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Preserved Collisional Crustal Structure of the
Southern Urals Revealed by Vibroseis Profiling

H. P. Echtler, M. Stiller, F. Steinhoff, C. Krawczyk,
A. Suleimanov, V. Spiridonov, J. H. Knapp, Y. Menshikov,
J. Alvarez-Marrén, N. Yunusov

The vibroseis reflection profiling component of the URSEIS ’95 experiment provides a
high-resolution crustal-scale image of the unextended southern Uralide orogen. A
marked lateral and vertical variation of reflectivity throughout the entire crust differen-
tiates the former margin of the East European craton to the west from accreted terranes
to the east. Between these regions is a less reflective zone corresponding to the Mag-
nitogorsk volcanic arc and the crustal root zone. Continuous reflections and reflective
domains that correlate at the surface with major tectonic features define a bivergent
orogen in which the Paleozoic collisional structure has been largely preserved.

The southern Uralide orogen developed
from collisional accretion of volcanic arc
and microcontinental fragments along the
continental margin of the East European
craton during the Late Paleozoic (1). The
vibroseis common mid-point (CMP) re-
flection component of the URSEIS ’95
experiment in the southern Urals (2) pri-
marily addressed the crustal structure of
the orogen, including the geometry and
extent of terrane boundaries, major crustal
shear zones, and the geometry and charac-
ter of the Mohorovi¢i¢ discontinuity
(Moho) and crustal root. These data pro-
vide a high-resolution crustal-scale image
of the unextended southern Urals (Fig. 1).
Correlation of the seismic section with the
surface geology (3) provides a control on
the age of reflections and insight into the
deep structure of the different tectonic
units and terranes. The seismic image (4)
of the stacked (Fig. 1B) and migrated (Fig.
1C) sections varies along the length of the
profile, with highly reflective domains in
the east and west and a diffusely reflective
domain in the central region.

The upper crust of the Trans-Uralian
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zone (Fig. 1A) is dominated by discontin-
uous, east-dipping reflections and diffrac-
tions to a depth of ~20 km that migrate to
small-scaled centers, giving rise to areas of
high and low reflectivity. In contrast, the
middle and lower crust is dominated by
west-dipping (30° to 40°) reflections that
can be traced for tens of kilometers, from
supracrustal levels to a depth of ~40 km.
These prominent west-dipping reflections
project to the surface and correlate with
shear zones within accreted Paleozoic is-
land arcs and oceanic terranes (5), imply-
ing an east-vergent, thick-skinned thrust
stack (Fig. 1A). The continuous west-dip-
ping events merge downward, with a nar-
row subhorizontal zone that dips westward
from 40 to 55 km depth. The base of this
zone cotresponds to a marked boundary
between high crustal reflectivity and seis-
mically transparent upper mantle and is
interpreted to be the Moho. Interpretation
of the geometric relation of the continu-
ous Moho reflection with the overlying
crustal reflections remains equivocal.
Truncation of these accretionary struc-
tures by the Moho reflection would imply
that the Moho is younger than the early
orogenic (Devonian) crustal-scale imbri-
cation of the Trans-Uralian terranes. Al-
ternatively, soling of these crustal struc-
tures into the Moho could imply that they
are coeval with the Moho and that crustal
deformation was decoupled from the man-
tle lithosphere at the Moho boundary dur-
ing the accretionary process. The deepen-
ing of the Moho toward the orogenic root
SCIENCE »
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may be evidence for a previously unrecog-
nized Late Permian intracontinental
shortening event.

Immediately east of the surface trace of
the Troitsk fault (Fig. 1), a thick, west-
dipping reflective package, here named
the Kartaly reflection sequence (KRS),
can be traced from about 10 to 50 km
depth. The KRS, which defines the west-
ern limit of the eastern reflective domain,
correlates at the surface with a shear zone
that marks a terrane boundary between
island arcs of the Trans-Uralian zone and
microcontinental crust of the East Uralian
zone (Fig. 1).

The central domain, located between
the KRS and the Main Uralian fault
(MUEF), is characterized by a discontinu-
ous reflective pattern. Exposed at the sur-
face of the East Uralian zone (Fig. 1A) is
the Early Permian Chebik granite (6),
which forms part of the main axis of oro-
genic magmatism in the Urals and corre-
lates with a shallow (5 to 8 km thick)
nonreflective zone on the seismic section.
Beneath this nonreflective zone, a 15-km-
thick series of east-dipping mid-crustal re-
flections are imaged whose down-dip pro-
jections are truncated by the KRS. To the
extent that dipping crustal-scale reflec-
tions would not be preserved during volu-
minous magmatism and heating of the crust,
a post—Early Permian age is inferred for the
KRS, which perhaps represents a reworked
east-vergent suture related to late-orogenic
intracontinental convergence.

To the west (160 to 260 km away),
diffuse reflective energy is observed, with
the strongest amplitudes occurring in the
upper crust. At the surface, this portion of
the central domain coincides with the
Magnitogorsk zone (Fig. 1A) and is com-
prised of unmetamorphosed to low-grade
metamorphic oceanic and volcanic arc
rocks folded into a broad synform. The
lack of clear reflectivity may be related to
the presence of steeply dipping structures
within the orogenic axis. The zone corre-
sponding to the crustal root does not ex-
hibit a reflective Moho or distinct vertical
zonation in reflectivity.

The western domain, the area to the
west of the MUF, is characterized by a
highly reflective crust dominated by east-
dipping structures within the imbricated
former East European continental margin
and overlying allochthons (7). A moder-
ately reflective band dipping ~45° be-
tween 210 to 260 km along the transect
can be traced to mid-crustal levels (20 to
25 km deep). This event appears to trun-
cate shallow reflections to the east and
west and correlates at the surface with the
MUF, the inferred main suture zone of the
orogen. West of the MUF, a set of highly



Fig. 1. (A) Simplified tectonic and geologic cross
section of the southern Ural Mountains along the
URSEIS '95 transect [see location in figure 1 of
(713)). The topographic profile is exaggerated
10:1. TF, Troitsk fault. (B) Unmigrated vibroseis
section displayed down to 18-s TWT (eastern
420 of 465 km). (C) Migrated and depth-convert-
ed vibroseis section.

reflective, concave-downward reflections
are interpreted as an antiformal structure
of intensely deformed and metamorphosed
rocks of the Central Uralian zone, which
extend westward beneath the allochtho-
nous Zilair nappe and the Kraka ophiolitic
unit (8).

To the west of and below this concave
reflection package, a set of continuous, gen-
tly east-dipping reflections extends to a
depth of 30 km. Beneath the Bashkirian
anticline of the Uralian foreland (Fig. 1),
four steeply east-dipping reflection packages
extend from near the surface down to ~30
km. These reflections truncate several sub-
horizontal to gently east-dipping bands of
reflections and correspond to west-vergent
thrusts that imbricate the Paleozoic plat-
form sequence and underlying Proterozoic
strata outcropping in the foreland.

The western end of the section traverses
the undeformed East European cratonic
crust, including a sequence of Proterozoic
sediments up to 20 km thick, imaged as
undisturbed reflections above a poorly re-
flective Archean crystalline crust. From 310
to 350 km along the transect, a boundary
between high crustal reflectivity and trans-
parent upper mantle marks the reflection
Moho dipping eastward from 40 to 50 km in
depth. The lack of reflectivity observed at
the base of the crust beneath the western
Bashkirian anticline as compared to the
explosive seismics (9) may be related to
energy loss within the highly reflective sed-
imentary section (10). At the westernmost
end of the transect, the Moho boundary is
well defined as a horizontal feature at a
depth of about 43 km.

The crustal structure of the southern
Urals, as imaged by the vibroseis experi-
ment, is that of a preserved bivergent col-
lisional orogen. A marked lateral variation
in reflection character and geometry across
the orogen provides the basis for division of
the image into three reflective domains sep-
arated by the MUF and KRS (Fig. 1, A and
B). Reflective elements and domains that
correlate at the surface with major tectonic
structures suggest that the southern Uralide
orogen has been preserved. These features
indicate the presence of an unextended col-
lision zone and the absence of large-scale
re-equilibration processes such as those ap-
parent in other Paleozoic orogens (such as

Variscides and Caledonides) (11).

KRS Trans-Uralian

East Uralian

2?0

Uraltau

'

400 km

SCIENCE

Magnitogorsk

Bashkirian

Pre-Uralian

anticline

foredeep

VOL. 274

Basalts
Central domain

Island arc

Proterozoic sed. Metamorphics

Paleozoic

[

Early-Middle paleozoic

81*

Western

Refraction line

||||T|!|;‘11r1-|i|||-|u.
o w (=} wn

S -

(s) LmL

(uny) pdeq

11 OCTOBER 1996

225



REFERENCES AND NOTES

1. K. S. Ivanov, V. N. Puchkov, S. N. lvanov, Formation
of the Earth’s Crust of the Urals (Nauka, Moscow,
1986); V. N. Puchkov, Geotectonics 27, 184 (1993).

2. H. Echtler et al., Sci. Tech. Rep. STR95/01 (GeoFor-
schungsZentrum, Potsdam, Germany, 1995).

3. The geological strip map is based on geologic field
work and compilation of existing maps and data sets
at a scale of 1:100,000 in cooperation with K. lvanov
and colleagues (Institute of Geology and Geochem-
istry, Russian Academy of Sciences, Ekaterinburg).

4. The energy source used for the experiment consisted of
a five-truck vibrator group (each with a peak force of 10
tons) in the center of an 18-km geophone spread with a
50-m group spacing. Vibrator recording points were
spaced 100 to 150 m apart, using a 30-s sweep (10 to
64 Hz), a 10-fold vertical stacking rate, and a 25-s re-
cording time with a sampling rate of 4 ms, resulting in a
nominal common depth-point fold of 60 to 90. This
section represents processing of the eastern 420 km
(out of 465 km) to 18-s TWT (two-way travel time) (~60
km depth). Processing steps (prestack): trace-individual
static time corrections (topography and weathering lay-
er effects), dynamic time corrections (source-receiver
distance and subsurface velocity), amplitude correc-
tions (surface condition, spherical divergence, and ab-
sorption), and noise wave elimination (refracted and
shear wave energy). Final seismic displays were con-
verted at 400 m above sea level. Depth-conversion of
the time section after migration with a spatially variant
time-velocity field was derived from the applied migra-
tion velocity functions. The uncertainty in the depth cal-
culations caused by velocity inaccuracies is estimated
to be ~3 to 5 km at a depth of 50 km. The high resolu-
tion of the seismic sections (>18,500 traces, 25-m
spacing, 6400 samples per trace) was simplified for
display purposes by building the envelope of each trace
and summing each four adjacent traces.

5. A. M. C. Sengdr, B. A. Natalyn, V. S. Burtman, Na-
ture 364, 299 (1993).

6. The Rb-Sr whole rock age of the Chebik granite is
267 = 16 million years [K. S. lvanov, S. N. lvanov, Y.
L. Ronkin, Yearb. Ekaterinburg 1994, 171 (1995)].

7. M. A. Kamaletdinov, The Nappe Structures of the
Urals (Nauka, Moscow, 1974).

8. D. Brown, V. N. Puchkov, J. Alvarez-Marron, A.
Pérez-Estaun, Earth Sci. Rev. 40, 125 (1996).

9. The Uraltau anticline comprises subduction-related
high-pressure assemblages (eclogites and blue-
schists) [V. I. Lennykh, in Pre-Ordovician History of
the Urals, S. N. Juanova, Ed. (Uralian Scientific Cen-
tre, Sverdlovsk, Russia, 1980), pp. 3-40]. The Kraka
klippe (Fig. 1A) comprises westward-obducted ultra-
mafic, oceanic assemblages rooted in the MUF [G.
N. Savelieva, Gabbro-Ultramafic Complexes of
Ophiolites of the Urals and their Analogues in the
Modern Oceanic Crust (Nauka, Moscow, 1987); (7)].

10. J. H. Knapp et al., Science 274, 226 (1996).

11. J. H. Knapp et al., EOS 76, 549 (1995)

12. Special volume, Tectonophysics 238 (1994), and nu-
merous references within.

13. R. Berzin et al., Science 274, 220 (1996).

14. Data acquisition in the southern Urals from June to
November 1995 involved more than 100 scientists
and technicians, not all of whom are named here, but
whose contributions are gratefully acknowledged.
The German part of URSEIS was funded through the
program DEKORP 2000 (grant 03GT94101) by the
German Federal Ministry of Science and Technology
and was supported by the GeoForschungsZentrum
Potsdam; the project also benefited from funding by
the German Science Foundation, ROSCOMNEDRA
(Committee on Geology and Use of Mineral Re-
sources of the Russian Federation), the Continental
Dynamics Program (NSF grant EAR-9418251 to
Cornell  University), Comisién Interministerial de
Ciencia y Tecnologia, Spain (grant AMB 95-0987E),
and International Association for the Cooperation
with Scientists from the Former Soviet Union grant
94-1857. This project forms part of EUROPROBE,
whose members of the Urals Project have contribut-
ed significantly to this work.

29 May 1996; accepted 28 August 1996

226

Lithosphere-Scale Seismic Image of the
Southern Urals from Explosion-Source
Reflection Profiling

J. H. Knapp, D. N. Steer, L. D. Brown, R. Berzin,
A. Suleimanov, M. Stiller, E. Liischen, D. L. Brown,
R. Bulgakov, S. N. Kashubin, A. V. Rybalka

Explosive-source deep seismic reflection data from the southern Ural Mountains of
central Russia provided a lithosphere-scale image of the central Eurasian plate that
reveals deep reflections (35 to 45 seconds in travel time; ~130 to 170 kilometers deep)
from the mantle. The data display laterally variable reflectivity at the base of the crust that
deepens beneath the central part of the profile, documenting a crustal thickness of ~55
to 60 kilometers beneath the axis of the orogen. These data provide an image of the
structure of the crust and underlying mantle lithosphere in a preserved collisional orogen,

perhaps to the base of the lithosphere.

Explosive-source deep seismic reflection
profiling was conducted to (i) provide a
high-resolution reflection image of the Mo-
horovigi¢ discontinuity (the base of the
crust, known as the Moho) across the entire
orogen, (ii) document the lower crustal sig-
nature of the presumably unextended Ura-
lian crust, and (iii) search for mantle struc-
tures (such as remnants of Paleozoic sub-
duction) beneath the orogen. Experimental
design was integrated with a coincident vi-
broseis survey (1).

The 465-km profile displays a reflective
crust with a laterally variable reflection sig-
nature from the Moho (Fig. 1). On the
western and eastern portions of the profile,
the Moho is imaged at ~13 s (2), deepening
toward the orogenic axis, where it is inter-
preted at the base of a general downward
decrease in reflectivity at ~18 to 20 s (Fig.
1). Corresponding crustal thicknesses range
from ~42 km beneath the East European
platform and the western edge of the West
Siberian basin to a projected maximum of
60 km in the central part of the profile.
These data provide a near-vertical reflec-
tion image of a thickened Uralian crust,
confirming earlier observations based on
Russian deep seismic sounding data (3) and
consistent with coincident wide-angle data
collected by URSEIS '95 (4).

The Moho beneath the Trans-Uralian
zone on the eastern end of the profile is
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imaged as a set of subhorizontal reflections
beneath a region of west-dipping reflections
and above a much less reflective upper
mantle. Beginning at the position of the
Troitsk fault, the Moho deepens abruptly
into the central part of the profile, where
the reflection Moho does not appear as a
distinctive feature (Fig. 1). Amplitude de-
cay analysis suggests that this change in
Moho character is not an artifact of poor
energy penetration; the seismic signal re-
mains above ambient noise down to 25 to
30 s. Projection of the Moho beneath the
diffuse lower crustal reflectivity is consis-
tent with refraction results (4) and yields a
maximum crustal thickness of 60 km. In the
west, beneath the East European platform,
the Moho is defined by a sharp, subhorizon-
tal, continuous reflection at the base of a
reflective lower crust. Further east, at the
transition from the Pre-Uralian foredeep to
the West Uralian zone, the Moho is offset
downward by about 4 km and continues as
a broadly arched, concave-downward, 1- to
3-s-thick band of reflections. This arched
Moho forms the western flank of the Ura-
lian crustal root and disappears into the
diffusely reflective orogenic axis beneath
the Central Uralian zone.

Mantle reflection fabrics, imaged pri-
marily beneath the Uralian hinterland, can
be categorized into three principal features:
(i) gently west-dipping reflections at 35 to
45 s (a depth of ~130 to 170 km) [the
Nikolaevka reflection sequence (NRS)],
(ii) a subhorizontal band of reflections from
22 to 24 s (~85 km deep) [the Alexan-
drovka reflection sequence (ARS)], and
(iii) a diffuse, east-dipping fabric that char-
acterizes much of the upper mantle in the
east (Fig. 2). The ARS consists of a thin
(<0.25 s), complex band of subhorizontal
reflections at ~24 s, continuous for at least

50 km across strike (Fig. 2). Although the





