous features make it unique,
because it images, with an unusual resolution, upper
mantle structures which are not common in seismic
surveys of other orogenic zones.

The spatially dense recording of the wide-angle
shot point 1 reveals that the subcrustal mantle is
strongly reflective (Fig. 2). The amplitude decay
curve indicates that the average amplitude within —2
to 3 s reduced travel time stays approximately
constant at a little over 2000 units. The seismic signal
identified after the PmP arrival in the refraction
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recording of shot point 1 at 310 km offset only last for
1 to 1.5 s (Carbonell et al., 2000). This suggests that
the relatively high average amplitudes within the 5-s-
long window are probably not a result of reverber-
ations within the crust. The events imaged by the
wide-angle shot gather most probably correspond to
far offset diffractions (backscattered energy) caused
by local heterogeneities immediately beneath the core
of the orogenic belt. The thickness of this proposed
heterogeneous subcrustal mantle is at a first estimate
from 50 to 150 km. Note that the crustal thickness
beneath the central part of the orogen (which roughly
corresponds to the midpoint between the source and
the receiver position) is of 5343 km (Carbonell et al.,
2000).

Below 3 s (reduced travel time), the reflection
character changes and the reflectivity decreases (Fig.
2). Nevertheless, a few high amplitude events can be
identified. The amplitude decay looks like a coda
overlain by some fairly deep relatively high amplitude
reflections. The amplitude of the deepest events is of
the same order of magnitude as for the earlier
reflections (Fig. 4).

The frequency content (Fig. 4) of the two different
time windows reveal an attenuation of frequencies
above 20 Hz for the 5-8 s time window. The
amplitude spectra favor relatively high values of O
that preserve frequencies below 20 Hz. In the 3-9 s
time window, the events are probably far offset
diffractions, or constructive interference of far offset
diffractions. The small amplitude differences between
the crustal and these mantle events displayed by the
amplitude decay curve (Fig. 4) support this interpre-
tation. The normal incidence data acquired during the
URSEIS’95 also recorded high amplitude deep
events, such as the Nikolaecvka, and Alexandrovka
reflection sequences (Steer et al., 1998) (Fig. 6).

Therefore, this image suggests that the subcrustal
mantle beneath the southern Urals is strongly hetero-
geneous from 50 to 120-150 km. At this depth, the
reflectivity decreases suggesting a change in the
degree of heterogeneity. Beneath 150 km, the amount
and size of the heterogeneities decreases and the
mantle appears more homogeneous (Fig. 6). The
nature of the heterogeneities is very difficult to assess;
however, the xenolith studies and the limited exposure
of upper mantle sequences provide key additional
constraints.

The combination of the normal incidence seismic
data and the high-resolution wide-angle image pro-
vide complementary information (Fig. 6). The crustal
architecture is determined from the normal incidence
data imaging the Moho discontinuity. Beneath the
Moho, the high-resolution wide-angle data provide
evidence for strongly heterogeneous subcrustal mantle
down to approximately 120-km depth. At this depth,
the reflectivity decreases abruptly. Within 50 to 150
km depth is where evidence from geochemistry
measurements indicates that the mantle is the most
heterogeneous, with the coexistence of lherzolite and
harzburgite mineralogies and a variation in the
amount of chromites. At approximately 120-km
depth, the predicted temperature is estimated to be
of 1200 °C, which is a critical temperature for the
location of the lithosphere—asthenosphere boundary.
The increase in temperature provides a mechanism for
increasing melting processes with the result of
homogenizing the media (asthenosphere). However,
heterogeneities, or boudins, with slightly different
physical properties mostly due to composition can
have different melting temperatures and therefore a
few local heterogeneities may exist which can cause
reflections in seismic data. This model is probably not
a general one. Nevertheless, it probably fits Paleozoic
mountain roots as the Urals. The collision process has
probably accentuated the heterogeneous nature of the
subcrustal mantle beneath the core of the mountain
chain.

A prominent mantle discontinuity is the litho-
sphere—asthenosphere boundary which is identified by
a sharp decrease in V, from 8.5 to 8.1 km/s
approximately (Pavlenkova, 1996). The interpretation
of long-range seismic data from the PNE experiments
indicates that this decrease in V}, is located between
120- and 220-km depth depending on the tectonic
environment. The low velocity upper mantle layer
beneath the Craton and Kimberlite seismic profiles is
located, approximately, at 100-and 120-km depth
(Pavlenkova, 1996), and has been interpreted as a
rheologically weak layer (Griffin et al., 1996). A
reflective upper mantle up to 125-km depth and
deepening to the south to 150 km has also been
identified across the Trans Hudson Orogen (Hajnal et
al., 1997). Beneath south Hungary, deep normal
incidence seismic reflection images suggest that the
lithosphere—asthenosphere boundary (LAB) is anom-
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alously shallow (Posgay et al., 1990). A sharp
decrease in shear wave velocity also indicates the
location of the LAB in South Africa, where Priestley
(1999) identifies significantly low shear wave velocity
values between 120 and 150 km. Complex velocity—
depth functions in other areas reveal velocity
decreases within the 100-220 km depth interval
(Gaherty and Jordan, 1995; Perchuc and Thybo,
1996; Thybo and Perchuc, 1997; Priestley, 1999).
Low velocities would indeed decrease the reflectivity
at wide angles. Unfortunately, the URSEIS’95 experi-
ment does not cover the required offsets to resolve the
velocities at these depths. Nevertheless, the relatively
sharp change in the reflectivity pattern of the high-
resolution wide-angle shot gather is indicative of a
decrease in the degree of heterogeneities, suggesting a
more homogeneous mantle beneath, approximately
110-140 km depth. The heterogeneous zone is
interpreted as lithospheric mantle while the more
homogeneous zone could be associated to the
asthenosphere.

The LAB is a relatively thick transition zone that
probably includes the 1200 °C isotherm. This
proposed model (Fig. 6) for the subcrustal mantle is
also consistent with seismic synthetic modeling
studies of the high frequency Pn phase observed in
Quartz and other PNE shot records (Ryberg et al.,
1995, 2000; Ryberg and Wenzel, 1999; Tittgemeyer et
al., 1996, 1999; Morozov et al., 1998; Morozov and
Smithson, 2002; Nielsen et al., 2003a,b). In these
studies, the Pn phase is a result of the seismic energy
traveling within an upper mantle heterogeneous layer
(lithosphere) at a depth of 50 to 180 km, approx-
imately. Geochemical studies suggest that this hetero-
geneous layer is probably composed by a mixture of
eclogitized rock at Moho depth underlain by lherzo-
lites, harzburgite, pyroxenites and peridotite (Fig. 6).
As depth increases melt metasomatism due to an
increase in temperature homogenizes the mixture as
indicated by the intersection of the proposed geotherm
and the solidus curve (Fig. 6). Only lenses of material
with a higher melting point survive the melting. These
are the boudins that are probably responsible for the
deepest reflectivity. Furthermore, the midpoint of the
high-resolution wide-angle reflection image lies
approximately beneath the core of the Urals orogenic
belt, and the contrast between the proposed heteroge-
neous lithosphere and a more homogeneous astheno-

sphere is probably emphasized by the collision
tectonics. Probably beneath the root the mantle consist
of an amalgamation of boudins with crustal affinity
and slices of heterogencous mantle material with
different nature. Surface outcrops, and geochemical
data from xenoliths support a boudinage structure
including a mixture of ultramafic rocks, such as:
eclogites, dunites, pyroxenite, harzburgite, and lher-
zolite, and probably some amount of fluids from
different origins, crustal and mantle which favor
magmatic processes that accentuate the heterogeneous
character of the mantle beneath the crustal root.

6. Conclusions

During the multiseismic URSEIS’95 experiment, a
densely sampled wide-angle shot record was acquired
using the normal incidence 18-km-long seismic
reflection recording system. The shot gather, once
reduced by 6 km/s, gives a high-resolution wide-angle
seismic image of the upper mantle, and displays the
crustal seismic phases within the first 2 s. A high
amplitude PmP arrival can be identified. Reflected
energy can be observed for up to 5 s twt beneath the
PmP arrival. Beneath 5 s after the PmP event, the
reflected energy decreases; however, a few events
with some lateral correlation can be identified.
Amplitude decay curves and frequency content sup-
port the argument that these reflections originated
within the mantle. The character of the wide-angle
shot gather suggests that the upper mantle is strongly
heterogeneous beneath the Urals. It also suggests that
at an approximate depth of 120-150 km the degree of
heterogeneity decreases so that less seismic energy is
reflected. The seismic image is consistent with an
upper mantle consisting of two layers differentiated by
their degree of heterogeneity; a shallower strongly
heterogeneous layer and a deeper and more homoge-
neous one. If these layers are interpreted as the
lithosphere and the asthenosphere, the wide-angle
shot gather images the lithosphere—asthenosphere
boundary. The lithosphere would be reflective while
the asthenosphere would be less reflective. The
estimated temperature depth diagram and
“stratigraphy” derived from mantle xenoliths are
consistent with the seismically proposed model. The
50-m trace spacing used in the acquisition of this
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wide-angle shot gather resulted in one of the highest
resolution wide-angle images of the subcrustal litho-
sphere beneath a root zone providing a new insight
into processes that are not commonly imaged in
seismic surveys of other orogenic zones, and therefore
this data set should promote the design of high dense
wide-angle seismic acquisition experiments.
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