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Mapping the Moho beneath the southern 
with wide-angle reflections 

Urals 

R. Carbonell •, D. Lecerf 2, M. Itzin 2, J. Gallart l, D. Brown I 

Abstract. A stack of the wide-angle reflection/refraction 
component of the URSEIS-95 experiment provides the first 
well-resolved imaged of the Moho beneath the southern Urals. 
The processing consisted of low pass filter (0 -6 Hz), CMP 
sorting, and a NMO correction without stretch. The PmP phase, 
a very narrow band and low frequency (up to 6 Hz) wavelet, 
changes character from west to east along the transect. In the 
depth converted section, the Moho reaches a maximum depth of 
53 + 2 km beneath the Magnitogorsk arc. Thickness estimates 
determined from high amplitudes at near critical distances also 
support a 53 km thick crust. A selective offset stack consisting 
of traces at 150 - 250 km offset indicate an undulating, irregular 
Moho, suggesting either strong lateral velocity variations or 
high topographic relief beneath the Magnitogorsk arc. 

Introduction 

The presence of a crustal root beneath an old orogenic belt 
is an intriguing and fundamental aspect of its post-orogenic 
evolution. Although an orogenic root has been reported from 
an older orogen (Trans-Hudsonian [Hajnal et al., 1996]), the 
Urals is thought to be unique among Paleozoic orogens such as 
the Appalachians, Variscides, and Caledonides in that it 
appears to have a crustal root along the central axis of the 
orogen that has been interpreted to extend to depths of 55 - 60 
km (e.g., Druzhinin et al., et al., 1992, Berzin et al., 1996; 
Carbonell et al., 1996). Until now, however, none of the 
published geophysical data sets have provided a well resolved 
image of the Moho beneath the southern part of the Urals. 

The URSEIS-95 experiment [Berzin et al., 1996] acquired 
deep seismic reflection and refraction data across the entire 
southern Urals [Echtler et al., 1996; Knapp et al., 1996], 
imaging the internal architecture of the orogen, but was unable 
to resolve the Moho along the orogenic axis, beneath the 
volcanic arcs. By forward modelling of identified PmP arrivals 
in the refraction/wide angle component of URSEIS-95 from four 
shot points (Fig. 1), Carbonell et al. [1996] established a 
maximum Moho depth of 55 - 58 km, but were unable to 
provide a continuous Moho image. To the norris, in the central 
Urals, the ESRU deep seismic reflection experiment across the 
western and central part of the orogen [e.g., Juhlin, et al., 
1996] images the Moho beneath the Tagil volcanic arc as a 
decrease in reflectivity at --15 s TWT (-50 km). This correlates 
with the velocity models derived from the nearby GRANIT 
refraction profile [Juhlin et al., 1996]. The wide-angle seismic 
reflection fan shooting experiment UWARS [Thouvenot et. al, 
1995] also indicates a maximum crustal thickness of-55 km in 
the central Urals. 

This paper presents the first well-resolved image of the 
Moho beneath the southern Urals using the URSEIS-95 wide- 
angle/refraction data set. The image, coupled with the travel 
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time interpretation of the PmP phase and the CMP images of 
the normal incidence data sets provide a reasonable estimate of 
the increase' in crustal thickness beneath the Magnitogorsk 
volcanic arc, and documents genetic differences in the Moho 
across the southern Urals. 

Tectonic Setting and Crustal Structure 

The southern part of the Uralide orogen (Fig. 1) formed as a 
result of subduction of the former East European Craton (EEC) 
eastward beneath the Magnitogorsk volcanic arc during the Late 
Devonian - Early Carboniferous, followed by closure of the 
paleo-Uralide ocean and accretion of terranes to the east along a 
west-dipping subduction zone from the Late Carboniferous to 
Early Triassic [e.g., Khain, 1985; Zonenshain et al., 1984, 
1990; Brown et al., 1997, 1998; Puchkov, 1997]. From west to 
the east the southern Urals consists of a west-vergent thrust 
stack of EEC-derived Archean through Paleozoic rocks, 
structurally overlain by an allochthonous accretionary complex 
related to the arc-continent collision [Brown et al., 1997, 
1998]. The former EEC is sutured to the Magnitogorsk arc 
along the Main Uralian fault (MUF), a wide, serpentinitic 
melange zone imaged on reflection seismic profiles as a zone of 
east-dipping weak reflectivity that can be traced to middle crust 
[Echtler et al., 1996, Brown et al., 1998]. The Magnitogorsk 
arc consists of Ordovician to Late Devonian volcanic and 

volcaniclastic rocks unconformably overlain b y 
Carboniferous-age shallow water carbonates. East of the 
Magnitogorsk arc, the East Uralian zone consists of strongly 
deformed, imbricated and metamorphosed Precambrian and 
Paleozoic rocks of both continental and oceanic affinity 
[Puchkov, 1997]. This entire complex was heavily intruded by 
granitic rocks during the Late Devonian to Permian [Fershtater 
et al., 1997]. The East Uralian zone is bound to the east by the 
Troisk fault. The Trans Uralian zone, to the east of the Troisk 
fault, is poorly exposed and therefore not well known. It 
appears to consists predominantly of Paleozoic-age volcano- 
plutonic complexes that have been moderately deformed 
[Puchkov, 1997]. 

The crustal structure of the southern Urals is relatively well 
known from a number of Russian and recent deep seismic 
experiments including the URSEIS-95. The URSEIS-95 near 
vertical, CMP explosion and vibroseis data (Fig. 3c) show the 
southern Urals to be a bivergent collisional orogen that has 
apparently maintained its collisional seismic reflection 
architecture, suggesting it has been unaffected by post- 
orogenic collapse [Echtler et al., 1996, Knapp et al., 1996]. 
Reflectivity throughout the crust varies laterally, and correlates 
with the major tectonic units. The MUF is poorly imaged, 
being marked in the upper 3 -4 s by some westward dipping 
reflections in a zone marking a change in reflectivity between 
the volcanic arc and the Precambrian basement. The boundary 
between the East Uralian and the Trans Uralian zones is imaged 
as a thick west dipping reflective package called the Kartaly 
reflection sequence (KRS) (Fig. 3c) [Echtler et al, 1996], that 
can be traced from the upper crust westward into the lower crust, 
where it appears to merge with the Moho. The Magnitogorsk 
arc is, however, only moderately reflective at upper crustal 
levels where discontinuous reflections occur, and the middle and 
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Conventional NMO corrections applied to wide-angle 
seismic data results in stretching of the first arrivals that mask 
the images, so a NMO correction without stretch is favourable 
for stack processing of wide-angle shot gathers. To estimate 
the time shift from the travel time curve for a horizontal 

reflector, we use the equation of the hyperbola (equation 1): 

tx = (to: + X2/•)2)1/2 (1) 

where t o is the time for offset x=0.0 km; x is the offset of the 
trace' and t)is an average velocity for the crust above the 
reflector. 

/Xtx=t•-t0 (2) 

Equation (2)estimates the time shift At• that has to be applied 
to a trace recorded at an offset of x to flatten a reflector that 
arrives at 0 km offset at a time to. 

Both to and the t) have some degree of freedom, but for the 
Moho in the Urals we have reasonable estimates for to of 14 - 
16 s and for % of 6.4 - 6.8 km/s (Thouvenot et al., 1995; and 
Carbonell et al., 1996). The CMP stacked section achieved 
using the moveout correction is equivalent to the CMP 
processing sequence, and conventional post-stack processing 
algorithms can be used. A depth section for the Urals can now 
be obtained by depth converting with t) - 6.6 km/s. 

The amplitude pattern of the PmP phase observed at near 
critical distances can be used to further constrain the crustal 
root using the location of the critical reflection. The amplitudes 
recorded by the different instruments are a direct function of the 
gain, so each trace must be scaled appropriately to recover the 
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Fig. 1. Geologic sketch map indicating the major geologic 
units and tectonic structures of the southern Urals and showing 
the location of the URSEIS'95 wide-angle/refraction 
experiment with the station distribution and shot record • •0 
locations are also marked. 
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lower crustal levels display only diffuse reflectivity. The 
reflection Moho is well defined only in the eastern and western- 
most parts of the URSEIS-95 profile [Knapp et al., 1996], 2o 
where it deepens toward the orogenic axis. The URSEIS-95 22 
explosion source data has also revealed a number of enigmatic 24 
reflections within the mantle [Knapp et al., 1996; Steer et al., 40 80 120 160 200 240 280 320 
1998 ]. Offset (km) 

Data Processing 40 
A preliminary interpretation of the seismic refraction/wide- :o 

angle reflection data consisted of forward modelling of the • 30 
travel time picks of the most prominent arrivals [Carbonell et •- z0 
al., 1996]. The principal aim here is to produce a well • 
constrained image of the Moho using the URSEIS-95 •0 
refraction/wide-angle data. The processing steps used are; 1) o 
increase the signal-to-noise ratio of the Prop arrival (band pass 
filtering), 2)apply a hyperbolic constant moveout function 
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(comparable to the Normal Mo/,eout (NMO) correction of CMP Fig. 2 Shot 1 with a hyperbolic moveout (Equation 1) and data) to flatten the Moho reflection, 3) build the CMP 
geometry, 4)produce a composite low fold wide angle stack. 
Well resolved images of the Moho using seismic refraction data 
have been obtained for the Alps [Valasek et al., 1991; 1997] 
with a similar scheme. 

A detailed frequency analysis of the PmP arrival by spectral 
analysis and filter panels revealed that it was characterized by 
very low frequencies (up to 6 Hz). A low pass filter (0 - 4.6 Hz) 

trace balanced by the RMS value of the amplitudes within a 
window around the Prop arrival (14 - 16 s). This image displays 
the prominent high amplitude anomaly at near critical distances 
of 150- 160 kin. B) Amplitude variation for the Prop phase for 
shot 1 (solid circles)and shot 4 (inverted, solid triangles). The 
high amplitude at approximately 70 km corresponds to the 
direct shear wave imaged Fig. 2a. The high amplitude anomaly 

produced an outstanding improvement in the image of the PmP at 150 - 160 km offset corresponds to the increase in amplitude 
phase. of ther Prop phase at critical distances. 
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Fig. 3 A) Wide angle CMP stacked image obtained using the processing steps given in the text. B) Depth 
converted stack of Fig. 2a for a velocity of 6.6 km/s. C) URSEIS-95 stacked section of the explosive source 
data (from Steer et al. [1998]) with the wide angle Moho superimposed on it to illustrated the position of the 
Moho beneath the Magnitogorsk arc. D) A critical offset (100 - 250 km) low frequency image of the Moho 
beneath the Magnitogorsk arc. 

correct amplitudes needed to determine critical distances (Fig. 
2a). The correct amplitudes can be recovered by assuming that 
the background noise in all the instruments is the same and 
then scaling the traces using a background noise estimation. 
The background noise can be estimated by either calculating the 
root mean square (RMS) or the median value within a time 
window. The amplitudes within the window around the PmP 
arrival are equalized so that the RMS or Median values are 
constant from trace to trace. This trace balancing step can also 
increase the lateral continuity of reflections. The relatively 
large trace spacing (1 - 2.5 kin) imposed by the experiment 
logistics and the lateral variability of the PmP phase poses 
additional difficulties for reliable phase correlations. To 
increase the lateral correlation and to determine amplitude 
anomalies at near critical distances for Prop arrivals, both the 
RMS and Median schemes were tested, and give similar results. 

Discussion and Conclusion 

A first estimate of the crustal thickness beneath the 
Magnitogorsk arc is obtained from the amplitude patterns at 
near critical distances. Shot's # 1 and # 4 display high 
amplitude PmP patterns that start near 150 km offset (Fig. 2b). 
The high amplitudes near 70 km offset corresponds to the shear 
wave direct arrival (Fig. 2b). Between 0 and 150 km offset, the 
amplitudes are close to 0 while at approximately 150 km offset 
there is an overall increase in the amplitudes for both shot 
gathers. The amplitude pattern for shot # 4 also starts at 150 
km offset, with a small increase in the amplitudes. Ray path 

ß 

diagrams by Carbonell et al., [1996] indicated that these two 
shot gathers (#'s 1 and 4) sampled the Moho beneath the 
Magnitogorsk volcanic arc. Therefore, the amplitude pattern at 
150-160 km offset can be interpreted as the increase in 



amplitude expected at critical distances. A crustal thickness of 
51 - 55 km beneath the southern Urals is estimated assuming an 
upper mantle velocity of 8.0-8.1 km/s, an average crustal 
velocity of 6.5-6.6 km/s (taken from Carbonell et al., [1996]), 
and a critical distance of between 150-160 km. 

The wide-angle stacked image reveals a well constrained 
Moho across the southern Urals centered at approximately 15 + 
1 s. (Fig. 3a). Error estimates of to of + 1 s and t• 0 of + 0.2 km/s 
result in TWT variations of 0.7s. The depth converted stack for 
an average velocity of 6.6 (Fig. 3b) displays a maximum crustal 
thickness of approximately 53 + 2 kms located beneath the 
Magnitogorsk arc, and shallowing toward the west and east. 
This estimate nearly overlaps with the 55-58 km depth reported 
previously [Carbonell et al., 1996]. The relatively small 
difference is probably a result of using a constant average 
velocity in equation (1). The Moho is not a simple, smoothly 
curving feature as envisioned by Berzin et al. [1996], but rather 
undulates, and displays a rough topography with up to 1 s of 
relief (Fig. 3a). A composite section of the travel time picks of 
the wide-angle PmP phase from Fig 3a, superimposed on the 
normal incidence explosive CMP stacked section of Steer et al. 
[1998], reveals only a moderate increase in the crustal 
thickness (from 40-45 km at the edges of the transect [Steer et 
al., 1998]) reaching 50-53 km beneath the central part of the 
orogen (Fig. 3c). 

The processing scheme used here can also be used to provide 
stacks for selected offsets. By choosing the traces around the 
critical distances (~150 - 160 km), the theoretically highest 
amplitudes can be selected. Although the Moho appears to 
consist of a series of arcuate events (Fig. 3d), this is probably 
not a direct image of the real structure since this technique 
images the Moho from the critical distance and the arcuate 
events are, therefore, most likely far offset diffractions 
resulting from a rough Moho. These diffractions, however, 
provide strong evidence for the topographic relief of the Moho 
in this area. Rough Moho topography has been proposed for 
other areas [Larkin et al., 1997]. This complexity of the Moho 
beneath the Magnitogorsk arc (an area that coincides with the 
Late Devonian and Late Carboniferous - Early Triassic 
subduction zones)suggests that is has undergone a significant 
re-equilibrium process, but still retains important differences 
relative to the Moho beneath the EEC or the accreted terranes to 
the east. 

This difference in Moho character is also reflected in the 

variable nature of the PmP wavelet along the transect. Beneath 
the former EEC, PmP is a relatively short, simple wavelet 
comparable to the first arrival (e.g., the source signal) and is 
indicative of a relatively simple crust-mantle transition that 
can be easily simulated by a step in the velocity-depth 
function. Beneath the Magnitogorsk arc, however, the wavelet 
of the PmP phase is relatively simple along its western margin, 
becoming more complex eastward (e.g., CMP 700 - 1000) and 
the reflectivity becomes distributed along an approximately 2 s 
thick zone consisting of several prominent bands. East of the 
Magnitogorsk arc, the PmP phase is marked by a high 
amplitude multicyclic wavelet. To conclude, in contrast to the 
high frequency normal incidence reflection data (e.g., Steer et 
al., 1998), the low frequency wide-angle data provides a 
complete Moho image across the southern Urals. 
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