
Crustal Root Beneath the Urals: Wide-Angle of tlle deep crust arli  upLler iaa~ltle.  
RetlecteJ alxi refracted phases (PmP and 

Seismic Evidence PII) call be iiientitieii (011 the iliftereilt shot 
recorils ailii correlated from shot to shot 

R. Carbonell, A. Perez-Estaun, J. Gallart, J. Diaz, S. Kashubin, (Figs. 1 ar-id 2 ) .  These are character- 
J. Mechie, R. Stadtlander, A. Schulze, J. H. Knapp, A. Morozov ized by high amplituiies and prol~icle the  

basis for dividing the crust mto tour velocity- 
Wide-angle reflection and refraction data acquired as part of the URSEIS '95 geophysical lel~els: upper, middle, and lo\ver crust, and 
experiment across the southern Uralide orogen provide evidence for a 12- to 15-kilo- upper illalltle (Fig. 1 ) .  Tlie focusing of hack- 
meter-thick crustal root, yielding a total crustal thickness of 55 to 58 kilometers. Strong scattere~l energy by dipping stnlctures alwve 
reflections from the MohoroviCic discontinuity (Moho) at relatively small precritical dis- the lo\ver cnlst (blain Lraliail tault and 
tances suggest that the crust-mantle transition beneath the crustal root is a sharp feature. Kartaly retlection secluence) can account 
The derived P- and S-wave velocity models constrain key physical properties of the crust, for events ~ i t h  a n o m a l o ~ ~ s  moveouts (cur- 
including the depth of the mafic rocks of the Magnitogorsk volcanic arc and the existence vature of an  event as a f~~~lnct ion of offset) In 
of a lower crustal zone of possible basic rock enrichment beneath the East Uralian zone. the shot pathers. 

First arrivals at oftsets of less t l i a i ~  7Q 
k111 i111p17 lateral variations in velocities a t  
shallon- depths (5 .0  to 6 .0  km/s) that  call 

T h e  preservatic,~~ of a crustal root beneath the \.elocity along strike ot  the orogen. T h e  he correlateil ~ i t h  tile surface geology- 
the Lralide orogeil is an  anomalous feature off-line fan proflies co~~sisteil  of two shots, (Figs. 1 ailil 2 ) .  T h e  velocities increase 
when co~upared to other P~leozoic  oropenic recoriled at distai~ces of lQQ to 110 km, n ~ i t h  depth  to 6 . 1  to  6 .3  klll/s in the  upper 
belts. Tile existence of this root had been n.hich saillpleii the lateral velocity- variation crust (depth  of 5 to 7 l tm), about 6.6 km/s 
based o n  seismic stuiiies ( 1 ,  2 )  and grayit!- 
measuremei~ts (3) .  In order to coilstraiil the  
seis~llic velocity stnlcture of the southern A w  MUF TF E 
Urals, refsacti011 profiles \\'ere acquired as 
part of the  CRSEIS '95 geophysical study 
across the oropen, fro111 Sterlitamak in tlie 
west to the Ka:akstan border in the east (4) .  
T h e  \vide-angle seismic data provide infor- 
mation on the  structure aild pl~ysical prop- 
erties of the crust anii :ill ilnape of the  
tiqx>graphy of the cr~rst-to-mantle transi- 
tion :one (hlolio).  

T h e  geometrv (4) of the  \v~de-angle 
s e i s ~ l l ~ c  L~rofiles Lvas cles~gned to  o p t ~ m ~ z e  
recardll-ig of reflections a t  near-cr i t~cal  
distances and to prov~iie \-elocity control 
for the  near-ver t~cal  ref1ectlol-i esperi- 
ments,  part~cularly a t  h loho depths. A 
340-km-long, \vide-angle reflection and 
refractloll profile \vas aciluirecl c o i n c ~ d e n t  
x i t h  the  (normal 11lcldence) common 
midpoint p ro f~ le  (5), a perpend~cular  pro- I I 

f ~ l e ,  and two fan deplovments. A total of B 
30 tolls of exp los l~es  xvas cl~strlhuted 
among 14 shots, with charge sizes rallglllg 
between 1.5 and 3 tons. T h e  seis~lllc en-  
ergy was recorded by 50 three-component 
dlgital recorLllng i n s t r ~ ~ m e n t s  (REFTEK, 
Dallas, and Lennart:, Tiibingen).  T h e  
east-west profile consisted of four sllots a t  
120-kin intervals. T h e  north-south profile 
(perpendicular to  the  main line) consisted 
of one  shot,  which was used to constrain 
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within the middle crust (-10 to 30 km),  
and 6.8 to 7.4 km/s in the lower crust 
(from 30 to 35 km down to the Moho). A n  
increase in the average velocities through- 
out the crustal column within the central 
part of the profile (Magnitogorsk zone) is 
interpreted as evidence for an increase in 
inafic content (at upper crustal levels) and 
metamorphic grade ( in  the middle to low- 
er crust) in the core of the orogen. The  
proposed layered velocity model is non- 
unique but generates theoretical travel- 
time branches that are in agreement ( to  
within 2 0 . 1  s)  with the intermeted arriv- 
als for all of the sections. 

' 

A 1.5- to 2.0-s delay in travel times for 
the Moho reflection (PmP) from shot 1 as 
compared with shot 4 provides the major 
evidence for an increase in crustal thick- 
ness beneath the Uralide orogen. The  
Moho depth varies from between 42 and 
45 km at the edges of the profile to be- 
tween 55 and 60 km beneath the central 
part. The  continuity of the Moho along 
the proflle is constrained by the smoothly 
varying PinP and Pn arrivals, which indi- 

cate that there are no marked steps in the 
Moho within the area of illumination. 
The  relatively narrow wavelet and promi- 
nent  high ainplitudes of the PinP and SmS 
phases at precritical distances suggest a 
relatively thin (approximately a first-order 
discontinuity) crust-mantle transition 
zone. T h e  Pn and S n  head waves are 
characterized by velocities of 8.0 to 8.2 
km/s and 4.5 to 4.7 km/s, respectively. 

The  horizontal component recordings 
provide a shear-wave velocity inodel that,  
in general, parallels the one for P-wave 
velocities (V,)  These physical properties 
provide constraints on the nature of the 
crust (6 ) .  Poisson's ratio and the V,,/Vs 
ratio are partic~~larly sensitive to quartz 
content: whereas most of the rock-forming 
minerals have Poisson's ratio within the 
range 0.25 to 0.30, quartz has a value of 
0.08. Therefore, the vertical and lateral 
variations in the V,/Vs crustal iinage (Fig. 
3 )  can be associated with rock types. The  
high V,/Vs values (1.9 to 2.0) correlate 
with the lnafic and ultralnafic rocks of the 
Kraka massif and the Magnitogorsk volca- 
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Fig. 2. (A) P-wave record section for shot 4. See Fig. 1 for interpreted arrivals. (B) Ray-tracing diagram, 
~llusiratng the sampling of the Moho dscontnuity for ths shot. (The label~ng IS the same as in Fig. 1 .) 
D~stance 0 marks the location of the shot [see S4 n f~gure 1 of (4)]. 
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Fig. 3. The V,/V, ratio ~node  for the southern 
Urals. The high values can be interpreted to rep- 
resent lnafic and ultramaf~c rocks, and the ow 
values. rocks w~th fesc  affinites. The high values 
at shallow depths coincide with the surface loca- 
tions of the Kraka massif and the Magnitogorsk 
volcanc arc, and the ow values coincde with the 
Chebk grantc massif. MUF and TF indicate the 
surface locations of the Man Uraan and Trosk 
faults. 

nlc arc; low values (1.6 to 1.7) in the 
middle and lower crust beneath the East 
Uralian zone suggest rocks with felsic af- 
finities. Polarization analysis of the shear- 
wave arrivals indicates localized anisotro- 
py within the lower crust. 

T h e  lateral continuity of the PCP nhase 
reflected from the top of the lower ciust is 
indicative of a well-defined horizon, sug- 
gesting a significant change in physical 
properties at this level. The  PinP/PcP am- 
plitude ratios suggest that localized laini- 
natlon at the top of the lower crust can 
account for amplitude anomalies of the 
PCP arril~al. Within the lower crust, a 
change is observed in the reflectivity pat- 
tern across the central zone of the profile. 
Shots 2 and 3 display long wave-train 
arrivals within the lower crust that in 
some cases interferes with and masks the 
Moho reflection (PmP). T h e  fan profiles 
display a set of reflections above the crust- 
mantle transition zone favoring a possible 
lower crustal boudinage structure (2 ) .  

Although the Moho does not appear as 
a clear, sharp boundary within the crustal 
root zone in the normal-incidence seismic 
reflection data (5),  the wide-angle seismic 
reflection and refraction data document a 
crustal root zone that is -15 kin thick 
beneath the southern Urala, consistent 
with preylous mterpretatlons [for exam- 
ple, (211. 
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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 
experinlent 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  seismic section xvith the  
surface geology (3) provides a control o n  
the  age of reflections 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  region. 

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  reflection would imply 
that  the  Moho 1s younger than  the  eirl\r 
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may be evidence for a previously unrecog- 
nized Late Permlan lntracontinental 
shortening e17ent. 

Immediately east of the  surface trace of 
the  Troltsk fault (Fig. I ) ,  a thick, 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 characterlzed 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  orogenic axls. T h e  zone corre- 
sponding to  the  crustal root does not  ex- 
hibit  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 reflections 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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