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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-Marron, 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. 

T h e  southern Uralide orogen cievelopeci 
from collisional accretion of volcanic arc 
and m~crocont inenta l  fragments along the  
continental margin of the  East European 
craton during the  Late Paleozoic ( 1 ) .  T h e  
vibroseis common m~ci-point ( C M P )  re- 
f l e c t ~ o n  component of the  URSEIS '95 
experltnent in the  southern Urals ( 2 )  pri- 
marily addressed the  crustal structure of 
the  orogen, including the  geometry and 
extent  of terrane boundaries, lnaior crustal , , 
shear zones, and the  geometry and charac- 
ter of the  MohoroviriC d~scont inui ty  
(Moho)  and crustal root. These data pro- 
v ~ d e  a h~gh-resolut ion crustal-scale image 
of the  unextended southern Urals (Fig. 1 ). 
Correlation of the  selslnic section xvith the  
surface geology (3) provides a control o n  
the  age of reflectlons and insight into the  
deep structure of the  different tectonic 
~ ~ n l t s  and terranes. T h e  seismic image (4) 
of the  stacked (Fig. 1B) and nligrated (Fig. 
1 C )  sections varies along the  length of the  
profile, with highly reflective donlains in  
the  east and \vest and  a di f f~~sely  reflecti~.e 
domain in  the  central  regLon. 

T h e  upper crust of the  Trans-Uralian 

zone (Fig. 1 A )  is ciominated by discontin- 
uous, east-dipping reflect~ons and diffrac- 
tions to  a denth  of -20 knl that  migrate to  
small-scaled centers, giving rise to  areas of 
high and low reflectivity. I11 contrast, the  
middle and lower crust is cionlinated by 
west-dipping (30" to  40") reflections that  
can  be traced for tens of k~lometers ,  fro111 
supracrustal levels to a ciepth of -40 ktn. 
These protninent west-dipping reflections 
project to the  surface and correlate wi th  
shear zones with111 accreteci Paleozoic is- 
land arcs and oceanic terranes (5),  imnlv- . ,  & ,  

Ing a n  east-vergent, thick-skinneci thrust 
stack (Fig. 1A) .  T h e  c o n t ~ n u o u s  west-dip- 
ping events merge downxvard, w t h  a nar- 
row subhorizontal zone that  clips \vestward 
from 40 to  55 ktn denth. T h e  base of this 
zone cotresponcis to a marked boundar) 
between hlgh ctustal r e f l e c t ~ \ ~ ~ t \  and sels- 
lnlcally transparent upper mantle and 1s 
interpreteci to he the  Moho. Interpretation 
of the  geonletric r e l a t ~ o n  of the  contlnu- 
ous Moho reflection wi th  the  ol~erlying 
crustal reflections remains e ~ ~ u i v o c a l .  
Truncation of these accretionary struc- 
tures by the  Moho  ref lect~on would imply 
that  the  Moho 1s younger than  the  eirl\r 
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may be evidence for a previously unrecog- 
nized Late Permian intracontinental 
shortening e17ent. 

Immediately east of the  surface trace of 
the  Troltsk fault (Fig. I ) ,  a thlck, west- 
dipping reflective package, here named 
the  Kartaly reflectloll sequence (KRS),  
can be traced from about 10 to  50 km 
depth. T h e  KRS, which defines the  west- 
ern limit of the  eastern reflective domain. 
correlates a t  the  surface with a shear zone 
that  marks a terrane boundary betxveen 
~ s l a n d  arcs of the  Trans-Uralian zone and 
mlcrocontlnental crust of the  East U r a l ~ a n  
zone (Flg. 1 )  

T h e  central domain, located between 
the  KRS and the  M a n  Urallan fault 
(MUF) .  IS characterized bv a d~scon t lnu-  
dus reflective pattern. ~xpSse i1  a t  the  sur- 
face of the  East Uralian zone (Fig. 1 A )  is 
the  Early Permian Chebik granite (61, 
which forms part of the  lnain axis of oro- 
genic magmatism In the  Urals and corre- 
lates with a shallow ( 5  to 8 km t l ~ c k )  
nonreflective zone o n  the  selsmlc sectlon. 
Beneath this nonreflective zone. a 15-km- 
thick series of east-dipping m~d-crusta l  re- 
flections are imaged whose down-dip pro- 
jections are truncated by the  KRS. T o  the  
extent that d i p p ~ n g  crustal-scale reflec- 
tions xvoulci not  be preser\.ed ciuring \.olu- 
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 relateci to late-orogenic 
intracontinental ~on \~ergence .  

T o  the  west (160 to  260 km away), 
diffuse reflective energy is observeci, wi th  
the  strongest ampl~tudes  occurring in  the  
upper crust. A t  the  surface, this portion of 
the  central ciolna~n c o ~ n c ~ d e s  with the  
Magnltogorsk zone (Fig. 1 A )  and is com- 
prised of ut~metamorphosed to  lox-grade 
metatnorphic oceanic anci \.olcanic arc 
rocks foldeci into a broad synform. T h e  
lack of clear reflectil~itv nlav be related to  , , 
the  presence of steeply d ~ p p i n g  structures 
within the  orogenlc axls. T h e  zone corre- 
s p o n d ~ n g  to  the  crustal root does not  ex- 
hiblt  a reflective Moho or  distinct vertical 
zonation in  reflecti\~ity. 

T h e  western domain, the  area to the  
west of the  MUF,  is characterized by a 
highly reflective crust dotnlnated by east- 
dipping structures within the  imbricated 
former East European continental margin 
and o\,erlying allochthons (7). A mocier- 
ately reflective banci d ~ p p ~ n g  -45" be- 
tween 210 to  260 km alone the  transect - 
can  be traced to  m~d-cruatal levels (20  to 
25 km deep).  Thls  event appears to trun- 
cate shallow reflectlons to  the  east and 
west and correlates a t  t he  surface wi th  the  
MUF,  the  inferred lnaln suture zone of the  
orogen. West of the  MUF,  a set of h ~ g h l y  
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Fig. 1. (A) Srmplrfied tectonic and geologrc cross 
sectron of the southern Ural Mountains along the 
URSEIS '95 transect [see locatlon In figure 1 of 
(73)l. The topographrc profrle IS exaggerated 
10: 1. TF, Troltsk fault. (B) Unmrgrated vlbrosers 
section drsplayed down to 18-s TWT (eastern 
420 of 465 km) (C) Migrated and depth-convert- 
ed vrbrosels sectlon. 

reflective, concave-downward reflectlons 
are interpreted as an antlformal structure 
of intensely deformed and metamorphosed 
rocks of the Central Uralian zone, whlch 
extend westward beneath the allochtho- 
nous Zilair nappe and the Kraka ophiolitic S- 
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. I) ,  
four steeply east-dipping reflection packages 
extend from near the surface down to -30 
km. These reflections truncate several sub- 
horizontal to gently east-dlpping bands of 
reflectlons and correspond to west-vergent 
thrusts that imbricate the Paleozo~c plat- 
form sequence and underlying Proterozoic 

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 

depth of about 43 km. 
The crustal structure of the southern 

Urals, as imaged by the vibroseis experi- 
ment, is that of a preserved blvergent col- 
llslonal orogen. A marked lateral variation 
m reflection character and geometry across 
the orogen provides the basls for dlvision of 

orogen has been preserved. These features 
indicate the presence of an unextended col- 
lision zone and the absence of large-scale o in 0 2 o o 

N 3 0 
re-equilibration processes such as those ap- CD 

parent in other Paleozoic orogens (such as (s) UU (un0 q1dW 

Variscides and Caledonides) ( 1 1 ). 4 m 0 
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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. Luschen, 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  hlo- 
lhorovitik discontinuity ( the  base of the  
crust. known as the Moho)  across the  entire 
orogen, (i i)  d o c ~ l ~ u e n t  the  lower crustal sig- 
nature of the  nres~lmahlv ~ ~ l l e x t e ~ ~ d e d  Ura- 
lian crust, and (iii) search for mantle struc- 
tures (such as relnnants of Paleozoic suh- 
d u c t i o ~ ~ )  h e ~ l e a t l ~  the orogen. Experimental 
design was integrated with a coincident vi- 
broseis survey ( 1  ) .  

T h e  465-km profile displays a reflective 
crust with a laterally variable reflection sig- 
nature from the  Moho (Fie. 1 ) .  O n  the  . L 

\vestern and eastern portions of the pof i le ,  
the Moho is imaged at - 13 s (2), deepening 
toward the  oroeenic axis. where it is inter- 
preted a t  the  base of a general down\vard 
decrease in reflectivity a t  -18 to 20 s (Fig. 
1) .  Corresponding crustal thicknesses rallge 
from -42 k111 be11eath the  East European 
platform and the  western edge of the West 
Siberian basin to a projected maximum of 
60 km in the  central nart of the ~ ro f i l e .  
These data provide a near-vertical reflec- 
tion image of a thickened LTralian crust, 
collfir~nille earlier observations hased on 
Russian deep seismic so~unding data (3)  and 
consistent with coinciilent aide-angle data 
collected by URSEIS '95 (4).  

T h e  Moho beneath the  Trans-Gralian 
zone o n  the eastern end of the profile is 
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imaged as a set of suhhorizontal reflections 
heneath a region of west-dipping reflections 
and above a much less reflective upper 
mantle. Beginning at the  positio~l of the  
Troitsk fault, the  Moho deepens abnlptly 
into the  central part of the  profile, where 
the  reflectio~l Lloho does not appear as a 
distinctive feature (Fig. 1) .  Amplitude de- 
cay analysis suggests that this c h a ~ ~ g e  in 
I~lolho character is not a n  artifact of poor 
energy penetration; the  se ism~c signal re- 
~llains above ambient noise don711 to 25 to 
30 s. Projectio~l of the  hloho beneath the 
diffuse lower crustal reflectivity is consis- 
tent ~ v i t h  refraction results (4 )  and yielils a 
maxim~un crustal thickness of 60 km. In the 
\vest, beneath the East European platform, 
the  Moho is defineil hy a sharp, subhorizi~n- 
tal, continuous reflection a t  the base of a 
reflective lower crust. Further east, at the  
transition from the  P re -Ura l i a~~  foredeep to 
the West Gralian zone, the  Lloho is offset 
downward by about 4 km and continues as 
a broadly arched, concavc-do~vnwarcl, 1- to 
3-s-thick l~ani l  of reflections. This arched 
Moho forms the  western flank of the  Ura- 
lian crustal root and disappears into the  
diff~usely reflective orogenic axis beneath 
the  Central Uralian zone. 

Mantle reflectio~l fabrics, i~naged pri- 
marily heneath the Gralian hinterlanil, can 
be categorized into three principal features: 
( i )  gently aest-clipping reflections a t  35 to 
45 s (a  depth of -130 to 170 km) [the 
Nikolaevka reflection sequence (NRS)], 
( i i)  a suhhorizontal band of reflectio~ls from 
22 to  24 s (-85 km deep) [the Alexan- 
clro\-ka reflection sequence (ARS)] ,  and 
(iii) a diffuse, east-dipping fabric that char- 
acterizes I I I L I ~ ~  of the  upper ~l lant le  in the 
east (Fig. 2). T h e  A R S  consists of a thin 
(<0.25 s),  co~nplex hanil of subhorizontal 
reflections at -24 s, c o l l t i ~ l u o ~ ~ s  for at least 
50 km across strike (Fig. 2).  Although the 
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